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Global introduction to the report 

 

The main goal of the ELECON - Electricity Consumption Analysis to Promote Energy Efficiency 

Considering Demand Response and Non-technical Losses - project is the establishment of a 

competent and fruitful network between European and Brazilian researchers whose research 

work contributes to the successful implementation of the smart grid concept.  

It is an innovative and well-organised scientific project aiming at advancing on electricity 

consumption analysis methods and on the way they are used to promote energy efficiency. This 

use is focused on the design and utilization of demand response programs and on the 

identification of non-technical losses. On one hand, if adequately used, demand response can 

play a crucial role for the sustainability of energy systems. On the other hand, the restructuration 

of the power industry business and the rapid evolution that is taking place towards to real smart 

grids dramatically increases the number of players involved in electricity transactions, making 

billing much more complex. In the new context, the identification of non-technical losses 

assumes a new role and increased importance in the scope of supervision procedures able to 

assure the correctness of the billing process. The project also addresses the communication 

infrastructure and the innovative control models that are required to put bring these concepts 

into reality, considering adequate business models.  

The present ǊŜǇƻǊǘ ƛǎ ǘƘŜ ŘŜƭƛǾŜǊŀōƭŜ ά56.1 Report concerning ELECON 9ȄǇŜǊƛƳŜƴǘŀƭέ ǿƘƛŎƘ 

presents the main achievements of the ǿƻǊƪ ǇŀŎƪŀƎŜ ά²t6 ς Experimental Tests: Europe and 

Brazil Benchmarkingέ, containing the following objectives: 

- Prepare a set of scenarios to be simulated in the remaining tasks of this WP. These scenarios 

concern power system operation according to the smart grid paradigm, i.e. with intensive use 

of distributed and renewable based generation, considering demand response and storage as 

an available DER. These scenarios have been designed for each of the countries participating 

in the ELECON project, considering the current generation and storage means and several 

evolution scenarios in what concerns generation capacity for each of the considered d energy 

resources. Several scenarios of load forecast will also be considered. 

- Application of simulation processes for the different case studies and scenarios proposed. 

Computational and hardware tools existing in the laboratories of ELECON partners have been 

used for the simulation studies undertaken in this task. The impact of the use of DR programs 

can thus be evaluated. The impact of DR programs use in consumers has been analysed. Some 

of the impacts will be analysed from the point of view of several players, namely the consumers 

and the system operators. ¢ƘŜ ŎŀǎŜ ǎǘǳŘȅΩǎ ǎƛƳǳƭŀǘƛƻƴ ŀƴ ŀƴŀƭȅǎƛǎΣ ƛƴǘŜƴŘǎ to provide a 

benchmarking basis, recurring to several distinct scenarios of operation, with a main focus in 

Europe and Brazil energy systems. 

After this global introduction of the present deliverable, the following sections are approached: 

- Part A ς Introduction and first Benchmarking between Europe and Brazil ς This part is a 

good introduction and gives some first insights and comparisons between these two regions; 

- Part B ς Seven Benchmarks between France and Brazil using experimental data ς This part 

is a very exhaustive study and seven very complete cases, representative of the Brazilian and 

European situation.  
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Part A - Introduction and first Benchmarking 

 

1.  Introduction and first Benchmarking between Europe and 
Brazil  

The electrical system must be designed to attend the maximum power required at peak load, 

though this peak occurs in a short time. All the investment could be reduced and the cost of 

energy to the utility and the consumer would decline if the peak load was softened [Camargo, 

1996]. The main goal of demand response programs is therefore, the redistribution of 

consumption peak loads for lower demand periods [Strbac, 2008]. Its implementation also 

increases network reliability, energy efficiency, and operational flexibility, as well as decrease in 

electricity costs, tariffs, and the use of critical fuels [Braga, 2014]. 

The viability of Demand Response Programs depends upon the energy rates being higher than 

the cost of implementation. In most of these programs, some special rate is designed to 

encourage adherence of consumers, therefore the analysis of the current tariff structure is very 

important for the development of efficient programs [Strbac, 2008]. 

The set of rules and regulations that establish the monetary value of electricity to different 

consumers, form the tariff structure. In Brazil, the National Electrical Energy Agency (ANEEL) is 

the organ that regulates the tariff system [ANEEL, 2016]. 

The installation of more efficient measurement equipment allows both the power distribution 

company and the consumers, to have more knowledge about their energy consumption profile. 

Demand response programs with different tariffs in peak and off-peak can then be 

implemented, giving the consumer more control over their electricity expenditure 

[ELETROBRÁS, 1979]. 

This report also contains simulations of demand response, based on methods that revenue the 

consumers according to differentiated tariffs for different periods of the day. These are the basis 

of demand response and dynamic billing.  

In order to simulate the new situation where the consumer can react against an increase or 

decrease of energy price, it is important to understand how l consumption is interpreted in a 

typical household or any other type of consumer. Considering the recent advance of the 

integration of small renewable energy resources in consumer networks (distribution level), it is 



ELECON 

Page 18 of 188  September 2016 

also important to consider in the simulation studies, the knowledge of a typical generation 

profile.  

Based on that, this report also includes load and generation profiles from typical installations in 

Brazil, France and Germany. Also, the impact of the accession of customers to demand response 

programs and the impact of penetration of distributed photovoltaic generation in the low 

voltage distribution system can be simulated and analysed, that is the main part of this report 

(simulation of load response). 

 

2.  Photovoltaic generation profiles 

Like most forms of power generation with renewable basis, energy from photovoltaic panels has 

important peculiarities. The direct dependence of sunlight implies concerns not only about the 

technical condition of the PV system performance, but also geographical, schedules and 

seasonal aspects. 

Different locations have distinct solar incidences, such as the north and south hemisphere have 

different generation potential. The fluctuation of incidence during the day also causes variations 

in generation over the daily hours. Added to these aspects, are also the variations of the number 

of sun hours per day during different seasons of the year, which leads to an increase or decrease 

in the average generation. 

2.1.  Brazil 

A country with tropical climate characteristics, like Brazil, has an interesting potential for 

photovoltaic generation. The lack of rigorous winter periods with fewer hours of sunlight, 

contributes to the homogenization of the photovoltaic generation throughout the year. 

To identify the characteristic of photovoltaic generation in Brazil, it is used here a case study 

example of a photovoltaic set with 3.0 kWp, of a residential unit located in the Brazilian 

southeast. Table 2.1 presents the detailed features of the considered system. 

Table 2.1 ς Features of the PV system. 

Type Photovoltaic 

Total Installed Power 3.0 kWp 

Monthly generation Estimated Energy 320 KWh 

Connection to the distribution network Yes 

Number of Online Stages to DG 02 - Biphasic 

Installation Type Suspended (on the roof) 

Local Energy Storage No 

Number of Photovoltaic Panels 14 - 2 x 7W solar modules Model M60B-230 

Number of Inverters 01 Fronius Galvo Model 3.0-1 

Power factor 0.85 ς 1 

The installation layout of solar panels installed are shown in Figure 2.1. 
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Figure 2.1 ς Architecture of Photovoltaic System Installation (b) Installation of the Panels on the Roof 
of residential Unit. 

Figure 2.2 shows the curves of average daily generation for the photovoltaic system, in 
summer and winter. According to Figure 2.2, it is observed that the curves of photovoltaic 
generation for the winter and summer periods in Brazil, are close to each other, showing little 
variation of the potential generation throughout the day. 

 

Figure 2.2 ς Average Daily Photovoltaic Generation in winter and summer in Brazil. 

The reduction of the peak power is approximately 6.25% in winter when in comparison with the 

summer time. The average number of hours of sunshine has also been reduced in about one 

hour. Thus, it was found that the monthly capacity of this power generation system was on 

average approximately 320 kWh per month. 

2.2. Germany 

In contrast with Brazil, Germany has more heterogeneous seasonal characteristics throughout 

the year. The hottest periods are more discrepant in relation to the coldest, making the annual 

average of direct solar radiation lower at Germany. 

As reference of the potential of photovoltaic generation in Germany, we used the EWE NETZ 

database, whose content profiles includes generation of different renewable sources, and load 

profiles for different kind of consumer units. As the database EWE NETZ is relativized, we 

adopted the normalization of the curve to the same peak capacity used at the Brazilian project, 

i.e. 3 kWp. 
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Figure 2.3 ς Average Daily Photovoltaic Generation in winter and summer in Germany. 

According to Figure 2.3, it is observed that unlike the situation in Brazil, the curves of 

photovoltaic generation for periods of winter and summer in Germany are not close to each 

other, i.e. there is significant variation in the generation potential throughout the day. The 

reduction of the peak power was approximately 43% of summer time to winter. The average 

number of sun hours was also considerably reduced from 13 to 9 hours. Thus, it was found that 

the monthly capacity of the power generation system was on average approximately 250 kWh 

per month. 

 

3. Load profiles 

At this topic, we evaluate the load profiles for residential consumers in Brazil and Germany. The 

graphs of typical charging curves based on patterns of consumption of approximately 3000 kWh 

per year are presented here. The curves are shown for winter and summer period and were 

obtained at different ways. 

While the German data was obtained from the EWE NETZ database and used in [1], the Brazilian 

numbers refer to the actual measurements obtained from the smart metersΩ records installed 

at the project São Luiz do Paraitinga. These two-way meters are responsible for measuring the 

energy from the power distribution company and the energy from distributed photovoltaic 

generation, which is supplied to the distribution grid. They also are responsible for the energy 

balance sheet of the energy flow of the consumer unit, computing the difference between the 

energy consumption of the concessionaire and the energy provided by the consumer unit, 

relative to the surplus of energy photovoltaic generation.  

As can be seen in the Figure 3.1, in Brazil the period between 17h00 and 20h00 in the winter 

and between 18h00 and 21h00 in the summer present consumption levels considerably higher 

than the remaining periods. It is also can be notice the highest peak in the summer due the use 

in bigger scale of air conditioners, since the temperatures are higher this time of the year in 

Brazil. The adoption of daylight saving time between October and February create a 

displacement of the load peak over the winter. 
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Figure 3.1 ς Load profile of a household in Brazil ς 2700 kWh/year. 

For the German profile - Figure 3.2, although less pronounced than in Brazil, the peak period is 

also characterized in the late afternoon and early evening period. The occurrence of a valley at 

the load curve especially in the afternoon shows a possibility of load shifting for better use of 

the system. 

 

Figure 3.2 ς Load profile of a household in Germany ς 3000 kWh/year. 

 

4.  Simulation of Load Response 

4.1.  Brazilian case test system 

Simulations were performed to verify the effect of consumerΩs adherence to demand response 

programs and also the effect of increasing the penetration of photovoltaic distributed 

generation at a low-voltage distribution system. The data is from a real system located in São 

Luiz do Paraitinga, a city located in the state of São Paulo in Brazil, where it was conducted a 

smart grid project. The schematic of the system is shown in Figure 4.1. 
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Figure 4.1 ς Schematic diagram of the network served by Transformer SLP03. 

As can be seen in Figure 4.1, the low voltage distribution network analyzed is assisted by a 45 

kVA three phase transformer (13.8/0.22 kV). Each bar of the schematic diagram represents a 

pole or a derivation of the real network. For the analyzed network, it was considered 17 bars 

numerically identified from 1 to 17 according to the representation in Figure 4.1. The entire 

distribution network served by SLP03 transformer is aerial. The loads that represent the 

consumer units in each segment, were inserted between each bar. Table 3 represents the 

characteristics of each section of the distribution system. 

Table 4.1 ς Network features served by Trafo SLP 03. 

Stretch Length (m) 
Gauge of the 
conductor 

Permissible 
current (A) 

Consumer Units 

1-2 2 2/0 305 2 

2-3 23,45 2/0 235 4 

2-6 35,46 2/0 235 2 

3-4 12,23 2/0 235 5 

6-7 27,31 2/0 235 5 

4-5 29,28 2/0 235 2 

7-8 6,93 2/0 235 3 

7-9 7,04 2/0 235 1 

9-10 23,97 2/0 235 3 

10-11 28,91 2/0 235 3 

11-12 24,86 2/0 235 5 

7-13 25,14 2/0 235 3 

13-14 36,15 2/0 235 5 

14-15 37,07 2/0 235 6 

15-16 39,46 2/0 235 7 

17-16 35,33 2/0 235 4 

TOTAL - - - 65 
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According the data in Table 4.1, it is observed drivers are gauge 2/0 AWG and is permissible 

current of 235 A. The material of the conductors is aluminum. All the 65 consumers supply by 

this grid is residential. The total load in each section is the sum of the loads of the consumer 

units connected between the two bars. The total loads per segment were considered three-

phase balanced. At the 65 consumers, three different levels of consumption were adopted: low, 

moderate, and high. The monthly and annual consumption references are shown in Table 4.2. 

Table 4.2 ς Consumption classes. 

Consumption 
classes 

Monthly Average Consumption (kWh) Annual Average 
Consumption (kWh) Winter Summer 

Low 101.6 111.9 1301.8 

Moderate 207.0 229.1 2661.1 

High 335.7 371.8 4317.1 

Figure 4.2 illustrates the consumption profiles for the three classes considerate. It is noteworthy 

the curves were obtained by actual measurements of consumers. 

  

 

Figure 4.2 ς Load curves for consumer class: low (top left), moderate (top right), high (low centre). 

In a similar way the profiles of photovoltaic generation compatible with the consumer load were 

used, low, moderate and high generating profiles. Monthly and annual references of generation 

are shown in Table 4.3. 

Table 4.3 ς Photovoltaics Generation classes. 

Consumption 
classes 

Monthly Average Consumption (kWh) Annual Average   
Consumption (kWh) Winter Summer 

Low 83.6 113.1 1239.2 

Moderate 171.2 231.6 2537.4 

High 277.8 375.7 4117.3 
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Figure 4.3 illustrates the profiles of photovoltaic generation for the three considered classes. It 

is emphasized again that the curves were obtained by actual measurements of photovoltaic 

systems installed in São Luiz do Paraitinga.  

The scenario was composed of 50% of the high-level consumers, 25% moderate and 25% low. 

Other compositions can be analyzed, however, the used percentage distribution is equivalent to 

the load curve behavior known for that transformer. 

For the purpose of analysis in this article, it was used a load curve based on the weighted average 

of the months of winter and summer, considering nine months of the curve similar with the 

summer condition behavior and three months with the winter. The simulations were performed 

using the OpenDSS as the electrical power system analysis tool. 

  

 

Figure 4.3 ς Curves of photovoltaic generation by class: low (top left), moderate (top right), high (low 
centre). 

4.2. Brazilian case simulations 

The first part of the simulation was performed to verify the effect caused in the load curve of 

SLP03 system with different levels of adherence to the hourly White Tariff by customers. Three 

levels of adhesion: 25%, 50% and 75% were used at the scenarios, photovoltaic distributed 

generation penetration levels were not considered in this simulation step. 

Figure 4.4 shows the initial load curve compared with the load curves generated by demand 

response to different price signals. As can be seen in Figure 4.4, the adoption of the hourly 

Brazilian White Tariff has effect mainly on the peak hours. It is observed by Figure 4.5 that the 

reduction of peak can reach about 8.5% in the scenario where 75% of customers adopt the 

hourly White Tariff. The effects in other periods of the day, however, are hardly perceptible, 

since the values per kWh of the conventional and the hourly tariff are more significantly different 

only at the peak time.  
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Figure 4.4 ς Demand Response to Different Levels of Adherence to Hourly Tariff. 

The second part of the simulation was performed in order to verify the effect of the penetration 

of the photovoltaic generation at the system SLP03. For this, three degrees of penetration of 

distributed generation were used: 10%, 30% and 60%. At this stage, they were not considered 

the adoption of the hourly White Tariff by customers. 

 

Figure 4.5 ς Percentage reduction of peak demand for different levels of adherence of the hourly 
Tariff. 

 

Figure 4.6 ς Effect of the load curve with different penetration levels of distributed photovoltaic 
generation. 
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Figure 4.7 ς Voltage level at the bar further of the transformer (17 bar). 

According to the simulation, for the scenario with 60% penetration of distributed generation 

there is reverse flow at the transformer (10kW peak) between 09h00 and 14h00. The evaluation 

of the voltage level also indicates a significant increase at the peak period of the photovoltaic 

generation without reaching, however, the maximum recommended for voltage (1.05 p.u.). 

4.3. Discussion of the Brazilian case simulations 

According to the analysis performed in this study, it was observed that the use of distributed 

generation sources has been presented as a good alternative to reduce the use of non-

renewable sources. This motivation is especially highlighted for the German scenario. For the 

Brazilian scenario, highlights the potential use of solar energy due to the favorable climatic 

conditions throughout the entire year. 

It was also found the demand response programs based on energy prices may contribute to 

reduce system demand at peak times, when pricing schemes schedules are applied. This feature 

could be evaluated during the simulation performed for the Brazilian test system where peak 

demand exhibited potential of decreasing up to 8.5% for the analyzed scenarios. 

Through the second simulation, the effects of introduction of photovoltaic generation sources 

at a low-voltage distribution system could be evaluated. In the analyzed system, it was observed 

for high penetration scenarios (60%) there was reverse power flow at the transformer, which 

implies effects to be observed at the high voltage side, a condition which must be carefully 

considered on system planning. 

It follows, finally, that the expansion of scenarios analysis besides those included in this study 

has great importance for a correct understanding of the potential of demand response programs 

and increased of distributed generating sources on the system. 
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Part B: Seven Benchmarks between Europe and 

Brazil using experimental data 

 

5.  Introduction 

5.1.  Background and Context 

Microgrids are emerging with relevant advantages for the power system operation. For this 

reason, several research projects are currently studding and finding methods to improve 

microgrids management. The development of adequate management systems, taking into 

account relevant retrofitting levels is of upmost importance. Having this in mind, GECAD 

developed and built their own microgrid located in GECAD installations in Institute of 

Engineering - Polytechnic of Porto (ISEP/IPP). The microgrid is composed by three real individual 

buildings. GECAD microgrid was developed under SEAS (ITEA 12004 SEAS), GID (ADI|QREN 

34086), Dream-GO (H2020 641794) and SASGER (ORTE-07-0162-FEDER-000101) projects. The 

use of these projects allowed the existence of the current microgrid, using multiple levels of 

implementation. ELECON use GECAD microgrid to test and validate some methodologies, such 

as, demand response programs and methodologies of participation. 

For the implementation of the microgrid was used a system architecture that enables the 

execution of algorithms (e.g. load management and load forecasting), the representation of the 

players/buildings was achieved using a multi-agent system. Figure 5.1 shows the different layers 

of the demonstrator microgrid system architecture. If we do not integrate the last layer (OPAL-

RT) of the real-time simulation is possible to apply this architecture in a microgrid application 

(outside the demonstration). 

The Knowledge Layer aggregates common services for microgrid players, such as, forecasting 

algorithms, load management and scheduling algorithms, demand response information, as 

much more. This knowledge is shared using web services that enable the easy and fast 

propagation between players. The use of web services also decreases the computation 

ǇŜǊŦƻǊƳŀƴŎŜ ƛƴ ǘƘŜ ǇƭŀȅŜǊǎΩ ǎƛŘŜ ǿƘŜǊŜ ƴƻǊƳŀƭƭȅ ŀǊŜ ƭƻǿ ŎƻƳǇǳǘŀǘƛƻƴ ŜǉǳƛǇƳŜƴǘΦ 
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CƻǊ ǘƘŜ ǇƭŀȅŜǊǎΩ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴΣ ǘƘŜ ǎȅǎǘŜƳ ǳǎŜǎ ŀ Ƴǳƭǘƛ-agent system where each player is 

represented by an agent. For microgrid management, the system demands the existence of a 

microgrid agent representative. The multi-agent system can represent real players (with real 

facilities) or simulated players (with simulated facilities running in OPAL-RT). In the Multi-Agent 

System Layer, the players can interact between them and with the microgrid agent. The system 

enables the integration of new players than can interacted with the already exist players. The 

multi-agent system complies with FIPA standards and allows external agent, such as, 

aggregators. This Layer uses JAVA Agent DEvelopment Framework (JADE) for the development 

of the multi-agent system. The Multi-Agent System Layer is responsible for the microgrid 

management and for the microgrid control. It is this layer that can communicate between the 

other layers and interact with them. All the other layers are directly connected to the Multi-

Agent System Layer.  

In the Gateway Layer are the real buildings that integrate GECAD microgrid. The agents in the 

Agents Layer have multiple communication protocols able the communication with another 

services and equipment. The gateways can be proprietary solutions (closed solutions available 

in the market) or custom-made solutions (developed in GECAD). If the chosen gateway has a 

compatible protocol existed in the agents is possible to integrate the gateway, and associated 

building/facility, to GECAD microgrid. The gateway is the bridge between the building and the 

microgrid, enabling the monitoring (mandatory) and the control (optional) of the 

building/facility. 

 

Figure 5.1 ς Microgrid system architecture. 
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Knowledge, Multi-Agent System and Gateway layers can be directly applied in any microgrid in 

real uncontrollable environment. However, for demonstration, test and validation is needed one 

more layer with real-time simulation capabilities. For this microgrid, is used OPAL-RT for the 

Real-Time Simulation Layer. This layer is very important, increasing system capabilities and 

possibilities. The simulation layer enables the use of new facilities that are not able to integrate 

physically in the microgrid, such as, a wind farm.  

The simulation layer also enables the integration of individual resources that can be integrated 

in the real buildings, such as, a storage unit or electrical vehicles. The integration of individual 

resources is made inside the Agent Layer, where the representative agent will combine readings 

from the building and from the OPAL-RT. 

GECAD microgrid enables the execution of different simulations using a combination of real and 

virtual facilities/buildings. The integration of the four layers presented results in a complete 

system that can simulate different scenarios and test several approaches and methodologies. 

The use of GECAD microgrid in ELECON had a positive effect in testing and validation of several 

case studies. 

5.2.  Report Structure 

Seven different case studies with different scenarios are shown in this report concerning the 

optimal resource scheduling for buildings and microgrids. The aggregator (or microgrid 

operator) will determine the day-ahead optimal resource scheduling, as presented in Figure 5.2, 

which minimizes the cost or maximizes the profit with all available resources. 

 

Figure 5.2 ς Day-ahead schedule used in case studies. 

The main purpose of the aggregator is to supply the required demand and charging of storage 

systems as well as the Electric Vehicles (EVs) through Distributed Generation (DG) units, external 

suppliers, Demand Response (DR) programs or discharge from storage systems and EVs. On the 

other hand, the aggregator can also sell the excess of energy to the electricity market. 

The information for each case study is presented in Table 5.1, indicating the type and the 

number of buses of microgrid, the sampling period, the time-horizon and the number of 

scenarios.  

The first case study concerns a small/medium shopping mall aggregator. This case study uses 

data collected by GECAD for different type of consumers and distributed generation units. 

Additionally, it is also used some data based on the typical consumption of a small/medium 

shopping mall. In this case study, the scheduling of the resources does not consider the power 
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flow and network constraints. This case study includes 4 different scenarios with a sampling 

period of 5 minutes and a time horizon of 24 hours. The detailed description of the case study 

and respective results are presented in Section 6. 

Table 5.1 ς Summarized information for each case study. 

Case Study 
Microgrid Sampling 

period 

Time-
horizon 

Scenarios 

number Type Buses 

Small/medium 
shopping mall 

Shopping - 5 min 24 h 4 

Portugal residential 
microgrid 

Residential 25 

5 min 24 h 7 

Germany residential 
microgrid 

1 h 24 h 7 

University campus 
microgrid 

University 21 1 h 24 h 10 

Portugal office 
buildings microgrid 

with small commerce 

Office and 
small 

commerce 
25 1 h 24 h 5 

Germany office 
buildings microgrid 

Office 21 1 h 24 h 5 

Germany office 
building 

Office - 15 min 15 h 3 

The second and third case studies are related with the same residential microgrid presented in 

Section 7. The residential microgrid with 25 buses was adapted from a real distribution network 

using real data to simulate the residential consumers. In this context, the second case study 

considers the data collected by GECAD from Portuguese residential consumers and distributed 

generation units. This case study includes 7 different scenarios with a sampling period of 5 

minutes and a time horizon of 24 hours. This case study does not include the power flow and 

network constrains. Section 7.1 presents a detailed description of the case study and the results 

of the optimal resource scheduling problem. 

On the other hand, the third case study considers the data collected from German residential 

consumers and distributed generation units. The case study also includes 7 different scenarios 

with a sampling period of 1 hour and a time horizon of 24 hours. In the optimal resource 

scheduling of this case study, an AC power flow model and the network constraints (i.e. lines 

thermal limit and voltage limits) are included. The detailed description of the case study and 

respective results are presented in Section 7.2. 

The fourth case study is a microgrid operator managing the resources of a university campus. To 

simulate the university campus microgrid, the case study uses data collected from a university 

campus and adapted data from measurements collected by GECAD (e.g. bars, gyms, classrooms, 

among others). The microgrid is composed by 21 buses and an AC power flow model and the 

respective network constraints (i.e. lines thermal limit and voltage limits) are included in the 

optimal resource scheduling. In this case study is simulated 10 different scenarios with the 

sampling period of 1 hour and a time-horizon of 24 hours. The first scenario is the base scenario 



Experimental Tests: Europe and Brazil Benchmarking 

September 2016  Page 31 of 188 

of the university campus for the year 2050 and the remaining scenarios are based in additional 

modification, e.g. remove the generation from DG units or reduce the generation from the wind 

generators. Section 8 presents a detailed description of the case study and the results of the 

optimal resource scheduling problem. 

The fifth case study is related with an office microgrid in Portugal. The data used to simulate this 

microgrid are based on data acquired by GECAD in several Portuguese offices and commercial 

buildings, and distributed generation units. The microgrid is composed by 25 buses and an AC 

power flow model and the respective network constraints (i.e. lines thermal limit and voltage 

limits) are included in the optimal resource scheduling. The case study presents 5 different 

scenarios for a time horizon of 24 hours, with a sampling time of 1 hour. Based on the scenario 

presented for 2020, the remaining scenarios have additional modification, e.g. remove the 

generation from DG units or remove the electric vehicles. Section 9 presents a detailed 

description of the case study and the results of the optimal resource scheduling problem. 

The sixth case study is an office microgrid with an aggregator to manage the energy resources 

in Germany context. The case study has been developed with the consideration of data about 

office buildings and distributed generation units from Germany. The microgrid is composed by 

21 buses and includes in the optimal resource scheduling an AC power flow model and the 

respective network constraints (i.e. lines thermal limit and voltage limits). In this case study is 

simulated 5 different scenarios with the sampling period of 1 hour and a time-horizon of 24 

hours. The first scenario is the base scenario of the office microgrid for the year 2050 and the 

remaining scenarios are based in additional modification, e.g. remove the generation from DG 

or/and electric vehicles. The detailed description of the case study and respective results are 

presented in Section 10. 

The seventh and last case study concerns an office building managed by an aggregator. The case 

study taking into account a real office building from Germany allowing the simulation to be 

applied with real data. The scheduling of the resources does not consider the power flow and 

network constraints. This case study includes 3 scenarios with a sampling period of 15 minutes 

and a time horizon of 15 hours. The detailed description of the case study and respective results 

are presented in Section 11. 

 

6.  Case Study ς Small/Medium Shopping Mall 

The presented case study shows the optimal resource scheduling of an aggregator that manages 

the resources of a shopping mall. The main goal is to obtain the minimum operation cost while 

supplying the required demand. The case study uses data collected from a university campus 

and adapted data from measurements collected by GECAD (e.g. bars, gyms, and so on). Due to 

confidentiality reasons the detailed content of the data used in this case study will not be shown. 

6.1. Shopping Mall Description 

The presented case study deals with a small/medium shopping Mall located in Portugal with 

14900 m2 of total area. It was used the methodology proposed in [Soares, 2015] to obtain the 
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optimal resource scheduling for periods of 5 minutes of day ahead. Table 6.1 shows the areas 

for each places of the shopping. 

Table 6.1 ς Area description. 

Area type Quantity Area (m2) 

Hypermarket + Warehouse 1 1900+400 = 2300 

Stores 28 2020 

Elevators 14 - 

Sub. Garage 1 6400 

Ext. Garage 1 1500 

Halls and Corridors 1 2500 

WC 4 180 

In Table 6.2 it is presented the installer power for each store as well as each area and the name 

of the store. It is important to note that the stores names are just indicative and there is no 

direct relationship with the shopping presented here. The idea is to make the case study more 

real as possible. 

Table 6.2 ς Installed power in each store. 

Store 
Area 
(m2) 

Active power 
(kW) 

Reactive power 
(kVAr) 

Apparent power 
(kVA) 

Santander 
Totta 

60 9.9 2.97 10.3359 

Rolex 60 9.9 2.97 10.3359 

Saccor 55 9.9 2.97 10.3359 

Nike 60 9.9 2.97 10.3359 

H&M 120 13.2 3.96 13.7812 

Magnolia 45 9.9 2.97 10.3359 

Bertrand 50 9.9 2.97 10.3359 

KFC 55 13.2 3.96 13.7812 

MCDonald's 80 13.2 3.96 13.7812 

BurgerKing 80 13.2 3.96 13.7812 

La Tagliatella 55 13.2 3.96 13.7812 

Foot Locker 100 9.9 2.97 10.3359 

Levi's 60 9.9 2.97 10.3359 

Calzedonia 100 9.9 2.97 10.3359 

Hussel 50 9.9 2.97 10.3359 

Barclays 50 9.9 2.97 10.3359 

Mango 60 9.9 2.97 10.3359 

Chanel 70 9.9 2.97 10.3359 

Harmani Jeans 75 9.9 2.97 10.3359 

O Boticário 60 9.9 2.97 10.3359 

Dior 95 9.9 2.97 10.3359 
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Store 
Area 
(m2) 

Active power 
(kW) 

Reactive power 
(kVAr) 

Apparent power 
(kVA) 

Bershka 140 13.2 3.96 13.7812 

Hugo Boss 45 9.9 2.97 10.3359 

Pull and Bear 45 9.9 2.97 10.3359 

Zara 140 13.2 3.96 13.7812 

Coffee and Go 35 6.6 1.98 6.890602 

iSTORE 130 13.2 3.96 13.7812 

More Coffee 45 6.6 1.98 6.890602 

This shopping mall presents a schedule for clients between 9:00AM and 11:00PM for all days of 

the week. Regarding to the employees the schedule is between 7:00AM and 2:00AM. The 

shopping has 14 elevators of Schindler 2400 type (8 people, 630kg, 11kW, 28A). In this case 

study, the day 6 of August 2014 was a considered for the elevator measures as the 

representative day. The measures are from a residential building with just one elevator of the 

same type, for this it was taken into account the following: 

¶ A multiplicative factor of 20; 

¶ The elevators consumption in employees schedule just has 5 of multiplicative factor; 

¶ The consumption between 2:05AM and 6:55AM as a multiplicative factor of 0.02. 

Regarding to the bank Santander Totta the obtained data are real data of a bank that was 

collected by GECAD, because confidentiality reasons the detailed content and location of the 

data used in this case study will not be shown. The data for Barclays bank is the data obtained 

for the data collected at a real bank multiplied by 0.98. The data for the shopping stores, 

hypermarket, WCs, garages as well as the halls and corridors were considered taking into 

account the typical consumption in a small/medium shopping mall. The schedule working for 

the CHP unit is based on CHP of a shopping mall located at north of Portugal. The consumption 

of the shopping mall is monitored by this system, and for the case study was considered the 

energy consumption of the 6 of August 2014, as it is illustrated in Figure 6.1. The peak power 

consumption is around 3.5 MW, and the total installed capacity is 5MW. 

 

Figure 6.1 ς Shopping mall consumption of the 6th of August of 2014. 

Figure 6.2 shows the energy consumption percentage for each type of load. The greater 

percentage of consumption is related with the Halls and Corridors and the Hypermarket with 

33% and 32% of the consumption respectively.  
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Figure 6.2 ς Percentage of each type of consumer in the shopping mall. 

As mentioned above, the data used to simulate the consumption and other resources (e.g. 

photovoltaic panels) in the case study are based on data collected by GECAD in different 

occasions depending on the consumer or generation type (e.g. residential, commercial, 

photovoltaic panels, and so on), which is shown in Table 6.3. 

Table 6.3 - Data used in the resources of shopping mall case study. 

Resource type Type Data information 

Consumption 

Bank 
Data collected by GECAD in 

typical bank 

Elevators 
Data collected by GECAD in 

typical elevator 

Generation PV 
Data based on PV systems 

installed in GECAD buildings F) 

6.2. Resources Description 

The shopping mall is mainly supplied by an external supplier. But for the study a 250 kW 

photovoltaic (PV) panel as well as one 1000 kW Combined Heat and Power (CHP) unit will be 

included in some scenarios. The CHP unit, also known as cogeneration unit, is supplied by natural 

gas.  The profile of the PV was based on data from the PV system installed in GECAD building F, 

and Figure 6.3 shows the profile used in this case study. 

 

Figure 6.3 ς Power generation profile of the PV panels. 
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The PV panel works between 5:50AM and 6:35PM, while the CHP unit is working between 

7:00AM and 12:00AM at working days. The Distributed Generation (DG) units (i.e. PV panels and 

CHP) are not enough to supply the required demand of the shopping mall, thus the aggregator 

can also use the Demand Response (DR) programs in the loads. For this case study, the 

consumption with the rooms will not have any DR program. In terms of DR programs, a direct 

load control program to continuously reduce the consumption has been used by the aggregator. 

The DR reduce program can be applied for 20% of the consumption in the shopping mall (see 

Figure 6.1). In Table 6.4, the number of units, maximum power and prices established for each 

type of resource are indicated.  

The PV panel has a price equal to zero, because it is an endogenous resource of the shopping 

mall. However, the CHP unit is also an endogenous resource, but it has the energy price of 0.095 

m.u./kWh that corresponds to the natural gas price. The DR reduce program has an energy price 

equal to 0.096 m.u./kWh. On the other hand, the external supplier a high price (0.1 m.u./kWh) 

that stimulates the aggregator to optimally manage its endogenous resources and DR programs. 

Table 6.4 ς Power and Price for each energy resource type. 

Resource type Units Power (kW) Price (m.u./kWh) 

DG 
PV 1 250 0 

CHP 1 1000 0.095 

External suppliers 1 10000 0.1 

DR reduce 34 920 0.096 

6.3.  Scenarios Structure 

First is considered a base scenario where the shopping is supplied only by an external supplier. 

Also, it is considered three variants of this base scenario: 

1. Scenario 1 ς Base Scenario; 

2. Scenario 2 - with PV; 

3. Scenario 3 - with CHP; 

4. Scenario 4 - with PV and CHP. 

The sampling period and time-horizon of all scenarios are 5 minutes and 24 hours, respectively. 

The aggregator will execute a methodology to obtain the day-ahead optimal resource scheduling 

for each scenario of this case study that minimizes the operation cost with the available 

resources. The aggregator can supply the required demand through the DG units, external 

suppliers and DR programs (reduce or cut). Figure 6.4 presents a diagram, evidencing the 

information concerning the day-ahead optimal resource scheduling problem for each simulation 

period. 

 

Figure 6.4 ς Scheme of the day-ahead optimal resource scheduling problem. 
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The methodology used in this case study is based on deterministic technique based on Mixed-

Integer Linear Programming (MINLP). This technique is implemented in TOMLAB [TOMLAB, 

2016]. All scenarios have been tested on a computer with one processors Intel® Xeon® E5-2620 

v2 2.10 GHz, with twelve cores, 16GB of random-access-memory and Windows 10 64 bits 

operating system. 

6.4. Results and Analysis 

This section will present the results and analysis of each scenario of this case study. At the end, 

scenarios comparison and final considerations will be also included. 

6.4.1. Scenario 1 ς Base Scenario 

For this scenario 1 (base), the deterministic technique obtained an optimal solution with a cost 

of 344.44 m.u. with an execution time of 1.62 seconds. Figure 6.5 presents the optimal resource 

scheduling for this scenario 1. 

 

Figure 6.5 ς Optimal resource scheduling for scenario 1 (base). 

In this figure is possible to see that the DR is presented in all periods leading to a reduction of 

the initial load consumption. The demand response is considerable profitable by the 

methodology in MILP leading in this way to the maximum value that the DR can assume, i.e., 

20% of the initial consumption (see Figure 6.1). Figure 6.6 depicts the percentage of each 

resource in the optimal resource scheduling of scenario 1. The external suppliers reached a 

percentage of 80%, while the DR reduce program obtained a percentage of 20%. 

 

Figure 6.6 ς Percentage of each resource in the scheduling of scenario 1 (base). 
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6.4.2. Scenario 2 ς with PV 

This scenario considers the base scenario and the integration of a DG unit, namely a PV panel. 

The optimal solution presented a cost around 315.52 m.u. with an execution time around 1.94 

seconds. As expected, the fact of including the DG unit led a decrease in the cost to the 

aggregator, resulting in a more profitable management of the shopping mall. Figure 6.7 presents 

the optimal resource scheduling for this scenario. Comparing this scenario results with the 

results obtained from the base scenario it is verified a reduction of the power supplied by the 

external supplier because of the introduction of the DG unit (PV panel). 

 

Figure 6.7 ς Optimal resource scheduling for scenario 2 (with PV). 

The total power generated by the DG unit is supplied because the cost generation is zero, so it 

is profitable for the aggregator. Figure 6.8 depicts the percentage of each resource in the optimal 

resource scheduling of scenario 2. 

 

Figure 6.8 ς Percentage of each resource in the scheduling of scenario 2 (with PV). 

The external suppliers reached a percentage of 72%, while the DG unit and DR program obtained 

a percentage of 8% and 20%, respectively. Figure 6.9 depicts the reduction of the power supplied 

from external supplier in this scenario. 

 In this scenario, the reduction reached a maximum value around 30% at 15h30PM due to the 

introduction of the PV panel. The introduction of more endogenous resources can help the 

aggregator to reduce the amount of power to acquire from the external suppliers, therefore 

reducing the cost with the optimal resource scheduling in the shopping mall. 
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Figure 6.9 ς Decrease of power supplied by the external supplier for scenario 2 (with PV). 

Table 6.5 shows a comparison of the scheduling obtained in scenarios 1 and 2, which helps to a 

better understanding the impact of the changes in scenario 2 (with PV). In this table, the power 

scheduled of each resource is presented for each scenario. The last column shows the variation 

from scenario 2 to scenario 1. 

Table 6.5 ς Comparison between scheduling of scenarios 1 and 2. 

Resource type Scenario 1 (kW) Scenario 2 (kW) Variation (%) 

PV panel 0 28,919.64 +100 

External supplier 281,177.69 252,258.05 -10 

DR reduce 70,294.42 70,294.42 0 

The power acquired from the external supplier has a decrease around 10%, while the PV 

generation has an increase in 100%. On the other hand, the DR program achieved a 70,294.42 

the same value of scenario 1. As mentioned above, this scenario resulted into a decrease of the 

cost to the aggregator, because the PV power generation do not represent costs for him. 

Nevertheless, this scenario also proved to be advantageous to use the DR program, leading to a 

reduction of the power supplied by the external supplier for presenting lower cost. 

6.4.3. Scenario 3 ς with CHP 

This scenario 3 considers the base scenario (scenario 1) with a CHP unit. For this scenario 3 (with 

CHP), the deterministic technique obtained an optimal solution with a cost equal to 141.53 m.u. 

with an execution time of 1.83 seconds. The optimal resource scheduling for this scenario is 

depicted in Figure 6.10. 

 

Figure 6.10 ς Optimal resource scheduling for scenario 3 (with CHP). 
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Comparing this scenario results with the results obtained from scenario 1 it is verified a strong 

reduction of the power supplied by the external supplier because of the introduction of the DG 

unit (CHP). Most of the power generated by the CHP in the working time is supplied as can be 

seen in Figure 6.10. This is because of the cost associated to the CHP generation is the natural 

gas, and his price is lower than the price of the external supplier power. Another reason for this 

strong reduction in the power supplied by the external supplier is related within several periods 

the CHP unit has the capacity to supply all the demand. The percentage of each resource is also 

presented for this scenario, which can be seen in Figure 6.11. 

 

Figure 6.11 ς Percentage of each resource in the scheduling of scenario 3 (with CHP). 

The external suppliers reached a percentage of 26%, while the DG unit and DR program obtained 

a percentage of 58% and 16%, respectively. The reduction of the energy acquired from the 

external supplier is presented in Figure 6.12. 

 

Figure 6.12 ς Decrease of power supplied by the external supplier for scenario 3 (with CHP). 

It is possible to see in Figure 6.12 a strong reduction of power acquired from external supplier 

when the CHP unit is working, achieving a 100% reduction in the power supplied by external 

supplier. This occurs due to the natural gas price (see Table 6.4) be lower than external supplier 

price and when has capacity to supply all the demand. Finally, the comparison of the scheduling 

between scenarios 1 and 3 is presented in Table 6.6.  

When comparing the results of this scenario with the base scenario (scenario 1) results it is 

obtained 67% reduction in the power supplied by the external supplier and 19% reduction in the 

DR reduce program. 
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Table 6.6 ς Comparison between scheduling of scenarios 1 and 3. 

Resource type Scenario 1 (kW) Scenario 3 (kW) Variation (%) 

External suppliers 281,177.69 92,139.80 -67 

CHP 0 202,545.85 +100 

DR (reduce) 70,294.42 56,786.47 -19 

Also this scenario resulted into a decrease of the cost to the aggregator, because the CHP unit 

power generation present only the cost of natural gas which is lower when compared with the 

external supplier cost. Nevertheless, this scenario also proved to be advantageous to use the DR 

program, contributing also for the reduction of the power supplied by the external supplier. 

6.4.4. Scenario 4 ς with PV and CHP 

This scenario 4 includes the PV and CHP units, therefore is a join combination of scenarios 2 and 

3. For this scenario 4 (with PV and CHP), the deterministic technique obtained an optimal 

solution with a cost of 115.55 m.u. The execution time in this scenario was around 1.98 seconds. 

Figure 6.13 illustrates the optimal resource scheduling of scenario 4. 

 

Figure 6.13 ς Optimal resource scheduling for scenario 4 (with PV and CHP). 

Comparing scenario 4 results with the results of scenario 1 it is also verified a strong reduction 

of the power supplied by the external supplier. This scenario is combination of scenario 2 and 3 

so this reduction was expected. In this scenario, as can be seen in Figure 6.13, it is verified a 

fluctuation (when the PV panel is generating) in the power supplied by the CHP unit. 

 

Figure 6.14 ς Percentage of each resource in the scheduling of scenario 4 (with PV and CHP). 
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The reason is related to cost of the power supplied by the PV panel be zero. The percentage of 

each resource is also presented for this scenario, which can be seen in Figure 6.14. The external 

suppliers reached a percentage of 46%, while the percentage of DG units and DR reduce program 

is around 34% and 20%, respectively. Such as seen in the previous scenario here also occurs a 

strong reduction in the power supplied by the external supplier as can be seen in Figure 6.15. 

Figure 6.16 presents the reduction (in percentage) of the CHP generation when the PV panel is 

considered. Table 6.7 shows the comparison of the scheduling results between scenario 1 and 

4. 

 

Figure 6.15 ς Decrease of power supplied by the external supplier for scenario 4 (with PV and CHP). 

 

Figure 6.16 ς Decrease of power supplied by the CHP unit for scenario 4 (without PV and CHP). 

Table 6.7 ς Comparison between scheduling of scenarios 1 and 4. 

Resource type Scenario 1 (kW) Scenario 4 (kW) Variation (%) 

PV panels 0 28,919.64 +100 

External suppliers 281,177.69 78,451.85 -72 

CHP 0 195,484.89 +100 

DR reduce 70,294.42 48,615.74 -31 

Comparing the results obtained in scenario 4 with the base scenario it is verified that the power 

supplied by the external supplier decreases 72%, while the PV panel and CHP unit achieved an 

increase of 100% each. Since this scenario is a combination of scenario 2 and 3, a strong 

reduction in the power supplied by the external supplier is also expected. A fluctuation in the 

CHP power supplied is verified when the PV panel is generating. This fluctuation is expected 

when the CHP is supplying all the demand because the cost of PV power is zero. Also the DR 
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program is advantageous, contributing for the reduction of the power supplied by the external 

supplier. 

6.4.5. Scenarios Comparison and Final Considerations 

This last section presents a summary comparison of the results obtained in all scenarios and final 

considerations concerning this case study. In this case study four scenarios were considered. The 

first one is a base scenario without any supply beyond the external supplier. The others three 

scenarios consider respectively a PV panels, CHP unit and the both units with the external 

supplier. Table 6.8 presents the profit, income cost and time obtained for each scenario of this 

case study. The base scenario (scenario 1) achieved a cost of 344.44 m.u. with an execution time 

of 1.62 seconds. 

Table 6.8 ς Cost and time results for all scenarios. 

Scenario 1 (Base) 2 3 4 

Cost (m.u.) 344.44 315.52 141.53 115.55 

Time (s) 1.62 1.94 1.83 1.98 

Regarding to the cost, the greater is verified in the base scenario, where the shopping mall is 

only supplied by the external supplier. The best result is achieved with scenario 4 (with PV and 

CHP), although the scenario 3 also presents a low operation cost. It is possible to conclude when 

the endogenous resources are considered the costs for the aggregator decreases. This is because 

of the cost of the PV power is zero and the cost of CHP power is only the natural gas, lower than 

the cost of external supplier. Also the DR program contributes for the cost reduction. 

Additionally, the shopping mall is remunerated by the participation in DR program. It was 

verified with the inclusion of the PV unit a reduction of the power supplied by the external 

suppliers. This reduction achieves 30% at 15h30 PM. When the CHP unit is considered a strong 

reduction of the power supplied by the external suppliers is verified. The reduction achieves 

100% in the cogeneration working periods (7:00AM ς 12:00PM). 

Table 6.9 presents the summary comparison of results for all scenarios. The scenario 1 presents 

the scheduling only with the external supplier. On the other hand, in the remaining scenarios 

are presented the variation of the scheduling obtained in each scenario to the scenario 1 (base). 

The inclusion of the PV panel led to a reduction of the power supplied by the external suppliers. 

This reduction achieves 30% at 15h30 PM. When the CHP is considered a strong reduction of the 

power supplied by the external suppliers is verified.  

Table 6.9 ς All scenarios compared with scenario 1 (base). 

Resource type 
Scenarios 

1 (kW) 2 (%) 3 (%) 4 (%) 

PV panels 0 + 100 = 0 + 100 

External suppliers 281,177.69 - 10 - 67 - 72 

CHP 0 = 0 + 100 + 100 

DR (reduce) 70,294.42 = 0 -19 -31 
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The reduction achieves 100% in the cogeneration working periods (7:00AM ς 12:00PM).  

Considering in the same case the PV and cogeneration units it is also verified a strong reduction 

in the power supplied by the external supplier. When the PV is supplying the shopping mall a 

reduction in the cogeneration power supplied occurs. The DR program has an impact in the 

scheduling of all scenarios. The DR reached an impact between 16% and 25%, which can be seen 

in scenarios 1, 2, 3, and 4. The intensively use of DR programs can be triggered by reducing the 

ǎǳǇǇƭƛŜǊΩǎ ǇƻǿŜǊ. In addition, the DR programs can be implemented in all shopping mall. The 

decrease of consumption can be reached without causing impact in the satisfaction of the clients 

in stores all parts of the shopping. 

Finally, the shopping mall would benefit for including a CHP unit, because the great demand of 

a shopping mall is related to the heating and lighting. The main benefit from having a CHP unit 

regards the decrease of the cost with the optimal resource scheduling. Thus, the CHP unit could 

also have a relevant contribution in the management of the power and heating demands of the 

shopping, just like DR programs. 

 

7.  Residential Microgrid 

The report demonstrates the optimal resource scheduling of an aggregator that manages a 

residential microgrid. The main goal is to obtain the minimum operation cost while supplying 

the required demand of the consumers in the residential microgrid. Two distinct case studies 

have been developed for a residential microgrid, the first one considers data from Portuguese 

residential houses in the microgrid, while the second one uses data from German residential 

houses in the microgrid. The two case studies use data collected from Portuguese and German 

residential houses and adapted data from measurements collected by GECAD. Due to 

confidentiality reasons the detailed content of the data used in this case study will not be shown. 

The urbanization presented in Figure 7.1 is composed by a private distribution network in low 

voltage, located in the north of Portugal, for the supply of residential and professional 

consumers, namely single-family houses, residential and commercial buildings. The urbanization 

consists of: 

¶ 8 residential houses (8 loads); 

¶ 8 residential buildings (each one with 9 apartments and 1 condominium, in a total of 

80 loads); 

¶ 1 commercial building (1 bar and 1 laundry which correspond to 2 loads). 

The electrification of the urbanization is made through a connection point (BUS 1 ς represented 

in Figure 7.2), connected to the network of medium voltage. The power transformer has the 

following characteristics: (i) primary and secondary voltage level 30kV/400V-230V; and (ii) 

power capacity 160 kVA. The microgrid is composed by 24 lines that connect the 25 buses in a 

radial topology. The characteristics of the lines that compose the private distribution network 

are shown in Table 7.1. The urbanization is adapted for a residential microgrid to be used in the 

two case studies. The residential microgrid with 25 buses has the following energy resource 

components: 
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¶ 90 Loads with Demand Response (DR) programs; 

¶ 17 photovoltaic (PV) panels and storage systems; 

¶ 5 external suppliers; 

¶ 34 Electric Vehicles (EVs). 

Table 7.2 presents the characteristics of generation and consumption for one day, time-horizon 

of 24h, according to the consumer type defined in the urbanization. 

 

Figure 7.1 ς Topographic urbanization plant. 

 

Figure 7.2 ς Single-line diagram of urbanization electrification. 
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Table 7.1 ς Characteristic of the lines in the microgrid. 

Line 
Bus 

(from i to j) 

Distance 

(km) 

Resistance 

όʍύ 

Reactance 

όʍύ 

Maximum line  

limit (kVA) 

1 1 - 2 0.035 0.01344 0.0028 146 

2 2 - 3 0.130 0.04992 0.0104 146 

3 3 - 4 0.110 0.04224 0.0088 146 

4 1 - 5 0.065 0.01287 0.0052 213 

5 1 - 6 0.130 0.02574 0.0104 213 

6 1 - 7 0.133 0.026334 0.01064 213 

7 1 - 8 0.165 0.03267 0.0132 213 

8 1 - 9 0.168 0.033264 0.01344 213 

9 2 - 10 0.020 0.0458 0.0018 47 

10 3 - 11 0.040 0.0916 0.0036 47 

11 3 - 12 0.020 0.0458 0.0018 47 

12 3 - 13 0.023 0.05267 0.00207 47 

13 4 - 14 0.043 0.09847 0.00387 47 

14 4 - 15 0.015 0.03435 0.00135 47 

15 4 - 16 0.025 0.05725 0.00225 47 

16 4 - 17 0.056 0.12824 0.00504 47 

17 6 - 18 0.038 0.014592 0.00304 146 

18 6 - 19 0.074 0.028416 0.00592 146 

19 7 - 20 0.041 0.015744 0.00328 146 

20 7 - 21 0.084 0.032256 0.00672 146 

21 8 - 22 0.040 0.01536 0.0032 146 

22 8 - 23 0.083 0.031872 0.00664 146 

23 9 - 24 0.035 0.01344 0.0028 146 

24 9 - 25 0.070 0.02688 0.0056 146 

Table 7.2 ς Characterization of the consumers in the microgrid. 

Consumer type Quantity Bus Description Quantity 

Residential house 8 10 ς 17 

Consumers (Load 3-10) 8 

Photovoltaic systems 8 

Storage systems 8 

Residential 
Building 

8 18 ς 25 

Consumers (Load 11-90) 80 

Photovoltaic systems 8 

Storage systems 8 

Commercial 
building 

1 5 

Consumers (Load 1-2) 2 

Photovoltaic systems 1 

Storage systems 1 



ELECON 

Page 46 of 188  September 2016 

7.1.  Case Study ς Portugal Residential Microgrid 

This chapter will present the case study of the microgrid with data from Portuguese residential 

houses. This section is divided into three sub-sections. The section 7.1.1 presents the data used 

in this case study. This data is divided into real data measured in Portuguese residential houses 

and adapted data from measurements collected by GECAD. Due to confidentiality reasons the 

detailed content of the data used in this case study will not be shown. Then, section 7.1.2 

explains in detail the scenarios developed for this case study. Finally, the results and analysis of 

each scenario of this case study will be shown in section 7.1.3. 

7.1.1. Resources Description 

This case study uses data collected by GECAD in several Portuguese houses and commercial 

stores for a time-horizon of 24 hours with sampling time of 5 minutes. Moreover, the profile of 

the 17 PV panels in the microgrid is based on the generation data from GECAD PV panels in F 

and N buildings. Figure 7.3 depicts the consumption, i.e. residential houses, residential buildings 

and commercial building, and PV panels profile for this case study. The microgrid operator has 

to fully dispatch all the power generation from Distributed Generation (DG) units based on 

renewable sources, such as PV panels. 

 

Figure 7.3 ς Generation and consumption profiles based on Portuguese residential and commercial 
data. 

Analysing this figure, the power generation from PV panels can supply all the consumption 

between periods 9 and 17. In addition, the excess of PV generation in these periods can be used 

to charge EVs/storage or to sell energy in the electricity market. In the remaining periods where 

the consumption is higher than the PV generation, the microgrid operator has to use other 

sources to support the power consumption, such as acquiring energy from external suppliers or 

discharging energy from EVs and storage systems. 

The peak power consumption is achieved at the end of the day, between hours 21 and 24. The 

consumption of residential houses has a small impact in the total consumption for all periods. 

On the other hand, the residential buildings increase their power consumption after hour 8 until 

12. Then, the consumption has a small decrease around hours 13 and 18. Once again, the 
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consumption from this type of consumer also increases after hour 19 until 24, because the 

people return to their apartments after work. As expected, the consumption of the commercial 

building has more impact from the hours 20 to 24 and from the hours 0 to 1, because there are 

more people buying at the commercial building in these hours. This phenomenon implies an 

increase in the consumption of the building that is related with the need of using the cooling 

system to keep a satisfactory temperature inside the building. Figure 7.4 shows the impact (in 

percentage) that each type of consumer has in the total power consumption. 

 

Figure 7.4 ς Total energy consumption regarding each type of consumer. 

The 73.19% of the consumption is related with the Residential buildings, while the 20.24% and 

6.57% belong to the Commercial building and Residential houses, respectively. The Residential 

buildings (8 buildings) represent the highest percentage of the total energy consumption of this 

case study. The data used to simulate the resources in the case study of a Portuguese residential 

microgrid are based on data acquired by GECAD in different occasions depending on the 

consumer or generation type (e.g. residential, commercial, photovoltaic panels, wind turbines, 

and so on), which is shown in Table 7.3. 

Table 7.3 - Data used in the resources of Portuguese residential microgrid case study. 

Resource type Type Data information 

Consumption 

Commercial 
Data collected by GECAD in small 

commercial consumers 

Residential house 
Data collected by GECAD in typical 

houses 

Apartments 
Data collected by GECAD in typical 

houses 

Condominium 
Data collected by GECAD in a 

condominium 

Generation PV 
Data based on PV systems installed 

in GECAD buildings (N and F) 

EV Battery Electric Vehicles (BEV) Information from EVeSSi tool 

Storage Batteries bank 
Adapted from SMA Battery 

inverters (Sunny island 6.0H and 
8.0H) 
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Table 7.4 and Table 7.5 present the detailed information for the data used for each load and DG 

units in the residential microgrid. 

Table 7.4 ς Data used in the loads of Portuguese residential microgrid case study. 

Load ID Bus Consumer type Maximum Power (kW) 

1 5 Commercial building 17.35 

2 5 Commercial building 15.00 

3 10 Family House 5.75 

4 11 Family House 5.75 

5 12 Family House 5.75 

6 13 Family House 6.9 

7 14 Family House 3.45 

8 15 Family House 5.75 

9 16 Family House 3.45 

10 17 Family House 5.75 

[11-19] 18 Student apartment 3.45 

83 18 Common unit building 3.45 

[20-28] 19 Family apartment 6.9 

84 19 Common unit building 3.45 

[29-37] 20 Student apartment 3.45 

85 20 Common unit building 5.75 

[38-46] 21 Family apartment 6.9 

86 21 Common unit building 5.75 

[47-55] 22 Family apartment 5.75 

87 22 Common unit building 3.45 

[56-64] 23 Family apartment 5.75 

88 23 Common unit building 3.45 

[65-73] 24 Family apartment 6.9 

89 24 Common unit building 5.75 

[74-82] 25 Family apartment 6.9 

90 25 Common unit building 5.75 

Table 7.5 ς Data used in the DG units of Portuguese residential microgrid case study. 

Generator ID Bus Generator type Maximum power (kW) 

1 5 Photovoltaic 11.00 

2 10 Photovoltaic 3.6 

3 11 Photovoltaic 3.6 

4 12 Photovoltaic 3.6 

5 13 Photovoltaic 3.6 

6 14 Photovoltaic 3.6 

7 15 Photovoltaic 3.6 

8 16 Photovoltaic 3.6 

9 17 Photovoltaic 3.6 

10 18 Photovoltaic 11.00 
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11 19 Photovoltaic 11.00 

12 20 Photovoltaic 11.00 

13 21 Photovoltaic 11.00 

14 22 Photovoltaic 11.00 

15 23 Photovoltaic 11.00 

16 24 Photovoltaic 11.00 

17 25 Photovoltaic 11.00 

In addition, the microgrid operator can activate a DR program based on direct load control 

programs, namely a DR reduce program that is applied for continuous reduction of the 

consumption. The DR reduce program can be applied for 20% of the consumption in the 

residential microgrid (see Figure 7.3). 

In the microgrid, EV and storage systems are also considered to support the optimal resource 

scheduling. In the case of EVs, the number of EVs connected on the grid or in travel and their 

demand trip are important aspects to know by the microgrid operator for a proper management 

of the microgrid. It considers the number of EVs in travel. The EVs movements and the trip 

consumption for the 34 EVs simulated are presented in Figure 7.5. These movements are result 

of the EVeSSi simulator tool [Soares, 2012] used in this case study. Table 7.6 presents the units, 

power and prices for all energy resources used in case study of the Portuguese residential 

microgrid. 

 

Figure 7.5 ς EVs profiles to consider in the Portuguese residential microgrid case study. 

Table 7.6 ς Power and price for each energy resource type of Portuguese case study. 

Resource type Units Power (kW) tǊƛŎŜ όϵκƪ²Ƙύ 

DG PV 17 127.8 0.15 

External suppliers 

1 

5 

10 0.07 

2 20 0.08 

3 40 0.09 

4 50 0.10 

5 100 0.11 

Energy Sale 1 100 0.09 

DR reduce 90 17.69 0.075 

Storage 
Charge 

17 
192.8 0 

Discharge 174.8 0.06 

EVs 
Charge 

34 
111 0 

Discharge 108 0.06 
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7.1.2. Scenarios Structure 

The case study is performed in 7 different scenarios, being the first scenario the base scenario 

for comparing with all others. The remaining scenarios are based on this base scenario with an 

additional change in the resources, e.g. remove the PV panels or reduce the power supply from 

external suppliers. This scenario is essential to understand the impact that the changes in the 

other 6 scenarios have in the management of the microgrid. All scenarios of the case study are 

presented below: 

1. Scenario 1 - Base scenario; 

2. Scenario 2 - Without DG; 

3. Scenario 3 - Without EVs; 

4. Scenario 4 - Without DG and EVs; 

5. Scenario 5 - 20% of PV power generation; 

6. Scenario 6 - нл҈ ƻŦ t± ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊΤ 

7. Scenario 7 - рл҈ ƻŦ t± ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊΦ 

All scenarios are performed in a day-ahead scheduling approach with 24 hours of time-horizon 

and 5 minutes of sampling time. The microgrid operator (or aggregator) uses an optimization 

approach to determine the optimal solution of the scheduling for the next day, as presented in 

Figure 7.6. The aggregator can schedule the DG units, external suppliers, DR program or 

storage/EVs discharge supply to satisfy the required demand from the residential and 

ŎƻƳƳŜǊŎƛŀƭ ŎƻƴǎǳƳŜǊǎ ŀƴŘ ŦǊƻƳ ǘƘŜ 9± ǳǎŜǊΩǎ ǊŜǉǳƛǊŜƳŜnts to charge their batteries. A 

deterministic technique based on Mixed-Integer Linear Programming (MILP), developed in 

TOMLAB Optimization with CPLEX solver [TOMLAB, 2016], using MATLAB R2014a 64 bits 

software [MATLAB, 2016], is used to obtain the optimal solution for all scenarios. The case study 

has been tested in a machine with one Intel® Xeon® E5-2620v2 - 2.10 GHz processor, with 12 

cores, 16GB of Random-Access-Memory (RAM) and Windows 8.1 Professional. 

 

Figure 7.6 ς Structure of the day-ahead schedule. 

7.1.3. Results and Analysis 

This section presents the results of the Portugal case study with results analysis to show the 

impacts in microgrid management with several types of changes in the resources. At the end, 

scenarios comparison and final consideration will be also included. 

7.1.3.1. Scenario 1 ς Base Scenario 

The section presents the results for the Scenario 1 (Base scenario), where the deterministic 

technique in MILP obtained a scheduling of DG, storage and EVs with a cost of 141.33 m.u. in a 

time of 30.75 seconds. Figure 7.7 presents the scheduling of the resources for this scenario 1. 
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Figure 7.7 ς Microgrid day-ahead generation results for scenario1 (base). 

The results show the impact of the DG according to the photovoltaic generation profile (i.e. the 

only DG technology used). The consumption is partially or fully supported by external suppliers, 

demand response and storage discharge in all periods depending on the DG generation. As 

mentioned above, the DG power generation needs to be fully dispatched by the aggregator. 

Figure 7.8 presents the contribution of all resources to the optimal resources scheduling, where 

the total power generation was divided in: 40.08% for the DG, 44.54% for the external suppliers, 

3.20% for the storage discharge and 12.17% for demand response. 

 

Figure 7.8 ς Generation resources percentage for scenario 1 (base). 

Figure 7.9 presents the load diagram, which contains the consumption of loads (residential 

houses, residential buildings and commercial building), EVs and storage charge and energy sale 

to the electricity market (by BUS 1). 

 

Figure 7.9 ς Microgrid day-ahead consumption results for scenario 1 (base). 
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The results show the need to sale energy in periods that DG generation is higher than the load 

consumption from residential houses/buildings and commercial building (see Figure 7.3). Figure 

7.10 shows the percentage that each type of consumer reached in this scenario. In this figure, 

the term Load stands for the consumption with the residential houses, residential buildings and 

commercial building. 

 

Figure 7.10 ς Consumption resources percentage for scenario 1 (base). 

The total power consumption was shared in 61.16% for the load consumption, 0.54% for the EVs 

charge and 38.30% for the energy sale. The EVs has a small impact in total load consumption. 

The fact of this scenario has an excess of energy from PV panels, and the operator needs to fully 

dispatch their power generation. This fact gives the opportunity to sale energy to obtain less 

cost with grid management. 

7.1.3.2. Scenario 2 ς without DG 

The scenario 2 considers the scheduling of the microgrid without DG, and the optimal scheduling 

obtained a cost of 93.90 m.u. with an execution time of 29.78 seconds. Figure 7.11 presents the 

scheduling of the resources for this scenario. 

 

Figure 7.11 ς Microgrid day-ahead generation results for scenario 2 (without DG). 

The scheduling presents an increase of the others resources including the demand response. 

¢ƘŜ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎ ǎǳǇǇƻǊǘŜŘ Ƴƻǎǘ ƻŦ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘΣ ǿƘƛƭŜ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ 

scenario (base) this resource had a less impact. In second, the demand response has also a 

significant impact in the scheduling, being dispatched in all periods. The DR programs are more 
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used in the peak periods, particularly between periods 20 and 24. In addition, the DR reduce 

program is used by the microgrid operator, because is cheaper than the expensive external 

suppliers, such as suppliers 3, 4 and 5 with a price of 0.09, 0.10 and 0.11 m.u./kWh. Figure 7.12 

depicts the percentage of each type of resource in the total power generation.  

 

Figure 7.12 ς Generation resources percentage for scenario 2 (without DG). 

The external suppliers had an impact of 76.15%, while the DR programs and storage discharge 

reached around 18.90% and 4.95%, respectively. The DR has more impact in this scenario than 

in the base scenario, due to the fact of not having PV generation. In a scenario with excess of PV 

generation, the microgrid operator can charge the EVs and storage for storing the PV generation 

in their batteries. Then, the microgrid operator could use the excess of energy from PV panels 

in more demanding periods. Therefore, these two resources cannot be discharged like in the 

previous scenario (see Figure 7.7). Another reason for the microgrid operator have the 

possibility of using DR programs when there is a lack of generation from renewable sources. The 

load diagram composed by the consumersΩ demand, the energy sale, the charging of EVs and 

storage is illustrated in Figure 7.13. The methodology in MILP scheduled the charge of EVs in the 

off-peak periods, because in these periods there are more resources with a low price. Thus, it is 

cheaper to the operator the charge in these periods, and then discharge the storage in periods 

with a higher price. 

 

Figure 7.13 ς Microgrid day-ahead consumption results for scenario 2 (without DG). 

Also in this case, the energy sale is schedule by the operator, because there is excess of energy 

in this scenario through DR programs and energy stored in the storage systems. Under these 

circumstances, the energy sale is economically viable when there is an excess of energy in the 
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microgrid, which can be obtained from energy stored. The percentage of each type of consumer 

is presented in Figure 7.14. 

 

Figure 7.14 ς Consumption resources percentage for scenario 2 (without DG). 

The load consumption reached 94.51%, while the energy sale and EVs charge obtained a 

percentage of 4.65% and 0.83%, respectively. This scenario resulted in a decrease of the cost to 

the microgrid operator in 47.43 m.u. representing 33% lower than the cost in scenario 1 (base). 

This reduction is related with the not scheduling of PV panels, because the aggregator does not 

remunerate the PV producers. On the other hand, the microgrid operator is not able to charge 

the storage and EVs with the excess energy from PV panels, then used it in more demanding 

periods. With scheduling results of scenario 2 without DG, it is important a comparison with the 

results of scenario 1 in order to analyse the differences and the impact of the changes. Table 7.7 

shows the results of the scenario 2 compared with scenario 1 (base). 

Table 7.7 ς Comparison between scheduling of scenarios 1 and 2. 

Resource type Scenario 1 (kW) Scenario 2 (kW) Variation (%) 

Generation 

DG 9485.98 0 - 100 

External suppliers 10,541.06 11,660.98 + 10.62 

Storage discharge 758.34 758.33 = 0 

EVs discharge 0 0 = 0 

DR 2881.15 2894.74 + 0.47 

Total generation 23,666.53 15,314.06 - 35.29 

Consumption 

Load 14,473.73 14,473.73 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 127.67 = 0 

Energy Sale 9065.13 712.65 - 92.14 

Total consumption 23,666.53 15,314.06 - 35.29 

Without DG generation, the total consumption is supplied by external suppliers increasing 

10.62% compared with base scenario, by DR increasing 0.47% and by storage discharge with the 

same value. In the case of DR, the result value corresponds to 18.90% of the total generation in 
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the scenario 2. The energy storage capacity without DG generation is sharply reduced, where 

the 94.51% of the total consumption is related with consumers. Both total generation and 

consumption have been decreased in approximately 35% from scenario 1 to scenario 2, 

contributing to the reduction in the cost. Finally, the DR programs enable the microgrid operator 

to supply the required demand avoiding the use of external suppliers. Otherwise, the microgrid 

operator would have to pay a lot more for acquiring energy to the last external suppliers (see 

Table 7.6).  

7.1.3.3. Scenario 3 ς without EVs 

The scenario 3 considers the scheduling of the microgrid without EVs, and the optimal 

scheduling obtained a cost of 140.36 m.u. with an execution time of 23.34 seconds. Figure 7.15 

presents the scheduling of the resources for this scenario. 

 

Figure 7.15 ς Microgrid day-ahead generation results for scenario 3 (without EVs). 

The scheduling presents a little increase in the demand response. The external suppliers 

ǎǳǇǇƻǊǘŜŘ Ƴƻǎǘ ƻŦ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘΦ Lƴ ǎŜŎƻƴŘΣ ǘƘŜ ŘŜƳŀƴŘ ǊŜǎǇƻƴǎŜ Ƙŀǎ ŀƭǎƻ ŀ 

significant impact in the scheduling, being dispatched in all periods. The DR programs are more 

used in the peak periods, particularly between periods 20 and 24. In addition, the DR reduce 

program is used by the microgrid operator, because is cheaper than the expensive external 

suppliers, such as suppliers 3, 4 and 5 with a price of 0.09, 0.10 and 0.11 m.u./kWh. Additionally, 

Figure 7.16 depicts the impact (in percentage) that each type of resource has in the total power 

generation. 

 

Figure 7.16 ς Generation resources percentage for scenario 3 (without EVs). 
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The external suppliers had an impact of 44.09%, while the DR programs and storage discharge 

reached around 13.32% and 3.23%, respectively. The remaining impact is for DG with 40.36%. 

The load diagram composed by the consumersΩ demand, the energy sale, the charging of EVs 

and storage is illustrated in Figure 7.17. 

The methodology scheduled the energy sale in the periods with DG generation and also, in off-

peak periods. The energy sale is used in off-peak periods because the DR reduce and storage 

discharge have a cost lower than the price of selling energy to the electricity market. To the 

operator is more attractive the allocation of DR reduction to sale the energy than scheduling DR 

for the microgrid balance between generation and consumption.  

Additionally, the energy sale is also schedule by the operator in periods with DG generation, 

because there is excess of energy through DR programs and storage discharge. In this context, 

the selling of energy in the electricity market is economically viable when there is an excess of 

energy in the microgrid, which can be obtained from energy stored, or when it is used the DR 

reduce. The percentage of each type of consumer is presented in Figure 7.18. 

 

Figure 7.17 ς Microgrid day-ahead consumption results for scenario 3 (without EVs). 

 

Figure 7.18 ς Consumption resources percentage for scenario 3 (without EVs). 

The total power consumption was shared in 61.59% for the load consumption and 38.41% for 

the energy sale. This scenario resulted in a decrease of the cost to the microgrid operator in 0.97 

m.u., which represents an insignificant impact when compared with scenario 1 (base). This slight 

reduction shows the small impact that EVs have in the cost of the microgrid. 
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With scheduling results of scenario without EVs, it is important to compare with base scenario 

results for analysing the differences and the impact of the changes. Table 7.8 shows the results 

of the scenario 3 compared with scenario 1 (base). 

Without EVs capacity, the impact in generation side is very small being the total generation 

reduced 0.70%. In the case of DR, the result value corresponds to 12.32% of the total generation 

in the scenario 3, higher 0.47% compared with scenario 1. In the consumption side, the lack of 

EVs to charge energy was reflected in the reduction of the power by external suppliers which 

reduce in 1.70% the power value. 

Table 7.8 ς Comparison between scheduling of scenarios 1 and 3. 

Type Scenario 1 (kW) Scenario 3 (kW) Variation (%) 

Generation 

DG 9485.98 9485.98 = 0 

External suppliers 10,541.06 10,362.02 - 1.70 

Storage discharge 758.34 758.33 = 0 

EVs discharge 0 0 = 0 

DR 2881.15 2894.74 + 0.47 

Total generation 23,666.53 23,501.08 - 0.70 

Consumption 

Load 14,473.73 14,473.73 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 0 - 100 

Energy Sale 9065.13 9027.35 - 0.42 

Total consumption 23,666.53 23,501.08 - 0.70 

7.1.3.4. Scenario 4 ς without DG and EVs 

The scenario 4 considers the scheduling of the microgrid without DG and EVs, and the optimal 

scheduling obtained a cost of 92.95 m.u., with an execution time of 22.53 seconds. Figure 7.19 

presents the scheduling of the resources for this scenario. 

 

Figure 7.19 ς Microgrid day-ahead generation results for scenario 4 (without DG and EVs). 

The scheduling presents an increase of the others resources including the demand response. 

¢ƘŜ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǎ ǎǳǇǇƻǊǘŜŘ Ƴƻǎǘ ƻŦ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘΣ while in the previous scenario 

this resource had a less impact. Also in this case, the DR has also a significant impact in the 
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scheduling, being dispatched in all periods. The DR programs are more used in the peak periods, 

particularly between periods 20 and 24. Another factor that contributes to the more use of 

external suppliers and in particular the DR programs is related with the microgrid operator does 

not have the PV panels to charge the EVs and storage for storing the excess of PV generation in 

their batteries. Therefore, these two resources cannot be discharged just like in scenario 1 (see 

Figure 7.7). For this reason, the DR has more impact in this scenario, instead of using the excess 

of energy from PV panels in more demanding periods.  Additionally, Figure 7.20 depicts the 

impact (in percentage) that each type of resource has in the total power generation. 

 

Figure 7.20 ς Generation resources percentage for scenario 4 (without DG and EVs). 

The external suppliers had an impact of 76.20%, while the DR programs and storage discharge 

reached around 18.86% and 4.94%, respectively. The load diagram composed by the consumersΩ 

demand, the energy sale, the charging of EVs and storage is illustrated in Figure 7.21. 

 

Figure 7.21 ς Microgrid day-ahead consumption results for scenario 4 (without DG and EVs). 

The methodology scheduled the energy sale in the off-peak periods, because in these periods 

there are resources with a low price. Thus, the energy sale is scheduled by the operator. Once 

again, the energy sale is economically viable when there is an excess of generation in the 

microgrid. The percentage of each type of consumer is presented in Figure 7.22. The total power 

consumption has been divided in 94.31% for the load consumption and 5.69% for the energy 

sale. This scenario resulted in a decrease of the cost to the microgrid operator when compared 

with scenario 1 (base). This reduction is related with the not scheduling of PV panels, therefore 

the aggregator does not remunerate the PV producers that reduce its scheduling cost. 
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Figure 7.22 ς Consumption resources percentage for scenario 4 (without DG and EVs). 

On the other hand, the microgrid operator is not able to charge the EVs and storage. With 

scheduling results of scenario without DG and EVs, it is important to compare with scenario 1 

results to analyse the differences and the impact of the changes. Table 7.9 shows the results of 

the scenario 4 compared with base scenario. 

Table 7.9 ς Comparison between scheduling of scenarios 1 and 4. 

Type Scenario 1 (kW) Scenario 4 (kW) Variation (%) 

Generation 

DG 9485.98 0 - 100 

External suppliers 10,541.06 11,693.76 + 10.94 

Storage discharge 758.34 758.34 = 0 

EVs discharge 0 0 = 0 

DR 2881.15 2894.74 + 0.47 

Total generation 23,666.53 15,346.84 - 35.15 

Consumption 

Load 14,473.73 14,473.73 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 0 - 100 

Energy Sale 9065.13 873.10 - 90.37 

Total consumption 23,666.53 15,346.84 - 35.15 

Without DG generation and EVs capacity, the total consumption is supplied by external suppliers 

increasing 10.94% compared with base scenario, by DR increasing 0.47% and by storage 

discharge with same value. The DR programs had a small increase around 0.47%. The consumers 

in this scenario correspond to 94.31% of the total consumption and the energy sale was reduced 

in 90.37%. Both total generation and consumption have been decreased in approximately 35% 

when compared with scenario 1, which contributes to a cost reduction. 

7.1.3.5. Scenario 5 ς 20% of PV power generation 

The scenario 5 considers the scheduling of the microgrid with 20% of PV power generation, and 

the optimal scheduling obtained a cost of 103.39 m.u., with an execution time of 29.93 seconds. 

Figure 7.23 presents the scheduling of the resources for the present scenario. 



ELECON 

Page 60 of 188  September 2016 

 

Figure 7.23 ς Microgrid day-ahead generation results for scenario 5 (20% of PV power generation). 

The scheduling does not reflect a considerable increase of the other resources including the DR 

reduce program. The external suppliers increase their impact in terms of supporting the 

ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘΣ ŜǾŜƴ with a small increase of their power when compared with scenario 1 

(base). However, they have a small impact in the base scenario, due to the presence of PV 

generation. Moreover, the demand response has also a significant impact in the scheduling, 

being scheduled in all periods. The DR programs are more used in the peak periods, particularly 

between periods 8 and 10, and 20 and 24. In addition, the DR reduce program is used by the 

microgrid operator, because is cheaper than the expensive resources in those periods. 

The external suppliers and DR programs have a small increase of their power but the impact in 

the total generation is higher, because the PV generation has been reduced in 80%. This 

reduction had also effect in the decrease of the consumption in the microgrid. Additionally, 

Figure 7.24 depicts the share of each resource in the optimal resource scheduling. 

 

Figure 7.24 ς Generation resources percentage for scenario 5 (20% of PV power generation). 

The external suppliers had an impact of 65.59%, while the DR programs and storage discharge 

reached around 17.95% and 4.70%, respectively. The DG has been reduced but it still reached a 

relevant impact of 11.76%. The load diagram composed by the consumersΩ demand, the energy 

sale, the charging of EVs and storage is illustrated in Figure 7.25.  

The methodology scheduled the charge of EVs in the off-peak periods, because in these periods 

there are more resources with a low price. Thus, it is cheaper for the microgrid operator to 

charge in these periods, and then discharge the EVs in consecutive periods with a higher price. 
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Once more, the energy sale is schedule by the operator, because there is excess of energy in this 

scenario through DR programs and storage energy. 

 

Figure 7.25 ς Microgrid day-ahead consumption results for scenario 5 (20% of PV power generation). 

Under these circumstances, the energy sale is economically viable when there is an excess of 

energy in the microgrid, which can be obtained from energy stored. Nevertheless, the energy 

sale decreased when compared with scenario 1 due to the reduction in PV power generation. 

The highest percentage of power produced is consumed in this scenario for Load. The 

percentage of each type of consumer is presented in Figure 7.26. 

 

Figure 7.26 ς Consumption resources percentage for scenario 5 (20% of PV power generation). 

The total power consumption was shared in 89.73% for the load consumption, 9.48% for the 

energy sale and 0.79% for the EVs charge. This scenario resulted in a decrease of the cost to the 

microgrid operator in 37.94 m.u., representing 26% lower than the cost in scenario 1 (base). This 

reduction is related with the reduction in scheduling of PV panels, therefore the aggregator will 

pay less for the PV generation. Table 7.10 shows the results of the scenario 5 compared with 

scenario 1 (base). 

Table 7.10 ς Comparison between scheduling of scenarios 1 and 5. 

Type Scenario 1 (kW) Scenario 5 (kW) Variation (%) 

Generation 

DG 9485.98 1897.20 - 80 

External suppliers 10,541.06 10,579.51 + 0.36 
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Storage discharge 758.34 758.33 = 0 

EVs discharge 0 0 = 0 

DR 2881.15 2894.74 + 0.47 

Total generation 23,666.53 16,129.78 - 31.85 

Consumption 

Load 14,473.73 14,473.73 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 127.67 = 0 

Energy Sale 9065.13 1528.38 - 83.14 

Total consumption 23,666.53 16,129.78 - 31.85 

The reduction of PV capacity has a great impact in the total generation with a reduction of 

31.85%, being the external suppliers and DR used to replace this lack of PV generation. On the 

other hand, the energy sale has been significantly reduced. The DR program only increased in 

0.47% when compared to scenario 1, however it had a significant impact with 17.95% of the 

total generation in the scenario 5. In the case of external suppliers, the supply increase only 

0.36% compared with scenario 1. In the consumption side, being lower the PV generation, the 

energy sale reduces 83.14% compared to the result in base scenario. 

7.1.3.6. Scenario 6 ς 20% of PV power generation and 20% of external 

ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ 

The scenario 6 considers the scheduling of the microgrid with 20% of PV power generation and 

нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊΣ ŀƴŘ ǘƘŜ ƻǇǘƛƳŀƭ ǎŎƘŜŘǳƭƛƴƎ ƻōǘŀƛƴŜŘ ŀ cost of 2363.92 m.u., 

with an execution time of 29.78 seconds. Figure 7.27 presents the scheduling of the resources 

for this scenario. 

 

Figure 7.27 ς Microgrid day-ahead generation results for scenario 6 (20% of power generation and 
нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The less contribution of the DG and external suppliers causes the high need to use the DR 

programs and mainly the discharge of storage. The external suppliers supported most of the 

ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘ ōǳǘ ǿƛth less impact. The storage discharge is basically used in the peak 

periods, particularly between periods 20 and 24, the periods without PV generation and when 

the external suppliers reach the maximum scheduling to this scenario. Moreover, the DR 
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programs have also a significant impact in the scheduling, in particular between periods 20 and 

24. 

In this scenario, the external suppliers with higher prices, namely suppliers 4 and 5 (see Table 

7.6), has more changes to be scheduled, because of the lower capacity from cheaper external 

suppliers, such as supplier 1, 2 and 3. Thus, the DR and storage discharge are more used in the 

periods with high consumption for avoiding the scheduling of these expensive external 

suppliers. The cost is increased due to the need of using more expensive suppliers, nevertheless 

the DR programs tried to minimize their impact. Additionally, Figure 7.28 depicts the impact (in 

percentage) that each type of resource has in the total power generation. 

 

Figure 7.28 ς Generation resources percentage for scenario 6 (20% of power generation and 20% of 
ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The external suppliers had an impact of 61.18%, while the DR programs and storage discharge 

reached around 19.57% and 6.43%, respectively. Also, the DG generation had an impact of 

12.82%. The load diagram composed by the consumersΩ demand, the energy sale, the charging 

of EVs and storage is illustrated in Figure 7.29. 

 

Figure 7.29 ς Microgrid day-ahead consumption results for scenario 6 (20% of power generation and 
нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The methodology scheduled the charge of storage and EVs in the periods with DG generation, 

because in these periods there are more resources with a low price. Thus, it is cheaper for the 

microgrid operator to charge in these periods, and then discharge the storage in periods with 
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high price, such as discharging the storage in peak periods presented in Figure 7.27. The 

percentage of each type of consumer is presented in Figure 7.30. 

The total power consumption was shared basically in 97.79% for the load consumption. Only 

0.86% is for vehicle charge and 1.32% for storage charge. This scenario resulted in an increase 

of the cost to the microgrid operator in 2222.59 m.u., representing 1572% higher than the cost 

in scenario 1 (base). This increase is related with the scheduling of more expensive external 

suppliers. On the other hand, the microgrid operator needs to discharge the storage with the 

lack of energy between periods 20 and 24. 

 

Figure 7.30 ς Consumption resources percentage for scenario 6 (20% of power generation and 20% of 
ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

With scheduling results of scenario 6 with 20% of PV power generation and 20% of external 

suppliers, it is important to compare with scenario 1 (base) results to analyse the differences 

and the impact of the changes. Table 7.11 shows the results of the scenario 6 compared with 

scenario 1 (base). 

Table 7.11 ς Comparison between scheduling of scenarios 1 and 6. 

Type Scenario 1 (kW) Scenario 6 (kW) Variation (%) 

Generation 

DG 9485.98 1897.20 - 80 

External suppliers 10541.06 9050.87 - 14.14 

Storage discharge 758.34 951.95 + 25.53 

EVs discharge 0 0 = 0 

DR 2881.15 2894.74 + 0.47 

Total generation 23666.53 14794.76 - 37.49 

Consumption 

Load 14473.73 14473.73 = 0 

Storage charge 0 196.05 + 100 

EVs charge 127.67 127.67 = 0 

Energy Sale 9065.13 0 - 100 

Total consumption 23666.53 14800.15 - 37.46 
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The DG units and external suppliers decreased their scheduling in about 80% and 14.14%, 

respectively. The storage discharge and DR increased to supply the consumption needs, in this 

case increased 25.53% and 0.47%, respectively. The total generation reduced 37.49%. In the 

case of DR, the result value corresponds to 19.57% of the total generation in the scenario 6. In 

the consumption side, the energy sale is reduced in 100% compared to scenario 1, while the 

storage charge increases to 100% and EVs charge does not register any variation. 

7.1.3.7. Scenario 7 ς 50% of PV power generation and 20% of external 

ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ 

The scenario 7 considers the scheduling of the microgrid with 50% of PV power generation and 

20% of external suppliers, and the optimal scheduling obtained a cost of 2376.00 m.u., with an 

execution time of 30.07 seconds. Figure 7.31 presents the scheduling of the resources for this 

scenario. 

 

Figure 7.31 ς Microgrid day-ahead generation results for scenario 7 (50% of power generation and 
нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

A lower contribution of the DG and external suppliers causes a high need to use the DR programs 

and mainly the discharge of storage. First, the external suppliers supported most of the 

ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘ during all periods. In second, the DR programs have also a significant impact 

in the scheduling, being dispatched in all periods. The storage discharge is basically used in the 

peak periods, particularly between periods 20 and 24, the periods with low availability of 

generation, without PV generation, and when the external suppliers reach the maximum 

scheduling to this scenario (which was reduced to 20% of capacity compared to scenario 1). 

In addition, the DR and storage discharge is used by the microgrid operator, because is cheaper 

than the expensive external suppliers which, in this scenario, it has been reduced the power 

capacity and, the suppliers with higher prices had to be used, such as suppliers 3, 4 and 5 with a 

price of 0.09, 0.10 and 0.11 m.u./kWh. In the present scenario, the use of expensive suppliers 

significantly increases the operation cost of the microgrid. Additionally, Figure 7.32 depicts the 

percentage of each type of resource in the total power generation. The external suppliers had 

an impact of 43.17%, while the DR programs and storage discharge reached around 19.17% and 

6.26%, respectively. The DG power generation had an impact of 31.40%. The load diagram 

composed by the consumersΩ demand, the energy sale, the charging of EVs and storage is 

illustrated in Figure 7.33. The methodology scheduled the charge of storage and EVs in the 

periods with DG generation, because in these periods there are more resources with a low price. 

Thus, it is cheaper for the microgrid operator to charge in these periods, and then discharge the 
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storage in periods with a high price, such as the discharge storage in peak periods presented in 

Figure 7.31. 

 

Figure 7.32 ς Generation resources percentage for scenario 7 (50% of power generation and 20% of 
ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

Also, the energy sale was scheduled in periods with DG generation to reduce the operation cost 

of the aggregator. The percentage of each type of consumer is presented in Figure 7.34. The 

total power consumption was shared basically in 95.80% for the load consumption. Only 0.85% 

is for EVs charge and 1.25% for storage charge. The remaining power consumption belongs to 

the energy sale with 2.09%. 

 

Figure 7.33 ς Microgrid day-ahead consumption results for scenario 7 (50% of power generation and 
нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

This scenario resulted in an increase of the cost to the microgrid operator in 2234.67 m.u., 

representing 1548% higher than the cost in scenario 1 (base). This increase is related with the 

scheduling of more expensive external suppliers. On the other hand, the microgrid operator 

needs to discharge the storage with the lack of energy between periods 20 and 24 and for the 

ƳŀȄƛƳǳƳ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊΩǎ ǇƻǿŜǊΦ  

With scheduling results of scenario 7 with 50% of PV power generation and 20% of external 

suppliers, it is important to compare with scenario 1 (base) results to analyse the differences 

and the impact of the changes. Table 7.12 shows the results of the scenario 6 compared with 

scenario 1 (base). 
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Figure 7.34 ς Consumption resources percentage for scenario 7 (50% of power generation and 20% of 
ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

Table 7.12 ς Comparison between scheduling of scenarios 1 and 7. 

Type Base Scenario (kW) Scenario 7 (kW) Variation (%) 

Generation 

DG 9485.98 4742.99 - 50 

External suppliers 10,541.06 6520.43 - 38.14 

Storage discharge 758.34 944.86 + 24.60 

EVs discharge 0 0 = 0 

DR 2881.15 2894.74 + 0.47 

Total generation 23,666.53 15,103.02 - 36.18 

Consumption 

Load 14,473.73 14,473.73 = 0 

Storage charge 0 188.96 + 100 

EVs charge 127.67 127.67 = 0 

Energy Sale 9065.13 0 - 96.52 

Total consumption 23,666.53 14,793.06 - 36.16 

With reduction of PV capacity and external suppliers, the DG units and external supplier 

decreased to 50% and 38.14%, respectively. The storage discharge and DR were increased to 

supply the power consumption, in this case increases 24.60% and 0.47%, respectively. The total 

generation reduced 36.18%. In the case of DR, the result value corresponds to 19.77% of the 

total generation in the scenario 7. On the other hand, the energy sale is strongly reduced 

(96.52%) compared to scenario 1, being increased 100% the storage charge and maintaining the 

EVs charge. 

7.1.3.8. Scenarios Comparison and Final Considerations 

The results summary of the case study of the Portuguese residential microgrid is presented 

bellow with the main objective of comparing all scenarios and final considerations. Table 7.13 

shows the operation costs and execution time for all scenarios of the case study. 
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Table 7.13 ς Obtained results for all scenarios in day-ahead scheduling. 

Type 1 2 3 4 5 6 7 

Costs (m.u.) 141.33 93.90 140.36 92.95 103.39 2363.92 2376.00 

Time (s) 30.75 29.78 23.34 22.53 29.93 30.14 30.07 

In terms of cost and time, the best and worst results are highlighted below: 

¶ Worst cost operation: scenario 7 (50% of PV power generation and 20% of external 

ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ); 

¶ Best cost operation: scenario 4 (without DG and EVs); 

¶ Highest execution time: scenario 1 (base scenario); 

¶ Lowest execution time: scenario 4 (without DG and EVs). 

The scenario 6 also presents a high cost and very close to the cost presented by scenario 7; both 

ǎŎŜƴŀǊƛƻǎ ƘŀǾŜ ƛƴ ŎƻƳƳƻƴ ŀ ŘŜŎǊŜŀǎŜ ƻŦ ул҈ ƻŦ ǘƘŜ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ (see Table 7.6). 

In both scenarios, the most expensive external suppliers are dispatched in all periods that results 

in a very high operation cost. On the other hand, scenario 3 also presents a low cost and very 

close to the cost presented by scenario 4, where the DG units, namely PV panels, are removed 

in both scenarios. Thus, the microgrid operator does not remunerate the PV panels. The PV 

panels have the highest energy price (see Table 7.6) of all resources in the microgrid, and the 

microgrid operator must fully dispatch all the PV generation, as mentioned in the beginning of 

section 7.1.1. All scenarios obtained an execution time close to 30 seconds therefore this 

parameter is not as relevant as the cost for this case study. 

Table 7.14 compare all scenarios with scenario 1 verifying the changes in the scheduling 

(generation and consumption). In the table, total power scheduled for each resource is shown 

in scenario 1, while in the remaining scenarios are presented the variation of each one to the 

scenario 1 (base). 

Table 7.14 ς All scenarios compared with base scenario. 

Resource type 
Scenario 

1 (kW) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%) 

Generation 

DG 9485.98 - 100 = 0 - 100 - 80 - 80 - 50 

External 
suppliers 

10,541.06 + 10.62 - 1.70 + 10.94 + 0.36 - 14.14 - 38.14 

Storage 
discharge 

758.34 = 0 = 0 = 0 = 0 + 25.53 + 24.60 

EVs discharge 0 = 0 = 0 = 0 = 0 = 0 = 0 

DR 2881.15 + 0.47 + 0.47 + 0.47 + 0.47 + 0.47 + 0.47 

Total 
generation 

23,666.53 - 35.29 - 0.70 - 35.15 - 31.85 - 37.49 - 36.18 
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Consumption 

Load 14,473.73 = 0 = 0 = 0 = 0 = 0 = 0 

Storage charge 0 = 0 = 0 = 0 = 0 + 100 + 100 

EVs charge 127.67 = 0 - 100 - 100 = 0 = 0 = 0 

Energy sale 9065.13 - 92.14 - 0.42 - 90.37 - 83.14 - 100 - 96.52 

Total 
consumption 

23,666.53 - 35.29 - 0.70 - 35.15 - 31.85 - 37.46 - 36.16 

In this context, the scenario with the highest increased power (10.94%) for the external suppliers 

is the scenario 4 (without DG and EVs). The scenario 2 (without DG) also presents a high increase 

of 10.62% for the external supplier, which is close to the one obtained in scenario 4. On the 

other hand, the scenario with more ǊŜŘǳŎǘƛƻƴ ƛƴ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ ƛǎ ǘƘŜ ǎŎŜƴŀǊƛƻ т ό50% 

ƻŦ t± ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ), where it had a reduction of 

38.14%. In the case of storage discharge, this resource is always used in all scenario, but it 

increases in around 25% for scenario 6 and 7 that have in common a reduction on the capacity 

of the external suppliers. The same happens in DR program, but this resource has been increased 

in all scenarios 0.47% compared to scenario 1, meaning that DR reduce program reaches the 

maximum capacity in all scenarios. The scenario 3 (without EVs) presents few variations in the 

generation side. So, the impact of removing EVs in microgrid is not considerable. The scenario 

with higher reduction in the total generation is the scenario 6 (with 20% of PV and 20% of 

external suppliers). On the other hand, the scenario with the lowest reduction in the total 

generation is scenario 3 (without EVs). 

In the consumption side, the storage is only used in the scenarios with reduction of the external 

suppliersΩ ǇƻǿŜǊ. The EVs charge was only changed in scenarios without EVs (3 and 4), otherwise 

it keeps the same value. The energy sale was always used and it had the lowest impact in 

scenario 6 (2л҈ ƻŦ t± ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ), decreasing 100% 

compared with scenario 1. This scenario is the scenario with higher reduction in total 

consumption. And the scenario with less reduction in total consumption is the scenario without 

EVs (scenario 3). 

Finally, the DR reduce program reached a significant impact in all scenarios, being almost 

scheduled with the same value in all of them. As shown in Table 7.14, the DR program presents 

a small increase around 0.5% for all scenarios when compared to scenario 1. In all the remaining 

scenarios, the lack of generation from other resources was partially or fully compensated by the 

scheduling of DR programs. The DR reached an impact between 12% and 20%. As final 

conclusion, the power reduction of DG or external suppliers can cause more scheduling of DR 

programs. 

  



ELECON 

Page 70 of 188  September 2016 

7.2.  Case Study ς Germany Residential Microgrid 

This chapter will present the case study of the microgrid with data from German residential 

houses. This section is divided into three sub-sections. The section 7.2.1 presents the data used 

in this case study, data from German residential houses. Due to confidentiality reasons the 

detailed content of the data used in this case study will not be shown. Then, section 7.2.2 

explains in detail the scenarios developed for this case study. Finally, the results and analysis of 

each scenario of this case study will be shown in section 7.2.3. 

7.2.1. Resources Description 

The case study uses data from several German houses and commercial stores for a time-horizon 

of 24 hours with sampling time of 1 hour. Moreover, the profile of the 17 PV panels in the 

microgrid is based on the generation data from units installed in Germany. Figure 7.35 depicts 

the consumption, i.e. residential houses, residential buildings and commercial building, and PV 

panels profile for this case study. The microgrid operator has to fully dispatch all the power 

generation from DG units based on renewable sources, such as PV panels. 

 

Figure 7.35 ς Generation and consumption profiles based on German residential and commercial data. 

Analysing this figure, the power generation from PV panels can supply all the consumption 

between periods 9 and 18. In addition, the excess of PV generation in these periods can be used 

to charge EVs/storage or to sell energy to the electricity market. In the remaining periods where 

the consumption is higher than the PV generation, the microgrid operator has to use other 

sources to support the power consumption, such as acquiring energy from external suppliers or 

discharging energy from EVs and storage systems. 

The peak power consumption is achieved at the middle of the day between 11 and 14, and in 

end of the day, between hours 21 and 24. The consumption of residential houses has a small 

impact in the total consumption for all periods. On the other hand, the residential buildings 

increase their power consumption after hour 8 until 12. Then, the consumption has a small 

decrease around hours 13 and 18. Once again, the consumption from this type of consumer also 

increases after hour 19 until 24, because the people return to their apartments after work. As 

expected, the consumption of the commercial building has more impact from the hours 7 to 15, 
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because there are more people using the commercial building in these hours. This phenomenon 

implies an increase in the consumption of the building which is related with the need of using 

the cooling system to keep a satisfactory temperature inside the building. Figure 7.36 shows the 

percentage of each type of consumer in the total power consumption. 

 

Figure 7.36 ς Total energy consumption regarding each type of consumer. 

The 82.37% of the consumption is related with the Residential buildings, while the 12.00% and 

5.64% belong to the Commercial building and Residential houses, respectively. The Residential 

buildings (8 buildings) represent the highest percentage of the total energy consumption of this 

case study. 

The data used to simulate the resources in the case study of a German residential microgrid are 

based on data from Germany in different occasions depending on the consumer or generation 

type (e.g. residential, commercial, photovoltaic panels, wind turbines, and so on), which is 

shown in Table 7.15. 

Table 7.15 - Data used in the resources of German residential microgrid case study. 

Resource Type Type Data information 

Consumption 

Commercial 
Data from office building in 

Germany 

Residential house 
Data from typical houses in 

Germany 

Apartments 
Data from typical houses in 

Germany 

Condominium 
Data collected by GECAD in a 

condominium 

Generation PV 
Data based on PV systems 

installed in south of Germany 

EV Battery Electric Vehicles (BEV) Information from EVeSSi tool 

Storage Batteries bank 
Adapted from SMA Battery 

inverters (Sunny island 6.0H and 
8.0H) 
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Table 7.16 and Table 7.17 present the detailed information for the data used for each load and 

DG units in the residential microgrid. 

Table 7.16 ς Data used in the loads of German residential microgrid case study. 

Load ID Bus Consumer Type Maximum Power (kW) 

1 5 Commercial building 10.35 

2 5 Commercial building 10.35 

3 10 Family House 3.45 

4 11 Family House 6.9 

5 12 Family House 3.45 

6 13 Family House 5.75 

7 14 Family House 3.45 

8 15 Family House 3.45 

9 16 Family House 3.45 

10 17 Family House 10.35 

[11-19] 18 Student apartment 3.45 

83 18 Common unit building 3.45 

[20-28] 19 Family apartment 5.75 

84 19 Common unit building 3.45 

[29-37] 20 Family apartment 5.75 

85 20 Common unit building 5.75 

[38-46] 21 Family apartment 5.75 

86 21 Common unit building 5.75 

[47-55] 22 Family apartment 5.75 

87 22 Common unit building 3.45 

[56-64] 23 Family apartment 5.75 

88 23 Common unit building 3.45 

[65-73] 24 Family apartment 3.45 

89 24 Common unit building 3.45 

[74-82] 25 Family apartment 5.75 

90 25 Common unit building 3.45 

Table 7.17 - Data used in the DG units of German residential microgrid case study. 

Generator ID Bus Generator Type Maximum Power (kW) 

1 5 Photovoltaic 15 

2 10 Photovoltaic 3 

3 11 Photovoltaic 3 

4 12 Photovoltaic 3 

5 13 Photovoltaic 3 
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6 14 Photovoltaic 3 

7 15 Photovoltaic 3 

8 16 Photovoltaic 3 

9 17 Photovoltaic 3 

10 18 Photovoltaic 15 

11 19 Photovoltaic 15 

12 20 Photovoltaic 15 

13 21 Photovoltaic 15 

14 22 Photovoltaic 15 

15 23 Photovoltaic 15 

16 24 Photovoltaic 15 

17 25 Photovoltaic 15 

In addition, the microgrid operator can activate a DR program based on direct load control 

programs, namely a DR reduce program that is applied for continuous reduction of the 

consumption. The DR reduce program can be applied for 20% of the consumption in the 

residential microgrid (see Figure 7.35). 

In the microgrid, EVs and storage system are also considered to support the management of the 

grid. In the case of EVs, the number of EVs connected on the grid or in travel and their demand 

trip are important aspects to know by the microgrid operator for a proper management of the 

microgrid. It considers the number of EVs in travel. The EVs movements and the trip 

consumption for the 34 EVs simulated are presented in Figure 7.37. These movements are result 

of the EVeSSi simulator tool [Soares, 2012] used in this case study. 

 

Figure 7.37 ς EVs profiles to consider in the German residential microgrid case study. 

Table 7.18 presents the units, power and prices for all energy resources used in case study of 

the German residential microgrid. 

Table 7.18 ς Power and price for each energy resource type of German case study. 

Resource type Units Power (kW) tǊƛŎŜ όϵκƪ²Ƙύ 

DG PV 17 122.57 0.15 

External suppliers 1 5 10 0.07 
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2 20 0.08 

3 40 0.09 

4 50 0.10 

5 100 0.11 

Energy Sale 1 1000 0.09 

DR reduce 90 16.48 0.075 

Storage 
Charge 

17 
192.8 0 

Discharge 174.8 0.06 

EVs 
Charge 

34 
111 0 

Discharge 108 0.06 

7.2.2. Scenarios Structure 

The case study is performed in 7 different scenarios, being the first scenario the base scenario 

for comparing with all others. All the other scenarios are based on this base scenario with an 

additional change in the resources, e.g. remove the PV panels or reduce the power supply from 

external suppliers. This scenario is essential to understand the impact that the changes in the 

other 6 scenarios have in the management of the microgrid. All scenarios of the case study are 

presented below: 

1. Scenario 1 - Base scenario; 

2. Scenario 2 - Without DG; 

3. Scenario 3 - Without EVs; 

4. Scenario 4 - Without DG and EVs; 

5. Scenario 5 - 20% of PV power generation; 

6. Scenario 6 - нл҈ ƻŦ t± ǇƻǿŜǊ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊΤ 

7. Scenario 7 - 50% of PV power generation and 20% ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊΦ 

The sampling period and time-horizon of all scenarios are 1 hour and 24 hours, respectively. The 

microgrid operator (or aggregator) uses an optimization approach to determine the optimal 

solution of the scheduling for the next day, like presented in Figure 7.38. The aggregator can 

schedule the DG units, external suppliers, DR reduce program or storage/EVs discharge supply 

to satisfy the required demand from the residential and commercial consumers and from the EV 

ǳǎŜǊΩǎ ǊŜǉǳƛǊŜƳŜƴǘǎ ǘƻ ŎƘŀǊƎŜ ǘƘŜƛǊ ōŀǘǘŜǊƛŜǎΦ ! ŘŜǘŜǊƳƛƴƛǎǘƛŎ ǘŜŎƘƴƛǉǳŜ ōŀǎŜŘ ƻƴ aƛȄŜŘ-Integer 

Non-Linear programming (MINLP) developed on General Algebraic Modelling System (GAMS) 

software [GAMS, 2016], interfaced with the computing tool MATLAB R2013b 

software [MATLAB, 2016]. The case study has been tested in a machine with Intel® Xeon® E5-

2620v2 - 2.10 GHz processor, with 12 cores, 16GB of Random-Access-Memory (RAM) and 

Windows 8.1 Professional. 

 

Figure 7.38 ς Structure of the Day-ahead schedule. 
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7.2.3. Results and Analysis 

This section presents the results of the Germany case study with results analysis to show the 

impacts in microgrid management with several types of changes in the resources. At the end, 

scenarios comparison and final consideration will be also included. 

7.2.3.1. Scenario 1 ς Base Scenario 

The section presents the results for the scenario 1 (base), where the deterministic technique in 

MINLP obtained a scheduling of loads, DG, storage and EVs with a cost of 212.31 m.u. in a time 

of 102.98 seconds. Figure 7.39 presents the scheduling of the resources for this scenario 1. 

 

Figure 7.39 ς Microgrid day-ahead generation results for scenario 1 (base). 

The results show the impact of the DG according to the photovoltaic generation profile (the only 

DG technology used in this case study). The consumption is partially or fully supported by 

demand response, storage discharge and external suppliers in all periods depending on the DG 

generation profile. As mentioned above, the DG power generation needs to be fully dispatched 

by the aggregator. In the results presented in Figure 7.40, the total power generation was 

divided in: 40.72% for the DG units, 26.24% for demand response, 23.65% for the storage 

discharge, 9.24% for the external suppliers and 0.14% for vehicle discharge. 

 

Figure 7.40 ς Generation resources percentage for scenario 1 (base). 
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Figure 7.41 presents load diagram, which contains the consumption of loads (residential houses, 

residential buildings and commercial building), EVs and storage charge and energy sale to the 

electricity market (by Bus 1). 

 

Figure 7.41 ς Microgrid day-ahead consumption results for scenario 1 (base). 

The results show the need of selling energy in periods that DG generation is higher than the load 

consumption from residential houses/buildings and commercial building (see Figure 7.3). Figure 

7.42 shows the percentage that each type of consumer reached in this scenario. In this figure, 

the term Load stands for the consumption with the residential houses, residential buildings and 

commercial building.  

 

Figure 7.42 ς Consumption resources percentage for scenario 1 (base). 

The total power consumption was shared in 54.21% for load consumption, 40.72% for energy 

sale and 4.92% for EVs charge. The EVs do not represent higher impact in the total consumption. 

The fact of this scenario has an excess of energy from PV panels, and the operator needs to fully 

dispatch their power generation. This gives the opportunity of selling energy to the electricity 

market in order to minimize the operation cost with microgrid operation. 

7.2.3.2. Scenario 2 ς without DG 

The scenario 2 considers the scheduling of the microgrid without DG units, and the optimal 

scheduling obtained a cost of 53.76 m.u., with an execution time of 86.49 seconds. Figure 7.43 

presents the scheduling of the resources for this scenario. 
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Figure 7.43 ς Microgrid day-ahead generation results for scenario 2 (without DG). 

The scheduling presents an increase of the others resources including the demand response 

ǿƛǘƘƻǳǘ 5DΦ ¢ƘŜ ǎǘƻǊŀƎŜ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ŘŜƳŀƴŘ ǊŜǎǇƻƴǎŜ ǎǳǇǇƻǊǘŜŘ Ƴƻǎǘ ƻŦ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ 

demand, while in the previous scenario (base) this resource had a low impact. In second, the 

demand response has also a significant impact in the scheduling, being dispatched in all periods 

like storage discharge. The DR programs are more used in the peak periods, particularly between 

periods 20 and 24. 

On the other hand, the storage discharge is more used in the off-peak periods, in the case 

between periods 1 and 6. In addition, the DR reduce and storage discharge are used by the 

microgrid operator, because are cheaper than the expensive external suppliers, such as 

suppliers 3, 4 and 5 with a price of 0.09, 0.10 and 0.11 m.u./kWh. Also in the scheduling results, 

it was used the EVs discharge with a low impact. Additionally, Figure 7.44 depicts the impact (in 

percentage) that each type of resource has in the total power generation. 

 

Figure 7.44 ς Generation resources percentage for scenario 2 (without DG). 

The total power generation was divided in 40% for the storage discharge, 44.14% for demand 

response, 15.63% for the external suppliers and 0.23% for EVs discharge. The load diagram 

composed by the consumersΩ demand, the energy sale, the charging of EVs and storage is 

illustrated in Figure 7.45. The methodology scheduled the charge of EVs in the off-peak periods, 

because in these periods there are more resources with a low price. Thus, it is cheaper for the 

microgrid operator to charge in these periods, and then discharge the EVs in periods with 

resources with a high price or to the user travel during the day. 
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Figure 7.45 ς Microgrid day-ahead consumption results for scenario 2 (without DG). 

The results show the loads as the main resource in the total power consumption. The percentage 

of each type of consumer is presented in Figure 7.46. 

 

Figure 7.46 ς Consumption resources percentage for scenario 2 (without DG). 

The load consumption and EVs charge had an impact of 91.68% and 8.31% of the total power 

consumption, respectively. In this case, the energy sale is not used. This scenario resulted in a 

decrease of the cost to the microgrid operator in 158.55 m.u., representing 75% lower than the 

cost in scenario 1 (base). This reduction is related with the not scheduling of PV panels, therefore 

the aggregator does not remunerate the PV producers reducing its operation cost. On the other 

hand, the microgrid operator is not able to charge the storage with the excess generation from 

PV panels. With scheduling results of scenario without DG, it is important to compare with base 

scenario results to analyse the differences and the impact of the changes. Table 7.19 shows the 

results of the scenario 2 compared to scenario 1 (base). 

Table 7.19 ς Comparison between scheduling of scenarios 1 and 2. 

Type Scenario 1 (kW) Scenario 2 (kW) Variation (%) 

Generation 

DG 1057.62 0 - 100 

External suppliers 240 240 = 0 

Storage discharge 614.25 614.25 = 0 



Experimental Tests: Europe and Brazil Benchmarking 

September 2016  Page 79 of 188 

EVs discharge 3.60 3.60 = 0 

DR 681.54 677.85 - 0.54 

Total generation 2597.02 1535.70 - 40.87 

Consumption 

Load 1407.86 1407.86 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 127.67 = 0 

Energy Sale 1057.62 0 - 100 

Total consumption 2593.14 1535.53 - 40.79 

Without DG generation, the total consumption is supplied by external suppliers, storage and EVs 

discharge with same value compared to scenario 1. The DR program decreases 0.54%, however 

the DR has a higher impact (44%) in the scenario 2. The energy sale without DG generation is 

reduced 100%, but the EVs charge obtains the same power compared to base scenario. The EVs 

charge and loads consumption are the resources in consumption side (Figure 7.46). 

7.2.3.3. Scenario 3 ς without EVs 

The scenario 3 considers the scheduling of the microgrid without EVs, and the optimal 

scheduling obtained a cost of 212.30 m.u., with an execution time of 68.69 seconds. Figure 7.47 

presents the scheduling of the resources for this scenario. 

The scheduling presents the impact of DG in periods with high generation. The demand 

response, external suppliers and storage discharge are used in all periods, being the DG used in 

periods with sun (PV generation). In second, the demand response and storage discharge has 

also a significant impact in the scheduling, being dispatched in all periods. 

 

Figure 7.47 ς Microgrid day-ahead generation results for scenario 3 (without EVs). 

The DR programs are more used in the peak periods, particularly between periods 20 and 24. 

Additionally, Figure 7.48 depicts the impact (in percentage) that each type of resource has in the 

total power generation. The total power generation was divided in 42.83% for DG, 24.87% for 

the storage discharge, 22.58% for demand response and 9.72% for the external suppliers. 
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Figure 7.48 ς Generation resources percentage for scenario 3 (without EVs). 

The load diagram composed by the consumersΩ demand, the energy sale, the charging of EVs 

and storage is illustrated in Figure 7.49. 

 

Figure 7.49 ς Microgrid day-ahead consumption results for scenario 3 (without EVs). 

The energy sale is scheduled by the microgrid operator in periods with excess of PV generation. 

Under these circumstances, the energy sale is economically viable when there is an excess of 

energy in the microgrid. The percentage of each type of consumer is presented in Figure 7.50. 

The total power consumption was shared in 57.01% for the load consumption and 42.83% for 

the energy sale. This scenario resulted in the same cost to the microgrid operator compared 

with scenario 1 (base). This fact shows the small impact that EVs have in the microgridΩǎ cost. 

 

Figure 7.50 ς Consumption resources percentage for scenario 3 (without EVs). 
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With scheduling results of scenario without EVs, it is important to compare with scenario 1 to 

analyse the differences and the impact of the changes. Table 7.20 shows the results of the 

scenario 3 compared with base scenario (base). 

Table 7.20 ς Comparison between scheduling of scenarios 1 and 3. 

Type Scenario 1 (kW) Scenario 2 (kW) Variation (%) 

Generation 

DG 1057.62 1057.62 = 0 

External suppliers 240 240 = 0 

Storage discharge 614.25 614.25 = 0 

EVs discharge 3.60 0 - 100 

DR 681.55 557.64 - 18.18 

Total generation 2597.02 2469.50 - 4.91 

Consumption 

Load 1407.86 1407.86 = 0 

Storage charge 0 0 0 

EVs charge 127.67 0 - 100 

Energy Sale 1057.62 1057.62 = 0 

Total consumption 2593.15 2465.48 - 4.92 

Without EVs capacity, the impact in generation side is very small being the demand response 

reduced 18.18%. In the case of DR, the result value corresponds to 22% of the total generation 

in the scenario 3. In the consumption side, the lack of EVs to charge only reduces the total 

consumption in 4.92%. 

7.2.3.4. Scenario 4 ς without DG and EVs 

The scenario 4 considers the scheduling of the microgrid without DG and EVs, and the optimal 

scheduling obtained a cost of 53.66 m.u., with an execution time of 89.36 seconds. Figure 7.51 

presents the scheduling of the resources for this scenario. 

 

Figure 7.51 ς Microgrid day-ahead generation results for scenario 4 (without DG and EVs). 
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The scheduling presents a decrease of the demand response without DG and EVs. The external 

suppliers and storage discharge are used with same power as in base scenario. In second, the 

demand response and storage discharge has also a significant impact in the scheduling, being 

dispatched in all periods, such external suppliers but with less impact. Additionally, Figure 7.52 

depicts the impact of each type of resource in the total power generation. 

 

Figure 7.52 ς Generation resources percentage for scenario 4 (without DG and EVs). 

The total power generation was divided in 43.62% for the storage discharge, 39.33% for demand 

response and 17.04% for the external suppliers. The load diagram composed by the consumersΩ 

demand, the energy sale, the charging of EVs and storage is illustrated in Figure 7.53. 

 

Figure 7.53 ς Microgrid day-ahead consumption results for scenario 4 (without DG and EVs). 

The methodology scheduled the loads as the only resource used in consumption side (100%). 

This scenario resulted in a decrease of the cost to the microgrid operator in 158.65 m.u., 

representing 75% lower than the cost in scenario 1 (base). This reduction is related with the not 

scheduling of PV panels, therefore the aggregator does not remunerate the PV producers. On 

the other hand, the microgrid operator is not able to charge the storage with the excess 

generation from PV panels. In the case of EVs, the lack of these resources had no impact in the 

scenario. Table 7.21 shows the results of the scenario 4 compared with scenario 1. 
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Table 7.21 ς Comparison between scheduling of scenarios 1 and 4. 

Type Scenario 1 (kW) Scenario 4 (kW) Variation (%) 

Generation 

DG 1057.62 0 - 100 

External suppliers 240 240 = 0 

Storage discharge 614.25 614.25 = 0 

EVs discharge 3.60 0 - 100 

DR 681.55 553.85 - 18.74 

Total generation 2597.02 1408.10 - 45.78 

Consumption 

Load 1407.86 1407.86 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 0 - 100 

Energy Sale 1057.62 0 - 100 

Total consumption 2593.15 1407.86 - 45.71 

Without DG generation and EVs capacity, the total consumption is supplied by external 

suppliers, storage discharge and DR. This last one decreases to 18.74%, however, the result value 

corresponds to 39% of the total generation in the scenario 4. The energy storage capacity and 

energy sale without DG generation is completely reduced, therefore the total consumption 

corresponds to the loads consumption. 

7.2.3.5. Scenario 5 ς 20% of PV power generation 

The scenario 5 considers the scheduling of the microgrid with 20% of PV power generation, and 

the optimal scheduling obtained a cost of 85.49 m.u., with an execution time of 100.92 seconds. 

Figure 7.54 presents the scheduling of the resources for the present scenario. 

 

Figure 7.54 ς Microgrid day-ahead generation results for scenario 5 (20% of PV power generation). 

Even with the decrease of 80% in PV generation, the scheduling does not reflect a considerable 

increase of the others resources, including the demand response. Nevertheless, the impact in 

total generation is higher than in scenario 1 (see Figure 7.40), because the PV generation have 
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been reduced. Figure 7.55 depicts the impact of each type of resource in the total power 

generation. 

 

Figure 7.55 ς Generation resources percentage for scenario 5 (20% of PV power generation). 

The total power generation was divided in: 12.11% for DG, 13.74% for the external suppliers, 

38.80% for demand response and 35.15% for the storage discharge. In this scenario, the storage 

discharge and demand response became the resources with the highest impact in the 

generation side. The load diagram composed by the consumersΩ demand, the energy sale and 

the charging of EVs/storage is illustrated in Figure 7.56. 

 

Figure 7.56 ς Microgrid day-ahead consumption results for scenario 5 (20% of PV power generation). 

The charge of EVs happens mainly in the off-peak periods, because in these periods there are 

more resources with a low price. Thus, it is cheaper for the microgrid operator to charge in these 

periods, and then discharge the EVs in periods with resources with a high price. Also in this case, 

the energy sale is scheduled by the operator, because there is excess of energy in this scenario 

through DR programs and storage energy. The percentage of each type of consumer is presented 

in Figure 7.57.  

The total power consumption was shared in 80.57% for the load consumption, 12.11% for 

energy sale and 7.31% for vehicle charge. This scenario resulted in a decrease of the cost to the 

microgrid operator in 126.82 m.u., representing 60% lower than the cost in scenario 1 (base). 
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This reduction is related with the reduction of the PV generation, therefore the aggregator 

reduced the remuneration to the PV producers reducing its operation cost. 

 

Figure 7.57 ς Consumption resources percentage for scenario 5 (20% of PV power generation). 

With scheduling results of scenario with 20% of PV generation, it is important to compare with 

scenario 1 (base) results to analyse the differences and the impact of the changes. Table 7.22 

shows the results of the scenario 5 compared to scenario 1. 

Table 7.22 ς Comparison between scheduling of scenarios 1 and 5. 

Type Scenario 1 (kW) Scenario 5 (kW) Variation (%) 

Generation 

DG 1057.62 211.52 - 80 

External suppliers 240 240 = 0 

Storage discharge 614.25 614.25 = 0 

EVs discharge 3.60 3.60 = 0 

DR 681.55 677.90 - 0.54 

Total generation 2597.02 1747.27 - 32.72 

Consumption 

Load 1407.86 1407.86 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 127.67 = 0 

Energy Sale 1057.62 211.52 - 80 

Total consumption 2593.15 1747.05 - 32.63 

The reduction of PV power capacity had an important in the scheduling, where the total 

generation is decreased in 32.72%. In the case of DR, the result value corresponds to 39% of the 

total generation in the scenario 5, less 0.54% when compared to the base scenario. In the case 

of external suppliers, storage discharge and EVs discharge, the supply is the same compared to 

scenario 1. In the consumption side, the energy sale is significantly reduced in 80% compared to 

scenario 1. The energy sale reduction corresponds to the same percentage of the PV generation 

reduction. 
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7.2.3.6. Scenario 6 ς 20% of PV power generation and 20% of external 

ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ 

The scenario 6 considers the scheduling of the microgrid with 20% of PV power generation and 

нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊΣ ŀƴŘ ǘƘŜ ƻǇǘƛƳŀƭ ǎŎƘŜŘǳƭƛƴƎ ƻōǘŀƛƴŜŘ ŀ Ŏƻǎǘ ƻŦ тнΦлр ƳΦǳΦΣ ǿƛǘƘ 

an execution time of 135.70 seconds. Figure 7.58 presents the scheduling of the resources for 

this scenario. 

 

Figure 7.58 ς Microgrid day-ahead generation results for scenario 6 (20% of PV power generation and 
нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The less contribution of the DG and external suppliers is the cause for a high need to use the DR 

programs and the discharge of storage. The external suppliers significantly reduce the impact in 

ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘΦ On the other hand, the DR programs have also a significant impact in 

the scheduling, being dispatched in all periods, like storage discharge. The storage discharge is 

intensively used in the off-peak periods, particularly between periods 1 and 5, the periods with 

less DR. Moreover, the DR and storage discharge is used by the microgrid operator, because is 

cheaper than the expensive external suppliers (see Table 7.18). Additionally, Figure 7.59 depicts 

the impact of each type of resource in the total power generation. 

 

Figure 7.59 ς Generation resources percentage for scenario 6 (20% of PV power generation and 20% of 
ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 
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The total power generation was divided in 12.11% for DG, 2.75% for the external suppliers, 

49.79% for demand response, 35.15% for the storage discharge and 0.21% for EVs discharge. 

The load diagram composed by the consumersΩ demand, the energy sale, the charging of EVs 

and storage is illustrated in Figure 7.60. 

 

Figure 7.60 ς Microgrid day-ahead consumption results for scenario 6 (20% of PV power generation 
ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The EVs charge is was mainly used in the off-peak periods and the selling of energy to the 

electricity market in the periods with DG generation, because in both periods there are more 

resources with a low price. The percentage of each type of consumer is presented in Figure 7.61. 

 

Figure 7.61 ς Consumption resources percentage for scenario 6 (20% of PV power generation and 20% 
ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The total power consumption was shared in 80.57% for the load consumption, 7.31% for vehicle 

charge and 12.11% for energy sale. This scenario resulted in a decrease of the cost to the 

microgrid operator in 72.05 m.u., representing 66% less than the cost in scenario 1 (base). This 

decrease is related with the reduction in scheduling of PV panels and external suppliers. 

With scheduling results of scenario with 20% of PV generation and 20% of external suppliers, it 

is important to compare with scenario 1 (base) results to analyse the differences and the impact 

of the changes. Table 7.23 shows the results of the scenario 6 compared with scenario 1. 
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Table 7.23 ς Comparison between scheduling of scenarios 1 and 6. 

Type Scenario 1 (kW) Scenario 6 (kW) Variation (%) 

Generation 

DG 1057.62 211.52 - 80 

External suppliers 240 48 - 80 

Storage discharge 614.25 614.25 = 0 

EVs discharge 3.60 3.60 = 0 

DR 681.55 869.90 + 27.64 

Total generation 2597.01 1747.28 - 32.72 

Consumption 

Load 1407.86 1407.86 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 127.67 = 0 

Energy Sale 1057.62 211.52 - 80 

Total consumption 2593.14 1747.05 - 32.63 

The increase of DR is directly related with the reduction of PV capacity and external suppliers, 

otherwise the consumption would not be supplied. In this case, an increase of 27.64% for DR 

programs, while the total generation reduced 32.72%. In the case of DR, the result value 

corresponds to 50% of the total generation in the scenario 6. 

7.2.3.7. Scenario 7 ς 50% of PV power generation and 20% of external 

ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊ 

The scenario 7 considers the scheduling of the microgrid with 50% of PV power generation and 

20% of external suppliers, and the optimal scheduling obtained a cost of 119.64 m.u., with an 

execution time of 95.28 seconds. Figure 7.62 presents the scheduling of the resources for this 

scenario. 

 

Figure 7.62 ς Microgrid day-ahead generation results for scenario 7 (50% of PV power generation and 
нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

Once again, the demand response and storage discharge had a significant importance in this 

scenario, ǿƘƛƭŜ ǘƘŜ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜ ǘƘŜ ƛƳǇŀŎǘ ƛƴ ǘƘŜ ŎƻƴǎǳƳŜǊǎΩ ŘŜƳŀƴŘΦ 

The scheduling of this scenario is similar to the one obtained in the previous scenario (see Figure 
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7.58). Additionally, Figure 7.63 depicts the impact (in percentage) that each type of resource has 

in the total power generation. 

 

Figure 7.63 ς Generation resources percentage for scenario 7 (50% of PV power generation and 20% of 
ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The total power generation was divided in 25.60% for DG, 2.32% for the external suppliers, 

42.16% for demand response, 29.74% for the storage discharge and 0.17% for EVs discharge. 

The load diagram composed by the consumersΩ demand, the energy sale, the charging of EVs 

and storage is illustrated in Figure 7.64. 

 

Figure 7.64 ς Microgrid day-ahead consumption results for scenario 7 (50% of PV power generation 
ŀƴŘ нл҈ ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

The load diagram is also similar to the one in the previous scenario, the main difference is related 

to the amount of energy scheduled for selling in the electricity market. In this scenario, the 

energy sale has more impact due to the higher availability of excess PV generation than in 

scenario 6. The percentage of each type of consumer is presented in Figure 7.65.  

The total power consumption was shared in 68.16% for the load consumption, 6.18% for vehicle 

charge and 25.60% for energy sale. In the scenario, the energy sale represents an important 

impact in the total consumption of the scheduling results. Once more, the cost was decreased 

in 92.67 m.u., representing 44% less than the cost in scenario 1 (base), due to the fact of reducing 

the PV generation. 
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Figure 7.65 ς Consumption resources percentage for scenario 7 (50% of PV power generation and 20% 
ƻŦ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊǎΩ ǇƻǿŜǊύ. 

With scheduling results of scenario with 50% of PV generation and 20% of external suppliers, it 

is important to compare with scenario 1 (base) results to analyse the differences and the impact 

of the changes. Table 7.24 shows the results of the scenario 7 compared with scenario 1. 

Table 7.24 ς Comparison between scheduling of scenarios 1 and 7. 

Type Base Scenario (kW) Scenario 7 (kW) Variation (%) 

Generation 

DG 1057.62 528.81 - 50 

External suppliers 240.00 48.00 - 80 

Storage discharge 614.25 614.25 = 0 

EVs discharge 3.60 3.60 = 0 

DR 681.55 870.81 + 27.77 

Total generation 2597.01 2065.46 - 20.47 

Consumption 

Load 1407.86 1407.86 = 0 

Storage charge 0 0 = 0 

EVs charge 127.67 127.67 = 0 

Energy Sale 1057.62 528.81 - 50 

Total consumption 2593.14 2064.33 - 20.39 

The DR increased to supply the consumption needs, in this case increased 27.77%. On the other 

hand, the total generation reduced 20.47%. In the case of DR, the result value corresponds to 

42% of the total generation in the scenario 7. In the consumption side, being the less capacity 

of DG generation and external suppliers, the energy sale decreases 50% compared with base 

scenario, which corresponds to the same percentage decreased in the PV generation. 

7.2.3.8. Scenarios Comparison and Final Considerations 

The results summary of the case study to the German residential microgrid are presented bellow 

with the main objective compare all scenarios in the day-ahead scheduling. Table 7.25 shows 

the operation costs and the time duration of the simulation to the all 24 periods of a day. 
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Table 7.25 ς Obtained results for all scenarios in day-ahead scheduling 

Type 
Scenario 

1 - Base 2 3 4 5 6 7 

Costs (m.u.) 212.40 53.76 212.30 53.65 85.49 72.05 119.64 

Time (s) 102.99 86.49 68.69 89.36 100.92 135.70 95.28 

In terms of cost and time, the best and worst results are highlighted below: 

¶ Worst cost operation: scenario 1 (base); 

¶ Best cost operation: scenario 4 (without DG and EVs); 

¶ Highest time duration of simulation: scenario 6 (20% of PV generation and 20% of 

external suppliers); 

¶ Lowest time duration of simulation: scenario 3 (without EVs). 

The scenario 3 (without EVs) also presents a high cost and very close to the cost presented by 

scenario 1. Thus, the impact of EVs in the scheduling of this case study is insignificant. On the 

other hand, scenario 2 (without DG) also presents a low cost and very close to the cost presented 

by scenario 4, where the PV panels are removed in both scenarios. The cost is reduced in both 

scenario, because the microgrid operator does not remunerate the PV panels. The PV panels 

have the highest energy price (see Table 7.18) of all resources in the microgrid, and the microgrid 

operator must fully dispatch all the PV generation. All scenarios obtained an execution time 

close to 100 seconds therefore this parameter is not as relevant as the cost for this case study. 

Table 7.26 compares all scenarios with base scenario verifying the changes in power resources 

(consumption and generation). In the table is showed the power value for each resource in 

generation and generation view and others scenarios shows the percentage of resources 

changes compared with base scenario. 

Table 7.26 ς All scenarios compared with base scenario. 

Type 
Scenario 

Base (kW) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%) 

Generation 

DG 1057.62 - 100 = 0 - 100 - 80 - 80 - 50 

External 
suppliers 

240 = 0 = 0 = 0 = 0 - 80 - 80 

Storage 
discharge 

614.25 = 0 = 0 = 0 = 0 = 0 = 0 

EVs discharge 3.60 = 0 - 100 - 100 = 0 = 0 = 0 

DR 681.55 - 0.54 - 18.18 - 18.74 - 0.54 + 27.64 + 27.77 

Total 
generation 

2597.02 - 40.87 - 4.91 - 45.78 - 32.72 - 32.72 - 20.47 

Consumption 

Load 1407.86 = 0 = 0 = 0 = 0 = 0 = 0 

Storage 
charge 

0 = 0 = 0 = 0 = 0 = 0 = 0 
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EVs charge 127.67 = 0 - 100 - 100 = 0 = 0 = 0 

Energy sale 1057.62 - 100 = 0 - 100 - 80 - 80 - 50 

Total 
consumption 

2593.14 - 40.79 - 4.92 - 45.71 - 32.63 - 32.63 - 20.39 

In this context, the scenario with the highest increased power in DR is the scenario 7, reaching 

a percentage of 27.77%. The DR increases when cut or reduced the power capacity of external 

suppliers. In the case of EVs and storage discharge, they had the same scheduling in all scenarios. 

However, in scenarios 3 and 4 the EVs discharge decreased 100% because the EVs have been 

removed in these two scenarios. The scenario with the highest reduction in total generation is 

the scenario 4 (without DG and EVs). Additionally, the scenario 3 (without EVs) obtained the 

lowest reduction in terms of total generation. In the consumption side, the EVs charge never 

changed even in scenarios without EVs. The energy sale had the lowest impact in scenarios 2 

and 4, the scenario without DG, decreasing 100% compared to base scenario. In others 

scenarios, the energy sale is always used with highest use in scenario 3. 

Finally, the DR reduce program reached a significant impact in most of the scenarios, only in 

scenarios 3 and 4 its scheduling has been reduced. The DR programs had more importance in 

the scenarios with a lack of generation from external suppliers (i.e. scenarios 6 and 7). The DR 

reached an impact between 22% and 50%. As final conclusion, the power reduction of external 

suppliers can cause more scheduling of DR programs.  
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8.  Case Study ς University Campus Microgrid 

The presented case study shows the optimal resource scheduling of an aggregator that manages 

the resources of a university campus. The main goal is to obtain the minimum operation cost 

while supplying the required demand. The case study uses data collected from a university 

campus and adapted data from measurements collected by GECAD (e.g. bars, gyms, and so on). 

Due to confidentiality reasons the detailed content of the data used in this case study will not 

be shown. 

8.1. University Campus Description 

The case study deals with a private low voltage distribution network of a university campus 

located at north of Portugal. University campus consists in: 

¶ Classrooms and Laboratories; 

¶ lecture theatre; 

¶ Research groups; 

¶ Barroom;  

¶ Canteen; 

¶ Restaurant; 

¶ Bank; 

¶ Gym. 

The data measures were taking place between 25 of September 2014 and 27 of January 2015, 

using the measurement equipment shown in Figure 8.1. 

 

Figure 8.1 ς Connections to obtain the measures. 

The single diagram of the microgrid distribution network can be seen in Figure 8.2. This network 

is composed by 21 buses, 2.85 km of underground cables. 
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Figure 8.2 ς Single line diagram of distribution network. 

The university campus microgrid distribution network is connected to the main grid through a 

medium voltage/low voltage Transformer (Bus 21). The distribution transformer is the 

connection point of electrical energy between the microgrid operator and external suppliers, 

and presents the following characteristics: 15kV/400V-230V, 2050 kVA.  

The university campus accommodates two 750 W wind generators and two 400 W photovoltaic 

(PV) systems, located on Bus 12. The characteristics of the network are shown in Table 8.1. The 

base power considered is 1 kVA. 

Table 8.1 ς Microgrid distribution network characteristics. 

Line 
Bus 

(from i to j) 
Distance (km) Resistance (p.u) Reactance (p.u) 

Maximum power 
limit (kVA) 

1 21 - 1 0.04 1.67 x 10-4 2.00 x 10-5 121 

2 21 - 2 0.07 6.96 x 10-5 3.50 x 10-5 276 

3 21 - 3 0.08 2.47x 10-4 3.50 x 10-5 143 

4 21 - 4 0.135 4.16 x 10-4 5.90 x 10-5 133 

5 21 ς 4 0.135 4.16 x 10-4 5.90 x 10-5 133 

6 21 ς 5 0.080 1.97 x 10-3 4.00 x 10-5 37 

7 21 ς 6 0.085 6.79 x 10-5 3.71 x 10-5 316 

8 21 ς 7 0.155 2.26 x 10-3 7.75 x 10-5 52 

9 21- 8 0.135 2.89 x 10-4 5.90 x 10-5 170 

10 21 ς 9 0.170 5.24 x 10-4 7.44 x 10-5 133 

11 21 - 9 0.170 5.24 x 10-4 7.44 x 10-5 133 

12 21 ς 10 0.175 1.37 x 10-4 8.75 x 10-5 251 

13 21 ς 11 0.115 3.54 x 10-4 5.03 x 10-5 143 
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Line 
Bus 

(from i to j) 
Distance (km) Resistance (p.u) Reactance (p.u) 

Maximum power 
limit (kVA) 

14 21 ς 12 0.195 2.39 x 10-4 9.75 x 10-5 240 

15 21 ς 12 0.195 2.39 x 10-4 9.75 x 10-5 240 

16 21 ς 13 0.105 1.28 x 10-4 5.25 x 10-5 238 

17 21 ς 14 0.215 1.98 x 10-3 1.08 x 10-4 69 

18 21 ς 15 0.245 2.25 x 10-3 1.23 x 10-4 69 

19 21 ς 16 0.255 7.86 x 10-4 1.12 x 10-4 133 

20 21 ς 17 0.240 1.88 x 10-4 1.20 x 10-4 251 

21 21 ς 18 0.085 1.24 x 10-3 4.25 x 10-5 52 

22 21 ς 19 0.155 6.47 x 10-4 7.75 x 10-5 121 

23 21 - 20 0.115 1.06 x 10-3 5.75 x 10-5 78 

8.2. Resources Description 

The main goal is use a methodology to determine the optimal resource scheduling proposed in 

[Silva, 2015] in this network with a resources penetration for the year 2050, where the profits 

maximization function was used in the day-ahead resources scheduling. 

The penetration of resources in this university campus was projected to the year of 2050, 

resulting in the accommodation of 20 photovoltaic (PV) panels, 4 wind generators, 1 biomass 

unit, 7 storage systems, and 300 Electric Vehicles (EVs), with charge and discharge capacity 

located in car parks. The total power generation of each resource is presented: 

¶ 20 PV Systems ς 475 kW; 

¶ 4 wind generators ς 400 kW; 

¶ 1 biomass ς 40 kW; 

¶ 7 storage systems ς 175 kWh; 

¶ 300 electric vehicles ς 5825 kWh; 

¶ 20 load points with Demand Response (DR) programs; 

¶ 1 external supplier ς 500 kW; 

¶ Selling to the electricity market ς 1500 kW. 

The microgrid operator has its own endogenous resources, namely PV, wind and biomass, to 

support the required demand of the university campus. For these resources, different profiles 

of power generation have been developed for this case study. The profiles created are based on 

the typical curves that represent the solar and wind behaviours. Figure 8.3 depicts the power 

generation for the endogenous resources of the microgrid operator.  

Analysing the figure, the biomass unit has a constant power generation of 40 kW, while the wind 

generators have an intermittent behaviour with a peak power generation around 340 kW. The 

PV panels follow a typical curve of solar behaviour with a peak power generation around 250 

kWp. The total power generation from these resources reaches a maximum value around 625 

kW in period 13. In some periods these endogenous resources can fully support the required 

demand of the university campus, as it is possible to see in Figure 8.4. This figure presents the 
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total consumption for the 20 load points and the total generation related to the PV panels, wind 

generators and biomass unit. 

 

Figure 8.3 ς Power generation of PV panels, wind and biomass. 

The microgrid operator requires the use of other resources (external suppliers, DR programs, 

discharge from storage or EVs) to support the load between periods 20 to 24 and between 

periods 1 to 4. In the remaining periods, the excess of generation from endogenous resources 

can be used to charge of storage/EVs or to sell energy to the electricity market. 

 

Figure 8.4 ς Total generation and total consumption. 

The Electric Vehicles (EVs) parked in the parking lot of the university campus were also 

considered in the management of the microgrid. The charging and discharging of their batteries 

can be controlled by the microgrid operator. The same control stands for the storage systems. 

The EVs will remunerate the microgrid operator for charging their batteries until a minimum 

energy required by the EV users. On the other hand, the microgrid operator will have to pay 
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discharging energy of the EVs. Thus, the EVeSSi simulator tool [Soares, 2012] was used to 

generate a scenario for the university campus, determining the EVs movements and their trip 

consumption during the day that are shown in Figure 8.5. 

 

Figure 8.5 ς Trip consumption and number of EVs connected and in trip. 

As mentioned above, the DR programs are also used in this case study with two direct load 

control programs: (i) the DR reduce program is applied for continuous reduction of the 

consumption, and (ii) the DR cut program is a discrete reduction (on/off) of the consumption. 

The DR reduces and cut programs can be applied for 20% and 10%, respectively, of the 

consumption in the university campus (see Figure 8.4). In Table 8.2, the number of units, 

maximum power and prices established for each type of resource are indicated. 

Table 8.2 ς Power and Price for each energy resource type. 

Resource type Units Power (kW) Price (m.u./kWh) 

DG 

PV 20 475 0 

Wind 4 400 0 

Biomass 1 40 0 

External suppliers 1 500 0.07 

Energy sale 1 1500 0.06 

Load 
DR reduce 

20 
100 0.08 

DR cut 50 0.09 

Storage 
Charge 

7 35 
0 

Discharge 0.06 

EV 

Charge [1 ς 239] 

300 1500 

0.095 

Charge [240 ς 300] 0.11 

Discharge 0.15 

The price of PV panels, wind generators and biomass unit has a price equal to zero, because they 

are endogenous resources of the microgrid operator. On the other hand, the microgrid operator 

has to remunerate the external supplier, the loads that activate their DR programs, the discharge 

from storage systems or EVs. On the other hand, the microgrid operator will receive from 

charging the EVs in the parking lot of the university campus. The charging price is equal to 0.095 

m.u./kWh to the EVs with id from 1 to 239, while the rest (EVs with id from 240 to 300) have a 
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charging price of 0.11 m.u./kWh. The first charging price is applied to regular users of the 

university campus, such as professors, university staff and students. The second charging price 

is applied to visitors of the university campus. 

8.3. Scenarios Structure 

For this case study were developed 10 scenarios, where the first scenario is the base scenario of 

the university campus for the year 2050. The remaining scenarios will be based on this one with 

an additional modification, e.g. remove the generation from DG units or reduce the generation 

from the wind generators. The results obtained by the other scenarios will be compared to this 

base scenario. This comparison will enable to understand the impact of each change made in 

each scenario. All scenarios of this case study are presented below: 

1. Scenario 1 ς Base Scenario; 

2. Scenario 2 ς without DG; 

3. Scenario 3 ς without EVs; 

4. Scenario 4 ς without DG and EVs; 

5. Scenario 5 ς 20% of wind power; 

6. Scenario 6 ς 20% of PV; 

7. Scenario 7 ς 20% of wind power and external suppliers; 

8. Scenario 8 ς 20% of PV and external suppliers; 

9. Scenario 9 ς 50% of wind power and 20% of external suppliers; 

10. Scenario 10 ς 50% of PV and 20% of external suppliers. 

The sampling period and time-horizon of all scenarios are 1 hour and 24 hours, respectively. The 

aggregator will execute a methodology to obtain the day-ahead optimal resource scheduling for 

each scenario of this case study. The microgrid operator can supply the required demand 

through the DG units, external suppliers, DR programs (reduce or cut), EVs discharge and storage 

discharge. The microgrid operator has to fully dispatch the generation from renewable sources, 

such as PV panels and wind generators.  

On the other hand, the microgrid operator can sell energy to the electricity market that comes 

from the excess of generation from PV panels, wind generators and biomass unit. Figure 8.6 

presents a diagram, evidencing the information concerning the day-ahead optimal resource 

scheduling problem for each simulation period. The optimal resource scheduling uses a 

deterministic technique based on Mixed-Integer Non Linear Programming (MINLP). 

 

Figure 8.6 ς Scheme of the day-ahead optimal resource scheduling problem. 

A deterministic technique is implemented in the software general algebraic modelling system 

[GAMS, 2016], also referred to GAMS. The methodology has been developed in MATLAB 
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software [MATLAB, 2016], where the deterministic technique is called. All these scenarios have 

been tested on a computer with one processor Intel® Xeon® E5-2620 v2 2.10 GHz, with twelve 

cores, 16GB of random-access-memory and Windows 10 64 bits operating system. 

8.4. Results and Analysis 

This section presents the results and analysis of the optimal resource scheduling obtained for 

each scenario of the case study for the microgrid in the university campus. At the end, scenarios 

comparison and final considerations will be also included. 

8.4.1. Scenario 1 ς Base Scenario 

For this scenario 1 (base), the deterministic technique obtained an optimal solution with a profit 

of 136.8 m.u. that resulted from an income of 225 m.u. and a cost of 88.2 m.u. The methodology 

took around 129 seconds to find the optimal solution. Figure 8.7 presents the optimal resource 

scheduling for this scenario 1. 

 

Figure 8.7 ς Optimal resource scheduling for scenario 1 (base). 

Through Figure 8.7 it is possible to see that the DG contributes with 88% of the total generation 

(see Figure 8.8). 11% is given by the external suppliers, while storage discharge contributes with 

only 1%. Regarding to DR it is obtained a very small value in period 12 (0.03 kW). Figure 8.8 

depicts the percentage of each resource in the optimal resource scheduling of scenario 1. 

 

Figure 8.8 ς Percentage of each resource in the scheduling of scenario 1 (base). 
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Figure 8.9 presents the load diagram composed by the consumption of the load points, the 

charge of storage/EVs and the energy sold to the electricity market. 

 

Figure 8.9 ς Power consumption results for scenario 1 (base). 

Analysing the figure, the microgrid operator is able to sell energy in the electricity market 

between periods 5 and 9. In these periods, there is an excess of PV and wind generation that is 

not possible to charge EVs, because the EVs are not in the university campus. In fact, they come 

to the university from the period 8. In the remaining periods, the excess of PV and wind 

generation is used to charge the EVs, instead of selling to the electricity market. The percentage 

that each type of consumption achieved is illustrated in Figure 8.10. 

 

Figure 8.10 ς Consumption resources percentage of scenario 1 (base). 

The total power consumption was divided in 75% for the consumption in load points, 17% for 

charging the EVs, 7% for the selling the excess of generation to the electricity market. In addition, 

the active power losses reached an impact around 1% of the total power consumption. 

8.4.2. Scenario 2 ς without DG 

This scenario considers the base scenario but without DG, where the profit was minus 603.7 

m.u. with an income and cost around 301 m.u. and 905 m.u., respectively. The execution time 

in this scenario reached 147.2 seconds. As expected, the fact of removing the DG units led an 

exponential increase in the cost and a drop in the income to the microgrid operator, resulting in 
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a huge negative profit to the operator. Figure 8.11 presents the optimal resource scheduling for 

this scenario. 

 

Figure 8.11 ς Optimal resource scheduling for scenario 2 (without DG). 

Comparing this scenario results with the results obtained from the base scenario it is verified, as 

expected, a huge grow of the power supplied by the external supplier, because of not 

dispatching DG generation. Additionally, the microgrid operator can only acquire from the 

external supplier a maximum power of 500 kW. This fact let the microgrid operator to applied 

DR programs and storage discharge in the periods with a total power consumption higher than 

500 kW. If the microgrid operator had not the possible of using DR programs, a part of the 

consumption in the university campus (in each load point) would not be supplied. Thus, the 

microgrid operator would have to pay a penalization to the university campus that corresponds 

to the amount of non-supplied demand. For this scenario the percentage of each resource in the 

optimal resource scheduling is completely different to scenario 1 (base), as it is possible to see 

in Figure 8.12. The external suppliers reached a percentage of 89%, while the DR programs and 

storage systems achieved a percentage of 10% and 1%, respectively. 

 

Figure 8.12 ς Percentage of each resource in the scheduling of scenario 2 (without DG). 

In this scenario, the DR programs have more importance than in the scenario 1 (base), where a 

small amount of DR was used in period 12. Figure 8.13 presents the power consumption 

achieved in scenario 2 for each period. 
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Figure 8.13 ς Power consumption results for scenario 2 (without DG). 

In this scenario, the microgrid operator cannot use the excess generation from DG to sell in the 

electricity market, just like it happened in the previous scenario. The EVs charging was spread 

over the periods that the vehicles were parked in the university campus. In the previous 

scenario, EVs charging were more allocated in the periods with more DG generation, namely PV 

panels, in order to use the excess of energy from endogenous resources. Another important fact 

to highlight in this figure is related with the total consumption that decreases in 6.67% when 

compared with the load diagram of scenario 1 (see Figure 8.9). The percentage of consumption 

for each resource in the load diagram is illustrated in Figure 8.14.  

 

Figure 8.14 ς Consumption resources percentage of scenario 2 (without DG). 

In terms of percentage, the results are similar to the ones obtained in scenario 1, the main 

difference in this scenario is related to not selling energy in the electricity market. The total 

power consumption was divided in 81% for the consumption in load points and 18% for charging 

the EVs. In this scenario, the active power losses also achieved a percentage around 1% of the 

total power consumption. 

Table 8.3 shows a comparison of the scheduling obtained in scenarios 1 and 2, which helps to a 

better understanding the impact of the changes in scenario 2 (without DG). In this table, the 
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power scheduled of each resource is presented for each scenario. The last column shows the 

variation from scenario 2 to scenario 1. 

Table 8.3 ς Comparison between scheduling of scenarios 1 and 2. 

Resource type Scenario 1 (kW) Scenario 2 (kW) Variation (%) 

Generation 

DG 9552.87 0 - 100 

External supplier 1192.84 9002.73 + 655 

Storage discharge 78.75 78.75 = 0 

DR 0.03 992.58 + 3396054 

Total generation 10,824.49 10,074.06 - 10 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 1852.31 = 0 

Energy Sale 713.71 0 - 100 

Total consumption 10,696.53 9982.82 - 6.67 

As referred before, the scenario 2 does not schedule the DG units that correspond to a reduction 

of 100% when compared with scenario 1. This decrease of DG generation caused an increase in 

the external supplier and DR programs of 655% and 3396054%, respectively. In general, the total 

generation reduce in 10% when compared with scenario 1.  

As mentioned above, this scenario resulted into a significant loss to the profit of the microgrid 

operator, which emphasises the use of endogenous resources to the management of a 

microgrid. These resources will introduce important savings in the optimal scheduling of a 

microgrid. Nevertheless, this scenario also proved the benefit of having DR programs, otherwise 

the microgrid operator would not be able of supplying a part of the consumption in the 

university campus.  

8.4.3. Scenario 3 ς without EVs 

This scenario 3 considers the base scenario (scenario 1) without EVs in the parking lot of the 

university campus. For this scenario 3 (without EVs), the deterministic technique obtained an 

optimal solution with a profit equal to 51.2 m.u. with an execution time of 7.6 seconds. The 

microgrid operator obtained a cost of 71.1 m.u. and an income of 122.3 m.u. The optimal 

resource scheduling for this scenario is depicted in Figure 8.15. The percentage of each resource 

is also presented for this scenario, which can be seen in Figure 8.16. 

In this scenario, the scheduling obtained a similar result to the one obtain in scenario 1 (see 

Figure 8.7). In most of periods, the DG units are supplying the total consumption in the university 

campus. The DG units reached a 93% share of the total generation, while the external suppliers 

and storage discharge achieved a percentage of 6% and 1%, respectively. In this scenario, the 

DG supplied most of the total consumption with a 93% share. 
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Figure 8.15 ς Optimal resource scheduling for scenario 3 (without EVs). 

 

Figure 8.16 ς Percentage of each resource in the scheduling of scenario 3 (without EVs). 

Figure 8.17 presents the power consumption obtained in this scenario. In terms of demand, the 

microgrid operator sold the excess of DG generation (in particular PV and wind) to the electricity 

market, because there are no EVs to store this excess of energy in their batteries. The percentage 

of each resource in the load diagram is illustrated in Figure 8.18. 

 

Figure 8.17 ς Power consumption results for scenario 3 (without EVs). 
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Figure 8.18 ς Consumption resources percentage of scenario 3 (without EVs). 

In terms of percentage, the main difference with the scenario 1 is related to the increase of 

selling energy to the market, because there is no charge of EVs in this scenario. The consumption 

in the university campus (represented in the figure as Load) reaches around 79% of the total 

consumption, while the market sell obtains a share of 20%. Once again, the active power losses 

also achieved a percentage around 1% of the total power consumption. Finally, the comparison 

of the scheduling between scenarios 1 and 3 is presented in Table 8.4. 

Table 8.4 ς Comparison between scheduling of scenarios 1 and 3. 

Resource type Scenario 1 (kW) Scenario 3 (kW) Variation (%) 

Generation 

DG 9552.87 9552.87 = 0 

External supplier 1192.84 664.09 - 44.33 

Storage discharge 78.75 78.75 = 0 

DR 0.03  - 100 

Total generation 10,824.49 10,295.71 - 4.89 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 0 - 100 

Energy Sale 713.71 2039.12 + 185.70 

Total consumption 10,696.53 10,169.63 - 4.93 

When comparing the results of this scenario with the base scenario (scenario 1) results it is 

obtained 44.33% reduction in the power supplied by the external supplier and 100% reduction 

in the DR programs. The total generation presents a reduction of 4.89%, while the energy sold 

to the electricity market increased 185.7% and the total consumption presents a reduction of 

4.93%. 

The fact of removing EVs in this scenario had the effect of decreasing the profit to the microgrid 

operator in 85.6 m.u., which represents 167% lower than the profit in scenario 1 (base). This 

reduction is related with the loss of income from EVs charging, because the EVs pay to the 

microgrid operator 0.095 m.u./kWh or 0.11 m.u./kWh. On the other hand, the only income in 
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this scenario comes from selling energy to the electricity market, which has an energy price of 

0.06 m.u./kWh (see Table 8.2). 

8.4.4. Scenario 4 ς without DG and EVs 

This scenario 4 does not consider the DG units and EVs. This scenario is a join combination of 

scenarios 2 and 3. For this scenario 4 (without DG and EVs), the deterministic technique obtained 

an optimal solution with a profit of minus 575 m.u., where the income and cost are equal to 0.6 

m.u. and 576.1 m.u., respectively. The execution time in this scenario was around 5.9 seconds. 

Figure 8.19 illustrates the optimal resource scheduling of scenario 4. 

 

Figure 8.19 ς Optimal resource scheduling for scenario 4 (without DG and EVs). 

In this scenario, the external suppliers are supplying most of the consumption. The storage 

discharge is used in some periods, namely in period 12 where is reached the highest 

consumption value. The DR programs have a small impact in the scheduling, instead of the 

importance obtained in scenario 2 (see Figure 8.7), because there is no requirement to charge 

EVs. In scenario 2, the operator needed to charge the EVs which increase the total power 

consumption. For this reason, the methodology had to use DR programs. The percentage of each 

resource is also presented for this scenario, which can be seen in Figure 8.20. The external 

suppliers reached a percentage of 99%, while the percentage of storage discharge is around 1%. 

 

Figure 8.20 ς Percentage of each resource in the scheduling of scenario 4 (without DG and EVs). 
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The load diagram for this scenario is presented in Figure 8.21. In this scenario, the microgrid 

operator was not able to sell energy to the electricity market, because there is no excess of 

energy from DG units. The percentage of consumption with the loads points and active power 

losses is presented in Figure 8.22. Table 8.5 shows the comparison of the scheduling results 

between scenario 1 and 4. 

 

Figure 8.21 ς Power consumption results for scenario 4 (without DG and EVs). 

 

Figure 8.22 ς Consumption resources percentage of scenario 4 (without DG and EVs). 

Table 8.5 ς Comparison between scheduling of scenarios 1 and 4. 

Resource type Scenario 1 (kW) Scenario 4 (kW) Variation (%) 

Generation 

DG 9552.87 0 - 100 

External supplier 1192.84 8162.52 + 584 

Storage discharge 78.75 75.75 = 0 

DR 0.03 7.05 + 24033 

Total generation 10,824.49 8248.32 - 23.80 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 0 - 100 

Energy Sale 713.71 0 - 100 

Total consumption 10,696.53 8130.51 - 23.90 
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Comparing the results obtained in scenario 4 with the base scenario it is verified that energy 

supplied by the external suppliers increases 584%. The total generation faces a reduction of 

23.80%. The energy sold to the electricity market is zero in this scenario, while the total 

consumption faces a reduction of almost 24%. 

8.4.5. Scenario 5 ς 20% of wind power 

This scenario 5 considers that wind generators can only generate 20% of the power generation 

(see Figure 8.3). For this scenario 5 (20% of wind power), the deterministic technique obtained 

an optimal solution with a profit equal to minus 190 m.u. with an execution time of 147.5 

seconds. The microgrid operator obtained a cost of 372.2 m.u. and an income of 182.2 m.u. The 

optimal resource scheduling for this scenario is depicted in Figure 8.23. 

 

Figure 8.23 ς Optimal resource scheduling for scenario 5 (20% of wind power). 

In this scenario, the external suppliers have more impact than the previous scenarios, because 

an important endogenous resource reduced its power generation. Thus, the microgrid operator 

had to supply the total consumption with the external supplier, increasing the cost that resulted 

in a negative profit. This solution compensated to the operator instead of using the DR 

programs. The percentage of each resource is also presented for this scenario, which can be 

seen in Figure 8.24. 

 

Figure 8.24 ς Percentage of each resource in the scheduling of scenario 5 (20% of wind power). 
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The external supplier and DG units reached a 52% and 47% share of the total generation, 

respectively. Once again, the storage discharge was only able to contribute in 1% of the total 

generation power. Figure 8.25 depicts the power consumption obtained in this scenario.  

 

Figure 8.25 ς Power consumption results for scenario 5 (20% of wind power). 

In terms of demand, the microgrid operator was not able to sell the excess of DG generation, 

where the operator decided just to supply the load points and to charge EVs. The percentage of 

each type of consumer is illustrated in Figure 8.26. 

 

Figure 8.26 ς Consumption resources percentage of scenario 5 (20% of wind power). 

The consumption in the university campus (represented in the figure as Load) reaches around 

80% of the total consumption, while the EVs charge obtains a share of 18%. The active power 

losses also achieved a percentage around 2% of the total power consumption. Finally, the 

comparison of the scheduling between scenarios 1 and 3 is presented in Table 8.6. 

Table 8.6 ς Comparison between scheduling of scenarios 1 and 5. 

Resource type Scenario 1 (kW) Scenario 5 (kW) Variation (%) 

Generation 

DG 9552.87 4760.18 - 50.17 

External supplier 1192.84 5249.96 + 340.10 
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Storage discharge 78.75 78.75 = 0 

DR 0.03 0.03 ~ 0 

Total generation 10,824.49 10,088.91 - 7 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 1852.31 = 0 

Energy Sale 713.71 0 - 100 

Total consumption 10,696.53 9982.82 - 6.67 

Comparing the results obtained in the base case with this one, the power obtained by the 

external supplier increases around 340%. It is verified a 50% reduction in all DG generation and 

around 7% reduction in the total generation. The energy sold to the market decreases to zero in 

this scenario. 

8.4.6. Scenario 6 ς 20% of PV 

This scenario 6 considers that PV panels can only generate 20% of their power generation (see 

Figure 8.3), where the profit was minus 7.2 m.u. with an income and cost around 212.6 m.u. and 

219.9 m.u., respectively. The execution time in this scenario reached 81.3 seconds. As expected, 

the fact of reducing the PV generation led an exponential increase in the cost and a drop in the 

income to the microgrid operator, resulting in a small negative profit to the operator. Figure 

8.27 presents the optimal resource scheduling for this scenario. 

 

Figure 8.27 ς Optimal resource scheduling for scenario 6 (20% of PV). 

As expected, the decrease in 80% of PV generation resulted in more power supplying from the 

external supplier. The scheduling of this scenario is similar to the one obtained in scenario 5, the 

main difference is related with a lower impact of external supplier in this scenario. Once again, 

the storage discharge and DR programs have been placed between periods 11 and 13, because 

of the high consumption achieved in those periods. For this scenario the percentage of each 

resource in the optimal resource scheduling is completely different to scenario 1 (base), as it is 

possible to see in Figure 8.28. 
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Figure 8.28 ς Percentage of each resource in the scheduling of scenario 6 (20% of PV). 

The DG units reached the highest share of the scheduling with a percentage around 70%. On the 

other hand, external suppliers and storage systems achieved a percentage of 29% and 1%, 

respectively. In this scenario, the DR programs have a small impact in the optimal scheduling. 

Figure 8.29 presents the power consumption achieved in scenario 1 for each period. 

 

Figure 8.29 ς Power consumption results for scenario 6 (20% of PV). 

In this scenario, the microgrid operator was still able to sell in the electricity market some of the 

excess from DG generation. This fact occurs between periods 5 and 8, because in these periods 

there are no EVs in the university campus to store the excess of energy from DG generation. The 

first EVs start to park in university at period 8, resulting in a small charging of EVs in that period. 

Another important fact to highlight in this figure is related with the total consumption that 

decreases approximately 2% when compared with the load diagram of scenario 1 (see Figure 

8.9). The percentage of consumption in the load diagram is illustrated in Figure 8.30.  

In terms of percentage, the results are similar to the ones obtained in scenario 1, a big part of 

the total consumption is related to load points (76%), the EVs charge also has a significant 

percentage of 17%, and finally the small percentage correspond to the sale of energy in the 

electricity market (5%). In this scenario, the active power losses also achieved a percentage 

around 2% of the total power consumption. 



ELECON 

Page 112 of 188  September 2016 

 

Figure 8.30 ς Consumption resources percentage of scenario 6 (20% of PV). 

Table 8.7 shows a comparison of the scheduling obtained in scenarios 1 and 6, which helps to a 

better understanding the impact of the changes in scenario 6 (20% of PV). In this table, the 

power scheduled of each resource is presented for each scenario. The last column shows the 

variation from scenario 6 to scenario 1. 

Table 8.7 ς Comparison between scheduling of scenarios 1 and 6. 

Resource type Scenario 1 (kW) Scenario 6 (kW) Variation (%) 

Generation 

DG 9552.87 7471.27 - 21.79 

External suppliers 1192.84 3073.62 + 157.67 

Storage discharge 78.75 78.75 = 0 

DR 0.03 4.76 + 16202 

Total generation 10,824.49 10,628.41 - 2 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 1852.31 = 0 

Energy Sale 713.71 500.93 - 29.81 

Total consumption 10,696.53 10,483.75 - 1.99 

The total DG generation decreases almost 22% while the power supplied by the external supplier 

increases 160%. Demand response presents here an increase comparative to the base case 

around 1600%. The energy sold to the market decreases 30%. 

8.4.7. Scenario 7 ς 20% of wind power and external suppliers 

This scenario considers that wind generators as well as external supplier can only generate 20% 

of their power generation (see Figure 8.3 and Table 8.2). For this scenario 7 (20% of wind power 

and external suppliers), the deterministic technique obtained an optimal solution with a profit 

of minus 8847.4 m.u., where the income and cost are equal to 354.7 m.u. and 9202 m.u., 

respectively. 
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As expected, the microgrid operator had a huge negative result with this scenario due to the 

lack of generation power from wind generators and external supplier. The methodology took 

around 219 seconds to find the optimal scheduling for this scenario. Figure 8.31 illustrates the 

optimal resource scheduling of scenario 7. 

 

Figure 8.31 ς Optimal resource scheduling for scenario 7 (20% of wind power and external suppliers). 

In this scenario, the lack of generation from wind generators and external supplier let to a 

significant use of DR programs in the optimal scheduling. The storage discharge was also more 

used in this scenario to replace the decrease of generation power. Unfortunately, the microgrid 

operator had non-supplied demand from period 10 to period 24, therefore a part of the 

consumption in the university campus was not supported. This is the main reason for the huge 

negative result of the microgrid operator, in particular the huge cost of 9202 m.u.  

The operator had to pay a penalization to the university for the amount of non-supplied demand. 

Nevertheless, the DR programs were able to minimize this negative effect, otherwise the 

amount of non-supplied demand would be higher and consequently the penalization to the 

microgrid operator. The percentage of each resource is also presented for this scenario, which 

can be seen in Figure 8.32. 

 

Figure 8.32 ς Percentage of each resource in the scheduling of scenario 7 (20% of wind power and 
external suppliers). 
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The DG units and external supplier reached a percentage of 47% and 23%, respectively. The DR 

programs reached their highest percentage on a scenario with a share of 20%. The consumption 

that was not supplied by the operator reached a percentage of 8%. The load diagram for this 

scenario is presented in Figure 8.33.  

 

Figure 8.33 ς Power consumption results for scenario 7 (20% of wind power and external suppliers). 

In this scenario, the main difference is related with the allocation of storage charge in some off-

peak periods with the goal of discharging more energy from storage in the periods with high 

power consumption. The percentage that consumption with the loads points and active power 

losses is presented in Figure 8.34, where consumption from university and charge of EVs reached 

a share of 79% and 21%, respectively. Table 8.8 shows the comparison of the scheduling results 

between scenario 1 and 7. 

 

Figure 8.34 ς Consumption resources percentage of scenario 7 (20% of wind power and external 
suppliers). 

Table 8.8 ς Comparison between scheduling of scenarios 1 and 7. 

Resource type Scenario 1 (kW) Scenario 7 (kW) Variation (%) 

Generation 

DG 9552.87 4760.18 - 50.17 

External suppliers 1192.84 2261.88 + 89.62 

Storage discharge 78.75 157.5 +100 

EV discharge 0 44.15  
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DR 0.03 2027.81 + 6938113 

Total generation 10,824.49 9251.52 - 15 

Consumption 

Load 8130.51 7227.75 - 8 

Storage charge 0 97.22  

EVs charge 1852.31 1889.04 + 1.98 

Energy Sale 713.71 0 - 100 

Total consumption 10,696.53 9214.01 - 5.42 

It is verified a 50% reduction in the total DG generation and an increase of 90% of the power 

supplied by the external supplier. The power given by the storage discharge achieves the 

maximum of the total discharge. The DR programs present a huge increase around 6938113%, 

while the total generation faces a reduction around 15%. In order to obtain a feasible solution 

for this scenario the methodology was not able to supply 8% of the consumption in the university 

campus. 

As referred before, the microgrid operator had to pay a penalization to the university for that 

8% of non-supplied demand, but the DR programs were important to minimize this penalization. 

In scenario 2, the DR programs were also important (see Figure 8.11), but in that case to avoid 

the non-supplied demand. Finally, the microgrid operator was not able to sell energy to the 

electricity market in this scenario. 

8.4.8. Scenario 8 ς 20% of PV and external suppliers 

This scenario 5 considers that PV panels and external supplier can only generate 20% of the 

power generation (see Figure 8.3 and Table 8.2). For this scenario 8 (20% of PV and external 

suppliers), the deterministic technique obtained an optimal solution with a profit equal to 179.5 

m.u. with an execution time of 115.2 seconds. The microgrid operator obtained a cost of 131.4 

m.u. and an income of 310.9 m.u. The optimal resource scheduling for this scenario is depicted 

in Figure 8.35. 

 

Figure 8.35 ς Optimal resource scheduling for scenario 8 (20% of PV and external suppliers). 

In this scenario, the DR programs replace the reduction of PV generation and external supplier. 

The microgrid operator benefits from the presence of DR programs in the university campus, 
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just like in scenarios 2 and 7. The storage discharge was more scheduled in periods 12 to 14. The 

percentage of each resource is also presented for this scenario, which can be seen in Figure 8.36. 

 

Figure 8.36 ς Percentage of each resource in the scheduling of scenario 8 (20% of PV and external 
suppliers). 

The DG units and external supplier reached a 70 and 17% share of the total generation, 

respectively. The DR programs in this scenario reached the percentage of 12%. Once again, the 

storage discharge was only able to contribute in 1% of the total generation power. Figure 8.37 

depicts the power consumption obtained in this scenario.  

 

Figure 8.37 ς Power consumption results for scenario 8 (20% of PV and external suppliers). 

In terms of demand, the microgrid operator was able to sell the excess of DG generation in the 

periods where there is no EVs in the parking lot of the university campus. This option enables 

the microgrid operator to have extra revenue, otherwise the excess of DG generation would be 

curtailed to balance the microgrid. Figure 8.38 depicts the percentage that each type of 

consumption in the load diagram.  

The consumption in the university campus reaches around 77% of the total consumption, while 

the EVs charge obtains a share of 17%. Finally, the selling of energy to the electricity market 

reaches the percentage of 5%. These percentages are similar to the ones obtain by scenarios 1 

and 6 (see Figure 8.10 and Figure 8.30). 
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Figure 8.38 ς Consumption resources percentage of scenario 8 (20% of PV and external suppliers). 

The active power losses also achieved a percentage around 1% of the total power consumption. 

Finally, the comparison of the scheduling between scenarios 1 and 8 is presented in Table 8.9. 

Table 8.9 ς Comparison between scheduling of scenarios 1 and 8. 

Resource type Scenario 1 (kW) Scenario 8 (kW) Variation (%) 

Generation 

DG 9552.87 7471.27 - 21.79 

External suppliers 1192.84 1809.23 + 51.67 

Storage discharge 78.75 78.75 = 0 

DR 0.03 1232.16 + 4215793 

Total generation 10,824.49 10,591.41 - 2 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 1852.31 = 0 

Energy Sale 713.71 500.93 - 29.81 

Total consumption 10,696.53 10,483.75 - 1.99 

Comparing this scenario results with the results obtained from the base scenario, it is verified a 

22% reduction in the total DG generation and an increase of the power supplied by the external 

supplier (52%). The DR programs present a huge increase and contributes for the decrease in 

80% of PV generation and external supplier. The total generation faces a small reduction around 

2%. In this case, the energy sells to the electricity market decreases 30%, while the total 

consumption decreases 2% due to the presence of the DR programs. In this scenario, the 

decrease of 80% in the PV generation and external supplier had the effect of increasing the profit 

to the microgrid operator in 42.7 m.u., which represents 31.2% higher than the profit in scenario 

1 (base). 

8.4.9. Scenario 9 ς 50% of wind power and 20% of external suppliers 

This scenario 9 considers the base scenario (scenario 1) with two changes: (i) the wind 

generators can only generate 50% of the power generation (see Figure 8.3), and (ii) the external 

supplier can only generate 20% of the power generation (see Table 8.2). For this scenario 9, the 
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deterministic technique obtained an optimal solution with a profit equal to 186.6 m.u. with an 

execution time of 273.7 seconds. The microgrid operator obtained a cost of 141.3 m.u. and an 

income of 327.9 m.u. The optimal resource scheduling for this scenario is depicted in Figure 

8.39. 

 

Figure 8.39 ς Optimal resource scheduling for scenario 9 (50% of wind power and 20% of external 
suppliers). 

Also, the DR programs were used in this scenario as replacement of the lack of energy from wind 

and external supplier. In this scenario, the microgrid operator was only able to acquire 100 kW 

from the external supplier, and most of the periods this option was fully used by the operator. 

Additionally, the storage discharge was allocated between periods 21 and 23. The percentage 

of each resource is also presented for this scenario, which can be seen in Figure 8.40. 

 

Figure 8.40 ς Percentage of each resource in the scheduling of scenario 9 (50% of wind power and 20% 
of external suppliers). 

The DG units reached a 64% share of the total generation, while the external suppliers and 

demand response achieved a percentage of 19% and 16%, respectively. The storage discharge 

obtained a percentage of 1%. Figure 8.41 presents the power consumption obtained in this 

scenario. Once again, the microgrid operator used most of the excess of DG generation, namely 

PV and wind, to charge EVs. However, between periods 6 and 8 there is a small part of energy 
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sold to the electricity market. Figure 8.42 shows the percentage that each type of consumption 

in the load diagram.  

 

Figure 8.41 ς Power consumption results for scenario 9 (50% of wind power and 20% of external 
suppliers). 

 

Figure 8.42 ς Consumption resources percentage of scenario 9 (50% of wind power and 20% of 
external suppliers). 

In terms of percentage, the main difference with the scenario 1 is related to the decrease in 

terms of selling energy to the market (2%). The remaining resource achieve a similar percentage, 

with the consumption from university and EVs charge reaching around 79% and 18% of the total 

consumption, respectively. Once again, the active power losses also achieved a percentage 

around 1% of the total power consumption. Table 8.10 presents the comparison of scheduling 

results between scenarios 1 and 9. 

In terms of generation resources, a reduction of 31.36% in the total DG generation and an 

increase of 63.58% in the power supplied to the network by the external supplier are obtained. 

Also, the storage discharge achieves the maximum of the total discharge and an increase of 

100%. Once again, the DR programs present a huge increase, and finally the total generation 

presents a reduction of 5.5%. 
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In terms of consumption, the main difference is obtained with the decrease around 75% in the 

energy sold to the electricity market decreases and the total consumption presents a reduction 

of 5% due to the presence of the DR programs. 

Table 8.10 ς Comparison between scheduling of scenarios 1 and 9. 

Resource type Scenario 1 (kW) Scenario 9 (kW) Variation (%) 

Generation 

DG 9552.87 6557.44 - 31.36 

External suppliers 1192.84 1951.31 + 63.58 

Storage discharge 78.75 78.75 + 100 

DR 0.03 1641.25 + 5615494 

Total generation 10,824.49 10,228.75 - 5.5 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 1852.31 = 0 

Energy Sale 713.71 179.19 - 74.89 

Total consumption 10,696.53 10,162.01 - 5 

8.4.10. Scenario 10 ς 50% of PV and 20% of external suppliers 

This scenario considers the base scenario (scenario 1) with two changes: (i) the PV panels can 

only generate 50% of the power generation (see Figure 8.3), and (ii) the external supplier can 

only generate 20% of the power generation (see Table 8.2). The profit in this scenario was 133.1 

m.u. with an income and cost around 260.8 m.u. and 127.6 m.u., respectively. The execution 

time in this scenario reached 125 seconds. Figure 8.43 presents the optimal resource scheduling 

for this scenario. 

 

Figure 8.43 ς Optimal resource scheduling for scenario 10 (50% of PV and 20% of external suppliers). 

The scheduling of this scenario is similar to the one obtained by the previous scenario, the main 

difference is related to the less use of DR programs in this scenario, because the reduction of 

50% in PV panels have less impact than reducing 50% in wind generation. The wind generators 

have a higher and more constant generation than the PV panels in this microgrid, as it is shown 

in Figure 8.3. The percentage of each resource in the optimal resource scheduling is illustrated 

in Figure 8.44.  
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Figure 8.44 ς Percentage of each resource in the scheduling of scenario 10 (50% of PV and 20% of 
external suppliers). 

As mentioned above, the DR program only reached 5% of the total generation, which is small in 

comparison with the result of scenario 9 (see Figure 8.40). The DG units and external suppliers 

reached a percentage of 77% and 17%, respectively. Figure 8.45 presents the power 

consumption achieved in scenario 10 for each period. 

 

Figure 8.45 ς Power consumption results for scenario 10 (50% of PV and 20% of external suppliers). 

In this scenario, the microgrid operator was able to sell more energy than in scenario 9. This 

result is similar to the one obtained in scenario 1 (see Figure 8.9). In this scenario, the total 

consumption had a small decrease of 1.44% when compared with the load diagram of scenario 

1 (see Figure 8.9). The percentage of each type of consumer is illustrated in Figure 8.46.  

In terms of percentage, the results are similar to the ones obtained in scenario 1 (see Figure 

8.10), where the total power consumption was divided in 76% for the consumption in load 

points, 18% for charging the EVs and 5% for selling energy to the electricity market. In this 

scenario, the active power losses also achieved a percentage around 1% of the total power 

consumption. 
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Figure 8.46 ς Consumption resources percentage of scenario 10 (50% of PV and 20% of external 
suppliers). 

Table 8.11 shows a comparison of the scheduling obtained in scenarios 1 and 10, which helps to 

a better understanding the impact of the changes in scenario 10 (50% of PV and 20% of external 

suppliers). 

Table 8.11 ς Comparison between scheduling of scenarios 1 and 10. 

Resource type Scenario 1 (kW) Scenario 10 (kW) Variation (%) 

Generation 

DG 9552.87 8251.87 - 13.62 

External suppliers 1192.84 1756.00 + 47.21 

Storage discharge 78.75 78.75 = 0 

DR 0.03 562.72 + 1925253 

Total generation 10,824.49 10,649.33 - 2 

Consumption 

Load 8130.51 8130.51 = 0 

EVs charge 1852.31 1852.31 = 0 

Energy Sale 713.71 559.24 - 21.64 

Total consumption 10,696.53 10,542.06 - 1.44 

It is verified a 13.62% reduction in the total DG generation and an increase of 47% of the power 

supplied by the external supplier. The demand response presents an increase of 100%, while the 

total generation faces a reduction around 2%. The energy sold to the market decreases around 

21.64% and the total consumption presents a reduction of 1.44% due to the presence of the DR 

programs. The fact of reducing the PV and external supplier in this scenario had a small effect of 

decreasing the profit to the microgrid operator in 3.7 m.u., which represents 2.8% lower than 

the profit in scenario 1 (base). 

8.4.11. Scenarios Comparison and Final Considerations 

This last section presents a summary comparison of the results obtained in all scenarios and final 

considerations concerning this case study. Table 8.12 presents the profit, income cost and time 

obtained for each scenario of this case study. The base scenario (scenario 1) achieved a profit of 
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136.8 m.u., with an income and cost of 225 m.u. and 88.2 m.u., respectively, in an execution 

time of 128.8 seconds. 

Table 8.12 ς Cost and time results for all scenarios. 

Scenario 1 (Base) 2 3 4 5 6 

Profit (m.u.) 136.8 -603.7 51.2 -575.5 -190.0 -7.2 

Incomes (m.u.) 225.0 301.3 122.3 0.6 182.2 212.6 

Cost (m.u.) 88.2 905.0 71.1 576.1 372.2 219.9 

Time (s) 128.8 147.2 7.6 5.9 147.5 81.3 

Scenario 1 7 8 9 10 

 

Profit (m.u.) 136.8 -8847.4 179.5 186.6 133.1 

Incomes (m.u.) 225.0 354.7 310.9 327.9 260.8 

Cost (m.u.) 88.2 9202.0 131.4 141.3 127.6 

Time (s) 128.8 219.0 115.2 273.7 125.0 

Regarding to the profits, the greater is verified in the scenario 9, where the wind power and 

external supplier can only generate 50% and 20% of their maximum power generation, 

respectively. In this variation the storage discharge achieves the maximum of the total discharge 

and a great increase of DR is also verified, helping to achieve more profits. The second best result 

is obtained in scenario 8, where the PV panels and external supplier can only generate 20% of 

their maximum power generation. 

Monetary losses are verified mainly when the DGs are removed from the network or reduced 

their generation, such as in scenarios 2, 4, 5, 6 and 7. The worst result is verified in scenario 7 

with wind generators and external supplier only generating 20% of their power generation. 

Here, 8847.4 m.u. of losses are obtained for the microgrid operator. The reason is related with 

the penalization regarding 8% of non-supplied demand, which was a necessary measure to make 

the optimal scheduling feasible. In terms of time, most of the scenarios achieved similar times, 

where the minimum and maximum times of 7.6 and 273.7 seconds were achieved in scenario 3 

and 9, respectively.  

As final conclusion, the cost can increase with the reduction of power from endogenous 

resources and external supplier, in particular if the microgrid operator does not have enough 

power generation from endogenous resources, such as PV panels and wind generators. 

Otherwise, the cost can be reduced once these endogenous resources have enough power to 

supply most of the required demand of the university campus. However, in the scenarios with 

high cost the microgrid operator was able to use DR programs avoiding the penalization from 

non-supplied demand. Additionally, the university was remunerated by the participation in DR 

programs. 

Table 8.13 and Table 8.14 present the summary comparison of results in terms of generation 

(DG, external suppliers, storage discharge, DR and total generation) and consumption (load, EVs, 

energy sale and total consumption). The scenario 1 presents the scheduling of each resource. 
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On the other hand, in the remaining scenarios is presented the variation of the scheduling 

obtained in each scenario to the scenario 1 (base). 

Table 8.13 ς From scenario 2 to scenario 6 compared with scenario 1 (base). 

Resource type 
Scenario 

1 (kW) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 

Generation 

DG 9552.87 - 100 = 0 - 100 - 50.17 - 21.79 

External suppliers 1192.84 + 655 - 44.33 + 584 
+ 

340.10 
+ 157.67 

Storage discharge 78.75 = 0 = 0 = 0 = 0 = 0 

DR 0.03 
+ 

3396054 
- 100 + 24033 ~ 0 + 16202 

Total generation 10,824.49 - 10 - 4.89 - 23.80 - 7 - 2 

Consumption 

Load 8130.51 = 0 = 0 = 0 = 0 = 0 

EVs charge 1852.31 = 0 - 100 - 100 = 0 = 0 

Energy sale 713.71 - 100 + 185.70 - 100 - 100 - 29.81 

Total consumption 10,696.53 - 6.67 - 4.93 - 23.90 - 6.67 - 1.99 

In the scenario that PV or wind generation is reduced, the external suppliers and DR programs 

compensate that reduction. For instance, the external suppliers and DR programs increase 

around 655% and 3396054% when the PV and wind generation are removed in scenario 2.  In 

scenario 8 (20% of PV and external suppliers), the DR helps to replace the decrease of 80% in 

the PV and external suppliers. The same thing happens with scenario 7 (20% of wind and external 

suppliers), however the microgrid operator was not able to supply 8% of the power consumption 

in the university campus. Thus, the operator was penalized for the 8% of non-supplied demand. 

However, in the scenarios that only the DG generation is removed or reduced, the DR programs 

are not increased to compensate that lack of generation, such as in scenarios 2, 4, 5 and 6. In 

these scenarios, the external supplier fully replaces the decrease of PV or wind generation. 

Table 8.14 ς From scenario 2 to scenario 6 compared with scenario 1 (base). 

Resource type 
Scenario 

1 (kW) 7 (%) 8 (%) 9 (%) 10 (%) 

Generation 

DG 9552.87 - 50.17 - 21.79 - 31.36 - 13.62 

External suppliers 1192.84 + 89.62 + 51.67 + 63.58 + 47.21 

Storage discharge 78.75 + 100 = 0 + 100 = 0 

DR 0.03 + 6938113 + 4215793 
+ 

5615494 
+ 

1925253 

Total generation 10,824.49 - 15 - 2 - 5.5 - 2 

Consumption 

Load 8130.51 - 8 = 0 = 0 = 0 

EVs charge 1852.31 + 1.98 = 0 = 0 = 0 
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Energy sale 713.71 - 100 - 29.81 - 74.89 - 21.64 

Total consumption 10,696.53 - 5.42 - 1.99 - 5 - 1.44 

Thus, the DR programs are more relevant in scenario with a reduction in the endogenous 

resources and external suppliers. Another important conclusion is the importance of using 

endogenous resources to reduce the cost and to increase the profit for the microgrid operator. 

These resources can be also used to charge EVs and storage in periods with excess of generation, 

and then use this excess in periods where there is no generation from endogenous resources, 

namely photovoltaic and wind. 
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9.  Case Study ς Portugal Office Buildings Microgrid with 
Small Commerce 

This case study shows the optimal resource scheduling of an aggregator that manages the 

energy resources in a microgrid. The main goal is to obtain the maximum profit while supplying 

the required demand of the different buildings in this microgrid. The case study uses data 

collected from office buildings and adapted data from measurements collected by GECAD (e.g. 

commerce buildings, restaurants, bars, and so on). Due to confidentiality reasons the detailed 

content of the data used in this case study will not be shown. 

9.1. Microgrid Description 

This section of report demonstrates the optimal resource scheduling of an aggregator that 

manages a microgrid with offices building and some small commerce buildings. The main goal is 

to obtain the maximum profit while supplying the required demand of the consumers of this 

microgrid. A case study has been developed considering data from Portuguese office and small 

commerce buildings. The case study uses a private network of power distribution in low voltage, 

located in the north of Portugal. This network has been adapted for the supply of offices and 

small commerce building. The microgrid consists of: 

¶ 32 office buildings (32 loads); 

¶ 12 small commerce buildings (3 bars, 3 coffee shops, 1 bank, 1 gym, 3 restaurants 

and 1 print shop, which corresponds to a total of 12 loads). 

The electrification of the urbanization is made through a connection point (BUS 1), connected 

to the grid of medium voltage. The power transformer has the following characteristics: (i) 

primary and secondary voltage level 30kV/400V-230V; and (ii) power capacity 160kVA. The 

microgrid is composed by 24 lines that connect the 25 buses in a radial topology. The 

characteristics for private network of power distribution in low voltage are shown in Table 9.1. 

The urbanization is adapted for a microgrid, with offices and some small commerce buildings, to 

be used in the case studies context. The microgrid with 25 buses has the following energy 

resource components: 

¶ 44 Loads with Demand Response (DR) programs; 

¶ 12 Photovoltaic (PV) panels; 

¶ 5 Wind turbines; 

¶ 4 Storage systems; 

¶ 1 external supplier; 

¶ 32 Electric Vehicles (EVs). 

Table 9.1 - Characteristic of the distribution network to microgrid case studies. 

Line 

Nº 

Bus 

(from i to j) 

Distance 

(km) 

Resistance 
όʍύ 

Reactance 
όʍύ 

Maximum power limit 
(kVA) 

1 1 - 2 0.035 0.084 0.018 146 

2 2 - 3 0.130 0.312 0.065 146 

3 3 - 4 0.110 0.264 0.055 146 
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4 1 - 5 0.065 0.080 0.033 213 

5 1 - 6 0.130 0.161 0.065 213 

6 1 - 7 0.133 0.165 0.067 213 

7 1 - 8 0.165 0.204 0.083 213 

8 1 - 9 0.168 0.208 0.084 213 

9 2 - 10 0.020 0.286 0.011 47 

10 3 - 11 0.040 0.573 0.023 47 

11 3 - 12 0.020 0.286 0.011 47 

12 3 - 13 0.023 0.329 0.013 47 

13 4 - 14 0.043 0.615 0.024 47 

14 4 - 15 0.015 0.215 0.008 47 

15 4 - 16 0.025 0.358 0.014 47 

16 4 - 17 0.056 0.802 0.032 47 

17 6 - 18 0.038 0.091 0.019 146 

18 6 - 19 0.074 0.178 0.037 146 

19 7 - 20 0.041 0.098 0.021 146 

20 7 - 21 0.084 0.202 0.042 146 

21 8 - 22 0.040 0.096 0.020 146 

22 8 - 23 0.083 0.199 0.042 146 

23 9 - 24 0.035 0.084 0.018 146 

24 9 - 25 0.070 0.168 0.035 146 

9.2. Resources Description 

In 2020, the contribution of Renewable Energy Sources (RES) to the satisfaction of electricity 

consumption will be 58.8% in Portugal, and a large part of this production are from the wind and 

solar power [Capros, 2013]. In 2020, the sector of Electric Vehicles (EVs) will represent 14% of 

the total vehicle's fleet in Portugal global electricity demand [dos Reis, 2011]. Based on the 

scenario presented for 2020, a creation of one realistic case study was made. This case study 

represents a microgrid with offices building and some small commerce buildings. The microgrid 

aggregator may receive incentive payments to use DR programs to reduce the load, at maximum 

until 15% of the initial load.  

The data used to simulate this microgrid in the case study of Portugal are based on data acquired 

by GECAD in several Portuguese offices and commercial buildings for a time horizon of 24 hours, 

with a sampling time of 1 hour. Moreover, the profile of the PV panels and Wind turbines in the 

microgrid are based on the generation data from GECAD in F and N buildings. Table 9.2 shows 

the general information about the data used to simulate the microgrid for Portugal context. 

Table 9.2 ς Data used in the resources of Portuguese office microgrid case study. 

Resource Type Type Data information 

Consumption 

Commercial 
Data collected by GECAD in small 

commercial consumers 

Office 
Data collected by GECAD in typical office 

building 
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Generation 

PV 
Data based on PV systems installed in 

GECAD buildings (N and F) 

Wind 
Data based on Wind systems installed in 

GECAD building (F) 

EV Battery Electric Vehicles (BEV) Information from EVeSSi tool 

Storage Batteries bank 
Adapted from SMA Battery inverters 

(Sunny island 6.0H and 8.0H) 

In terms of DG units, the microgrid have 2 different types of generation, the wind turbines and 

PV panels. The wind turbines have a total installed power of 101 kW and PV have a total of 207 

kW. Figure 9.1 depicts the power generation profile for one day of the total production for the 

PVs panels and wind turbines.  

 

Figure 9.1 ς Power generation profile for PV and Wind in the Portuguese case study. 

Figure 9.2 depicts the consumption, i.e. office buildings and commercial building, and DG 

production profile for this case study. The microgrid operator has to fully dispatch all the power 

generation from Distributed Generation (DG) units based on renewable sources (PV and Wind). 

 

Figure 9.2 ς Consumption vs total DG generation in the Portuguese case study. 

Analysing this figure, the power generation from DG cannot supply all the consumption. Thus 

the aggregator will require energy from external suppliers outside of the microgrid, through the 
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bus 1 (see in Table 9.4). The microgrid operator can use other sources to support the power 

consumption, such as discharging energy from EVs and storage systems. The peak power 

consumption is achieved at the late morning of the day, between hours 10 and 13. The 

consumption of small commerce has a small impact in the total consumption for all periods 

when compared with the offices buildings consumption. Figure 9.3 shows the impact (in 

percentage) that each type of consumer has in the total power consumption. 

 

Figure 9.3 ς Total energy consumption regarding each type of consumer. 

The 64.72% of the consumption is related with the offices buildings, while the 35.28% belong to 

the commercial buildings. The offices buildings represent the highest percentage of the total 

energy consumption of this case study. 

Another resource to be considered by the aggregator is the expected electric vehicles plug-in to 

the microgrid bus. The charging and discharging of their batteries can be controlled by the 

aggregator. The EV users will be rewarded by this discharge process, which can bring advantages 

to the aggregator, such as avoiding the scheduling of expensive resources or using the excess of 

power generation from PV and Wind in other periods. Given the original network one 

reconfiguration was formed with the considering of DGs, storage units and EVs. The EVs scenario 

was created using the EVeSSi tool [Soares, 2012] with total of 32 EVs. Figure 9.4 shows the EVs 

movements and their trip consumption during the day. 

 

Figure 9.4 ς Trip consumption and number of EVs connected and in trip. 
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Table 9.3 and Table 9.4 present the detailed information for the data used in consumers and DG 

units, respectively. 

Table 9.3 ς Data used in the loads of Portuguese office microgrid case study. 

Load ID Bus Consumer Type Installed Power (kVA) 

1 5 Office 2.3 

2 5 Office 3.45 

3 5 Office 2.3 

4 10 Small Commerce 6.9 

5 15 Small Commerce 5.75 

6 20 Small Commerce 4,6 

7 11 Small Commerce 10.35 

8 16 Small Commerce 6.9 

9 21 Small Commerce 6.9 

10 25 Small Commerce 10.35 

11 22 Small Commerce 5.75 

12 10 Office 6.9 

13 10 Office 6.9 

14 10 Office 6.9 

15 11 Office 4.6 

16 11 Office 5.75 

17 11 Office 3.45 

18 12 Office 1.15 

19 12 Office 3.45 

20 12 Office 1.15 

21 13 Office 4.6 

22 13 Office 3.45 

23 13 Office 5.75 

24 14 Office 10.35 

25 14 Office 5.75 

26 14 Office 6.9 

27 24 Small Commerce 17.25 

28 15 Office 6.9 

29 15 Office 5.75 

30 15 Office 3.45 

31 23 Small Commerce 17.25 

32 5 Small Commerce 13.8 

33 10 Small Commerce 13.8 

34 16 Office 3.45 
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Load ID Bus Consumer Type Installed Power (kVA) 

35 16 Office 10.35 

36 17 Office 10.35 

37 17 Office 10.35 

38 17 Office 10.35 

39 18 Office 4.6 

40 18 Office 13.8 

41 18 Office 13.8 

42 19 Office 10.35 

43 19 Office 3.45 

44 19 Office 10.35 

 

Table 9.4 ς Data used in the DG units of Portuguese office microgrid case study. 

Generator ID Bus Primary energy Maximum power (kW) 

1 1 External supplier 206.59 

2 5 Photovoltaic 7.5 

3 10 Photovoltaic 15 

4 11 Photovoltaic 7.5 

5 12 Photovoltaic 3.75 

6 13 Photovoltaic 3.75 

7 14 Photovoltaic 7.5 

8 15 Photovoltaic 7.5 

9 16 Photovoltaic 7.5 

10 17 Photovoltaic 15 

11 18 Photovoltaic 15 

12 19 Photovoltaic 7.5 

13 20 Photovoltaic 3.75 

14 21 Wind 2 

15 22 Wind 2 

16 23 Wind 5 

17 24 Wind 5 

18 25 Wind 2 

Table 9.5 shows the energy resources data, regarding the information of price in euros per kWh 

όϵκƪ²Ƙύ ŀƴŘ maximum power in kW. The consumers will pay to the aggregator for their 

consumption an energy ǇǊƛŎŜ Ŝǉǳŀƭ ǘƻ лΦмр ϵκƪ²ƘΦ 

Table 9.5 ς Power and Price for each energy resource type of Portuguese case study. 

Resource type Units Power (kW) tǊƛŎŜ όϵκƪ²Ƙύ 

DG 
PV 12 70.63 0.20 

Wind 5 22.5 0.12 
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External suppliers 1 206.59 0.10 ς 0.32 

Energy Sale 1 100 0.08 ς 0.12 

DR reduce 44 30.99 0.02 

Storage 
Charge 

4 8 
0.12 

Discharge 0.18 

EVs 
Charge 

32 144 
0.14 

Discharge 0.19 

9.3. Scenarios Structure 

This section is related with the several scenarios developed for this case study. For this case 

study were developed 5 scenarios, where the first scenario is the base scenario. This scenario 

accommodates wind generators, photovoltaic (PV) modules, energy storage units, and EVs, with 

charge and discharge capacity located in car parks, which are integrated in the load consumption 

buildings, for a time period of the 24 hours.  

All the other scenarios are based on this base scenario with an additional change in the 

resources, e.g. remove the PV panels or considering the power consumption in the winter. This 

scenario is for the year 2020, and its main purpose is to a reference for the results of the other 

4 scenarios. All scenarios of this case study are presented below: 

1. Scenario 1 ς Base scenario; 

2. Scenario 2 ς winter; 

3. Scenario 3 ς without DG; 

4. Scenario 4 - without EVs; 

5. Scenario 5 ς without DG and EVs. 

The sampling period and time-horizon of all scenarios are 1 hour and 24 hours, respectively. The 

aggregator will execute a methodology to obtain the day-ahead optimal resource scheduling 

(see Figure 9.5) for each scenario of this case study. The aggregator can supply the required 

demand through the DG units (PV or Wind), external supplier, DR programs (reduce) or EVs 

discharge. This optimal resource scheduling is an optimization problem classified as Mixed-

Integer Linear Programming (MILP).  

The MILP is implemented in TOMLAB [TOMLAB, 2016], which is an advanced optimization 

toolbox for MATLAB [MATLAB, 2016], using CPLEX solver. The case study has been tested in a 

machine with one Intel® Xeon® E5-2620v2 - 2.10 GHz processor, with 12 cores, 16GB of Random-

Access-Memory (RAM) and Windows 10 Education. 

 

Figure 9.5 ς Structure of the Day-ahead schedule. 
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9.4. Results and Analysis 

This section will present the results and analysis of each scenario of this case study. At the end, 

scenarios comparison and final considerations will be also included. 

9.4.1. Scenario 1 ς Base scenario 

This scenario considers 17 DG units, 1 external supplier, 4 storage unit and 32 EVs. Also, the 

reduce DR program is considered (maximum reduction in each period is 15% of total load). For 

this scenario 1 (base), the deterministic technique obtained an optimal solution with a profit of 

-сΦтп ϵ ǿƛǘƘ ŀƴ ŜȄŜŎǳǘƛƻƴ ǘƛƳŜ ƻŦ рΦпн ǎŜŎƻƴŘǎΦ Figure 9.6 depicts the energy scheduling results 

from the energy resource scheduling model.  

 

Figure 9.6 ς Optimal resource scheduling for scenario 1 (base). 

It can be seen the uses of DR, storage discharge and vehicle discharge. This use will mean a 

significant reduction in the use of external supplier. These resources are used in the periods 

where the price of external supplier is higher. Figure 9.7 depicts the percentage of each resource 

in the optimal resource scheduling of scenario 1. 

 

Figure 9.7 ς Percentage of each resource in the scheduling of scenario 1 (base). 

In the results presented in Figure 9.7, the total power generation was divided in: 10.71% for the 

DG, 79.19% for the external suppliers, 0.70% for the storage discharge, 3.11% for demand 
















































































































