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Abstract: Efficient alternatives in energy production and consumption are constantly investigated
by increasingly strict policies. In this way, the pollutant emissions that contribute to the greenhouse
effect reduce and sustainability of the electricity sector increase. With more than a third of the
world's energy consumption, buildings have great potential to contribute these sustainability goals.
Additionally, with growing incentives in the Distributed Generation (DG) and Electric Vehicle (EV)
industry, it is believed that Smart Buildings (SBs) can be a key in the field of residential energy
sustainability in the future. In this work, an energy management system in SBs are developed to
reduce the power demanded of a residential building. In order to balance the demand and power
provided by the grid, microgrids such as Battery Energy Storage System (BESS), EVs and
Photovoltaic Generation panels (PV) are used. Here, a Mixed Binary Linear Programming
formulation (MBLP) is proposed to optimize the charge and discharge scheduling of EVs and also
BESS. In order to show the efficiency of the model, a case study involving three scenarios and an
economic analysis is considered. The results point a 65% reduction in peak load consumption
supplied by grid and a 28.4% reduction in electricity consumption costs.
Keywords: Distributed Generation; Energy Resource Management; Optimization; Mixed-Binary
Linear Programming; Smart Buildings

1. Introduction
Due to its great potential to be exploited, there has been a significant increase in investments in
DG ventures worldwide. This is noticeable due to the increase in programs that aims the
popularization of renewable energy sources implementation, in addition to investments in Research
and Development (R&D) and publications of works in this field. To contextualize, in 1994, the
Japanese government subsidized 50% of the investment for implantation of photovoltaic generation
in about 70,000 roofs [1]. In Europe, the German government in 1999 launched the 100,000 Roofs Solar
Program aiming the installation of photovoltaic generation on 100,000 roofs with 10-year financing
at 0% interest rate [2]. According to [3], in 2017, China had the largest power capacity of wind turbines
in the world with 164 GW installed. The United States and Germany had 89 GW and 56.1 GW,
respectively.
In a consequence of the popularization of sustainable policies and the advancement in the DG
field, SG is strengthened as techniques to control operation, generation and consumption of electric
energy. Thus, by exploiting the evolution of information technology, this technique tends to replace
manual generation and consumption measurement methods for computerized systems, allowing to
obtain real-time data, to create a database with historical information, in order to operate the system
remotely and also monitor failures and the quality of energy.
European Union (EU) intends that new buildings should be nearly Zero Energy Buildings
(nZEB). It means that these buildings should be able to produce the amount of electrical energy they
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consume. Therefore, the EU strongly incentive to develop renewable energy sources and adequate
strategies for their operation.
EVs and have great potential to dominate the automotive sector in a few years, and therefore,
this market is on great expansion. In this way, policies aiming at the implementation of recharge
points in residential buildings are beginning to emerge, mainly intending to reduce environmental
and noise pollution, besides the consumption of fossil fuels. As EVs reach significant numbers in the
automotive market, power distributors need to adapt to a new type of load that can be a significant
impact on the power network.
New approaches are exploring the advantages of using the electrical energy stored in EVs to
inject into the power grid at appropriate times, which is called Vehicle-to-Grid (V2G).
Therefore, charging and discharging preferences must comply with certain standards and
protocols. The available energy that is injected into the power grid is defined by the driver to protect
their needs. Charging and discharging periods must occur at different times, which can open doors
to conciliation strategies, such as charging the batteries during the period of low consumption and
discharging the energy during the period of high consumption [4].
The proposed paper aims to model an optimization problem considering the energy resources
of a residential building, such as PV, EVs and BESS, and also considering the contracted power
flexibility of each apartment, in order to reduce the building power demand.
During the mathematical formulation of the problem, it is assumed that the generated power
data of the photovoltaic system, the load profile of the building and the trips of the EVs are known,
from forecasting methods.
The energy resources scheduling problem is formulated as a MBLP problem, where the decision
variables represent the charging and discharging process in each period of EVs and the BESS.
Therefore, these variables must be binary, and it is used MBLP algorithms to obtain optimal solutions.
The remaining of this paper is organized as follows. In Section 2, a brief literature review related
to SBs optimization is presented. In section 3, it is presented the methodology used in this work, as
well as the mathematical formulation. Section 4 presents the results obtained to validate the
developed method, considering 3 different scenarios and an economic analysis. In section 5, a brief
discussion of the results and further works are suggested. Finally, the last section summarizes the
concluding remarks.
2. Literature Review
The 21th century can already be characterized by the implementation of policies aiming the
sustainability, having as one of the great challenges to reduce the Ecological Footprint 1 . In the
electricity sector, there are large investments for the development of renewable energy sources within
the DG, mainly due to the increasing number of works related to SBs [5].
It is known that combustion vehicles represent 18% of the world's carbon dioxide (CO2)
emissions. The EU has committed itself to reduce emissions by up to 25% by the present year of 2020.
As a result, the highlight of EVs on the world stage is increasing, which gives rise to works related to
this technology. Thus, many studies take advantage of the large penetration amount of DGs ventures
to reduce electricity costs, peak load demand, and even reduction in CO2 emissions, and also
optimize the scheduling of charging and discharging EVs process as well as BESS [5,6].
With the objective to mitigate the problem caused by uncertainties in the generation of
renewable sources, the work presented in [7,8], proposes a day-ahead optimization problem for
managing energy resources, considering forecast errors, dispatching of EVs and energy markets. The
problem is formulated through Mixed Integer Linear Programming (MILP) formulation due to the
large presence of continuous, discrete and binary variables, in order to minimize operating costs and
maximize the profit. The problem constraints involved active power balance, distributed generation,

1

Ecological footprint is an ecological indicator for the amount of land and water, measured in hectares, needed to sustain
current generations.
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energy supply in each period, rate and efficiency of EVs’ charging and discharging process, capacity
and requisition of EVs trips.
In [9], a consumer-dependent system to manage energy and find a balance between cost and
CO2 emissions is developed. In this way, a model is proposed, where it is intended to involve the
manager of the building in the decisions of the renewable energy use acceptability, even though it is
more expensive than energy from non-renewable sources. The formulation of the problem is done by
Linear Programming (LP), where it is planned to minimize the energy cost by assigning weights to
each type of source, in which their price, the consumer acceptability and initially provided are
considered by the building manager. The constraints of the proposed model are the system energy
balance, the limits related to energy from renewable and non-renewable sources, the minimum and
maximum limits of BESS energy storage capacity and the limit of energy supplied by a diesel
generator.
The work developed by [10] presents an approach to find the optimal scheduling for EVs
charging and discharging processes in SB context. Artificial Neural Networks are used to predict the
power load demand of the building and photovoltaic energy generation, where the problem is
formulated as LP. The objective function is formulated in order to minimize the total energy costs,
while its constraints cover the limits for the EVs’ batteries State of Charge (SOC), charging and
discharging limit rate, besides considering that the EV must be with the battery fully charged at end
of the period and the system cannot inject power into the power network.
The references [11] and [12] present works involving the operation of SBs considering local
generation and the use of EVs as an energy resource. In [11] optimize the charging and discharging
process of Plug-In Hybrid Electric Vehicles (PHEVs), in order to reduce the power demand of the
building and its electricity costs. The objective function is formulated intending to minimize the costs
of the energy supplied by the grid, while its constraints present the update and limits for the PHEV
battery SOC, the system energy balance and ensure that the system should not sell and buy energy
from the power grid at the same time. In [12], a MILP model is presented to minimize the total daily
cost with electric energy consumption and also the stochastic model is considered to forecast PV
generation and building load demand.
In [13] the effect of a PHEV fleet on a building demand profile in Belgium is analyzed. The main
goal is to develop a MILP formulation to minimize energy demand and electricity costs. The objective
function presents the same approach as in [11], where its restrictions use binary variables to ensure
that the PHEV is not charging and discharging at the same time, while the available energy in the
batteries must respect its minimum and maximum limits and guarantee the system energy balance.
The work presented by [14] proposes a study through MILP formulation to schedule EVs
charging and discharging processes and an energy storage system. The method defines an ideal
charging time for a day, considering the arrival and departure periods of the EVs and their initial
SOC. In [15], optimal scheduling for a BESS on a Microgrid (MG) application is proposed. For this, a
MILP formulation is developed to minimize the operating cost of the MG and is solved through the
CPLEX tool. The constraints of the problem involve the system energy balance, electrical energy and
power limits for the EVs and the BESS. Besides, binary variables are used to ensure that resources
cannot be charged and discharged at the same time.
In [16], mathematical models for different types of loads is presented, enabling their operation
in real time. The objective function aims to minimize the peak load demand over a given day, while
its constraints involve electrical energy and power limits for each type of load and the system energy
balance. The proposed method is able to reduce the peak load demand, taking into account Demand
Response (DR) schemes.
The work developed by [17], proposes an integrated model for the charging process of EVs using
PV generation as a primary source. Therefore, it is considered a dynamic price scheme, V2G and the
networks' capacity restriction to formulate a MILP problem. The objective function intends to
minimize the total costs with electricity from the grid to charge the EVs.
The references [18] and [19] also consider PV generation to optimize the EVs charging process.
Reference [18], has as main objective to minimize EVs charging cost, reduce the impact on the grid
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and to increase the energy consumption from the PV generation. The work considers a forecasting
model for the PV generation and formulates the optimization problem through MILP. In [19] it is
possible to find a collaborative assessment of dynamic prices and DR strategies based on the peak
power limit with the possibility of bidirectional energy use for EVs and BESS. The paper proposes a
model based on MILP formulation, considering a Home Energy Management (HEM) system. The
HEM system considers small-scale renewable energy generation, V2G, BESS and DR strategies.
The work presented in [20], also develop an approach to find an optimal EV charging strategy,
considering V2G, charging and discharging efficiency, and battery degradation. In this way, it is
possible to analyze the viability of V2G and define limits for the model profitability. The problem
formulation provides a linear objective function, with the objective to minimize energy cost, and it is
solved by integer linear programming.
3. Methodology
In order to reduce the power demanded of a residential building, the scheduling of the charging
and discharging process of EVs and a BESS are considered. The decision variables of the problem are
binary. Therefore, the problem is formulated by a MBLP.
In the following subsection, the objective function and constraints of the proposed mathematical
formulation are presented and the most important notation and parameters are shown in Table 1.
Table 1. Nomenclature of the Mathematical Formulation

Indices
I
J
𝜏
Parameters
𝑷𝒊𝒈
𝒄𝒊
𝑷𝒊𝒔𝒃
𝑷𝒊𝒑𝒗
𝑷𝒄𝒉_𝒆𝒗𝒋
𝑷𝒅𝒊𝒔_𝒆𝒗𝒋
𝝈𝒊𝒋
𝑷𝒄𝒉_𝑩
𝑷𝒅𝒊𝒔_𝑩
𝑺𝑶𝑪𝒎𝒂𝒙
𝒋
𝑺𝑶𝑪𝒎𝒊𝒏
𝒋
𝐦𝐢𝐧_𝒇𝒊𝒏𝒂𝒍

𝑺𝑶𝑪𝒋
𝑺𝑶𝑪𝒎𝒂𝒙
𝑩
𝑺𝑶𝑪𝒎𝒊𝒏
𝑩
𝑷𝒎𝒂𝒙
𝒈
Variables
𝜶𝒊𝒋
𝜷𝒊𝒋
𝜶𝒊𝑩
𝜷𝒊𝑩
𝑺𝑶𝑪𝒊𝒋
𝑺𝑶𝑪𝒊𝑩

Index of time periods
Index of EVs
The length of interval in each period “i”
Active power extracted from the grid in period “i” (kW)
penalty factor based on the available PV versus the consumption in period “i”
Active power related to the smart building load expected in period “i” (kW)
Active power related to the photovoltaic generation foreseen in period “i” (kW)
Active power related to the charging process of the EV “j” (kW)
Active power related to the discharging process of the EV “j” (kW)
Binary parameter based on the forecasted EVs’ trips, which represents the
connection of the EV “j” in period “i”
Active power related to the charging process of the BESS (kW)
Active power related to the discharging process of BESS (kW)
Maximum SOC that EV “j” can assume in period “i”
Minimum SOC that EV “j” can assume in period “i”
Minimum SOC that EV “j” can assume at the end of the period
Maximum SOC that BESS can assume in period “i”
Minimum SOC that BESS can assume in period “i”
Maximum power that the grid can feed the building (kW)
Binary variable that represents the EV “j” charging process in period “i”
Binary variable that represents the EV “j” discharging process in period “i”
Binary variable that represents the BESS charging process in period “i”
Binary variable that represents the BESS discharging process in period “i”
SOC of the EV “j” at the start of period “i”
SOC of the BESS at the start of period “i”

3.1. Objective Function
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In the case under analysis, it is intended to minimize the peak load power demand by a
residential building. For this goal, the building load forecasted, local photovoltaic generation, and
the connection of “n” EVs, which are able to charge and discharge, and also a BESS for energy storage
are considered, in “I” periods of time with one hour step (𝜏 = 1). In addition, the connection period
of the EVs with the building is based on trip forecasts [7,8]. Therefore, the decision variables of the
problem are binary and identified by α and β, which represent the charging and discharging EV “j”,
respectively, and the BESS in each time period “i”. In this way, the objective function is presented by
equation (1).
𝐼

min: ∑ 𝑃𝑔𝑖 ∙ 𝑐 𝑖

(1)

𝑖=1

In order to guarantee the system power balance, it is required to define the mathematical
formulation of the electrical energy supplied by the power grid. As can be seen in equation (2), this
is composed by the expected building load consumption, which is considered the power required to
supply the demand of each apartment, as well as the common services. It is also considered the power
generated by the photovoltaic panels and the EVs / BESS charging and discharging process.
𝑛

𝑃𝑔𝑖

=

𝑖
𝑃𝑠𝑏

−

𝑖
𝑃𝑝𝑣

𝑖
𝑖
𝑖
𝑖
+ ∑(𝑃𝑐ℎ_𝑒𝑣𝑗
∙ 𝛼𝑗𝑖 − 𝑃𝑑𝑖𝑠_𝑒𝑣𝑗
∙ 𝛽𝑗𝑖 ) ∙ 𝜎𝑗𝑖 + 𝑃𝑐ℎ_𝐵
∙ 𝛼𝐵𝑖 − 𝑃𝑑𝑖𝑠_𝐵
∙ 𝛽𝐵𝑖

(2)

𝑗=1

A cost power availability for EVs / BESS charging and discharging process, in period “i”, is
considered in equation (3). This parameter finds the most appropriate time to optimize the EVs / BESS
charging and discharging process. Therefore, it is defined considering the power values related to
the expected building loads and the generation of the PV panels.
𝑐𝑖 =

𝑖
𝑖
(𝑃𝑠𝑏
− 𝑃𝑝𝑣
)

min(𝑃𝑠𝑏 − 𝑃𝑝𝑣 )

(3)

It is worth noting that in this work it is assume that the consumption energy by SBs is higher
than the PV production in each period.
3.2. Constrains
This subsection presents the constraints of the proposed MBLP problem. For the effectiveness of
the model, it is necessary to ensure that the resources do not violate their physical limits and they are
not charging and discharging at the same time. Also, there are restrictions for the minimum SOC of
the batteries and the maximum value of the power to be consumed from the power grid.
3.2.1. Electric Vehicles Constraints
It is necessary to set the following restrictions to ensure that the physical limitations of the
storage capacity of the EVs batteries are not violated. The updated formulation of SOC for each EV i
= 0, 1, ..., I-1 is defined by constraint (4).
𝑆𝑂𝐶𝑗𝑖+1 = 𝑆𝑂𝐶𝑗𝑖 + 𝜎𝑗𝑖 . (𝑃𝑐ℎ_𝑒𝑣𝑗 ∙ 𝛼𝑗𝑖 − 𝑃𝑑𝑖𝑠_𝑒𝑣𝑗 ∙ 𝛽𝑗𝑖 ) ∙ 𝜏

(4)

Note that 𝑆𝑂𝐶𝑗0 are the initial SOC value for each EVs when they connect with the building. Then,
the constraint (5) is presented to guarantees the maximum value for the SOC that the battery of each
EV can assume in each period “i”.
𝑆𝑂𝐶𝑗𝑖 ≤ 𝑆𝑂𝐶𝑗𝑚𝑎𝑥 , 𝑖 = 0, … , 𝐼

(5)

In addition, the minimum SOC values of the EVs have to be defined. Although, they do not
assume negative values. But, for the feasibility of the study, the minimum value for the 𝑆𝑂𝐶𝑗𝑖 at i = 1,
2,...,I-1 is set at 50% of their maximum capacity. Thus, the equations (6) and (7) represent the
constraints for the minimum value of 𝑆𝑂𝐶𝑗𝑖 at any period of time “i”, i = 1, 2,...,I-1 and in the last
period (i = I).
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𝑆𝑂𝐶𝑗𝑖 ≥ 𝜎𝑗𝑖 . 𝑆𝑂𝐶𝑗𝑚𝑖𝑛 , (𝑖 = 1, 2, … , 𝐼 − 1),
min _𝑓𝑖𝑛𝑎𝑙

𝑆𝑂𝐶𝑗𝐼 ≥ 𝑆𝑂𝐶𝑗

.

(6)
(7)

To avoid the charging and discharging of EVs at the same period, the constraint (8) is formulated.
𝛼𝑗𝑖 + 𝛽𝑗𝑖 ≤ 𝜎𝑗𝑖

(8)

Finally, the following constraints (9) and (10) are presented to ensure that the decision variables
related to the EVs are binary.
𝛼𝑗𝑖 ∈ {0,1},

(9)

𝛽𝑗𝑖 ∈ {0,1}.

(10)

3.2.2. BESS Constraints
Here, with a similar approach that presented for the EVs in the last subsection, the necessary
constraints for the SOC of BESS are defined. The constraint (11) presents the update formulation for
the SOC of BESS in each period of time “i” with i = 0, 2,...,I-1.
𝑆𝑂𝐶𝐵𝑖+1 = 𝑆𝑂𝐶𝐵𝑖 + (𝑃𝑐ℎ_𝐵 ∙ 𝛼𝐵𝑖 − 𝑃𝑑𝑖𝑠_𝐵 ∙ 𝛽𝐵𝑖 ) ∙ 𝜏.

(11)

As proposed for the EVs’ constraints, the constraint (12) guarantees the maximum SOC value
that the BESS can assume in each period “i”.
𝑆𝑂𝐶𝐵𝑖 ≤ 𝑆𝑂𝐶𝐵𝑚𝑎𝑥 ,

𝑖 = 0, … . , 𝐼

(13)

In addition, the constraint (13) ensures that the SOC of the BESS system in each period “i” does
not violate its minimum limit.
𝑆𝑂𝐶𝐵𝑖 ≥ 𝑆𝑂𝐶𝐵𝑚𝑖𝑛 ,

𝑖 = 1, … . , 𝐼

In the same way, as proposed for the EVs, it is necessary to ensure that the BESS cannot charge
and discharge at the same period “i”, as formulated in (14).
𝛼𝐵𝑖 + 𝛽𝐵𝑖 ≤ 1.

(14)

Finally, the decision binary variables related to the BESS are shown by equations (15) and (16).
𝛼𝐵𝑖 ∈ {0,1},

(15)

𝛽𝐵𝑖 ∈ {0,1}.

(16)

3.2.3. Load Grid Constraints
In this subsection, the constraint (17) is defined that represents the maximum power of grid that
can feed the building during each period “i”.
𝑃𝑔𝑖 ≤ 𝑃𝑚𝑎𝑥
𝑔 , 𝑖 = 1, … , 𝐼.

(17)

The presented model in this section was formulated as a MBLP problem. In order to solve this
optimization problem, a mathematical programming language (AMPL) software is used. In this way,
we use CPLEX solver to solve the MBLP in which the Branch and Bound (B&B) algorithm is used.
The results obtained from this application are presented and discussed in the next section.

4. Results
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In order to validate the proposed mathematical formulation in the previous section, a case study
for a residential building with 12 apartments and various consumption profiles to reduce its peak
power in the period of 6 hours is presented. Besides, it is assumed that the actual data of PV, total
building electrical energy consumption, trips and initial value of SOC for the batteries of the EVs and
BESS are known from forecasting methods [7,8].
4.1. Case Study
Here, the following three scenarios are considered as a case study in this work.
1.

2.
3.

In the base scenario, the EVs start their charging process as soon as they are connected to the
building and the process is stopped as soon as their SOC reaches 65% of its total capacity. Note
that in this case, the discharge process does not occur as well as the BESS it is not considered.
In the second scenario, it is intended to optimize the schedule of the charging and discharging
process for each EVs. Like the first scenario, the BESS is not considered.
The last scenario is similar to the second one but in this case, the BESS with a storage capacity of
500 kWh, is added to the model.

Finally, an economic analysis is performed for the scenarios considered in this work, where a
contracted demand for the building is proposed, considering a penalty cost for each exceeded kWh
and bonuses for users who choose to perform a DR when it is necessary.
In order to validate the developed model close to real situations, the characteristics of the EVs
and the BESS are considered based on the market specifications.
In this respect, the characteristics of the EVs come from the BMW i3 94 Ah vehicle found on the
manufacturer's website [20], while the BESS data come from the catalog of the company NARADA
according to the model BESS-1000L [22]. Both data are presented in Table 2.
Table 1 – EVs and BESS specifications.

BMW i3 94 Ah
BESS-1000L

Storage Capacity (kWh)

Charge Power (kW)

Discharge Power (kW)

27,2
500

3,7
6,3

3,33
5,67

Table 3 shows the value of some parameters regarding of the initial SOC of each 12 EVs that
were considered.
Table 3 – EVs and BESS Parameters.

𝑺𝑶𝑪𝟎𝟐
40%SOC1max

𝑺𝑶𝑪𝟎𝟑
37%SOC1max

𝑺𝑶𝑪𝟎𝟒
70%SOC1max

𝑺𝑶𝑪𝟎𝟓
40%SOC1max

𝑺𝑶𝑪𝟎𝟔
𝟒𝟕%𝐒𝐎𝐂𝟏𝐦𝐚𝐱

𝑺𝑶𝑪𝟎𝟕
80%SOC1max

𝑺𝑶𝑪𝟎𝟖
37%SOC1max

𝑺𝑶𝑪𝟎𝟗
40%SOC1max

𝑺𝑶𝑪𝟎𝟏𝟎
43%SOC1max

𝑺𝑶𝑪𝟎𝟏𝟏
𝟕𝟖%𝐒𝐎𝐂𝟏𝐦𝐚𝐱

𝑺𝑶𝑪𝟎𝟏𝟐
56%SOC1max

𝑺𝑶𝑪𝟎𝑩
80%SOCBmax

𝑺𝑶𝑪𝒎𝒂𝒙
𝑩
100%Capacity

𝑷𝒎𝒂𝒙
𝒈
70

𝑺𝑶𝑪𝟎𝟏
𝟑𝟖%𝐒𝐎𝐂𝟏𝐦𝐚𝐱

4.2. Base Scenario– EV charge up to 65% of its maximum SOC capacity
For validation of the developed MBLP optimization model, firstly, the base scenario is
considered in which the EVs continue with their charging process until reaches 65% of their
maximum capacity.
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Figure 1 shows the power curves of the building resource, as well as the electricity consumption
from the power grid (Pg) in the analyzed period, which is the base value used for comparison with
the other scenarios.

Figure 1 - Power curves analyzed from the building to the base scenario.

A simple analysis indicates that the peak power consumed from the power grid in this
scenario reaches 49.99 kW and occurs at 19h. Therefore, the model proposed in this work intends to
reduce this value (peak value) with a strategy of optimal scheduling for building resources.

Figure 2 - Amount of grid and PV system power needed to feed the building load and the EVs
charging in the base scenario.

It can be seen in Figure 2 that the ideal period for the EVs charging process occurs at the initial
moments of the analyzed time horizon. However, the EVs’ travel makes this difficult, because not all
EVs are connected to the building in the initial periods.
4.3. Scenario 2 – Scheduling of the EVs Charging and Discharging Process
For this scenario, it is assumed that each vehicle starts it's charging process and discharging
process in appropriate times that are considered by the model, to reduce the peak load demand from
the grid during the period analyzed.
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When analyzing Figure 3, it can be seen that in the periods when the load demanded from
the building was low, that is in the initial moments, then the model triggered the charge of the EVs.
In the periods when the load demanded from the power grid was very high, therefore the store
energy in EVs is discharged. It can be seen that the strategy assumed by the model made the peak
load from the power grid to be reduced to 23.35 kW, obtaining 53% reduction when compared to the
base scenario.

Figure 3 - Specification of each type of source that feeds the building and the EVs charging process in
scenario 2.

In Figure 4 it is also possible to verify the impact of the model strategy. Note that some EVs
had considerable variations during the period, but always respecting the minimum limit (50% of the
capacity) that is defined for the entire period of analysis. It is still possible to verify that all vehicles
have a SOC with at least 65% of the capacity at the end of the period.

Figure 4 – SOC variation of each EV in scenario 2.

4.4. Scenario 3 - Scheduling of the EVs and BESS Charging and Discharge Process
In scenario 2, it was intended to minimize the peak load demand identified in scenario 1, which
was able to manage the process of charging and discharging of each EV in the most appropriate way
to comply with the objectives of the problem, without the presence of a BESS.
In scenario 3, a BESS with 80% initial SOC will be added to the model. It can be seen in Figure 5
that the model maintained the charging process of the EVs in the initial periods.
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Figure 5 - Specification of each type of source that feeds the building and the EVs charging process
in scenario 3.

By Figure 5, it is still possible to show that the BESS plays a fundamental role in the reduction of
the peak load consumed from the power grid. Note that initially, it had a high initial SOC, 80%. It
was possible to use the stored energy in the system to feed the building load and the EVs charging
process, mainly in the time periods that it was needed to consume a significant electrical energy from
the grid. It is also possible to observe that the stored energy in the EVs in the initial periods was
discharged (in yellow) in the final periods. This process contributes to significantly reduce the peak
load consumption from the grid and prove an effective adopted strategy by the developed model
aligned with the objectives proposed in this study. Thus, it can be seen that the model was able to
reduce the peak load consumed from the power grid to 17.68 kW, being this a reduction of 65% in
comparison with scenario 1.

Figure 6 - SOC variation of each EV in scenario 3.

Finally, it is possible to confirm that at the end of the period all vehicles have a SOC at least 65%
of their maximum capacity. It can also be observed that the variations pointed out in scenario 2 were
maintained, respecting the minimum and maximum limits that are defined for the SOC of the EVs.
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4.5. Economic analysis
By law, typically, each apartment has a contracted power value from a certain electricity supplier
(in an electricity market environment). The considered building is formed by 12 apartments and a
common area in which 6 apartments have a contracted power of 6.9 kW and the other 6 have a
contracted power of 10.35 kW. The defined billing only takes into consideration the energy tariff, in
€/kWh. In this way, it is possible to verify how much the building would spend with the electrical
energy consumption bill considering real used tariffs [23]. Thus, by considering the contract power
by each apartment individually, the building would spend €50.34 considering the electric energy
spent in the analyzed period.
4.5.1. Comparison between Scenarios 1 and 2
In this part of the work, it is proposed that instead of hiring an individual power demand for
each apartment, the building manager hires a value that covers the needs of apartments and common
areas, managing the required demand for the EVs charging process. Thus, based on real load profiles,
it is proposed to reach a contracted power for the entire building than can cover all power needs of
41.4 kW and a penalty of 3 €/kWh that exceeds this value.
It is possible to verify that the exceeded power demand values are not significant which allows
considering a model of DR for the users that requiring a reduction in their consumption as soon as
the exceedance of the proposed contracted power value of the building.
For this purpose, a subsidy (10% of the contracted demand tariff per each kWh reduction) is
proposed to users join the DR. In this way, DR measures are advantageous for the building manager,
who does not need to pay the overtaking penalty, and for the user who adhere to this measure
receives a bonus on the electricity bill. Therefore, for scenario 1, a total building billing was € 46, 85,
corresponding a reduction of 7% in the billing for the analyzed period. For scenario 2, there are 4
periods in which the grid power supply exceeds its proposed contracted limit, and these should
present penalties. As a result, the billing for the period under analysis in scenario 2 would be € 42.38,
corresponding a decrease of 10% in comparison with scenario 1.
4.5.2. Comparison between Scenarios 1 and 3
In this step, the same considerations made in the previous topic are assumed that is, the
possibility to penalize the manager of the building for each exceeded kWh and the possibility of DR
usage. Thus, in scenario 3 it is possible to verify that the electricity consumption exceeds the value of
the proposed contracted power at two times (16h and 17h). The strategy adopted by the model in
scenario 3, applying the appropriate tariffs, provided a 28.4% reduction in the costs concerning
electricity consumption, resulting in a bill of € 36.05 for the analyzed period, and also, with a
comparison with scenario 1, there was verified a reduction of 23%.
5. Conclusions and Further Work
In this work, three scenarios were considered in the case study. The first scenario considers that
the EVs start their charging process as soon as they are connected to the building and the process is
stopped as soon as their SOC reaches 65% of its total capacity. It is not considered the use of the
storage system. The second one the charging and discharging process of EVs were optimized. The
third one considered the optimization of the charging and discharging process of EVs and BESS. In
addition, an economic analysis was presented among the scenarios, considering a time-of-day tariff
(TOU).
Figure 7 depicts the curve of power consumption in several scenarios. When considering the
possibility of managing the EVs and BESS charging and discharging process, positive results were
obtained, where it was able to charge enough power in the initial periods and discharge it at a time
when it needed a high building demand. With this, the reductions in the peak of the consumed power
reached up to 65%.
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Figure 7 - Variation of the demanded power from the grid in all analyzed scenarios.

When carrying out an economic analysis, the data from scenarios 1, 2 and 3 were submitted to a
TOU tariff structure, in accordance with the Portuguese legislation. Therefore, it was considered the
possibility of the building contracting a single power to meet all its electricity demand, assuming a
penalty for overtaking and a bonus for users that adheres to DR calls. With this, it was possible to
obtain a reduction up to 28% with the costs in electricity, as shown in Figure 8.
When analyzing the obtained results, it is noticed that the management of energy resources in
buildings is feasible and proves to be advantageous to its users. In this way, it is possible to conclude
that the method developed in this work was effective, meeting the initially proposed objectives.

Figure 8 – Billing comparison among the several scenarios

5.1. Further Works
As discussed, some EVs were not able to perform the V2G process with the building, possibly
due to the fact that the time horizon is relatively short (only 6 hours). Better results could be obtained
for a greater time horizon, being able to increase the capacity of the model to more efficiently stagger
the charging processes of the EVs.
In addition to the time horizon, it is suggested as future work, a two-level optimization. This is
justified by the fact that the input data for the problem comes from forecasting methods. These,
however, are not 100% consistent with reality and may present discordant with real-time situations.
Thus, a two-level optimization would consider the data from forecasting methods to generate a
schedule for the next day, and thereby perform a second-level optimization, considering next-day
scheduling as input information for the model, and data from real-time measurements. With this
approach, it could be possible to significantly increase the robustness of the model.
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Finally, it is suggested the possibility of associating a degradation cost to the EVs battery.
Currently, the price of batteries is still very high, which hinders the economic viability of models that
consider the process of charging these vehicles. As discussed in the state of the art, works that
considered the cost of EV battery degradation has concluded that it is not economically feasible to
use the vehicles for this purpose. With the development of new technologies, reducing the price of
their batteries increases the chances of making their use, as a resource to be managed, viable in the
near future.
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