energies MBPY

Article
Exploring the Energy Flexibility of Electric
Water Heaters

Tiago Cardoso Pereira '*, Rui Amaral Lopes 1-2(" and Joao Martins /2

1 Faculty of Sciences and Technology, NOVA University of Lisbon, 2829-516 Caparica, Portugal;

rm.Jopes@fct.unl.pt (R.A.L.); jf martins@fct.unl.pt (J.M.)
2 Center of Technology and Systems (CTS), UNINOVA, 2829-516 Caparica, Portugal
*  Correspondence: taa.pereira@campus.fct.unl.pt

Received: 6 November 2019; Accepted: 18 December 2019; Published: 20 December 2019 f‘r:,e(fgtz);

Abstract: This paper describes a system to support the development and assessment of methodologies
that explore the energy flexibility provided by electric water heaters. The proposed system follows a
modular approach and allows users to share and remotely control the referred devices. The operation
of this system is presented in this paper considering a case study where the energy flexibility provided
by a 100 L electric water heater is used to reduce electricity costs under the Portuguese tariff context.
The collected results reveal that increasing the available energy flexibility leads to larger savings.
These results also show that the referred savings depend on the instant associated to hot water
consumption events.
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1. Introduction

The concept of energy flexibility is receiving considerable attention worldwide, leading, for
example, to the development of international projects like the IEA (International Energy Agency)
and EBC (Energy in Buildings and Communities program) Annex 67. Buildings, in particular, which
account for approximately 40% of energy consumption and 36% of CO, emissions in the European
Union [1], can provide energy flexibility to the demand side of power systems by allowing the control
of specific devices, while respecting the comfort needs of the respective users [2].

Taking into consideration that in the European Union and in the United States of America,
domestic hot water heating accounts for 14% and 17% of the electricity consumed in the residential
sector [3], respectively, the energy flexibility offered by Electric Water Heaters (EWH) is of significant
importance. Such flexibility is provided thanks to the thermal energy storage capabilities of EWH, being
its control normally associated to the development of systems aimed to improve self-consumption of
photovoltaic [4,5] and wind [6,7] generation or to reduce electricity related costs [8-15].

The literature [4-15] shows that there is a wide variety of methodologies being developed to
exploit the energy flexibility provided by EWH while bringing benefits to users depending on specific
objectives. For instance, EWH operation has been defined using genetic algorithms [4] or mixed
integer linear programming techniques [5] to improve photovoltaic self-consumption. Regarding
wind generation, external signals have been used both at individual and/or aggregated levels [6,7] to
set the operation of EWH in order to increase matching between demand and the availability of the
respective primary energy resource. Appliance commitment [8], dynamic programming [9], binary
integer programming techniques [10], customer-centered heuristic [11], genetic algorithms [12], binary
particle swarm optimization [13], reinforcement learning [9,14] and cost-optimal algorithms [15] have
been used to support EWH operation and reduce associated electricity costs.
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However, most of the assessment activities conducted in these studies are based on simulation,
without considering possible challenges of real implementations (e.g., communication delays). Taking
this into consideration, this paper describes a system entitled EFSyst (Energy Flexibility system) that
aims to support the development and assessment of methodologies to explore the energy flexibility
provided by EWH in real conditions. Given the number of possible methodologies to use this flexibility,
EFSyst will also allow direct comparison between solutions in the same context. Additionally, this
paper presents a case study to illustrate EFsyst operation and assess the benefits of using the referred
flexibility to reduce the electricity costs associated to the operation of a 100 L EWH under the Portuguese
electricity tariff context. Data associated to the experiments illustrating the EFsyst operation can be
found in [16].

The development of the EFsyst is described in Section 2, while Section 3 presents the case study
and analyzes the collected results. The conclusion and future work are addressed in Section 4.

2. Developed System (EFsyst)

The EFsyst supports the development and assessment of methodologies to explore the energy
flexibility provided by EWH considering real conditions and the inherent challenges that are not
normally modeled in simulation environments (e.g., variable communication times). In addition,
it allows different users to remotely control the same EWH providing energy flexibility, thus enabling
better resource sharing during research activities. To achieve these objectives, the EFsyst is based
on the architecture shown in Figure 1, which follows a modular approach in order to enable the
implementation of each component according to the available technologies. In addition to the modules
composing the referred architecture, Figure 1 also presents the Remote Control Unit (RCU), where the
methodologies that explore the available energy flexibility are implemented by the user.

According to Kalogirou A. S. [17], the thermal behavior of these systems can be described by:

At
Tint-n = Tint+ M_Cp[Qu_ Ql_ UA(Tint - Tamb)]/ (1)

where Tjy;—, (°C) is the water temperature inside the tank of the EWH after a time-step At, M (kg)
the water mass inside the tank, cp (kJ/kg °C) is the specific heat of water, Q, (W) is the power of
the EWH, Q; (W) is the rate of energy removed from the storage tank, UA (W/ °C) is the heat loss
coefficient, and T,,,;;, (°C) is the room temperature. Taking this into consideration, the Data Collection
and Operation (DCO) module is responsible for acquiring all variables and for setting the state of the
heating element at each time-step. The Data Storage (DS) module is responsible for storing all data
collected over time, which support not only the real-time operation of the RCU, but also the subsequent
analysis of results for assessment activities. In this study, all data storage related functionalities are
ensured by the open internet of things (IoT) platform Thing Speak [18] and Wi-Fi technology is used
for communication. All modules are implemented using Arduino Uno Rev3 microcontrollers [19] and
ESP8266 Wi-Fi modules [20]. The Interface module is also implemented here using the Thing Speak
platform and ensures the interaction of the EFsyst with the RCU and the user. The Interface module
allows the access to the data stored in the DS module and is also responsible for sending the control
instructions to the heating element. This interface can also provide data visualization and extraction
tools to the user. The Hot Water Consumption Control (HWCC) module creates the desired profile
of hot water consumption according to the instructions sent by the RCU, which are communicated
through the Interface module. While maintaining the same hot water flow rate of at each time-step,
a solenoid valve together with a relay are used in the implementation of the HWCC.
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Figure 1. EFsyst architecture.
3. Results and Analysis

The case study considered in this paper focus a 100 L EWH, with only one heating element of
1.5 kW [21] located at the bottom of the tank, where the available energy flexibility is used to reduce
electricity costs. These costs are computed according to the Portuguese tariff context, where Time-of-Use
(TOU) is commonly applied. The considered prices were obtained from EDP Comercial [22] for two
TOU tariffs, namely TOU-2 and TOU-3, with two and three distinct periods, respectively. Assuming a
contracted power of 6.9 kVA, Table 1 shows the referred electricity tariffs (before taxes).

Table 1. Electricity tariffs considered in this study.

Tariff Periods Price (€/kWh)
TOU- Off-peak [00:00; 8:00] and [22:00; 00:00] 0.110
B Half-peak [08:00; 20:00] 0.187
Off-peak [0:00; 8:00] and [22:00; 00:00] 0.104

Hal-peak [08:00; 10:30], [13:00; 19:30] 0.157
and [21:00; 22:00] :
Peak [10:30; 13:00] and [19:30; 21:00] 0.274

TOU-3

The EHW under analysis is equipped with a mechanical thermostat integrated with the heating
element that enables electricity supply according to the water temperature in that location. The range
of operating temperatures can be manually adjusted by the user. The sensor responsible for reading the
internal temperature of the tank was placed in the upper part of the equipment, where the temperature
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is higher and hot water is extracted when consumption occurs. In order to not impact the EWH
hardware, a non-invasive implementation was adopted, placing the sensor in contact with the steel
tank housing within the insulation layer. Although not proving a direct measurement of the water
temperature, this sensor allows to understand temperature variations throughout the experiments
according to the state of the heating element. Nevertheless, sensor T2 depicted in Figure 1 provides a
direct measurement for the temperature of the consumed hot water.

Regarding the experiments carried out, three different scenarios were considered. The first one,
defined as the Original Scenario (OS), refers to the normal operation of the EWH without any influence
of the RCU. As presented in Section 3.1, in the OS the internal temperature varies between 47 °C and
50 °C. The second scenario, defined as T50, is characterized by the influence of the RCU, which aims to
reduce electricity costs while maintaining the internal temperature between 47 °C and 50 °C. More
specifically, during peak or half-peak/off-peak periods, electricity consumption is only allowed if the
inside temperature is lower than 47/50 °C. The RCU also considers the temperature of the water that
enters the tank (sensor T1 in Figure 1) since it was observed that the mechanical thermostat disables
the energy consumption when this temperature is higher than 40 °C. Regarding the third scenario,
defined as T55, it is similar to the second one but considers a maximum inside temperature of 55 °C.

In all scenarios a daily hot water consumption of 40 L was considered, which corresponds to the
average daily consumption of one residential consumer in Portugal [4]. Regarding the consumption
periods, it was assumed that the 40 L of hot water are consumed during a single event (no hot water
consumption is verified besides this single event). All experiments were carried out at a room located
in the premises of the Department of Electrical and Computer Engineering of the Faculty of Science
and Technology of NOVA University of Lisbon [23].

The operation of the EWH for each scenario is illustrated in Section 3.1, while the benefits of using
the available energy flexibility are presented and analyzed in Section 3.2. A 5 min time-resolution was
considered by the DCO module for data acquisition, being the collected data available in [16] for the
illustrative operation.

3.1. Illustrative Operation

The results presented in this section take into account the TOU-2 electricity tariff and a single hot
water consumption event at 08:00. For each scenario, an experiment with a duration of two days was
conducted, being the first day discarded in order to avoid undesired influences between scenarios.
Figure 2 presents the room temperature during each experiment, where it can be seen that similar
external conditions were registered.
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Figure 2. Room temperature during the experiments associated to the illustrative operation.
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3.1.1. Original Scenario

In the OS, the original operation of the heating element was obtained, so that it could be compared
with other scenarios where the operation of the heating element is modified when using energy
flexibility. The original operation is associated to a hot water temperature range at which the thermostat
switches the heating element on and off according to the original values set by the manufacturer.
Figure 3 shows the variation of all temperatures and the operation of the EWH on a day when
consumption occurred at 08:00 for this scenario. The red background color is associated to half-peak
periods, while the green one refers to off-peaks periods (this is applied throughout the remaining of
the paper).

By analyzing the variation of the internal temperature, it was possible to determine the maximum
and minimum temperature of the EWH as originally set by the manufacturer. The minimum
temperature was obtained when the heating element switched from the off state (0 in Figure 3a) to the
on state (1 in Figure 3a), without any external intervention, such as the consumption that occurred at
08:00. A value of 47 °C was found for this temperature, which was recorded at 21:25. Regarding the
maximum temperature, a value of 50 °C was obtained at the end of heating event, which, according to
Figure 2, occurred at 22:00.
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Figure 3. Illustrative operation for the original scenario with hot water consumption at 08:00. (a) Internal
temperature and heating element operation; (b) Inlet and outlet water temperature.
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In this scenario, it is possible to note that when there is consumption, the heating element is
instantly turned on. This is a consequence of the location of the mechanical thermostat since it is placed
near the entrance of cold water. Therefore, when consumption is registered, cold water enters the
tank and the temperature at the bottom decreases significantly triggering the operation of the heating
element. In Figure 3 it is also possible to observe a delay between the operation of the heating element
and the consequent rise of the internal temperature due to thermal inertia.

3.1.2. T50 Scenario

In this scenario, the available energy flexibility was explored considering the same temperature
range, when compared to the original operation of the EWH, in order to reduce electricity costs.
The heating element was controlled according to the rules defined in the RCU, which was implemented
using MATLAB (R2016a) [24] on a remote computer. For safety reasons, the mechanical thermostat
was kept active to ensure that the temperature did not exceed the upper limit if an unexpected error
occurred in EFsyst, which was not verified. Consequently, the control cannot be performed solely with
the internal temperature due to the location of the thermostat. If only this variable was considered,
when the temperature reached its maximum limit, the thermostat would mechanically open the circuit
that supplies power to the heating element. Doing so would make it impossible to control the heating
element while it was in the cooling period and until it reached the lower limit again. To enable full
control of the heating element, both internal and inlet temperatures were used as control variables.
Whenever the internal temperature is lower than the desired temperature at specific instant (47 °C and
50 °C for half-peak and off-peak periods, respectively) and the inlet temperature is lower than the limit
(40 °C), the heating element is switched on. In all other cases the heating element is switched off.

The RCU reads the latest internal temperature and inlet temperature values stored in the DS
module at a five minute time resolution and performs the control. Due to variations in internal
temperature readings, the RCU checks if the heating element is on and reads the last temperature
value. If it is off it reads the last three updated values and calculates the average, thus giving more
stability to the RCU operation. Figure 4, shows the variation of all temperatures and the operation of
the EWH on a day when consumption occurred at 08:00.

When the heating element is controlled by the RCU, it is not triggered when there is water
consumption at 08:00 as in the OS, and it can also be observed that the outlet temperature is higher at
the instant of water consumption due to the higher internal temperature. As in the previous scenario,
the electricity consumption was 2.9 kWh during the analyzed day but the associated cost was reduced
by 9.4% as the consumption during half-peak period was 0.8 kWh lower.
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Figure 4. Illustrative operation for scenario T50 with hot water consumption at 08:00. (a) Internal

temperature and heating element operation; (b) Inlet and outlet water temperature.

3.1.3. T55 Scenario

The results from scenario T50 reveal that the heating element still consumes energy in the most
expensive period of the TOU tariff. Therefore, in scenario T55 the energy flexibility of the EWH was
increased by modifying the operating temperature range, changing the maximum temperature from
50 °C to 55 °C. The same rule-based control was used and the only difference between this scenario
and scenario T50 was the higher internal temperature in the off-peak period. The inlet temperature
limit was equal to that of scenario T50 in order to maintain the previous conditions and to analyze only
the influence of the maximum temperature increase. This control was intended to shift the operation
of the heating element only to the off-peak period. Figure 5 shows the results of this scenario with
consumption at 08:00. Due to the lack of energy consumption during the half-peak period, electricity
costs were reduced by 37.7% when compared to the OS.
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Figure 5. Illustrative operation for scenario T55 with hot water consumption at 08:00. (a) Internal
temperature and heating element operation; (b) Inlet and outlet water temperature.

3.2. Assessing the Benefits of Using Energy Flexibility

In order to better understand the benefits of using the available energy flexibility, additional

experiments were conducted where the starting instant of the hot water consumption event varied
throughout the day and both TOU-2 and TOU-3 were applied. Therefore, for each scenario, an
experiment with a duration of six days was conducted with a single 40 L hot water consumption
event per day at 00:00, 04:00, 08:00, 12:00, 16:00, and 20:00. Figures 6 and 7 summarize the collected
results, where the daily electricity costs for all scenarios are presented considering TOU-2 and TOU-3,
respectively, together with the relative reductions achieved in scenarios T50 and T55 when compared
to the original scenario.

As presented in Table 2, on average scenario T50 reduced electricity costs by 9.9% (TOU-2) and
5.7% (TOU-3) when compared to the original scenario, while scenario T55 achieved average reductions
of 14.9% (TOU-2) and 17.4% (TOU-3). These reductions were achieved due to the transfer of energy
consumption to the cheapest time-periods as a result of RCU control rules. The higher energy flexibility
available in scenario T55 conducted to an average cost reduction of 9.3% (TOU-2) and 17.8% (TOU-3)
when compared to scenario T50.
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Figure 6. Results associated to six different hot water consumption events for TOU-2. (a) Comparison
between the results associated with Scenario T50 and Scenario OS; (b) Comparison between the results
associated with Scenario T55 and Scenario OS.
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Figure 7. Results associated to six different hot water consumption events for TOU-3. (a) Comparison
between the results associated with Scenario T50 and Scenario OS; (b) Comparison between the results
associated with Scenario T55 and Scenario OS.

Table 2. Summary of results.

Scenario
Consumption Original T50 T55
Event
ven Energy [kWh] Cost [€] Energy [kWh] Cost [€] Energy [kWh] Cost [€]
TOU-2 TOU-3 TOU-2 TOU-3 TOU-2 TOU-3

00:00 2.75 0.34 0.31 2.88 0.35 0.35 3.88 0.44 0.41
04:00 3.25 0.40 0.36 3.25 0.38 0.35 4.00 0.45 0.42
08:00 2.88 0.53 0.44 2.88 0.48 0.41 2.88 0.33 0.31
12:00 2.63 048 0.58 3.00 0.46 0.48 3.13 0.35 0.33
16:00 3.25 0.57 0.56 2.50 0.42 0.53 3.13 0.35 0.33
20:00 3.38 0.58 0.66 3.00 0.48 0.56 3.75 0.42 0.40

Average 3.02 0.48 0.49 2,92 0.43 0.45 3.46 0.39 0.37

There are, however, consumption events where the original scenario registered lower electricity
costs. These events occurred at 00:00 and 04:00 and resulted from two distinct factors. The first one
refers to a shift of electricity consumption to the cheapest period in the original scenario. Since in
this scenario the heating element is activated as soon as there is hot water consumption, the heating
events at 00:00 and 04:00 reduced electricity consumption during the most expensive periods. The
second factor is related with the higher hot water temperature at 00:00 and 04:00 in scenarios T50 and
T55 since in these cases the RCU aims to maintain the hot water temperature as close as possible to
the upper limit. As a result, higher energy consumption is registered at these instants and higher
costs are incurred despite the RCU use of energy flexibility to transfer energy consumption to the
cheapest period. It is important to note that a total of 40 L was consumed, disregarding the hot water
temperature. Therefore, on a real case where a mixing water tap is used, the hot water consumption
flows would be lower in scenarios T50 and T55, which would result in lower energy consumption.

4. Conclusions

Existing literature shows that the development and assessment of methodologies to use energy
flexibility provided by hot water heaters are mostly carried on simulation environments. These
methodologies aim to achieve different objectives through the use of energy flexibility, being the most
common examples related to photovoltaic and wind generation self-consumption improvement or
electricity cost reduction. Due to the importance of this topic, the present paper describes a system,
entitled EFsyst, aiming to support the development and assessment of the referred methodologies
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in real environments, where different conditioning factors should be considered. Additionally, this
system allows the remote control of the electrical water heater under analysis and resource sharing.

The operation of the EFsyst is presented in this paper using a case study where the energy flexibility
provided by a 100 L electric water heater (1.5 kW) is used to reduce electricity costs. Considering three
different scenarios under the Portuguese electricity tariff context (one of them was design according
to the original operation of the electric water heater), real data were collected during several days.
The collected results show that energy flexibility can conduct to electricity cost reduction even with
a simple rule based control. These savings varied from 5.7% to 17.4%, depending on the amount of
energy flexibility available and the applied time-of-use tariff. Experiments considered for these results
were carried during six days with a single consumption event of 40 L per day.

In order to illustrate the operation of the remote control unit, an application where the user could
vary operating parameters in real time could be developed in the future. Additionally, it would be
important to extend EFsyst functionalities to other heating and storage devices, or even to other type
of devices, that could be controlled in order to provide energy flexibility. In terms of assessment of
methodologies and systems used to explore the energy flexibility provided by EWH, the respective
future experiments should consider longer periods of time (e.g., one year) in order to subject the EWH
to several conditions associated to room and inlet water temperatures that can vary throughout the
year. Different hot water demand profiles should also be considered in these assessment experiments.
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