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Abstract: The residential sector is one of the sectors with the highest rates of electricity consumption
worldwide. For years, many studies have been presented in order to minimize energy consumption
at the residential level. The idea of such studies is that the residential customer (RC) is the interested
party of their own consumption. Moreover, the algorithms that have been developed to predict
and manage the energy consumption, also analyze the behavior of the loads, with the objective of
minimizing the energy costs, with good safety, robustness, and comfort levels. In the context of the
smart house (SH), one of the objectives of smart grids (SGs) is to enable the RC, with home energy
management systems (HEM), to actively participate, allowing for higher reliability at different levels.
In this work, a new model that simulates the behavior of an SH, considering heating, ventilation and
air conditioning (HVAC) and sanitarian water heater (SWH) devices, is presented. For this purpose,
the proposed model considers realistic physical parameters of the SH, together with customer comfort,
in order to mitigate the RC disinterest. The proposed model considers the electric vehicle (EV),
a battery-based energy storage system (ESS), a micro production unit, and different types of tariffs that
the RC might choose, aiming to maximize the benefits, and temporarily shifting the proposed loads.

Keywords: controllable load; decision tool; home energy management; residential customer; smart
grid; smart house

1. Introduction

1.1. Framework and the State-of-the-Art

Nowadays, there is a need to optimize the energy consumption of houses in order to minimize the
energy costs and reduce the greenhouse gas emissions. For that purpose, the European Union members
are increasing renewable energy production, starting with more variable power generation [1]. It is at
this point that a new concept emerges—the concept of the smart house (SH).

The SH is a technology where everything can be controlled and monitored in different areas,
such as home appliances, energy-consuming devices such as heating, ventilation and air conditioning
(HVAC), dishwashers, washers and dryers, all through the use of networks [2]. The consumers have
access to in-house device controllers, which results in a better quality of life and better cost saving.
In the last decade, a competitive energy market has been established. During the day, there is a
variation in the energy prices which facilitates the idea of buying electricity when it is cheaper. Based on
that, SHs are being integrated into a smart grid (SG) eco-system, in terms of the households’ energy
consumption and management [3].

Energies 2019, 12, 3710; doi:10.3390/en12193710 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8328-9708
http://dx.doi.org/10.3390/en12193710
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/19/3710?type=check_update&version=2


Energies 2019, 12, 3710 2 of 24

Therefore, it is necessary to create a scheme where it is possible to change the power consumption
of a residential customer (RC), to better match the demand with the supply.

An SH provides an RC with sophisticated monitoring and control, over the house equipment,
through advanced automation systems. An SH should have an integrated prediction mechanism,
and an algorithm for decision making, human–machine interface, with wireless networking, amongst
others [4,5]. Any device in an RC house that uses electricity can be put on the RC home’s network
under the RC’s command, i.e., when the RC gives the order, the SH reacts.

Most applications are related to lighting, home security, home theatre and entertainment,
and thermostat regulation. SHs also include security, medical treatment, data processing, entertainment,
and businesses at home [6]. SHs are able to record the consumption of different electrical appliances by
use of a smart meter. However, RCs are reluctant to have smart meters mainly because of the costs
involved [7]. Along with the electrical installations, SHs include network setups such as wireless and
ZigBee®(Zigbee Alliance, Davis, California, USA). However, there are several meanings of the term
SH. SH can be divided into three technological groups, all of them with the main goals of improving
the automation process and reducing the final consumption [8].

The first group is considered as the group with devices that are controlled remotely, with the
equipment connected to each other. The second group consists of the programmable houses where the
purpose is to adapt, according to different types of input sensors, and to recognize certain situations.
Finally, the third group of the SHs aim to recognize patterns and react to the inputs. All of these
developments, and automation in this field, will help RCs, and other electrical players, to reduce their
Internet bill and optimize the electricity bidding and prices by conducting load management through
the SH.

With the help of a smart phone or a laptop, loads can be managed remotely to help the RC to
control and manage the energy and equipment and, as a result, reduce the energy bill. Every load has
a different type of operation, so it becomes necessary to separate the different type of loads into the
critical loads and controllable loads [9].

Critical loads are lighting, refrigeration and freezing. The controllable loads can be divided into
thermostatically controlled and non-thermostatically controlled. In the first group are the HVACs and
sanitarian water heater (SWH). For these, two different types of loads, and a set temperature needs to
be chosen, whether by the consumer or the program [10]. The non-thermostatically controlled loads
are the dishwashers, washers, dryers, plug-in hybrid EV, and other equipment that does not need to
have a set temperature.

The market for EVs is growing and they are becoming more and more common [11]. One of the
EV advantages, in an SH, is the flexibility given by considering the charging/discharging schedule.
This means that the charging/discharging of the EV can be scheduled at specific times in order to avoid
the energy peak [12] thereby benefiting the consumer. The EV linked to an SH has the ability to stop
the charging and continue it when it is convenient. Another ability of the EV is the capability of not
only having the operation of the grid to the vehicle (G2V), but also the vehicle to the grid (V2G) [13].
This means that when the grid needs it, the EV can also work as a battery that sells energy to the grid,
i.e., as a bidirectional power flow, helping in the control of the power peak.

Moreover, there are different ways of achieving the goal of lowering the energy price and peak
load, by adopting several types of load management. One of them is load shifting, where loads that are
independent of time, and cause minimal inconvenience, are shifted from peak time to another period
of time where the grid load is lower, ensuring that certain equipment will work when the price is lower.
Another type of load management is through conservation, where the overall goal is to reduce the
energy consumption. This type of management will maintain the shape of the daily consumption,
reducing the power every hour, or at least for most of them. The last one is peak clipping, where the
system will limit the power consumption to an upper limit, turning off the equipment when the power
reaches that limit [14].
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The load shifting can be divided into three, without shifting, power shifting, and time shifting.
Power shifting is related to the change of the loading pattern, e.g., charging of the EV, which will be
divided into different periods throughout the day. The time shifting will change the start and end time
to allow a better allocation of the loads [15]. However, time shifting is limited and it can be applied to
the dishwashers, dryers, and washing machines.

1.2. Benefits and Risks of a Smart House and Demand Response Concept

SHs guarantee benefits to both the electricity suppliers and the RCs [16]. The authors of [17]
conducted a study that showed the multiple benefits of an SH, compared to a non-SH, with real
experimental values. It was proven that the RC, with an SH, had accurate billing information, helping
to reduce the energy costs and helping the consumer to regulate his/her behavior while using a variety
of technology. The communication between the energy supplier and the RC is essential due to the
suppliers’ knowledge of the energy market mechanisms and the different energy rates.

The authors of [18] described the numerous benefits of an SH which can improve the RCs’ lifestyle.
An SH can save energy, make things easier, save time and money, provide comfort, and improve the
quality of life and leisure. Hence, SHs also can provide healthcare for individuals, especially for older
people, making it possible to measure the vital signs of people in their own home [19]. However,
there are some associated risks, such as the increased dependence on the technology, the increased
dependence on the electricity networks, and the possibility of privacy invasion, amongst others [18].

One of the biggest problems is achieving the necessary security, which has been the major problem
for SH implementation. Integrating security-enhancing methods is difficult because the design is not
linear, and it requires substantial investigation and investment. For instance, in [20], a risk analysis in
an SH automation system was performed, and the results showed that with the implementation of
standard measures, the risks can be minimized to acceptable levels. Security needs to be achieved in
different categories:

• Confidentiality—the guarantee that the data will be disclosed only to authorized entities or
systems. This means that only authorized people are allowed to access certain information;

• Integrity—the guarantee that the accuracy and consistency of the data will be maintained.
No unauthorized modifications, destruction, or losses of data will go undetected;

• Availability—the assurance that any network resource (data/bandwidth/equipment) will
always be available for any authorized entity. Such resources have to also be protected
against any incident that threatens their availability;

• Authenticity and authorization—the validation that communicating parties are, who they
claim they are, and that messages supposedly sent by them are indeed sent by them;

• Non repudiation—undeniable proof to verify the truthfulness of any claim of an entity [21].
In order to minimize the energy costs, the SHs have programs that help users to reduce
their expenses. These programs are called demand response (DR) programs.

DR, as explained by the authors of [22], can be divided in two groups: DR-based on prices
(PBDR), and DR-based on incentives, (IBDR) programs. The IBDR programs are classified into three
groups: voluntary effort, the market clearing programs, and the price based programs. A DR program
introduces load flexibility, where different entities will benefit, starting with RCs and the electricity
supplier [23]. The main goal of these DR programs is to regulate the operational and economical
parameters of the power system [24]. PBDR programs are capable of offering a scheme based on the
price variation. As an example, the real-time pricing (RTP) scheme is able to “transport” the wholesale
market principles into the retail market.

RCs can benefit from an electricity bill reduction if the RCs adjust their demand according to the
prices. RCs are informed about the tariffs an hour ahead of time, in order to adjust their loads [25].
Another price-based DR, the time-of-use (TOU) pricing, is an electricity model that changes with the
time of day. This tariff is low in off-peak, moderate in mid-peak and high in peak-periods. TOU also
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includes the seasonal variation of the energy consumption [26]. TOU pricing is more practical than
real-time pricing (RTP) for most consumers, and reduces the efficiency of single pricing [27]. Moreover,
the objective of the critical-peak pricing (CPP) program is to drastically reduce the load during the few
intervals where the price is very high [28].

1.3. Related Works Considering Management of Controllable Appliances in a Smart Home

The efforts and widespread information in this field of knowledge is notable, however, there are
several factors, as stated in previous section, that influence the general acceptance of SH, and in this
sense, it is not yet a mature field [29]. In this trend of HEM approaches, considering controllable loads
and other RC inputs, such as tariff, RC comfort, among others, several examples can be obtained.
For instance, in [30], the optimal operation of a neighborhood of SHs in terms of minimizing the
total energy cost was analyzed, considering several levels of facilities in an SH, some technological
communication options, different tariffs and several safety constraints. The proposed approach
demonstrated that RCs would be incentivized to shift their consumption in order to achieve lower
electricity bills, and called for a smoother introduction of SH in order to reduce their impacts.

In [31], a real-time appliance-based HEM approach was proposed considering an appliance control
algorithm modeled through Petri nets, in a priority order, to reduce the electricity bill and improve
the energy efficiency, keeping the user comfortable. The results showed significant reduction in the
consumption, final bill cost and peak load reduction.

In [32], a two-level HEM framework was proposed. In the first level, RCs run an optimization
model to minimize the payment cost, forwarding the desired operational scheduling results to the
system operator. In the second level, a multi objective optimization model is described in order to
improve the reliability of the distribution system considering the load demand deviation, given the
least desired payment cost of each RC. It was demonstrated that the proposed HEM program reduced
the distribution peak load, as well as the system losses, compared to the same case without the
HEM strategy.

In [33], the concepts of the contemporary house with SH technology was presented and a literature
review was carried out on SHs research related to energy management within the RCs and network
system. From this research, it was determined that higher considerations of the SH features are
needed, in terms of real applications and new socio-technical outlines. The authors of [34] proposed
an information gap decision theory model for robust HEM, considering the summer season in the
presence of market price fluctuation scenario. To this end, the optimization problem of low-energy SH
was modeled considering the risks and formulated as a mixed-integer non-linear programming.

In [34], a novel incentive-based HEM model was proposed to manage the community demand
reduction requests proficiently, rewarding RCs with the needed comfort and multi-level financial
incentives. To this end, a new comfort sign was proposed which takes into consideration thermal and
major controllable appliances. The proposed model was structured by a genetic algorithm structure
in order to minimize the rewarded costs and maximize the RCs’ comfort level. Moreover, a mixed
integer model was used for comparison analysis, and it was concluded that the proposed approach
outperformed in terms of reward incentives, comfort levels, and the number of active appliances.

In [35], a social welfare maximization model was proposed based on Markov decision process,
considering the features matrix that describes the elasticity appliances available in the SH, as well as
several state transfer functions to highlight the semi-elastic appliances. Moreover, in order to guarantee
the RCs’ privacy, the model was divided into two sub-problems, i.e., RCs and suppliers. From the
RCs’ perspective, a modified decentralized RTP algorithm was developed to solve the optimization
problem. To consider the supplier perspectives, the dual sub-gradient technique was implemented to
compute the convex optimization problem in the paper.

Moreover, in [36] a scheduling model of RC appliances considering appliances’ features as well as
the RC comfort was considered by a bottom-up engineering model, in order to obtain an enhanced
understanding of residential electricity demand patterns. To cover the nonlinear complex combinatorial
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problem, an improved cooperative heuristic approach was proposed to achieve a near optimal solution
with enhanced outputs.

In [37], an incentive-based demand management model for schedulable appliances was proposed,
with the goal of creating scalability to the system. To this end, a compensation scheme was adopted
for load appliances shifting, based on the awkwardness level. Moreover, different demand reduction
events within a month were analyzed with the proposed scheme, considering the outputs through TOU
tariff, and a base case model. The reported results demonstrated that the proposed model might save
11.3% in comparison to the base case, and 6.2%, on average, considering TOU tariff-based optimization.

Recently, more contributions considering controllable load appliances management in an SH have
been proposed. An example of this is found in [38], where the strategy of smart energy management
system was proposed to deal with the scenario of a complete power outage in an area with partial load
shedding, as well as taking into consideration RCs’ preferences. To this end, DR strategies were also
applied, through the maximum demand bound levels, changing the priorities assigned to an appliance.
Cost optimization models based on TOU, RC comfort level and sensoring data were included in the
proposed model.

In [39], a HEM model was presented, considering linear programming, in order to adjust the power
of thermostatically controlled loads (specifically the HVAC system) together with photovoltaic-battery
ESS. The HVAC system was initially calculated considering variable home temperatures, while the
HVAC consumption was estimated using degree-days. Moreover, the output from photovoltaic-battery
ESS was computed considering technical parameters, i.e., solar irradiances and ambient temperatures.
The proposed HEM demonstrated a significant energy reduction by 30%, maintaining the RC’s comfort,
as well as guaranteeing the ESS lifetime and operational constraints.

The authors of [40] analyzed the definition concerning the concepts of smart city and smart
commodities and facilities. The main goal here was understanding, and capturing the essence of
meaning of smart concepts, so as to address or easily show the impacts on future smart stakeholder
participants. The research analyses demonstrated that further and deeper collaboration between the
information and communication technologies and social–economic research fields is crucial, and should
be started and combined in a viable manner, in order to satisfy the participants’ needs in a smart
concept reality.

In the same vein, the authors of [41] presented a text mining model to create an accurate
understanding about smart services definitions, through a combination of metrics and machine
learning concepts. The aim was to analyze the text data related to smart service systems from the
widespread scientific literature in recent years, with the main goal of creating a base concept across
multiple disciplinary overviews for the future of smart systems research proposals.

1.4. Goals, Contributions and Structure

The present work aims to study the functioning of an SH, with limited resources, and equipped
with a wind micro turbine, EV energy-exchange possibility, and a battery-based ESS. The possibility of
selling back to the grid, within the line limit parameters is also including, taking into consideration:

• The evaluation of the load distribution of the SWH for each tariff under analysis;
• The evaluation of the load distribution of the HVAC system, in cooling mode, for each tariff;
• The evaluation of the cost/profit associated for each tariff (flat price, TOU, RTP,

and CPP schemes).

In this sense, and following the latest trend in this field of knowledge, this work proposes
a HEM model analysis to improve the efficiency and reliability, with increased integration of SH
concepts and controllable loads as SWH and HVAC systems. The problem is addressed from the
RC’s point-of-view, unlike most existing approaches in the scientific literature, which take the system
operator’s point-of-view.
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A two-stage stochastic management model analysis was developed. The first stage is the
day-ahead market, where the price of the trade is set for the next-day, and the second stage, or the RTP,
is where the energy can be traded in real-time, which gives different prices to the day-ahead model.
On this proposed model, some stochastic parameters that correspond to wind generation have been
implemented, due to the natural uncertainty of the wind behavior.

So, the objective and main goal of this work is also related to the implementation of an algorithm
that allows for a physical-based model analysis of the SWH and HVAC systems, and their usage, in
order to minimize the power consumption/energy cost, while still adequately taking into consideration
the RCs’ comfort. For the interpretation and analysis of the results obtained in the modeling of
the proposed problem, several case studies (with different tariffs) are considered for an extensive
analysis. The remaining manuscript is organized as follows: Section 2 presents the methodology
and mathematical formulation considered in the proposed model; Section 3 presents the case studies,
the results, comparison and discussion analysis; Section 4 lists the main conclusions drawn in this
work and Section 5 shows the future directions that might be conducted from the current work.

2. Mathematical Formulation

In this section, the mathematical formulation that defines the cost or revenue for the RC will be
presented. Moreover, the mathematical formulation necessary to correlate the relation between the SH
consumption and the exchanges with the network, will also be presented. The different constraints of
both the SH, and the network, are also formulated.

As stated before, the model used in this work runs under a stochastic programming, and it is
divided into two different stages. The first stage is the day-ahead market, where the price of the trade
is set for the next-day, and the second stage, or the RTP, is where the energy can be traded in real-time,
with different prices to the day-ahead model. Moreover, some stochastic parameters from wind power
generation have been considered, due to the natural uncertainty and volatility of the wind behavior.
Then, the physical-based model of the house has been obtained, in order to understand in which way
the energy usage increases for the controllable loads under study, i.e., the SWH and HVAC systems,
and based on their features, the goals are to minimize the power consumption/energy cost, as well as
satisfy the RCs’ comfort.

2.1. Objetive Function and Market Pricing Modelling

The objective function is the minimization of the total expected cost (EC), or increase of the
expected profit (EP), by selling/purchasing energy to/from the day-ahead and the real-time market.
The objective function will consider the first and second stages, the day-ahead and the real-time stages,
respectively. In Equation (1) the EP or EC consists of two parts. The first part is the EP due to the
energy trade with the day-ahead local market (LM).

The second part of the equation represents the profit of the exchanged energy in the real-time
market. This is related to the energy revenue, the energy cost, the wind spillage cost, and the
load shedding costs of the SWH and HVAC systems. Note that in this formulation, the cost of the
battery-based ESS and the EV are equal to zero, because it is a HEM problem analysis only [42].

For the first stage, the day-ahead market is considered where the variables are only related to the
day-ahead market, and where the different wind power scenarios are not considered. For the second
stage, 10 different wind power scenarios are considered, with each wind power scenario having the
same equiprobability, i.e., πw = 10%. Moreover, the wind micro-turbine, ESS, and EV, are the energy
resources in the house.
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The HVAC system is considered as a thermostat programmable controllable load, the SWH tank
is considered as a thermostat controllable and shiftable load, and the must-run services are considered
as non-dispatchable loads, without considering the uncertainty of this type of load [43].

EP =
∑

t

λda
t Pnet, da

t +
∑

t

πw

∑
t

(
λsold, rt

t Psold, rt
tw − λ

pur,rt
t Ppur, rt

tw −VSStw
)

(1)

Equation (2) represents the power balance equation due to the power output of the wind
micro-turbine, the discharged power of the ESS, the discharged power of the EV, the charge power
of the ESS, the charged power of the EV, the traded energy with the LM, the predicted values of the
SWH, and HVAC systems, and the must-run services. Equation (3) represents the limit of power in the
lines, in both directions. On the day-ahead market, in contrast to the RTP scheme, only the forecasted
values are considered. Moreover, Equation (4) represents the energy traded with the day-ahead market,
based on the wind power point forecast.

Pwind, da
t + γbPb, dis, da

t + γevPev, dis, da
t

= Lhvac, pred, da
t + Lswh, pred,da

t + Lmrs, pred, da
t + γbPb, ch, da

tw + γevPev, ch, da
t

+Pnet, da
t

(2)

− fmax ≤ Pnet, da
t ≤ fmax (3)

Pnet, da
t = Pwind, pred

t (4)

Equation (5) represents the power equation of the SH, in real-time. The values of energy
consumption by the HVAC system and the SWH tank are calculated based on the algorithms that will
presented in the next sub-section. The energy balance is performed every 5 min in order to incorporate
the values obtained for the HVAC system and the SWH tank models. These models need to calculate
values every 5–10 min in order to accurately model these loads.

Equation (6) expresses the load balances on the SH exchange lines with the SG. The sum of the
values of the energy exchanges with the network must obey the constraints of the maximum limits of
the line. Equation (7) represents the maximum value of the sold energy in the real-time market and the
energy consumed in the real-time market following the respective constraints.

Pwind,rt
tw + Pb, dis, rt

tw + Pev, dis, rt
tw + Ppur, rt

tw
= Lshd,rt

tw + Lswd,rt
tw + Lmrs, rt

tw + Pb, ch, rt
tw + Pev, ch, rt

tw
+Pnet, da

tw + Psold, rt
tw

(5)

− fmax ≤ Pnet, da
tw + Psold, rt

tw + Ppur, rt
tw ≤ fmax, ∀t ∈ T, ∀w ∈W (6)

Psold, rt
tw + Ppur, rt

tw ≥ fmax, ∀t ∈ T, ∀w ∈W (7)

2.2. Sanitary Water Heating Load Model

The following equations represent the SWH model [44].

Th, w
t+1 = Ta

t + Q×R× uSWH
t −

(
Ta

t − Th, w
t

)
e−

∆T
R.C , ∀t < Tmax, mt = 0 (8)

Th, w
t+1 =

Th, w
t (0.26417M−mt) + Tc,w

t ×mt

0.26417M
, ∀t < Tmax, mt > 0 (9)

Th, w, min
≤ Th,w

t ≤ Th, w, max, ∀t ∈ T (10)

Tminws
t < Th, w

t < Th, w, max, mt > 0, ∀t ∈ T (11)
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PSWH
t = Q× uSWH

t , ∀t ∈ T (12)

Equation (8) is represents when the hot water from the SWH tank is not being used, meaning that,
for instance, no one is using the shower at that moment and that the temperature is decreasing slowly
overtime. However, if the temperature is not appropriate, the system will run automatically to elevate
the temperature within the desired range.

Analogously, Equation (9) represents when the hot water from SWH is being used, assuming three
daily periods, which maybe related to three baths at different times. During these 10-min time periods,
the SWH tank is programmed not to warm up for safety reasons.

Equation (10) models the limits of the temperature for each time slot. The temperature should
be between 40 ◦C and 60 ◦C. Equation (11) shows the temperature limits during the bath of the RC,
and should be up to 40 ◦C, for comfort reasons. Equation (12) is related to the power consumed while
the SWH tank is working. Parameter PSWH

t , (the demand for electricity of the SWH tank), shows the
energy consumed for each time slot.

2.3. Heating, Ventilation and Air Conditioning Load Model

The following equations represent the HVAC model [45]. For the HVAC system first,
the temperature in the room is calculated as follows:

Tr
t =

(
1−

∆t
1000MacaReq

)
Tr

t−1 +
∆t

1000MacaReq Ta
t−1 − uHVAC

t−1
COP× PHVAC∆T

1000MacaReq , ∀t > 1 (13)

SPt − Sd
t ≤ Tr

t ≤ SPt + SPu
t , ∀t > 1 : SPt , NaN (14)

PHVAC
t = PHVAC × uHVAC

t , ∀t ∈ T (15)

Equation (13) is the calculation of the temperature in the room in each time slot. The binary
variable (ON/OFF) will change to keep the temperature between acceptable values. The dead-band is
considered 1 ◦C and means that the HVAC output temperature may vary by 1 ◦C above or 1 ◦C below
the expected value.

Equation (14) formulates the restrictions of the temperature deviations. Equation (15) expresses
the power spent on the HVAC system, which will not be 0, only if the HVAC is working on that period.

3. Case Study and Results Analysis

3.1. Details, Data, and System Considered

The model proposed was implemented using the General Algebraic Modeling System (GAMS) [46].
The implementation was made on a standard PC (8 GB RAM, Intel Core i5 2.7 GHz, Windows 7 OS,
Microsoft, Redmond, WA, USA). Compilation time required was less than 10 s. Pre- and post-processing
of the results was performed using MS Excel. Hence, the proposed model connects the LM with the
proposed domestic energy management (DEM) system. The SH is capable of buying and selling energy
with the LM, and it is equipped with battery-based ESS and EV. The DEM system also considers the
behavior of a wind micro-turbine with the maximum capacity of 2 kWh.

The ESS can store between 0.48 and 2.4 kWh, with the maximum charge and discharge rate of
400 W, with a charge/discharge efficiency of 90%. The EV is capable of storing 1.77 and 5.9 kWh,
with a charging/discharging rate of 3 kW, while the charging/discharging efficiency was rated at 90%.
The EV is scheduled to leave home at 07:00 and returns at 17:00. Moreover, the EV is programmed
for the worst case scenario, which means that when it returns home it is “out-of-charge” and that at
07:00 a.m., the EV needs to be fully charged. Moreover, the loss of energy between electric appliances
is considered to be null.

Due to the unpredictability of wind power, a stochastic parameter of the wind has been created.
The wind parameterization has been done for different scenarios with an associated probability,
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shown in Figure 1. Figure 2 describes the stochastic results from the predicted values of the HVAC
system in the day-ahead market, and Figure 3 expresses the stochastic results from the predicted values
of the SWH tank, from the day-ahead market.

To this end, Tc,wt is considered the same as the room temperature calculated by Equation (13).
The hot water flow rate is simplified as an average value of 2.5 gallons (in this work it was converted
to liters) per minute, which is the normal average consumption in a typical house. For the sake of
simplicity, the exterior temperature was considered to be 20 ◦C.

For the parameters R, C, M (capacity in litres), the values above were considered, which are
the typical values for a SWH tank. The value of Q is a typical value for the SWH power, which is
2 kWh. The time interval was in minutes so, ∆t is 5/60. The showers are scheduled to be used at
07:50 a.m., 13:30 p.m., and 20:30 p.m., with a 10-min duration. During that time, the minimum hot
water temperature is 20 ◦C, and the maximum is always 60 ◦C, for safety reasons.

However, the minimum temperature in the SWH tank, when the consumers are using hot water,
is 40 ◦C for safety and comfort reasons. So, when showers are being taken, the temperature is always
between 40 ◦C and lower than 60 ◦C. The binary variable uSWH

t from Equation (8) was 1 or 0, in order
to maintain the temperature in the SWH tank within viable values.

For this calculation, an interval of temperatures is chosen and the SWH tank turns ON/OFF
to maintain the values of the intervals, making the temperatures always around the temperature
set-point. The exterior temperature is expressed in Figure 4. For this analysis, ∆t was considered as the
dead-band, with ±1 ◦C and constant.

The value of SPt is the thermostat set-point and Sd
t is the value of the maximum deviation. Normally,

the density of the air and its thermal capacity depends on its thermodynamic properties (temperature,
pressure, amongst others). However, for the sake of simplicity, in this model, such parameters were
considered constant and we utilized standard values: ρar = 1.225 kg/m3, and ca = 1.010 kJ/kg◦C.
The equivalent thermal resistance was 3.1965× 10−6 ◦C h/J.

The mass of air was 1778.369 kg, which results from the volume of the SH, which is 1451.729 m3.
This volume was obtained from Equation (16). Each of these parameters, described previously,
are presented in [47]. The M (mass of air) was 28.964 g/mol. This calculation was done by obtaining the
number of mol. from the pressure equations. The HVAC system has a rated power of 3 kWh, which is
the appropriate value for a house with 1400 m3.

Vhouse = L1 × L2 × L3 + tan(β) × L1 × L2 (16)

Therefore, the proposed algorithm can determine the temperature in the house for each time slot,
and maintain the value within the chosen thermostatic values, in order to spend less energy or to
obtain more comfort. The demand for electricity for each time is calculated, where PHVAC is in kW,
and uHVAC

t , from Equation (13), is a binary value, depending on whether the HVAC system is ON: 1,
or OFF: 0.

As mentioned, there were four different case scenarios considered: flat price, RTP, CPP, and TOU
tariff schemes. The flat price was the same for all the 24 h, and is based on the average value of the
RTP tariff scheme. For the TOU price, the values were 1.5 times higher than the flat price during the
peak-hours, but for the lowest relevant tariff, was half that of the flat price.

For the CPP tariff scheme, the tariffs in some of the hours, the critical ones, were three times higher
than the flat price. For the purposes of selling and purchasing of energy, the RTP trends were the same
in cases 2, 3, and 4, respectively. Figure 5 shows the considered tariffs schemes trend.
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Figure 1. Different wind power scenarios used in the proposed analysis model.

Figure 2. Stochastic predicted values for the heat, ventilation and air conditioning system in the
day-ahead market.

Figure 3. Stochastic predicted values of the sanitarian water heater in the day-ahead market.
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Figure 4. Considered values profile for the outside smart house temperature.

Figure 5. Tariffs schemes trends used.

3.2. Analysis Results

The model is based on different tariffs for this particular SH, and the objective is to study how the
tariffs affect the total price, and the distribution of the energy for the different, highest, energy consuming
devices in the SH. The test model was done on a 24-h period. The SWH and HVAC algorithms have to
take into account the timing restriction problems because these two devices were configured to turn
ON/OFF every 5 min, and the hourly configuration was a problem. Figures 6 and 7 present the average
temperatures during the day for the SWH, and HVAC, respectively, considering the 10 different wind
power scenarios for the four different case studies.

For case 1, considering the RTP scheme, the executing time was under 5 s and the objective value
was 0.4518 €. In Figure 6, the small steps of the temperature evolution can be seen. Each step is
related to the time-interval where the SWH is working. In the first eight hours, a more or less constant
temperature increase from hour to hour, from the initial point of 40 ◦C, can be observed until reaching
46 ◦C.

Figure 6 also shows the low rate growth of the temperature every hour, so it can be seen that the
SWH was only turned on for a few minutes every hour. After about eight hours have passed, from the
beginning of the day, there is an accelerated decrease of the temperature in the SWH tank. The decrease
is related to the use of the hot water present in the SWH tank. After the use of the water, the SWH tank
is refilled with water at room temperature, which needs to be reheated. At 08:00, the SWH is switched
on again, for the new hour of the hot water usage by the RC of the house.

Figure 6 shows that the number of hours for reheating the water in the SWH will be lower. The rate
of increase of the temperature in the SWH tank, between 08:00 a.m. and 13:30 p.m., is higher than the
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SWH tank temperature rise rate up to 08:00 a.m. Between hour one and two, the hot water is used
again for the RCs’ new bath, thus showing a marked decrease in the temperature of the SWH tank.
During the usage of the hot water, the temperature must always be higher than 40 ◦C, which means
that at the moment when the bath is finished, the temperature in the SWH tank should be around
40 ◦C. The maximum temperature up to which the SWH tank has been heated, 46 ◦C, is what allows
the heating system to be economical and comfortable.

As in the case of the previous baths, the water SWH tank is refilled with fresh water at room
temperature such that that it is necessary to reheat the SWH tank for the third daily bath, that takes
place at 20:30. After the third bath, it is not necessary to reheat the SWH tank for the day, since it will
not be used again on that day. Also, for the last hours of the day, the temperature is approximately
constant, with a slight decrease due to heat losses.

Figure 7 expresses the inside temperature in the SH, and its changes over time. Each “peak”
of temperature means that the HVAC system is not working, in order to sustain the temperature at
permissible values. The ideal temperature is 23 ◦C, however, there are temperature oscillations, around
the reference point, of ±1 ◦C. Moreover, it is observable that the initial temperature is 22 ◦C, increasing
to the limit of 24 ◦C and the HVAC system is OFF. After this, the HVAC is turned ON, in order to
reduce the temperature inside the SH, mainly because the outside temperatures are higher in the same
period. For the hours of greater external warming, it is noticeable that the HVAC system switches
ON/OFF more frequently (from 08:00 a.m. to 14:00 p.m.).

For case 2, considering the CPP scheme, the proposed model took the results under five seconds
and the objective value was 1.0601 €. For the next cases, the temperatures of both, SWH and HVAC
systems, were displayed at each time interval of five minutes. In Figure 8, during the first hours,
the temperature increase is found to be slower up to 07:00. At 07:00 the temperature rises about 3 ◦C in
a short period. After the use of the SWH, it is verified that the temperature in the following hours does
not change.

This is due to the high tariffs that occur during these hours. After the tariffs are lowered, the SWH
turns ON, and the temperature of the SWH tank rises faster. The hot water is then used, and again
the SWH tank water temperature is restored. This time, the temperature increases at three different
hours, 15:00, 18:00 and 19:00, where, after finalizing the heating process, the hot water is consumed
and it is not heated again. In Figure 9, the initial temperature is about 22 ◦C. Comparing the results
from Figure 9 with the results of Figure 7, it is verified that with the CPP tariff scheme model, a more
constant temperature occurs throughout the day.

In case 3, considering the flat price rating, the proposed model, again, provides a result under
five seconds and the objective value is 2.9870 €. In Figure 10, a fairly slow increase is visible, with
a step between 02:00 and 03:00, until 07:00. Between 07:00 and 08:00, there is a faster temperature
rise, immediately prior to the use of the SWH water, in order to avoid unnecessary losses. The warm
water is then used, after which the lowering of the temperature becomes visible. This is followed by a
temperature rise where it remains near 40 ◦C.

It rises once more to about 46 ◦C and is then used again. From 13:30, the temperature of the SWH
gradually rises until 19:00, at which point it abruptly comes ON. The warm water is used again at
20:30, with a consequent decrease of the temperature.

In Figure 11, it should be noted, once again, the constant temperature, with small oscillations.
In this case, the rates are the same for all hours. There is only the initial temperature variation, which,
as already mentioned, is due to the initial temperature being about 22 ◦C. In case 4, the TOU price,
the executing time is around five seconds and the objective value is 4.8870 €. In Figure 12, each of the
SWH water usages are visible. For the third bath, there is a noticeable rise at 15:00 and another later
near 20:00. In Figure 13, when compared with Figures 8 and 10, it can be seen that the temperature is
around 23 ◦C, with minor oscillations in this case. As in the previous cases, it is possible to observe the
ON and OFF situations of the HVAC system, according to the current temperature of the SH.
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Figure 6. Evolution of the temperature in the sanitarian water heater, during the day, considering the
real time pricing scheme.

Figure 7. Evolution of the environmental temperature in the smart house, during the day, considering
the real time pricing scheme.

Figure 8. Evolution of the temperature in the sanitarian water heater tank, during the day, considering
the critical peak pricing scheme.
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Figure 9. Evolution of the environmental temperature in the smart house, during the day, considering
the critical peak pricing scheme.

Figure 10. Evolution of the temperature in the sanitarian water heater tank, during the day, considering
the flat pricing scheme.

Figure 11. Evolution of the environmental temperature in the smart house, during the day, considering
flat price scheme.
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Figure 12. Evolution of the temperature in the sanitarian water heater tank, during the day considering
time of use scheme.

Figure 13. Evolution of the environmental temperature in the smart house, during the day, considering
the time of use scheme.

3.3. Cases Comparison Overview and Discussion

3.3.1. Comparison and Discussion between Cases 2, 3, and 4

After running the proposed model, with the same inputs for all the cases, except for the tariff
itself, it can be noted that the best tariff for the SH with these parameters, is the TOU tariff. This is
expressed in Table 1.

Figure 14 shows the electric consumption of the HVAC system for the different tariffs.
The restrictions of the HVAC system are necessary in order to maintain the comfortable environmental
temperature in the SH. The allowable environmental temperature is in a very narrow interval of values,
which makes the shift of loads more difficult. These values are obtained from the average value of
the 10 scenarios considered, having different behavior over time, and consequently, a different energy
distribution over time.

By analyzing Figure 14, it is demonstrated that at the beginning of the day, when the outside
environmental temperatures are not so high, the system will run for a shorter time, thus spending
less energy. However, during the day, when the environmental temperature starts to rise, the result
is a higher power consumption. For the three different tariff schemes under analysis, it is possible
to observe that the HVAC consumption does not exceed 0.25 kW per hour. After the warmest
hours, the HVAC system, working as a cooling system, reduces the time required to refresh the SH
environment. Moreover, Figure 15 shows the electric consumption of the SWH for the different tariff
schemes presented. It should be noted that the loads are adjusted so as to obtain the lowest possible
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price. However, for all the restrictions and limitations presented, it is not always possible to obtain a
total shift of loads as desired.

In Figure 14, for the first two hours of the day, the HVAC system is OFF for every rate represented.
The reason why this happens is because the initial value of the environmental temperature in the SH is
lower than the value of the set-point of the SH, so it is not necessary to lower the temperature further.
For hour three, where the TOU tariff scheme case is lower, it is verified that the consumption for this
tariff is higher. From hour four to hour seven, the value consumed by the SH, considering the CPP
scheme, is higher than the other tariff schemes.

Between hours nine and eleven, the same consumption profile, for the three scheme tariffs, is
observable, which is high, and which coincides with a higher increase of the outside environmental
temperature. After hour eleven, there is decreasing consumption in all the tariffs schemes until 16:00.
At 16:00 it is observed that consumption for the CPP tariff scheme is much higher than the other tariffs
schemes. However, in the next hour, there is an increment of the outside environmental temperature,
which leads to a higher consumption of the SH in all the tariff schemes.

Table 1. Objective function results from the different tariffs schemes: Revenue in Euros.

Case Tariff Scheme Objective Function (€)

case 2 CPP 1.06
case 3 Flat price 2.99
case 4 TOU 4.89

Figure 14. Energy consumed by the heating, ventilation and air conditioning system: Comparison tariffs.

Figure 15. Energy consumed by the sanitarian water heater: Comparison between tariffs schemes.

Moreover, in Figure 14, for hour seventeen, the TOU tariff is the highest. For hour nineteen,
where the TOU and CPP scheme tariffs are higher, it is observed that the higher consumption occurs
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for the flat price tariff scheme. Between hour twenty and hour twenty-one, there is a decrease in the
consumption for all the tariffs.

For hour twenty-two, the consumption, considering the TOU tariff scheme, is equal to the
consumption in the flat price tariff scheme, and with the CPP tariff scheme the consumption is slightly
higher. From hours twenty-two to twenty-three there is a decrease of the SH consumption in the CPP
and TOU tariff schemes, and the consumption, considering the flat price tariff scheme, remains the
same. For the last hour, there is an increase of the SH consumption for all the cases studied.

In Figure 15, considering the first four hours, the SWH system is ON when considering the flat
price and the CPP tariff schemes. For case 3, the flat price tariff scheme, it should be noted that the
energy value, consumed for the first hours, is higher than that of the CPP tariff scheme, where it grows
from hour two to three, and decreases from hour three to four. Considering the CPP tariff scheme,
there is an increase and decrease in the same hours, but on a smaller scale.

A relative load shifting was also noted, so the energy was not consumed in the hours of higher
cost, heating the SWH tank (between hours seven and eight), i.e., two hours earlier, and considering
the system and tariff schemes under analysis, the load shifting is possible.

At hour nine and ten, the energy is only consumed at the flat price tariff scheme. The CPP and
TOU tariffs schemes are quite high for these hours. During hour eleven, a small portion of energy was
consumed, considering the CPP tariff scheme, and this increased for the next two hours, i.e., hours
twelve and thirteen, respectively.

However, it is not just for case 2 that there is a growth in the energy value consumption for these
hours. For the two other tariff schemes, there is an increase of the consumption values in hours twelve
and thirteen. This is due to the need to restore the water temperature in the SWH tank after the first
bath of the day has been taken. At 13:30, the second bath is taken, with the temperature being within
acceptable limits. In this way, the SWH system will have to be switched to ON again for the future use
of warm water.

In hours fourteen and fifteen, for the flat price tariff scheme, there is a growth in the consumption,
but with low energy consumption. In the case of the TOU tariff scheme, it is worth noting the high
consumption at hour fifteen. This consumption is explained due to the low value of the TOU tariff rate
at this time. Between hour sixteen and seventeen, the value of the consumption for the flat price tariff
scheme goes down, and remains constant, with very low values until hour nineteen. Also, about hour
sixteen, there is a median consumption considering the CPP tariff scheme, which will be extinguished
at hour seventeen. From hours eighteen to twenty there is an increase of the general consumption
since another bath of the RC is programmed for 20:30, causing the heating of the water of the SWH
tank. After 20:30, there are no more baths programmed by the RC, so there is no need to warm the
water to the optimum operating point.

3.3.2. Comparison and Discussion between Case 1 and Case 4: The Best Case

The revenue or profit, as seen in Table 2, achieved by the RC, is bigger when considering the
TOU tariff scheme, meaning that the TOU tariff scheme is the most appropriate under the behavior
and requirements described. First, comparing the HVAC system consumption, shown in Figure 16
and as mentioned above, for the first two hours the energy consumption is 0 kW, since the initial
environmental temperature of the SH is about 22 ◦C, which makes the value close to the set-point of
23 ◦C such as initially assumed.

Since there is this initial difference of the registered values, it is possible to observe the increase of
the temperature, according to the registered values of the external environmental temperature, until
the need to turn ON the HVAC system in cooling mode. Secondly, it is noticeable that between hours
three and five, and about the RTP tariff scheme, the energy consumption decreases.

In the following hours, for both cases, there is a noticeable rise in the energy consumption,
which corresponds to an effective rise in the environmental temperature outside of the SH, which causes



Energies 2019, 12, 3710 18 of 24

the HVAC system to work for a longer time. The HVAC system remains with a consumption of 0.25 kWh
for four hours, considering the TOU tariff scheme, and for seven hours for the RTP tariff scheme.

For hours thirteen and fourteen, the operation, considering the RTP tariff scheme, continues to
have a peak value of 0.25 kWh, however, in the case of the TOU tariff scheme, a decrease in the HVAC
usage is observed in relation to the consumption of the RTP tariff scheme. After that, the consumption
of the HVAC, under RTP tariff scheme, decreases to zero, at hours fifteen and sixteen. For the same
hours, but considering the TOU tariff scheme, the values of the energy consumption decrease slowly
until the minimum of 0.10 kWh.

At 19:00, the high value of the consumption in the hours seventeen and eighteen is due to a new
rise in the exterior environmental temperature of the SH. Moreover, under the RTP tariff scheme,
at hour seventeen, the consumption increases and then starts decreasing from hours eighteen until
twenty. Then, it increases again and stabilizes at 0.25 kWh until hour twenty-three.

The same does not happen under the TOU tariff scheme, where during this period, the tariff
rises and falls, until hour twenty-four. For the later periods of the day, it is necessary to maintain the
environmental SH temperature values within the acceptable levels, so therefore it is necessary to use the
HVAC system. In Figure 17, it is possible to observe the large discrepancies in the relation of how the
energy consumption was carried out in both of the cases. For the RTP tariff scheme, the consumption
is divided into short intervals where the SWH is working. However, for the TOU tariff scheme it is
possible to observe that the consumption is divided into groups of hours where the consumption was
higher, in order to restore the temperature of the SWH tank.

By analyzing each section of Figure 17 in detail, it is possible to observe the non-functioning of
the water rise for the first six hours of the day. For hours seven and eight, the high consumption of
the SWH, in case 4, should be noted. After the use of the warm water from the SWH, the SWH tank
temperature will have to return to the optimum point for the next bath.

Between hours nine and eleven, there is only the energy consumption in case 1, i.e., the RTP tariff
scheme, which leads to a slower increase of the temperature. In the case of the TOU tariff scheme,
the high consumption is again noted at hours twelve and thirteen, as already mentioned. At hour
fourteen, the SWH is turned OFF for case 4 and turns ON for the RTP tariff scheme. For case 1, there
exists, between hours thirteen to fifteen, a decrease in the energy consumption, which corresponds
to the increase in the price of the RTP tariff rate. Between hours seventeen and eighteen, there is an
increase in the consumption in the RTP tariff scheme, and a small energy consumption, only for hour
eighteen, in the TOU tariff scheme.

Table 2. Objective function results from the best different tariffs schemes: Revenue in Euros (best case).

Case Tariff Scheme Objective Function (€)

case 1 RTP 0.45
case 4 TOU 4.89

Figure 16. Energy consumed by the heating, ventilation and air conditioning system:
Comparison between tariffs schemes; the best case.
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Figure 17. Energy consumed by the sanitarian water heater system: Comparison between tariffs
schemes; the best case.

Moreover, from Figure 17, at hour twenty, considering the TOU tariff scheme, a high energy
consumption is observed and only a slight energy consumption for the tariff of case 1. From hour
twenty-one the hot water available in the SWH system is no longer used, so there is no need to heat
the water. Thus, the energy consumption values for case 1 are distributed over time, which does
not happen when considering the TOU tariff scheme. For the TOU tariff scheme, there is higher
consumption in a few hours of the day.

4. Conclusions

In this work, a controllable load appliances management tool in an SH has been proposed and has
been modeled in two stages, considering several wind power scenarios, due to the natural uncertainty
from wind energy. Moreover, an SH with limited resources has been modelled in order to use a real
physical model, closer to reality. To this end, SWH and HVAC systems have been implemented in
order to obtain a better approximation to reality. Hence, the proposed model considered the EV, ESS,
and a wind microturbine available in the SH, allows for the possibility of exchanging energy with the
grid within certain limits.

The obtained results have validated that for the SH under study, the best rate is the TOU tariff
scheme with a profit of 4.89 € in the day. The TOU tariff scheme is where the objective function is
maximized, i.e., the profit related with the exchanges with the grid is the most convenient for the
RC. In the worst case, the RTP scheme demonstrated lower profits, about 0.45 €, mainly due to the
scheduling scheme of usage of the SWH and the HVAC set-point temperature.

It can also be verified that, depending on the tariff scheme considered, the management load
system will reallocate certain load values, within the constraints imposed by the network, temperature
restrictions, and equipment load limits, amongst others.

The relationship between the SH and the RC allows the RC to define the time when the SWH
will work, so that there are no undue expenses in the water heating process, thus improving the
efficiency. The algorithm applied, considering the HVAC and SWH systems, is dotted with smart
features, since the equipment under study will have the ability to switch ON/OFF automatically,
according to the required and measured temperature levels.

5. Future Research

As the results shows, there exist some limitations in the schedule process, which are for the
sake of enhancing understanding in this analysis. In other words, if the SWH is used in other
periods, the expected profits will decrease, which needs further discussion and more scenarios (season,
period time, weather condition, unexpected failure, and combination of multiple energy sources,
e.g., natural gas).
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For future research, it is expected that the proposed model will be scaled up to a neighborhood,
considering also an analysis of year-round energy consumption with the associated profits in the
electricity bill. This is because the computational burden required by the proposed model is satisfactory.
All the simulations are compiled in less than 10 s, which shows the possibility of scaling the problem
up to a smart neighborhood size, with different features between RCs.

Finally, this work also demonstrates how an SH, interconnected with the grid, and with RC
adjustment interface, serves not only to make the SH concepts a reality, but also helps to define the best
tariff schemes for each situation, as well as the reduction of the load profile, guaranteeing comfort
levels, together with the technical and safety constraints, as per the recommendations made in the
previous section, which are fully available in the widespread scientific library.
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Nomenclature

β Smart house rooftop angle (deg).
C Sanitarian water heater capacitance (kWh/◦C).
ca Thermal capacity of air (kJ/kg◦C).

COP
Heating, ventilation, and air conditioning system performance coefficient (+2 Summer; −2
Winter).

λ
pur, rt
t Electricity price cost (buying) in the real-time market (€/kWh).

∆t Duration of the time interval (h).
λda

t Day-ahead market electricity price (€/kWh).
λsold, rt

t Sold electricity price in the real-time market (€/kWh).
EP Expected profit (€).
γb Battery-based energy storage system efficiency.
Ln Size dimensions of the smart house, length, width, height (m).

Lhvac, pred, da
t

Predicted energy value of the heating, ventilation and air conditioning system in the
day-ahead market (kWh).

Lhvac, rt
t

Energy consumption of the heating, ventilation, and air conditioning system in the
real-time market (kWh).

Lswh, pred, da
t Predicted energy value of the most run services in the day-ahead market (kWh).

Lswh, pred, da
t Energy consumption of the most-run services in the real-time market (kWh).

Lswh, pred, da
t

Predicted energy value of the sanitarian water heating system in the day-ahead
market (kWh).

Lswh, pred, da
t Energy consumption of the sanitarian water heating system in the real-time market (kWh).

M Sanitarian water heater tank capacity (l).
Ma Volume of the smart house (m3).
mt Hot water usage from the sanitarian water heater (l).
PHVAC Rated power of the heating, ventilation, and air conditioning system (kW).
πw Probability of the wind power scenario.
Pev, ch, da

tw Charging energy of the electric vehicle in the day-ahead market (kWh).
Pev, dis, da

t Discharging energy from the electric vehicle in the day-ahead market (kWh).
Pnet, da

t Traded energy with the day-ahead market (kWh).
Pnet, da

t Energy traded in the day-ahead market in the day-ahead market (kWh).
Psold, da

tw Sold energy in the day-ahead market (kWh).
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PSWH
t Power for each time slot t from the sanitarian water heater (kW).

Pb, ch, da
tw

Charging energy of the battery-based energy storage system in the day-ahead
market (kWh).

Pb, ch, rt
tw Charging energy of the battery-based energy storage system in the real-time market (kWh).

Pb, dis, rt
tw Battery-based energy storage system discharging in the real-time market (kWh).

Pev, ch, rt
tw Charging energy of the electric vehicle in the real-time market (kWh).

Pev, dis, rt
tw Discharged energy from the electric vehicle in the real-time market (kWh).

Pwind, da
t Wind power point forecast in the day-ahead market (kW).

Ppur, da
tw Energy consumed in the day-ahead market (kWh).

Ppur, rt
tw Energy bought in the real-time market (kWh).

Psold, rt
tw Energy sold in the real-time market (kWh).

Pwind, rt
tw Wind power spillage in the real-time market (kW).

Q Sanitarian water heater power (kWh).
R Sanitarian water heater resistivity (◦C/kWh).
Req Equivalent resistance of the heating, ventilation and air conditioning system (Ω).
SPt Smart house environment temperature set-point (◦C).
Sd

t t Smart house environment temperature deviation (◦C).
Stw Available wind power at time t at scenario w. (kW)
t Time-step period (t = 1, 2, . . . , T); T = 24.
Th, w,min Minimum permanent hot water temperature in the sanitarian water heater (◦C).
Th, w,max Maximum permanent hot water temperature in the sanitarian water heater (◦C).
Tminws Minimum hot water temperature for the showering process (◦C).
Th,w

t+1 Temperature of the sanitarian water heater tank (◦C).
Ta

t Outdoor environment temperature (◦C).
Tc, w

t Inlet hot water temperature in the sanitarian water heater (◦C).
Tr

t Smart house environment temperature.

uHVAC
t

Auxiliary binary variable for the heating, ventilation, and air conditioning system status
(1 = ON; 0 = OFF).

uSWH
t Auxiliary binary variable for the sanitarian water heater status (1 = ON; 0 = OFF).

Vs Spillage cost of the wind system (€).
w Wind power scenario index (w = 1, 2, . . . , W); W = 10.

Abbreviations

CPP Critical-peak pricing.
DR Demand response.
EC Expected cost.
EP Expected profit.
ESS Energy storage system.
EU European Union.
EV Electric vehicle.
G2V Grid to vehicle.
HEM Home energy management systems.
HVAC Heating, ventilation and air conditioning.
IBDR Demand response-based on incentives.
PBDR Demand response-based on prices.
RC Residential customer.
RTP Real-time pricing.
RTP Real-time pricing.
SG Smart grids.
SH Smart house.
SWH Sanitarian water heater.
TOU Time-of-use.
V2G Vehicle to grid.
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