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Abstract: The building sector has an important role in the decarbonization of energy. Buildings
energy management systems can act on flexible loads to contribute to the integration of renewable
energies. This article presents the design, implementation and evaluation of a rule-based energy
management systems (RB-EMS) in the frame of a collective self-consumption (CSC) system based on
photovoltaic (PV) energy in the Technology Park of Izarbel, in Bidart, France. The RB-EMS acts on
the heat ventilation and air conditioning (HVAC) system of one of the buildings involved in the CSC
in order to maximize the PV energy self-consumption rate (SCR). Internet of things (IoT) has been
developed and implemented in order to retrieve consumption, production and temperature data,
and to be able to act on the HVAC. A new 5-step methodology has been developed to design and
adjust the RB-EMS. This methodology is mainly based on tests carried out to find the relationship
between ON/OFF states of the internal units of the HVAC and the heat pumps’ consumption. Finally,
the RB-EMS is tested in heating operating mode. The results show that the RB-EMS allows obtaining
a SCR of 89%, and that the users comfort limits are respected.

Keywords: collective self-consumption; photovoltaic energy; energy management system; demand
side management; flexible loads; heat ventilation and air conditioning (HVAC)

1. Introduction

The International Energy Agency’s (IEA) report “Net Zero by 2050. A Roadmap for
the Global Energy Sector” [1] puts the timeline for decarbonization compatible with the
Paris Agreement in the buildings sector with the next milestones: by 2030, new buildings
should be zero-carbon ready and universal energy access facilitated. 2040 is the deadline to
retrofit 50% of existing buildings to zero-carbon-ready levels, and by 2050, more than 85%
of buildings should be zero-carbon-ready.

On the other hand, the trend towards decentralization and decarbonization of the
electricity grid brings with it the importance of the implementation of energy management
systems (EMS) in buildings. The implementation of EMSs in buildings can guarantee
a significant improvement in their energy efficiency. This fact makes EMSs have a key
role in meeting regulatory requirements such as the ones established in European Energy
Efficiency Directive (Directive (UE) 2023 /1791 [2]), which forces both old and new buildings
to obtain a better energy rating.

Furthermore, the point of production is located at the same site as the point of con-
sumption, as well as a storage system or other elements [3-5]. This new grid configuration

Energies 2024, 17, 6099. https:/ /doi.org/10.3390/en17236099

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17236099
https://doi.org/10.3390/en17236099
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-8794-0190
https://orcid.org/0000-0002-5030-2088
https://orcid.org/0000-0002-3016-1724
https://orcid.org/0000-0002-1269-8368
https://doi.org/10.3390/en17236099
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17236099?type=check_update&version=1

Energies 2024, 17, 6099

20f17

trend has been promoted to a certain extent by the technical and legislative development
of self-consumption (SC) and of collective self-consumption (CSC). Both concepts were
introduced and developed in the French legislative regulation as early as 2016 by means
of order n° 2016-1019 of 27 July 2016 relating to self-consumption of electricity [6] and the
Article L315-2 of the Energy Code [7], which first introduced the concept of CSC.

In this context, the authors of this article worked on the development and real im-
plementation of such an EMS in the frame of the Interreg V-A Poctefa EKATE project [8].
The global objective of EKATE was to study the “Management of Photovoltaic Electricity
and Shared Self-Consumption in the France-Spain cross-border area, using Blockchain
technology and the Internet of Things (IoT)”. One CSC pilot was developed in the Izarbel
technology park. Two articles were published on building consumption and photovoltaic
(PV) production forecast models [9,10] as part of a model predictive control EMS type [11]
that the authors are developing.

The EMS presented in this article is a rule-based EMS (RB-EMS) and its objective
is to maximize the self-consumption rate (SCR) of PV energy actuating on the heating,
ventilation and air conditioning (HVAC) of ESTIA?2 building involved in the CSC, taking
into account the comfort of users.

Several case studies have been found in the literature where EMS has been used to
promote self-consumption in buildings. This is the case in [12,13], where the focus is on
optimizing the use of PV production in order to reduce the use of the grid as a supplier.
In other cases, batteries or electric vehicles (EV) are also managed in order to increase the
SCR [14-18] or the overall SCR for an Energy Community [19-22]. Concerning the type of
EMS, the most basic EMS are rule-based ones [23-26]. Since RB-EMS is a simple method of
control, it is used in a variety of applications. As can be seen in the literature, RB-EMS are
widely implemented especially in the e-mobility sector [27,28] and in microgrids [29-31].
RB-EMS is also widely used in buildings but no cases have been found in the literature
where it is implemented and evaluated with real tests in the building, although many
studies use real data to feed the EMS [5,32].

RB-EMS are also often used in order to increase the SCR of buildings. This is the
case in [33], where an EMS is proposed, which combines fuzzy logics with a rule-based
algorithm aiming to maximize self-consumption and minimize energy exchange with
the grid. As well, in [32], optimization-based and RB-EMS are developed and compared
for energy management that consider a PV installation, a battery and the grid itself to
supply electricity consumption. The proposed EMS aims to achieve the highest possible
SCR, and based on this purpose, it defines six operating modes that depend on how the
total consumption can be supplied. The authors conclude that RB-EMS is able to provide
more accurate results than optimization-based EMS with less processing time. Similarly,
ref. [23] shows a RB-EMS applied to CSC where the rules are individually defined and
follow a pattern similar to that of the RB-EMS in [32]. In this case, the rules are simpler.
At each time step, the priority is to self-consume the building’s energy production. Then,
any surplus is used to charge the battery and, finally, it is exported to the grid in case the
storage system is full. Import from the grid is the last resort in case of low local production
and not enough stored energy inside the battery.

In addition, domestic hot water (DHW) and its associated tank constitute a significant
source of consumption in a residential building, with an inertia that can also be used as
a flexible load (FL) [34,35]. Among other things, the results of [34] show that it is possible
for multi-apartment buildings to provide flexible services by avoiding the use of energy for
DHW during peak load hours on the grid. Similarly, in [35] simulations show that about
30% of electricity cost reductions could be obtained with an average comfort fulfilment rate
of about 99%. They also show the capability to shift load profile for reducing average power
and gross consumption. For example, on a summer day with a demand response (DR) call,
a reduction of about 20 kWh of electricity is observed during the demand response period.

Regarding flexible loads (FL) on which EMS can actuate in buildings, one of the
main FL used in demand side management (DSM) or demand response is the HVAC
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system [36-38]. It is one of the most important FL to consider, with the greatest margin
for energy efficiency improvement [39]. The authors of [36] demonstrate the benefits of
optimizing the operating costs of heat pumps by achieving 18% cumulative cost savings
at the end of the trial period of 2 weeks. In [37], a reduction of 0.9% in terms of total
electric consumption is obtained when demand-side flexibility is applied with a further
reduction of 0.3% if minimum temperature for occupant comfort is lowered by 1 °C. In [38],
two control strategies applied only to the optimization of the HVAC system of an office
building are compared. It is concluded that a basic control strategy such as the ON/OFF
strategy of the HVAC system can achieve a reduction in consumption of 24.56%.

Associated to the HVAC, the thermal capacity of the building itself is also an impor-
tant FL to consider. With the methodology used in [40] based on the quantification of
3 performance indicators for the energy flexibility of different building typologies, it is
shown that in order to avoid a decrease in storage efficiency, the use of structural thermal
energy storage should be limited to short DR events.

Taking into account the existing research studies in the scientific literature, a significant
gap between simulated RB-EMS and its real implementation has been observed. Therefore,
the main contribution of the work presented in this article is the design, implementation
and critical assessment of an RB-EMS on a real building equipped with a HVAC. The
methodology developed to design the RB-EMS has to be underlined too. In addition, the
IoT package developed and installed in the ESTIA2 building and the critical analysis of its
operation deserve to be mentioned as a contribution.

The paper is divided into five sections. Section 2 describes the studied CSC case.
Section 3 explains how the RB-EMS has been designed. Next, Section 4 shows and analyses
the results obtained when applying the developed RB-EMS on ESTIA?2 building. Finally,
the conclusions related to this research study and some perspectives are given in Section 5.

2. Case Study
2.1. Description of the CSC Case Study and ESTIA2 Buildinge

As shown in Figure 1, the PV energy CSC demonstrator in the Izarbel technology park
comprises three buildings: ESTIA1, ESTIA2 and ESTIA4. However, during the period when
the work presented in this article was being carried out, the ESTIA1 building was being
renovated and communication with the ESTIA1 consumption meters had not been working.
For this reason, only ESTIA2 and ESTIA4 buildings were considered in this research study.

ESTIA 4

Figure 1. The three buildings involved in the CSC of the Izarbel technology park.
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The installation of around 60 kWp of PV panels is foreseen in these two buildings.
As these PV panels were not yet installed during the EKATE project, the 5.6 kWp PV
installed in 2004 in ESTIA1 roof (see Figure 1) were used to emulate the 60 kWp PV panels
foreseen in ESTIA2 and 4, and thus, to obtain the estimated PV power production Ppy from
Equation (2). For the emulation, the measurement of the electricity produced by the existing
panels in ESTIA1, Ppyp1, was multiplied by a gain, Equation (1). The gain was calculated by
dividing Ppysystmax, the maximum power that the new panels would produce according
to the PVSyst 8 software [41], i.e., 46.6 kW, by the maximum power produced in 2021 by
the current panels, Ppypimax, i-e., 4.65 kW. The resulting gain, Gpy, was approximately 10.

46600 _

Ppy
GPV — SYSTMAX __ ~ 10 (1)
Ppye siax 4650

Ppy = Gpy X Ppyy, 2)

Regarding the RB-EMS developed in EKATE and presented in this article, it is worth
mentioning that it was acting on only one flexible load, the HVAC of ESTIA2 building.

2.2. Developed and Installed IoT in ESTIA2 for the RB-EMS

This sub-section describes the IoT that was used in relation to the RB-EMS. The
RB-EMS inputs are the produced PV power, the consumed power in ESTIA2 and 4, the
external temperature and the internal temperatures of ESTIA2 rooms. The output variables
are the ESTIA2 temperature set-point, same for all rooms, and the ON/OFF state of the
HVAC internal master units.

Figure 2 shows the general architecture of this infrastructure. The core of the architec-
ture is a Raspberry Pi processor. It communicates with:

The Météo France meteorology website;
The indoor units of the ESTIA2 Daikin HVAC system, via Modbus TCP and a gateway
linking to the DIII-net bus;

e  The meters of the heat pumps (HP) and the lighting via Ethernet (TCP) and a gateway
linking to the KNX bus;
The cloud and the LoRa network allowing the access to Linky and SME meters data;
The weather station installed on the ESTIA2 rooftop, via Ethernet.

Meteo France DAIKIN air conditioning
forecast
e e OUTDOOR
Modbus UNITS
Internet Ethernet -
Gateway [{Plll-net AIR CONDITIONING
setpointand INDOOR
Tempeéa‘\iuéeFF S(E)_te_ I N N B ._ : _0 _o - UNITS
Raspberry -~~~ [ Meteo
Pl Ethernet station
e e s o LIGHTS
Gatew KNX
Ethernet eway
ENERGY
Internet METERS
« oo
& J)LORA [ Building meters

Figure 2. IoT infrastructure block diagram.

The following subsections present the most important IoT components from the
point of view of this research study, focusing on the new devices installed as part of the
EKATE project.
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2.2.1. Smart Meters and ICT Devices

Meters’ data are retrieved thanks to the information and communication technology
(ICT) electronic device (see Figure 3) that collects the data specified in Table 1 from the
meters and sends them via an antenna using LoRa network. This ICT device was developed
by a member of the EKATE consortium. One of the objectives of the EKATE project was
to test these ICT devices in the frame of the mentioned CSC energy sharing and the EMS

of ESTIA2.
LoRa Cloud <:> Data Server @
D APl WEB
=
3
D
-

Figure 3. ICT devices connected to the meters in the three building.

Table 1. Meters implicated in the Izarbel CSC.

Building  Meter Type Measured Magnitude Data Retrieved Unit Sampling Time
Total injected active energy Wh Tot:;;rpectle (():1 Iz;cr;uve
ESTIA1 Linky ESTIA1 PV production . &Y
Instantaneous injected
VA 10 mn
apparent power
Extracted active energy kWh 10 mn
ESTIA2 SME/SMI ESTIA2 consumption Extracted average active KW 10 mn
power over 10 min
' ESTIA4 consumption of Total extracted active energy Wh 10 mn
ESTIA4 Linky Instantaneous extracted
common parts VA 10 mn

apparent power

The ICT devices’ antenna enables communication over the LoRa [42] network with
the LoRaWAN (Long Range Wide Area Network) protocol. In the context of IoT, it allows
structuring a low-power wide area network by integrating low-power terminal equipment
through gateways. LoRa is the physical layer that makes it possible to connect sensors or ob-
jects that require a very low power or long battery life (counted in years) in a small volume
and at low cost. Considering the constraints of the Izarbel CSC pilot, for instance the low
power (130 mW) available at smart meter and the need to communicate between different
buildings, the abovementioned LoRa characteristics make this network very interesting.

In the Izarbel pilot project, ICT devices retrieve data from smart meters and send it
via the LoRa network and the Orange French GSM operator to a data server of a French
company. Likewise, the ESTIA2 RB-EMS can retrieve this data through an API.

Table 1 lists some data on the Izarbel meters used by the RB-EMS. The ESTIA1 m that
measures the output of the PV panels is of the Linky type [43], as is ESTIA4’s consumption
meter. The ESTIA2 consumption meter is of the SME/SMI type. It is worth mentioning
that ESTIA4, as a business centre, contains several meters. The meter that participates in
the CSC measures the consumption of the common areas.
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The accessible data and their resolution differ according to the type of meter. The
SME/SMI meters provide, among other things, the rate of active energy withdrawn with
a resolution of one kWh and the average active power for 10 min in extraction with
a resolution of one kW. Linky meters provide the total active energy injected (in production)
or withdrawn (in consumption), with a resolution in Wh, and the instantaneous apparent
power injected or withdrawn in VA.

Linky meters thus offer much better resolution than SME/SMI meters. The low reso-
lution of SME/SMI meters is a drawback, especially when the consumption of a building
equipped with this type of meter is low.

Another problem, observed during the testing of the ICT devices, is the time drift of
the time stamped information sent to the data server by the LoRa network. This drift is
different from one ICT device to another and does not always occur in the same direction.
Thus, it is very difficult to synchronize the data from the different meters. There can be
a difference of 5 min between one meter and another. In a 30-min step, corresponding
to the time step of the PV production distribution [44], this is not negligible. It was also
observed that the data stored on the data server is only available after 20 to 30 min. This is
a major handicap for EMS, which requires real-time data. In fact, the data server platform
and the communication via the mentioned commercialized ICT devices and LoRa were
designed for monitoring PV plants.

2.2.2. ESTIA2 HVAC System

The ESTIA2 HVAC system consists of 10 outdoor HP units and 73 indoor units
composed of a vent and boxes/thermostats, as shown in Figure 4. Of the 73 indoor
units, 60 are master units. All these units are Daikin branded. ESTIA2 has 4 flours and
68 rooms. Some rooms have more than one internal unit, and each external unit is linked to
5 to 8 internal units (see Appendix A).

\\f__'”/ '33xDAIKlN IMDoor Units R\l

| DAIKIN1
| - (Di)

L0

10xDAIKIN OutDoor Umts

i 1 DAIKINZ
| (DIl

1 ﬂ/ 40xDAIKIN lnDoorlﬁJnltvs/ \\. ﬂ/ MODBUS TCP

CoolMaster

Figure 4. External and internal units of the ESTIA2 HVAC system.

The gateway that links the Modbus and the Daikin DIII network (see Figure 2) allows
data such as the temperature of each room to be retrieved. The gateway also allows
adjusting the set-point temperatures for each office or room as well as the ON/OFF status
of the internal master units.

Another gateway is used to link to the KNX bus to recover the energy consumption of
the external units (Figure 2). In fact, as part of the project, an electricity meter was installed
in each external group. The consumption of these groups is the main consumption of
the building.

3. Rule-Based Energy Management System Design and Assessment Methodology

A new methodology was established to design and assess the RB-EMS. The objective
of the methodology was to design an RB-EMS that has the objectives mentioned in Section 1
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and the inputs and outputs mentioned in Section 2, and that is valid for every building
with a HVAC based on HP and whose main power consumption is linked to the HVAC
operation. The steps of the methodology are presented in Figure 5.

( 1 Include Brager diagram based
tDeflnmotn of comfgrt on the previous day mean
| temperature margins temperature
A 4
' ™
Characterization of Test the HVAC in different
the HVAC scenario, in heating and
N / cooling modes
A 4
( ) Consider the PV

Sample time
definition

. ' Define the control strategy
Rules implementation | based on the user comfort and
\. J self consumption optimization

|

RB-EMS assessment Schgdu[e the Fesfts
considering building
protocol

\ J usage constraints

production shape and
) available indoor units

Figure 5. Steps of the developed methodology to design the RB-EMS.
3.1. Method for the Definition of Comfort Temperature Margins

The comfort temperature margins definition is based on the Brager diagram [45].

Figure 6 illustrates this diagram. The average external temperature is represented on
the x-axis.

34

w
N

w
(=]

N
[+2]

Neutral temperature ense o

‘‘‘‘‘

N
[}

L
P

N
N

-
L

N
o

90% acceptability

=
0

Indoor confort temperature [°C]
N
sy

=
(=)}

80% acceptability

14
-10 =5 0 5 10 15 20 25 30 35 40

Average daily outdoor temperature [°C]

Figure 6. Definition of comfort temperature margins based on Brager diagram.

As shown in Figure 6, the 90% acceptability interval around the neutral temperature
Ty, has a width of 5° (between Ty, 90% and Tyuax 902 ), while this width is 7° for the 80%
acceptability interval (between T),;; so% and Tyax go%). The margins of this diagram could
be changed, for example depending on the usual humidity of the place. It can also be used
to prioritize the SCR, the comfort or the building efficiency, adjusting the temperatures
limits of the acceptable comfort zone, T},;, and Tyay.
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3.2. Carrying out Tests for the Characterization of the HVAC

HVAC characterization tests are necessary to know the influence on the building’s
consumption of the units turned on. As an example, Figure 7 shows the results obtained
during one of these tests where five internal units of external group 3 were switched ON
consecutively. The units 1 to 5, located in different rooms, are linked to the same external
group. The related temperatures are shown with different colours. These temperatures are
displayed as zero when the units are OFF. In all cases, the set-point temperature is 21 °C.
The units operate in cooling mode. Figure 8 shows the evolution of the third external group
HP power consumption in the same test.

30
= Unit 1
0 [\ Unit 2
—Unit3
G 20 M —Unit4
< —Unit5
L
2
5 15
(]
Q
£
® 10
5
0 ———
18:00 19:12 20:24 21:36 22:48 0:00

Figure 7. Internal temperature obtained during one test applied to 5 internal units related to
external group 3.

GRO3
2000

1800
1600
1400
1200
1000

Power [W]

800
600
400
200

0
18:00 19:12 20:24 21:36 22:48 0:00

Figure 8. Power consumption of the third external group HP.

The main conclusions of the carried-out tests are the following:

e  After the first indoor unit associated to an external group is switched ON, when new
indoor units associated with the same group are switched ON, the variation of the
power consumption is not very significant.

e  When an external unit is switched ON through the solicitation of an internal unit,
a significant consumption power step is produced. This step is of 2 kW in average
(around 1.4 kW for group 3 in Figure 8) when the difference between the set-point and
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rooms indoor temperatures are lower than 5°, while ensuring that comfort criteria are
always respected.

e  When an internal unit is switched ON, the temperature overpassing is lower than
one degree.

3.3. RB-EMS Sample Time Definition

In order to have the best consumption power steps/variations resolution, it is im-
portant to be able to act on all outdoor groups and indoor master units in one day. In
our case, there are 60 indoor master units, and it takes five hours to reach the typical PV
production bell in the absence of cloud. Therefore, a sampling time of five minutes would
allow switching ON all the master units one by one up to the mentioned bell.

3.4. RB-EMS Rules

As explained before, the goal of the RB-EMS is to increase the self-consumption rate,
taking into account the comfort of the users.

During the night, when there is no PV production, the indoor units are managed in
order to obtain the minimum comfort temperature (T, 992 ) at the beginning of the work-
day. It is necessary to ensure the comfort even if this procedure increases non-renewable
energy consumption.

Figure 9 shows the flow-chart related to the RB-EMS for the case where the HP works
in heating mode (HM). Pc is the average power consumed in ESTIA 2 and 4. The parameter
h =2 kW is the hysteresis threshold of the PV surplus power used to decide if new indoor
units should be switched ON or switched OFFE.

|
| Read Ppy, Pc from database |

Compare
eandh

UnitsOFF available?
Yes
Sort ascending UnitsOFF
in function of RoomTemp

Figure 9. Flow-chart that depicts the rules of the RB-EMS2 for HM.
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The units that must be prioritized to be switched ON are the ones with the lowest
temperature and close to the comfort limits, while the highest temperature for units that
must be switched OFF. In addition, supplementary units are switched ON and OFF in order
to homogenize temperatures as much as possible. Three cases are considered:

e If enough PV surplus is available (e > h), then the OFF unit (UnitsOFF) with the
lowest temperature is switched ON (UnitsOFF[0] after ascending sort). Then, if the
temperature of the ON unit related to the highest temperature is higher than T; o, it
is switched OFF and the next OFF unit related to the lower temperature (UnitsOFF[1])
is switched ON.

If —h < e < h, no unit is switched ON or OFF.

If e < —h, then the ON unit related to the highest temperature (if higher than T; orr) is
switched OFF and the remaining OFF unit related to the lower temperature (if lower
than that T,,;,,) is switched ON. In this case. the priority is given to the comfort, even
if the energy is consumed from the grid.

e In order to consider the thermal dynamics of the rooms, T; on and T; orr are set to
Tinin_o0% + 1° and T, — 1°, respectively. Even after switching OFF an internal unit, the
temperature increases for a while. If the limit for switching ON was set to T}, 909, in
some situations the room temperature could decrease under this value, so going out
of the comfort interval.

3.5. RB-EMS Assessment Protocol

As in this study case, it is common to not be able to carry out assessment tests under
normal building occupancy conditions. For these cases, the following assessment protocol
is designed:

1. The test is performed on a day where the building is empty, for instance on a Sunday
as here;

2. The obtained SCR with the RB-EMS is compared with the estimation of the SCR that
would be obtained in the same day without the RB-EMS.

The SCR is calculated as follows [12]:

ECOVIS
SCR = L Epy

)

where EGJ/° represents the PV energy consumed and E gr‘fd represents the PV energy pro-
duced, both in one self-consumption period (30 min in France).

4. Results and Discussion

This section presents the results obtained in a real test carried out in HM. The test was
carried out on a Sunday, as mentioned in the previous section.

The mean external temperature applied to the Brager diagram was 4.2 °C and the
priority was given to the comfort, considering a 90% comfort zone (between 17 and 22 °C).
Taking into account the hysteresis and dynamics of the HVAC and building, T}, was
adjusted as follows: Ty, = Thin_o0% + 1.

Figure 10 shows the production and consumption curves for this day. The PV pro-
duction curves is drawn in blue. The curve in orange represents the consumption of
buildings 2 and 4. The self-consumed energy is drawn in red and the consumption of the
HP (the flexible load) in purple. All quantities represent the energy produced or consumed
during 30 min time interval (the interval related to the calculation of the PV energy sharing
in France [44] in kWh).

The consequences of the delay of 20 to 30 min in recovering power data from the data
server described in Section 2.2.1. can be observed in Figure 10. There is a delay between
the PV production and the HP consumption (and as a consequence of the building’s
consumption). This lag is mainly seen when there is a relatively abrupt change in PV
production. For example, it can easily be observed between 12:30 and 13:30. Despite this
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delay, the effect of the RB-EMS on self-consumption is remarkable. The total consumption
curve follows that of the PV production well. The obtained average SCR is 89%.

16 PV Production
Buildings Consumption
Self Consumption

HP Consumption

SCR: 89%

Energy [kWh/30min]
=]

Figure 10. Self-consumption analysis in the HM test with RB-EMS.

Figure 11 depicts the evolution of the number of indoor units switched on. It can
be seen that this trend is linked to the HP consumption profile. Comparing with the
production curve, again, a delay is observed.

20

Nb. of indoor units
S &

v

Figure 11. Evolution of the number of indoor units switched ON.

Figure 12 shows the average temperature of the four levels of ESTIA2. The comfort
zone limits are respected in general, except in the floor 4 in the afternoon. The effect of the
sun leads to the comfort limit being exceeded. As the HP work in HM, they cannot reduce
this temperature.

It is also worth mentioning that the lower comfort limit given by Brager diagram is
very low (17 °C). The diagram should be adjusted to avoid this situation. Because of the
mentioned low limit, the temperature of level 1 (one part underground) is very low at the
beginning of the morning and at the end of the afternoon. Anyway, the temperature is
always within the fixed comfort limits during these times of the day. Moreover, it can be
observed that this temperature varies significantly. It is because only three of the six rooms
on this floor are equipped with indoor units.

Figure 13 depicts the estimation of the self-consumption that would be obtained in the
same day if the RB-EMS was not operating. The SCR obtained would be only 48%. This
value agrees with values found in literature [25]. The estimation of the consumption is
based on the consumption of the building on Sundays (very similar on all Sundays). The
obtained SCR is much lower, but of course, the comparison has its limits. Indeed, if the
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test without the RB-EMS had been carried out on a weekday, the consumption would have
naturally increased in the morning and decreased in the afternoon [9].
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Figure 12. Four levels temperatures and the comfort level in the HM test.
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Figure 13. SCR estimated for the case without the RB-EMS during the day-day.

The obtained results show that with a simple RB-EMS, PV energy self-consumption
can be improved, using FL instead of introducing batteries, as proposed in other works [25].

The real tests have been carried out for only one day. More scenarios and cases
should be considered to obtain a more general conclusion about the improvement of the
self-consumption with the developed RB-EMS, and about the consideration of the comfort
levels. Therefore, as here, more tests should be done on Sundays. However, the challenge
would be to perform real tests in working days when HP are really used to heat (in winter)
or cool (in summer) the building. For that, different steps should be first completed in order
to ensure the reliability of the EMS in general, and especially of the ICT part. This would
allow experiments to be carried out without disrupting the work of the building’s users.

Another solution to generalize this research study could be to simulate the RB-EMS
using historical production and consumption data. However, the HVAC system of ESTIA2
is very complex to model, due mainly to its decentralized structure and old age (20 years).
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Therefore, as experienced by this research study team, it is nearly impossible to develop
a highly reliable simulation model of the system.

The above discussions explain some of the reasons why our team has not found
any publication on the implementation and experimentation of RB-EMS for energy SC in
real buildings.

5. Conclusions

The research study presented in this article analyses the management of the consumed
energy in ESTIA2 building by acting on the HVAC. The objective was to maximize the
SCR respecting the building users temperature comfort limits. Thus, a RB-EMS and the
associated ICT were developed, implemented and tested in the real system.

The results of the test demonstrate the efficiency of the developed RB-EMS. The EMS
allows following the PV production curves while respecting the defined comfort limits.
On the HM test, the SCR obtained with the RB-EMS is 89% while that obtained without
the EMS is 48%. This means that the RB-EMS delivers an 85% improvement over the case
without EMS. Of course, as above mentioned, this comparison has some limits, but it is the
first assessment step. In the next step, the comparison protocol will have to be improved to
generalize the research study.

Regarding the developed methodology, it is valid for every building with a HVAC
based on HP and whose main power consumption is linked to the HVAC operation. Once
the research study is generalised, the methodology will become a good guideline for energy
system designers and managers planning to implement this kind of EMS.

Another important conclusion of the study is that the ICT used to manage production
and consumption data had a lack of precision and reliability that affected negatively
the performance of the developed RB-EMS. One of the main problems is the time delay
occurred in the process between measurements and downloading data from the cloud.
A local management of data would be a good alternative to face this problem.

Concerning future works, considering the impact of ICT problems met when retrieving
production and consumption data, the first task will be to create and implement a local
LoRa network associated to a local server in Izarbel. Then, once ensured that this local
communication infrastructure works well, with the authorization of the Management of
ESTIA, the RB-EMS will be tested in different scenario, especially on weekdays. Finally,
an optimized EMS based on the model predictive control technique is being developed and
will be implemented and tested in ESTIA2. Thus, the two EMS will be compared on the
real system.
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Appendix A Characteristics of HVAC

Table A1l gives some characteristics of the external groups. It can be noted that there
are different product ranges. Some units are more powerful than others are, and they have
two compressors. The number of internal units that can be connected to each unit is also
different depending on the range.
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It can be observed that the COP (coefficient of performance) of all the units is between
3 and 4, both in heating and cooling mode. As for the nominal power of the units, it varies
between 4.34 kW for the least powerful units and 10.8 kW for the most powerful units.

Table Al. Characteristics of external groups.

Nominal Capacity (kW) cor Power Input (kW)
Group Range

Cooling Heating Cooling Heating Cooling Heating
1 RXYQ5M7W1B 14 16 3.69 3.69 3.79 4.34
2 RXYQ8M7W1B 224 25 3.21 3.63 6.97 6.89
3 RXYQ12M7W1B 33.5 37.5 3.16 3.47 10.6 10.8
4 RXYQ8M7W1B 224 25 3.21 3.63 6.97 6.89
5 RXYQ12M7W1B 33.5 37.5 3.16 3.47 10.6 10.8
8 RXYQ5M7W1B 14 16 3.69 3.69 3.79 4.34
9 RXYQ5M7W1B 14 16 3.69 3.69 3.79 4.34
10 REYQ10M7W1B 28 31.5 3.11 3.38 9 9.31
11 REYQ12M7W1B 33.5 37.5 3.16 3.47 10.6 10.8
16 REYQ10M7W1B 28 315 3.11 3.38 9 9.31

Table A2 shows data on the relationship between internal and external units. It can be
seen that the maximum number of internal units per external unit varies from 8 to 20. In ad-
dition, as mentioned above, the number of compressors varies from one to two depending
on the range of the outdoor unit. For example, unit 16 has two compressors. One operates
in ON/OFF and the other in modulation.

Table A2. Other characteristics of external groups.

Connectable Number of Total Capacity of
Group Range Indoor Units Compressors Connectable Indoor

Units (kW)

1 RXYQ5M7W1B 8 1 [7;18.2]

2 RXYQ8M7W1B 13 2 [11.2;29.1]

3 RXYQ12M7W1B 19-20 2 [16.8; 43.6]

4 RXYQ8M7W1B 13 2 [11.2;29.1]

5 RXYQ12M7W1B 19-20 2 [16.8; 43.6]

8 RXYQ5M7W1B 8 1 [7;18.2]

9 RXYQ5M7W1B 8 1 [7;18.2]

10 REYQ10M7W1B 16 2

11 REYQ12M7W1B 19-20 2

16 REYQ10M7W1B 16 2

Graphical interfaces have been designed to make it easier to observe the main variables
of the internal units, making the interpretation of the tests easier. Figure A1l shows the
graphical interface designed for the internal units on the ground floor. It can be seen that
some rooms have more than one internal unit. Each room is numbered. The symbols
corresponding to the internal units are framed in red or blue. When the inside of the frame
is coloured, the unit is switched ON. A blue frame means that the unit is configured in
cooling mode, while a red frame means that it is in heating mode. The number inside the
circle represents the internal temperature measured by the unit’s sensor. One unit only
works in cooling mode because room 16 must always be cooled. This explains the fact that
in room 19 one unit is configured in cooling mode and the other in heating mode. Indeed,
as the unit of room 16 and the L1.200 unit (Daikin DIII-net address) in room 19 belong to the
same external group, the L1.200 unit also operates in cooling mode. As room 19 contains
another indoor unit, the L1.200 unit can be kept OFF during the cold season.
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