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Toward NZEB in Public Buildings:
Integrated Energy Management Systems
of Thermal and Power Networks

Ana Beatriz Soares Mendes, Carlos Santos Silva, and Manuel Correia Guedes

Introduction

In recent years, climate change and environmental degradation have grown to be
major threats to the well-being of the global population.

The European Commission has required each EU member state to establish a
10-year integrated national energy and climate plan (NECP) for the period of
2021-2030 [1].

Buildings are one of the largest energy consumer sectors in Europe, being
responsible for approximately 40% of EU energy consumption and 36% of its
greenhouse gas (GHG) emissions [2].

Nearly zero energy buildings (nZEB) have a very high energy performance,
which means that they have low energy needs being largely covered by energy from
renewable sources, produced onsite or nearby. Therefore, the renovation and reha-
bilitation of the existing buildings turning them into nZEB are also a priority in the
Portuguese NECP, making it possible to achieve other objectives such as a reduction
in energy bills and emissions and an improvement in the levels of health and com-
fort of these buildings [3]. In Portugal, a commerce and services building is consid-
ered nZEB when the maximum value of the energy efficiency indicator is equal or
smaller than 75% of the reference value and the energy class ratio is not greater than
0.50 [4].

The first step for the conception of nZEB buildings is the integration of biocli-
matic/passive design strategies in their architectural project. This step can allow for
a reduction in energy needs of up to 60% (thermal and lighting) compared with
conventional buildings. Renewable energy systems will provide the remaining
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energy needs, being the complement (rather than the remedy) to a good building
design. This articulation between bioclimatic design and renewable energy systems
should be considered in the first stages of the project — as was the case of the LNEG
building.

The local small-scale power supply technologies and storage systems for energy
consumption in buildings, such as microgrids, will play a key role in the future
power system. They offer environmental benefits, by using locally produced renew-
able energy; social benefits, due to their reliability, affordability, and resilience; and
economic benefits, by increasing self-sufficiency.

The main objective of this work is to develop integrated energy management
strategies for thermal and power networks in a building. This work will focus on the
study of a microgrid implemented on a pilot bioclimatic office building at
Laboratério Nacional de Energia e Geologia (LNEG), part of the IMPROVEMENT
research project that aims to transform existing public buildings into nZEB, inte-
grating renewable energy microgrids with combined heat, cold, and electricity gen-
eration as well as storage systems [5].

Literature Review
Microgrids

According to the US Department of Energy, a microgrid (MG) is a “group of inter-
connected loads and distributed energy resources (DERs) within clearly defined
electrical boundaries that acts as a single controllable entity with respect to the grid”
and which has the capability to “connect and disconnect from the grid to enable it
to operate in both grid-connected or islanded-mode” [6].

A MG consists of loads, DERs, a control system, and a point of common cou-
pling (PCC). DERs are composed of distributed generation (DG) units, which may
include, for example, solar photovoltaic (PV) panels, wind turbines, combined heat
and power generators, and energy storage systems (ESS). In grid-connected mode,
ESS establishes optimal periods to interchange power with the utility grid in a more
convenient way. Thus, ESSs improve the reliability of the system and support the
DGs when they cannot supply the full power required by the consumers [7].

Microgrid Energy Management Systems

An energy management system (EMS) is an information and control system that
ensures that generation, transmission, and distribution supply energy at a minimum
cost [8]. MG involves a software that optimizes the operation of the system by
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considering the two MG operation modes (isolated and interconnected) and the
minimal required cost of operation [9].

Control Structure

Two approaches to the control structure were identified: centralization and decen-
tralization. In a centralized control system, the data from all components is gathered
into a central controller (CC) that performs the required calculations and determines
the control actions for all the units at a single point. The CC uses the input data to
solve the optimization problem and then transmits the optimal control decisions,
through local controllers (LCs), to the correspondent DERs, where they are imple-
mented. In a decentralized (or distributed) control system, there is no CC, and sev-
eral LCs are set up to measure signals of the different DERs [10].

A compromise between fully centralized and fully decentralized control schemes
is achieved by means of a hierarchical control scheme [11] with three control levels:
primary, secondary, and tertiary. They differ in (i) their speed of response and the
time frame in which they operate as well as (ii) infrastructure requirements [12].

Control Strategies

According to [11], most studies use model predictive control (MPC) strategies and
optimal control, followed by multiagent systems (MAS) and rule-based con-
trol (RBC).

RBC is a static control strategy that relies on “IF-THEN” commands. It is popu-
lar in commercial building automation systems, because it is simple to implement
[13]. It does not require any future data profile to make a decision and is thus suit-
able for real-time applications [14]. Homeostatic control (HC) is a form of RBC that
employs an adaptive strategy that balances positive and negative feedback mecha-
nisms, inspired by the biological concept of homeostasis.

Optimal control aims to optimize an objective function, subject to a set of con-
straints [15]. Such methods are often divided into three categories: classical, meta-
heuristic, and stochastic. In MG applications, the objective is systematically to
minimize the total operational cost but may also have a second objective, e.g., mini-
mizing GHG emissions or occupant thermal discomfort or considering undesirable
outcomes by introducing a corresponding penalty. Common decision variables are:
the amount of power that is taken from each dispatchable source; requested from the
grid at each time; injected into the grid; charged to or discharged from a battery;
reactive power support from renewable energy systems and/or batteries; state of
charge (SOC) of ESS; controllable loads; and temperature setpoints.

A MAS is a collection of intelligent agents that interact with each other in such
a way that the entire system learns and evolves toward a better solution. MGs allow
coordination and control in a decentralized way [16].
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MPC encompasses a set of control methods that rely on the dynamic model of
the studied system [17]. Here, the current state of the system and its model and
outside disturbances are inputs of the controller, which in turn outputs the future
state of the system. It has the advantage of considering the future state of the system
and disturbances, anticipating future events, and acting on that foreknowledge.

State of the Art

The literature covering the situation of EMSs that make use of thermal and power
systems simultaneously was found to be sparse. In the following, an overview of the
relevant case studies is given.

In [18], HC strategies were used for power management and EMS while consid-
ering the thermal behavior of the building. The MG under study contained solar
panels, a wind turbine, an inverter, storage based on batteries, an HVAC, and a smart
meter to measure the amount of energy that was consumed from the grid or injected
to it. It also included multiple temperature and humidity sensors. The control block
received as input the power consumption limit from the utility grid, power con-
sumption, SOC of batteries, availability of the utility grid, and temperatures (walls,
external and internal). The outputs were on-off for the grid selector, the battery, and
the HVAC selector. There were two parts to the control strategy, a reactive part that
ensured that the batteries had enough charge to maintain the MG running and a
predictive one that used the thermal model of the room to maintain the temperatures
within the comfortable interval.

In [19], a grid-connected MG located in a sport center facility was investigated
through dynamic simulations, considering thermal and electrical loads. This MG
was composed of a solar PV installation, a building energy storage system, and a
heat pump. The goal was to balance self-sufficiency with electricity cost. To this
end, two RBC strategies were employed, taking into account the impact of an HVAC
system and of the heat pump. These strategies involved (1) peak shaving of the MG
consumption with off-peak grid power and (2) pricing-based operation of the build-
ing energy storage system, according to the main grid electricity price. To bench-
mark the strategies, the resulting power flows and electricity costs were assessed.
This analysis revealed that strategy 2 yielded the best results.

In [20], systems consisting of HVAC, battery energy storage and renewable gen-
eration in buildings were approached through an optimal control framework. In this
case, the goal was to reduce peak load demand and electricity costs while maintain-
ing thermal comfort levels within an acceptable range. The control strategy took
into account the thermal dynamics of the building, battery SOC, renewable genera-
tion status, and actual operational data and constraints. For the thermal dynamics, a
simple model was developed and trained with actual thermal and electrical data.
The controller was tested using data from a real building. Preliminary results sug-
gested that it yields a significant reduction in peak electrical power demand.

In [21], an experimental room was considered. It featured temperature, relative
humidity, and lighting sensors, as well as an HVAC unit and an electricity micro-
generation system with PV panels and an energy storage system. Here, the main
objective was to ensure users’ comfort and minimize cost, considering electricity
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Fig. 1 Office equipment power consumption for a week

price and available energy from renewable sources. To this end, three algorithms
were developed: (i) dynamic programming with simplified thermal model, (ii)
genetic algorithm with simplified thermal model, and (iii) genetic algorithm with
EnergyPlus. They were tested and validated in real conditions and benchmarked
against each other. This study found that (iii) generally achieved higher convergence
to the optimal value, with more energy being used from the PV system to operate
the HVAC. It was noted that the simplified thermal model is less accurate in simulat-
ing the indoor temperature (Figs. 1 and 2).

Bioclimatic Building Design

Research on Bioclimatic, or Passive, building design began essentially in the 1970s,
during the first oil crisis, and then expanded in the 1990s, with the global warming
awareness. The objective of passive design is to reduce the weight of (fossil fuel)
energy-consuming mechanical systems in the building, such as HVAC and artificial
lighting, through natural means — by taking advantage of the sun’s energy for heat-
ing and lighting, the local winds for natural ventilation, etc. Today, there are numer-
ous publications on bioclimatic design strategies concerning a variety of climates
[22]. These strategies involve design considerations such as solar orientation,
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Fig. 2 Building’s lighting single-line diagram

building form, shading, insulation, adequate glazing ratio in the facades, thermal
inertia, and opening design for ventilation and natural lighting. The LNEG Building
followed bioclimatic strategies since the first stages of its design. It is an atrium
building (for natural lighting and ventilation), with adequate glazing ratio on the
different facades, adequate insulation, and thermal inertia, and uses special passive
systems for heating and cooling, such as buried pipes. PVs are embedded in the
main (South) fagade, doubling as Trombe walls for heating in winter. This biocli-
matic approach accounted for a reduction of over 50% of its energy needs (thermal
and lighting) from the onset, compared with a conventional office building. It is a
fully passive, naturally ventilated building, with no (need for) air-conditioning.

Case Study

The work developed in this study is integrated in the IMPROVEMENT project that
has the main goal of converting existing public buildings, which have high energy
consumption of electricity, heating, and air conditioning, into nZEB. With this goal
in mind, MG pilot plants in LNEG, in Portugal — which, as previously referred, has
a bioclimatic building design conception which significantly reduces its energy
needs from the onset, i.e., this paper focuses on its complementary renewable energy
system design.

The building, represented in Fig. 2, is composed of five rooms and an uncondi-
tioned area. Room 1 is a multiuse room, can accommodate 8 people, and has 15
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Table 1 Equipment power consumption

Equipment Power consumption (W)
Desktop 150
Laptop 100
Projector 365
Coffee machine 1560
Printer Printing/copying 750
Stand-by 30

45W LED panels and 4 8W LED lamps. Room 2 is a meeting room with a capacity
for five people and has four LED panels. Rooms 3, 4, and 5 are individual offices
with two LED panels each. The unconditioned space is a small corridor with four
LED panels.

The consumption was estimated considering the purpose of each room. It was
assumed that the building has one printer and one coffee machine in the corridor.
Room 1 has one projector and one desktop. The individual offices have one desktop
each and Room 2 two desktops. During the working hours, a variable number of
laptops were assumed to be used in the meeting room. The power consumption of
each equipment is shown in Table 1. In Fig. 1, the weekly equipment power con-
sumption is displayed considering that the week starts on Monday.

The LNEG MG can be divided into two separate systems: a thermal system and
an electrical system. The thermal system is composed of two solar collectors that
are 2 m? each and have two tanks, one air/water heat pump, a storage tank, and fan
coils. The electrical system is made up of five subsystems: four energy generation
systems that consist of two PV systems, one with 4050 W and the other with a
560 W rated power; a photovoltaic-thermal (PVT) system with an electricity rated
power of 690 W and a 2500 W rated wind power system; and an energy storage
system, composed of a 48 V lithium-ion battery with 660-Ah energy capacity and a
depth of discharge (DOD) of 85%. The battery has a maximum charging and dis-
charging power of 4200 W.

Thermal and Power Microgrid Integration

Model Integration

As the systems were model in Simulink, the integration itself is done using the same
software. Henceforth, the time unit associated with the simulations will be 1 h.
The main difference in the two models was in the solvers. For the electrical
model, a fixed time-step (Ts) solver (with Ts necessarily between le—5 and 5e—5)
with discrete states was used, whereas the thermal model relied on the variable Ts
solver ode23s. It was found that the solver ode23t, with a maximum time step of
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5e—5, could accommodate the requirements of both models, allowing them to run
simultaneously.

Both systems receive weather files as input. They both rely on irradiance and
temperature data, and additionally, the electrical model requires wind velocity data.
The weather data used was obtained using Meteonorm, with Lisbon as the chosen
location and the irradiation values referent to a surface with a tilt angle of 30°.

The second step of the integration was to introduce the thermal model as a sub-
system of the electrical model in Simulink. To ensure that the systems were working
as intended, a simulation in these conditions was run. It yielded the same results as
the separated models, thus confirming the correctness of the implementation so far.

Afterwards, the electrical power of the heat pump was set as a load in the electri-
cal system, together with the office equipment consumption loads.

The thermal model developed in [23] features an on-off control for the heat
pump, where the difference between the reference temperature of the storage tank
and the observed temperature was used as the control variable. The pump switches
on when the temperature of the storage tank is 5 °C lower than the reference tem-
perature, taken to be 50 °C. The pump only switches on if the hot water tank has the
capacity to heat the storage tank. To prevent frequent switching of the pump, a mini-
mum operation time is set. This value is equal to 0.1 h (6 min). In the summer, the
chosen reference temperature for the heat pump is 10 °C, and a new condition is set
to prevent too low temperatures in the hot water tank. The heat pump is always
switched off when the tank reaches 7 °C.

The electrical model developed in [24] has a battery charging/discharging con-
trol unit responsible for charging the battery when there is simultaneously a surplus
in energy generation and the battery SOC is lower than 100% and limited by the
charging rate. When the demand surpasses the energy production, this control unit
is responsible for discharging the battery until a SOC of 15% is reached, respecting
the DOD of 85%. From that point on, if the demand is still higher than the produc-
tion, the control unit stops discharging the battery to respect the DOD. It is also
important to note that when there is a surplus in energy generation and the battery
SOC is equal to 100%, the left-over energy is injected into the grid. Similarly, when
the demand surpasses the production and the battery SOC equals 15%, the required
energy is extracted from the grid. The new model also receives as input the energy
tariff. The values were obtained by consulting the website of a Portuguese retailer
[25] and correspond to an energy supply tariff scheme with four different periods:
super empty, normal empty, floods, and peak. The schedule was consulted in the
Entidade Reguladora dos Servigcos Energéticos website [26]. The daily term of the
price corresponds to 0.7476 €/day, and the power term is divided in two parcels, the
peak time power, 0.4874 €/kW.day, and the contracted power, 0.0256 €/kWh.day
(Fig. 3). The prices corresponding to each period and the schedule are presented in
Table 2.
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Fig. 3 Building load demand for a week in July: (a) total, (b) contribution from heat pump

Table 2 Energy prices and schedule of each tariff period

Time Periods Prices (€/kWh)

Peak Floods Normal Empty Super Empty
08:00 - 10:30 00:00 - 02:00

10: 30 - 13:00 13:00 — 19:30 06:00 — 08:00 02:00 — 06:00

19:30 — 21:00 21:00 — 22:00 22:00 — 24:00

0.2162 0.1329 0.0918 0.0818
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Results
Summer

The weather data used in this simulation is referent to a week in the middle of of the
week, due to the cooling needs of the space. The heat pump totals a weekly con-
sumption of 40.72 kWh. The generation (Fig. 4) encompasses both the energy-
generated values of power by the PV and the wind power systems.

The total energy consumption during the week, 136.3 kWh, represents only 57%
of the total energy generated by the MG, 238.8 kWh. Nonetheless, due to the maxi-
mum discharging power limit of the battery (4.2 kW), there is the need to extract
power from the utility grid. These explain the peaks observed in Fig. 5 that are
characterized by a maximum power of 1.87 kW. The total energy consumption from
the grid is 1.35 kWh, making up 0.99% of total energy consumption. The energy bill
at the end of the week amounts to 5.76€.

Winter

The weather data used in this simulation is referent to the first week of January. As
illustrated in Fig. 6, the heat pump behaves quite differently in this season. Instead
of switching on and off several times during the day, it does so only four times dur-
ing the whole week to heat the space. When it does switch on, it reaches a higher
maximum power. The weekly consumption of the heat pump is 34.93 kWh. The
total energy consumption of the building during the week is130.5 kWh. Henceforth,
mentions of power generation for the winter will always refer to Fig. 7. The energy

Power Generation
5000 T T T T T T
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Power [W]

48 72 96 120 144 168
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Fig. 4 Power generated by the photovoltaic and wind power systems in a week in July
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Fig. 5 Microgrid power output for a week in July, (a) power extracted from the utility grid, (b)
battery output power, (c¢) battery SOC
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Fig. 6 Building load demand for a week in January: (a) total, (b) contribution from heat pump

generated by the MG during the entire week is 101.9 kWh, indicating a reduction of
57.3% in relation to the summer values.

From Fig. 8, one notes that the battery SOC is close to its minimum value of 15%
for a significant part of the week. The energy extracted from the grid is 45.98 kWh,
making up only 35.2% of the total energy consumption. The energy bill increases in
relation to the summer to 13,60€.
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Fig. 7 Power generated by the photovoltaic and wind power systems in a week in January

Modifications to the Case Study

To test some energy management strategies in a case where there is more stress in
the battery, i.e., the energy storage is smaller and there are more loads, some modi-
fications to the initial study case were made.

The energy capacity of the battery was reduced from 31,680 Wh (660 Ah, 48 V)
to 18,000 Wh (375 Ah, 48 V).

The pilot plant building is part of a main building. It was added to 30% of this
building consumption to the pilot plant office equipment power consumption.

Summer

The power consumption curve for the modified study case during the summer week
is presented in Fig. 9.

The power consumption from the grid, battery output power, and battery SOC
curves are presented in Fig. 10.

During this week, the total energy consumption of the building is 312 kWh,
which is 30.65% greater than the energy generation (238.8 kWh). The energy
extracted from the utility grid is 97.91 kWh, which is 31.38% of the building load
demand. The battery SOC is below 40% for the whole work week. The energy bill
at the end of the week is 20.55€.

Winter

Fig. 11 presents the building power consumption curve.
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Fig. 8 Microgrid power outputs for a week in January: (a) power extracted from the utility grid,
(b) battery output power, (c) battery SOC
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Fig. 9 Microgrid building load demand for the modified case in summer

The power consumption from the grid, battery output power, and battery SOC
during the first week of January are presented in Fig. 12.

The total energy consumption during this week is 306.2 kWh, which is three
times greater than the energy generated by the MG, and the energy extracted from
the grid is 199.8 kWh, which is 65.28% of the energy consumption.

From the battery output power and battery SOC graphs, it can be concluded that
the battery is, for most of the time, at its minimum SOC. The energy bill for this
case is 38.19€.

Energy Management System

Two different control strategies following a rule-based control approach were devel-
oped. The base case, from section “Thermal and Power Microgrid Integration”,
from now on will be referred to as case without EMS, because the EMS was not
integrated.

Control Strategy 1

The first management algorithm developed was based on the real-time electricity
pricing signal and the SOC of the battery. It was focused on the economic dispatch-
ing of the storage system, charging the battery with power from grid when the
energy prices are lower, storing this energy so it can be used when the price value
increases.

Thus, when the SOC is between 30% and 90%), if the price of energy is equal or
smaller than the quartile of energy prices during that day, the battery charges with
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Fig. 10 Microgrid power outputs for the modified case in a week in July: (a) power extracted from
the utility grid, (b) battery output power, (¢) battery SOC
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Fig. 11 Microgrid building load demand for the modified case in winter

power from the utility grid. When the SOC is smaller than 30%, the energy storage
systems charge with power from the grid if the price is smaller than the median of
the energy prices during the day. The battery charges from the grid with a constant
power of 1500 W.

To avoid oscillations in the battery during this charging process, a minimum time
of 5 h was set for the battery to stay without charging from the grid. It should be
noted that these conditions only apply before the end of the work week.

Case Study — Summer

As can be seen from Fig. 13, in this case, only in the first hours of the day the condi-
tions for the battery to charge from the grid are met. Afterward, the battery SOC
rapidly increases to values above 90%, and in the few occasions where it goes below
this value, the energy prices are greater than the quartile 25 of the prices during
that day.

The total energy consumption from the grid had a significant increase relative to
the case without EMS, from 1.35 kWh to 13.35 kWh. This increase is due to the
interval, in the beginning of the week, when the battery is charging with energy
from the grid. The energy bill also increases from 5.76€ to 6.81€.

Case Study — Winter

As can be seen from Fig. 14, a considerable reduction in the maximum of power
extracted from the grid is observed. With control strategy 1, this value decreases to
3.62 kW, a difference of 4.2 kW. Because the battery SOC increases substantially
due to the process of charging from the utility grid during the peaks in the demand
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Fig. 13 Microgrid power outputs for the case in a week in January, control strategy 1: (a) power
extracted from the utility grid, (b) battery output power, (c) battery SOC
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Fig. 14 Microgrid power outputs for the case in a week in January, control strategy 1: (a) power
extracted from the utility grid, (b) battery output power, (c) battery SOC
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(when the heat pump switches on), the battery has enough energy to fulfill the load
until its maximum power output limit.

With this control strategy, the total energy consumption from the grid increases
from 45.98 kWh to 65.66 kWh. Nonetheless, the energy bill sees a reduction from
13.60€ to 12.14€.

Modified Case Study — Summer

As can be seen from Fig. 15, the maximum power extracted from the grid suffers a
slight reduction of 1 kW, and the battery, as expected, also attains higher levels than
the case without EMS, due to the intervals when it was charging from the grid.

The total energy consumption from the grid only increases to 0.01 kWh in rela-
tion to the case without EMS. The energy bill reduced considerably, from 20.55€ to
17.01€. This decrease is mainly due to the allocation of power consumption from
the utility grid when the energy prices were lower.

Modified Case Study — Winter

Figure 16 shows a very different behavior of battery SOC relative to the case with-
out EMS. This control strategy presents six peaks during the working days, which
occur when the battery is charging with power extracted from the utility grid. The
total consumption of energy from the grid and the maximum of the power extracted
from the grid had the same value as the case without EMS. The energy bill decreased
from 38.19€ to 35.80€.

Control Strategy 2

This control strategy builds upon strategy 2. The on-off control described before
was kept, and a new control block was added. Thus, when the result of the first part
of the heat pump control is to switch on, the second block checks if the average
temperature of the five condition spaces is within the comfort range (between 20 °C
and 25 °C). If it is, the heat pump is turned off. If not, the SOC of the battery is
evaluated. In case the SOC is lower than 50% and the energy price is greater than
the daily median, the heat pump switches/stays off; otherwise it switches on.
Because the effect of this control strategy in both cases for each season is similar,
only the modified case study will be discussed in detail here (Fig. 17).
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Fig. 15 Microgrid power outputs for the modified case in a week in July, control strategy 1: (a)
power extracted from the utility grid, (b) battery output power, (c¢) battery SOC
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Fig. 16 Microgrid power outputs for the modified case in a week in January, control strategy 1:

(a) power extracted from the utility grid, (b) battery output power, (¢) battery SOC
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Fig. 17 Microgrid power output for the modified case in a week in July, control strategy 2: (a)
building load demand, (b) power extracted from the utility grid, (¢) battery output power, (d)
battery SOC
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Fig. 18 Degree hours of discomfort for the modified case study for a week in July with control
strategy 2

Modified Case Study — Summer

The heat pump switches on fewer times but with a slightly higher power than the
case without EMS. The total energy consumed by the heat pump decreased by
28.5%, from 40.72 kWh to 29.12 kWh.

Both the maximum of the power and total energy consumption from the grid
decreased to 6.8 kW and 89.73 kWh, respectively. The latter represents a reduction
of 8.4% relative to the case without EMS.

The energy bill reduced by 24.4% in relation to the case without EMS, from
20.55€ to 15.53€.

Figure 18 demonstrates that except for room 2, the values of the degree.hours of
discomfort are similar for both cases.

In room 2, this value increased from 1.216 °C.h to 45.61 °C.h, representing an
average difference of 0.83 °C from the comfort temperature range.

This discomfort can be explained by the fact that as seen in [22], this space is the
one with the worst cooling performance due to an excess of thermal loads in
the room.

The new control block considers only the average temperature of all rooms. If the
latter remains within the comfortable range, even if room 2 by itself is not within
that range, the heat pump will stay off. This causes room 2 to reach even higher
discomfort levels.

Modified Case Study — Winter

The heat pump switches on several times with control strategy 2. Nonetheless, the
total energy consumption of the heat pump decreased from 34.92 kWh to 25.98 kWh
(less than 25.6%).
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Figure 19 presents the new load demand curve for the modified case study during
a week in January and the power consumption from the grid, battery power output
power, and battery.

SOC values with and without control strategy 2.

One can see that the maximum of the power consumption from the grid slightly
decreased with this algorithm. The total consumption of energy from the utility grid
is 190.9 kWh, and it represents a decrease of 5% relative to the case without EMS
(199.8 kWh). The energy bill at the end of this week is 34.33€, a decrease of 10.1%.

The levels of thermal discomfort with and without this control strategy are simi-
lar and approximately zero.

Discussion

For the case study in summer, the lowest energy bill is attained for the case without
EMS. This solution is also the one in which the building’s energy consumption is
lower, making it the preferable solution.

For the case study in winter, control strategy 1 results in a reduction of 11% in
the energy bill in relation to the base case, but the energy consumption from the grid
increases to 43%. With control strategy 2, the energy consumption from the grid is
26% higher than that for the base case. Still, it is lower than that for control strategy
1 and reduces the energy bill by 7%. Considering that the discomfort levels are zero
for strategy 2, it seems to be the best option.

For the modified case study, in summer and winter, with control strategy 1, the
energy consumption from the grid barely changes from the case without EMS, and
the price reduces to 17% in summer and 6% in winter relative to the base case
(Table 3).

For the winter case, the preferable control strategy is, again, the second one. It
has the lowest energy consumption from the grid (decreases by 5%) and energy bill
(decreases by 10%) and the same thermal comfort levels.

In the summer case, the second control strategy would also be the best one if only
the decreases of 24% in the energy bill and 8% in the energy consumption from the
grid were considered. However, the thermal discomfort levels in room 2 cannot be
ignored, even though some things should be noted. First, this room serves as a meet-
ing room that is only used during short periods of time and not in a daily basis.
Second, the temperature is never more than one degree above the thermal com-
fort limit.

It is important to note that the relatively good thermal and lighting performance
is largely due to the bioclimatic conception of the building — which is an essential
first step to achieve the desired nZEB goals.

Finally, it is observed that the improvement obtained from applying these strate-
gies is more significant for the modified case, where the loads are higher and the
battery capacity is lower.
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Fig. 19 Microgrid power outputs for the modified case in a week in January, control strategy 2:
(a) building load demand, (b) power extracted from the utility grid, (¢) battery output power, (d)

battery SOC
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Table 3 Comparison of the results with and without different control strategies for the case study
and modified case study in both seasons

Without EMS ControlStrategy 1 ControlStrategy?2
Case study Summer | Winter |Summer |Winter | Summer | Winter
Price (€) 5.76 13.60 6.81 12.14 6.57 12.69
Energy from grid (kWh) 1.35 45.98 13.35 65.66 12.18 58.06
Pmax from grid (kW) 1.83 7.82 1.84 3.62 1.5 3.49
Heat pump energy (kWh) 40.72 34.92 40.72 34.92 29.15 26.75

Energy consumption (kWh) | 136.3 130.5 136.3 130.5 124.7 122.3
Energy generation (kWh) 238.8 101.9 238.8 101.9 238.8 101.9

Without EMS ControlStrategy 1 ControlStrategy?2
Modified case study Summer | Winter |Summer |Winter | Summer | Winter
Price (€) 20.55 38.19 | 17.01 35.8 15.53 34.33
Energy from grid (kWh) 97.91 199.8 97.92 199.8 89.73 190.9
Pmax from grid (kW) 7.43 9.24 1642 9.24 6.80 8.60
Heat pump energy (kWh) 40.72 34.92 140.72 34.92 29.12 25.98
Energy consumption (kWh) | 312 306.2 312 306.2 300.4 297.3
Energy generation (kWh) 238.8 101.9 238.8 101.9 238.8 101.9

In future, it would be worthwhile to test these strategies on the real building and
compare the resulting experimental data with that of the simulations. An enhance-
ment of the proposed strategies should address the issue found in room 2, where the
current approach fails to keep the temperature within comfortable levels. The analy-
sis done in this study suggests that this could be achieved by controlling the heat
pump with room temperatures, rather than their average, as input.

Appendix

Fig. 20
Fig. 21
Fig. 22
Fig. 23
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Fig. 20 The LNEC. South facade (above), East fagade (below)
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Fig. 21 The atrium: bioclimatic design for daylight and natural ventilation
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Fig. 22 Integration of PV in the South Facade, doubling as Trombe walls for winter heating
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