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Abstract

In the present paper, a new approach to energy resources management in a residential microgrid is proposed and
evaluated in simulation, using energy and economic criteria. Its aim is to improve energy efficiency as well as interaction
with the electricity grid. So, a grid-connected building located in Perpignan (south of France) and equipped with energy
production and storage systems has been modelled using the TRNSYS software. We designed and managed these systems
optimally and highlighted configurations that promote self-consumption of energy. In addition, the negative impact on
the grid of local power generation (related to both energy injection and extraction) is minimized. The combination
of photovoltaic solar panels and a vertical-axis wind turbine as a viable energy mix option for residential buildings in
Southern France has also been evaluated. At least, we appraised the way electricity storage impacts on performance as
well as the savings one can achieve by shifting some domestic loads from on-peak to off-peak periods.

Keywords: Microgrid, residential building, thermal modelling, decentralized power generation, electricity grid, grid-
connected mode, electricity storage, management strategy, demand response mechanisms.

1. Introduction

Climate change due to greenhouse gas emissions as well
as an increasing demand in energy, mainly caused by pop-
ulation growth and economic development, are worldwide
concerns [1][2]. Consequently, decentralized power genera-
tion, one of the keys to energy independance and security,
is leading the way to fight global warming and promote
energy efficiency (United Nations Framework Convention
on Climate Change [1] and Kyoto Protocol [3]).

Let us remind that traditional electricity grids are ra-
dial and unidirectional structures built to bring electricity
from centralized power plants to end-users (consumers).
They were originally designed for regional self-sufficiency
whereas interconnections were developed for mutual sup-
port between regions [4][5]. Because traditional electricity
grids are not equipped with storage facilities, production
and demand by end-users must be balanced. The flow of
electricity is not monitored in real-time and electrical us-
age is usually unknown. In addition, power breakdowns,
due in particular to overload or unstable power supply,
are important issues impacting electricity grids. After all,
spikes in energy demand are forcing power companies to in-
vest a lot of money in “peaking facilities” which are rarely
used [6].

Because of an increasing penetration of sources of re-
newable energy, distribution networks are no more passive
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but active structures. In particular, this penetration im-
pacts on transient and voltage stability, electromagnetic
transients, power levelling, energy balancing, and power
quality [7][8]. So, decentralized power generation requires
dramatic changes in planning practices, and an increased
flexibility, because it affects the physical operation of the
grids [9]. In Ref. [10], Hammons examined possible solu-
tions to the integration of these new sources of energy into
various European distribution networks. He evaluated the
“Technology Platform for the Electricity Networks of the
Future” proposed in 2005 by the European Commission
and highlighted key challenges as well as possible architec-
tures for the grids [11]. The main goal of such a platform is
to increase the efficiency, safety and reliability of the Eu-
ropean electricity transmission and distribution systems
by transforming the traditional grids into an interactive
service network. This platform is also about removing ob-
stacles to the large-scale deployment and effective integra-
tion of distributed sources of renewable energy. In 2007,
Coll-Mayor et al. [12] provided a complete outlook on in-
telligent power grids, also known as “smart” grids in Eu-
rope. The authors highlighted the need for new concepts
and architectures, based on distributed intelligence, plug
and play, e-trading or power-line communication, and for
a regulatory framework dedicated to the control, super-
vision, and operation of electricity grids [13]. In 2009,
Chicco and Mancarella [14] outlined the main possible
structures, characteristics, components, energy flows, and
interactions for distributed multi-generation systems. As
an interesting result, they pointed out that sustainability
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Nomenclature
U Heat transfer coefficient (W m−2 K−1)
URT 2005 Heat transfer coefficient (French thermal regulation of year 2005) (W m−2 K−1)
Tsp Indoor temperature setpoint (○C)
I Current (A)
IL Light current (A)
I0 Diode reverse saturation current (A)
Rs Series resistance (Ω)
Rsh Shunt resistance (Ω)
V Voltage (V)
a Modified ideality factor (-)
ηI Ideality factor (-)
Ns Number of modules in series in array (-)
kB Boltzmann constant (m2 kg s−2 K−1)
Tc PV array temperature (K)
q Electron charge constant (C)
P Power output of the wind turbine (kW)
Cp Power coefficient for a wind turbine (-)
AR Rotor area (m2)
ρ Air density (kg m−3)
U0 Wind speed (m s−1)
k Time index (-)
Ts Simulation sampling time (min)
Ebat Amount of energy stored in the batteries (kW h)
Emax

bat Maximum (rated) capacity of the batteries (kW h)
Emin

bat Minimum capacity of the batteries (kW h)
DoD Depth of Discharge (%)
Ep

ren Amount of energy produced by local systems (kW h)
Ec

ren Amount of energy produced and consumed in situ (kW h)
Esto Amount of energy available to be stored in the batteries (kW h)
Eext Amount of energy extracted from the electricity grid (kW h)
Einj Amount of energy injected to the electricity grid (kW h)
Erel Amount of energy released from the batteries (kW h)
Ehou Energy needs of the residential building (kW h)
ηinv Inverter performance (%)
ηbat Charge performance (%)
τ Hourly self-discharge rate (%)
%ren Percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed (%)
%sc Percentage ratio of the renewable energy consumed to the renewable energy produced in situ (%)
Jren Renewable energy use (-)
Tout Outdoor temperature (○C)
Pen Electricity price (e kW h−1)
Jcost Economic cost criterion (e)
Lgrid Grid load (MW)
L̃grid Normalized grid load (-)
Jgrid Electricity grid status (-)
Tgrid Electricity grid threshold (%)
∆Tgrid Deviation between the grid threshold and the normalized load (-)
Iinj Impact of local production of renewable energy (-)
Iext Impact of energy extraction (-)
Igrid Overall impact (-)
δ Difference between the amount of renewable energy produced and instantaneous energy consumption (kW h)
Ppv PV panels peak power (kWp)
Pwt Wind turbine peak power (kWp)

of the distributed multi-generation solutions is guaranteed
by a wide range of technical and economic benefits. The
same year (2009), Battaglini et al. [15] proposed the con-
cept of “supersmart” grids for a more efficient use of elec-
tricity produced from renewables. This concept combines

wide area power generation with decentralized power gen-
eration. As another interesting work, Nair and Zhang [16]
detailed the composition of the power generation system
of New Zealand and suggested to follow Europe’s platform
for its smart grid development. At least, Hledik [17] car-
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ried out a simulation of the U.S. power system, which is
mainly based on thermal power, and suggested that both
conservative and more technologically aggressive possible
implementations of a smart grid would produce a signifi-
cant reduction in CO2 emissions at the national level.

New concepts and architectures go along with “intelli-
gent” tools and strategies allowing the decentralized power
generation to be managed and its impact on the electricity
grid operation to be evaluated. In this sense, Fardanesh
and Richards highlighted in 1984 that additional coordina-
tion and protection considerations are required when siz-
able cogeneration sources are introduced to the electricity
grid in order to maintain a high degree of reliability and
service continuity [18]. The same year (1984), Dugan and
Rizy considered three potential protection problems asso-
ciated with the interconnection to the distribution grid of
rotating-type, small dispersed storage and energy produc-
tion systems [19]. In 2006, Pham proposed a new approach
based on intentional islanding of power systems in case of a
critical situation caused by a massive penetration of renew-
able energy sources [20]. In 2008, Fontela-Garcia analyzed
the robustness of the grid and proposed fault detection al-
gorithms and intentional islanding to limit the impact of
electrical failures [21]. In Ref. [22], Courtecuisse addressed
both the supervision of multisource power plants equipped
with storage systems and the impact of renewable genera-
tion on grid stability. He proposed and evaluated several
control strategies based in particular on fuzzy logic. In Ref.
[23], Alvarez-Hérault proposed a new architecture and a
partially-meshed operation for distribution networks. As
a result, reliability is preserved, even if the penetration of
renewabale energy sources is large. In Ref. [24], Lund and
Münster analyzed various energy strategies for Denmark,
based on decentralized power generation. In particular,
the authors highlighted that the costs of avoiding critical
surplus production is much lower than investing in high-
voltage transmission lines. Moreover, they concluded that
flexibility is of paramount interest in the management of
decentralized power generation.

Another key point in energy efficiency and sustainabil-
ity is the building sector [25]. In 2010, the final residential
energy consumption accounted for 26% of the total en-
ergy consumption in the European Union of 27 member
states [26]. So, automation approaches for smart build-
ings capable of trimming demand for electricity in response
to real-time variations in prices could shave many peaks.
They could also help generation and distribution networks
reliability to be improved, in particular if penetration of
intermittent sources of renewable energy in the power sys-
tem is high, as well as cost effectiveness. As an interest-
ing concept, a building (or a group of buildings) equipped
with (shared) energy production and storage systems can
be seen as a “microgrid”. So, a (smart) microgrid is a
small-scale energy grid that can provide adequate energy
supply to cover local demand by integrating decentralized
power generation and storage facilities. In such a context,
Demand Response (DR) and Demand Side Management
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Figure 1: Hourly grid load of the Perpignan-Méditerranée agglomer-
ation community (about 280 000 persons and 655 km2, Languedoc-
Roussillon, France) (MW).
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Figure 2: Hourly total solar irradiance in Perpignan, Perpignan-
Méditerranée agglomeration community (Languedoc-Roussillon,
France) (W m−2).

(DSM) aim at optimizing the electricity delivery process
by taking advantage of consumers’ flexibility. According
to the Federal Energy Regulatory Commission [27], DR
is about “changes in electric usage by end-use customers
from their normal consumption patterns in response to
changes in the price of electricity over time, or to incen-
tive payments designed to induce lower electricity use at
times of high wholesale market prices or when system re-
liability is jeopardized”. In case of strained electricity sup-
ply and demand conditions, DR can reduce peak prices
and overall price volatility [28][29]. Moreover, DSM pro-
grams encourage end-users to be more energy efficient [30].
Lighting retrofits, building automation upgrades as well
as HVAC (Heating, Ventilation and Air-Conditioning) im-
provements [31][32] can be included in these programs. To
summarize, there are three main possible ways in which
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end-users can improve energy efficiency: shifting electricity
use (household appliances) from on-peak to part-peak or
off-peak periods, reducing energy consumption, and con-
suming locally-produced energy. In 2012, Gelazanskas and
Gamage made a review of the demand side management
techniques one can find in the literature. In addition, the
authors proposed a modern system identification and side
load control method based on artificial neural networks
[33]. The same year (2012), Kriett and Salani developed a
Model Predictive Control (MPC) scheme in order to min-
imize the operating cost of a residential microgrid which
was operated in grid-connected mode [34]. More recently
(2013), Kremers et al. proposed an agent-based approach
for modelling a smart microgrid [35]. A simple case study
allowed the possibilities offered by such an approach to be
evaluated. In 2014, Honarmand et al. developed a man-
agement approach to power generation and electric vehi-
cles in a microgrid [36]. The authors focused on optimizing
the charging and discharging cycles of the batteries.

In the present paper, a new approach to energy resources
management in a residential microgrid is proposed and
evaluated in simulation, taking the electricity grid sta-
tus into consideration. So, we used the TRNSYS (Tran-
sient System Simulation Tool) software to model a grid-
connected building located in Perpignan (south of France)
and equipped with energy production and storage systems.
Designing and managing these systems optimally was the
main goal of the study. Besides, we considered 1980’s and
RT2005 insulation standards [37] and proposed realistic
occupancy (OS1 and OS2) and behaviour (BS1 and BS2)
scenarios. We defined BS2 by shifting some domestic loads
from on-peak to off-peak periods (DR mechanisms). Data
collected in the real house allowed the model to be suc-
cessfully validated (Section 2). Section 3 is about the two
strategies one can apply to the residential building. En-
ergy and economic criteria have been defined to evaluate
these strategies. In Section 4, configurations that promote
self-consumption of energy and allow the negative impact
local power generation can have on the grid to be min-
imized are highlighted. We also appraised the impact of
electricity storage (using batteries) on the way the buiding
and the electricity grid interact. The paper ends with a
conclusion and an outlook to future work (Section 5).

2. Modelling of the residential microgrid

This section of the paper is about the modelling of the
considered residential microgrid. So, we modelled the ther-
mal behaviour of a building equipped with energy produc-
tion and storage systems using the TRNSYS software [38].
The building operates in grid-connected mode. TRNSYS
(Transient System Simulation Tool) is a graphically-based
software environment used to simulate the behaviour of
transient systems.

2.1. Single-storey house
The building we modelled is a 190 m2 single-storey house

located in Perpignan (Perpignan-Méditerranée agglomer-
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Figure 3: Hourly wind speed in Perpignan, Perpignan-Méditerranée
agglomeration community (Languedoc-Roussillon, France) (m s−1).
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Figure 4: Hourly outdoor temperature in Perpignan, Perpignan-
Méditerranée agglomeration community (Languedoc-Roussillon,
France) (○C).

ation community, Languedoc-Roussillon, France), facing
south and inhabited by four persons (two adults and two
children) (Figure 1). The city of Perpignan experiences a
warm and windy Meditteranean climate, similar to much
of southern France. Summers are dry and hot whereas win-
ters are mild (Figures 2, 3 and 4). Rainfall is at its lowest
in the summer months and begins to pick up in October.
The house is equipped with a zoned HVAC (Heating, Ven-
tilation and Air-Conditioning) system whose maximum
power is 1 kW (Figure 5) as well as electrical/electronic ap-
pliances, managed using local regulators (TRNSYS model
type 56). It is also equipped with a storage tank for Do-
mestic Hot Water (DHW) supply. Each room in the house
has a homogenous temperature and radiation heat transfer
between the rooms is based on the room area. Heat ad-
dition from solar direct and diffuse radiation is calculated
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Figure 5: Hourly power consumption for heating and cooling in the
single-storey house located in Perpignan (Perpignan-Méditerranée
agglomeration community, Languedoc-Roussillon, France) (kW).
When power consumption is negative (respectively positive), heating
(respectively cooling) mode is on.

for each room, depending on window and heat transfer
properties. That house can be equipped with photovoltaic
solar panels, a vertical-axis wind turbine, and batteries for
electricity storage. Table 1 gives the area of each room in
the house as well as the number of windows:

Table 1: Structure of the single-storey house.
Room Area Windows
Bathroom 16 m2 1
Bedroom 1 19 m2 1
Bedroom 2 19 m2 1
Bedroom 3 16 m2 1
Corridor 17 m2 None
Garage 38 m2 2
Kitchen 12 m2 1
Living room 53 m2 2
Total 190 m2 9

Tables 2 and 3 list all the materials used in that house
as well as their main characteristics. Common materials
have been considered and the overall thermal insulation of
the structure agrees with relatively new French standards
for buildings (RT2005) (Table 2) or with 1980’s standards
(Table 3). U is the heat transfer coefficient of a material
used and URT 2005 is the coefficient the French thermal reg-
ulation of year 2005 decrees [37]. RT2005 standards apply
to new buildings whose planning applications were sub-
mitted after September 1st, 2006. However, they do not
apply to buildings with a temperature of use which is lower
than 12○C, swimming pools, ice rinks, breeding farms, and
to buildings having to guarantee specific temperature, hy-
grometry and air quality conditions. Regulation is based
on primary energy consumption and indoor comfort. Both
have to be lower than reference values. Because of the cli-
matic disparity of France, RT2005 standards define eight

climate zones. Solar protection is indirectly taken into ac-
count. These standards also apply if equipment is added
or replaced in existing buildings, with the exception of
temporary or low-energy consuming buildings. We suc-
cessfully validated the proposed model using data about
energy consumption (for each room and all the identified
consuming items) we collected in the real residential build-
ing. This house has been equipped with a collecting system
and we obtained about one year of data [39]. We also col-
lected detailed information about the inhabitants’ way of
life so as to propose realistic occupancy (Section 2.2) and
behaviour (Section 2.3) scenarios. As a result, the devel-
oped model can be regarded as fully representative of the
residential building thermal behaviour.

2.2. Occupancy scenarios and temperature regulation
Because of their impact on energy consumption, inhab-

itants’ lifestyle and habits have been first taken into ac-
count through occupancy scenarios and indoor tempera-
ture setpoints. The first scenario (OS1) is a conventional
RT2005 scenario defined as follows: during working days
(i.e. from Monday to Friday), the considered house is
occupied from 6 p.m. to 10 a.m. During weekends (i.e.
Saturday and Sunday), it is occupied 24 hours a day. The
main drawback of the scenario is that all the rooms in the
house have the same occupancy. So, the indoor tempera-
ture setpoint is defined in the following way (whatever the
room and for both HVAC (Heating, Ventilation and Air-
Conditioning) operation modes, i.e. heating and cooling):

– HVAC heating mode: Tsp = 19 ○C during occupancy
times and Tsp = 16 ○C when the single-storey house is
not occupied.

– HVAC cooling mode: Tsp = 28 ○C during occupancy
times and Tsp = 30 ○C when the single-storey house is
not occupied.

Due to the limitations of the conventional RT2005 sce-
nario (OS1), a new scenario has been proposed (OS2). It
allows occupancy to be defined for each of the main rooms
in the house (bedrooms 1, 2 and 3, corridor, kitchen, and
living room). Let us note that occupancy is unchanged for
both the bathroom and garage. Moreover, the tempera-
ture setpoint (Tsp) remains the same, whatever the HVAC
operation mode (i.e. heating or cooling):

– Bedroom 1 (16 m2): 9:00 p.m. to 7:00 a.m. (working
days); 9:00 p.m. to 7:00 a.m. (weekends).

– Bedroom 2 (19 m2): 9:00 p.m. to 7:00 a.m. (working
days); 9:00 p.m. to 7:00 a.m. (weekends).

– Bedroom 3 (19 m2): 9:00 p.m. to 7:00 a.m. (working
days); 9:00 p.m. to 7:00 a.m. (weekends).

– Corridor (17 m2): 6:00 a.m. to 8:30 a.m., 12:00 p.m.
to 2 p.m. and 6:00 p.m. to 9:00 p.m. (working days);
9:00 a.m. to 9 p.m. (weekends).
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Table 2: Characteristics of the materials used in the residential building (RT2005 insulation standards).
Element Material Thickness (m) U (W m−2 K−1) URT 2005 (W m−2 K−1)

External wall

BA13 0.013

0.602 0.45Rockwool 0.06
Cinderblock 0.2
Surface coating 0.02

Internal wall
BA13 0.013

0.845 n.a.Glass wool 0.04
BA13 0.013

Floor

Tiles 0.022

0.415 0.4Mortar 0.05
Heavy concrete 0.16
Expanded polystyrene 0.08

Ceiling

BA13 0.013

0.196 0.34Glass wool 0.1
Air knife 0.5
Terracotta 0.01

Garage ceiling BA13 0.013 2.37 0.34Terracotta 0.2
Windows Double glazed 0.2 1.43 2.6

Table 3: Characteristics of the materials used in the residential building (1980’s insulation standards).
Element Material Thickness (m) U (W m−2 K−1)

External wall
BA13 0.013

2.172Cinderblock 0.2
Surface coating 0.02

Internal wall
BA13 0.013

2.486Brick 0.05
BA13 0.013

Floor
Tiles 0.022

2.845Mortar 0.05
Heavy concrete 0.16

Ceiling BA13 0.013 2.37Terracotta 0.02
Windows Simple glazed 0.0025 0.87

Table 4: Behaviour scenario BS1. Washing machine, clothes dryer and dishwasher (regular) use.
Home appliance Nov. 1 to Apr. 30 (“winter/spring” season) May 1 to Oct. 31 (“summer/autumn” season)
Washing machine 6:00 p.m. to 7:45 p.m. 2:15 p.m. to 4:00 p.m.
Clothes dryer 6:00 p.m. to 8:10 p.m. 2:00 p.m. to 4:10 p.m.
Dishwasher 5:45 p.m. to 7:55 p.m. 2:00 p.m. to 4:15 p.m.

Table 5: Behaviour scenario BS2. Washing machine, clothes dryer and dishwasher (energy-efficient) use.
Home appliance Nov. 1 to Apr. 30 (“winter/spring” season) May 1 to Oct. 31 (“summer/autumn” season)
Washing machine 3:15 a.m. to 5:00 a.m. 3:15 a.m. to 5:00 a.m.
Clothes dryer 3:00 a.m. to 5:10 a.m. 3:00 a.m. to 5:10 a.m.
Dishwasher 3:00 a.m. to 5:15 a.m. 3:00 a.m. to 5:15 a.m.

– Kitchen (12 m2): 7:00 a.m. to 8:30 a.m., 12:00 p.m.
to 1:30 p.m. and 7:00 p.m. to 8:30 p.m. (working
days); 7:00 a.m. to 8:30 a.m., 12:00 p.m. to 1:30 p.m.
and 7:00 p.m. to 8:30 p.m. (weekends).

– Living room (53 m2): 6:00 a.m. to 7:30 a.m., 12:30
p.m. to 1:30 p.m. and 7:30 p.m. to 9:30 p.m. (work-
ing days); 9:00 a.m. to 2:00 p.m. and 7:00 p.m. to
11:00 p.m. (weekends).

2.3. Demand Response (DR) mechanisms

As stated above in the paper (Section 1) and accord-
ing to the Federal Energy Regulatory Commission, DR
is about “changes in electric usage by end-use customers
from their normal consumption patterns in response to
changes in the price of electricity over time, or to incen-
tive payments designed to induce lower electricity use at
times of high wholesale market prices or when system reli-
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ability is jeopardized” [27]. So, we defined two behaviour
scenarios (BS1 and BS2) so as to evaluate the impact of
load shifting on energy efficiency as well as the economic
savings one can achieve using this technique. Both scenar-
ios allow the operation of all the home appliances (i.e.
cooking, cleaning, and entertainment appliances) to be
scheduled [39]. The first scenario (BS1) describes a regu-
lar (standard) use of these appliances, in accordance with
established practice in southern France. It is fully rep-
resentative of the (real building) inhabitants’ behaviour.
The second scenario (BS2) deals with an energy-efficient
(economical) use by shifting some of the home appliances
from on-peak to off-peak periods, whatever the period of
the year. We focused on the washing machine, clothes
dryer and dishwasher use (Tables 4 and 5). Taking a look
at Table 4 (which is about scenario BS1), one can clearly
observe that the appliances operation is impacted by the
period of the year. Indeed, during the “winter/spring” sea-
son, the washing machine, clothes dryer and dishwasher
are used when the occupants get back home after work or
school. However, during the “summer/autumn” season,
these appliances are used early in the afternoon, as a result
of changes in the building occupancy (due, in particular, to
holiday periods). Other home appliances such as HVAC
sub-systems, cooking appliances or some consumer elec-
tronics cannot be shifted easily, because of thermal com-
fort and lifestyle constraints.

2.4. Building’s energy production systems
Local production of renewable energy has also been

modelled. First, we described the photovoltaic solar panels
operation using the TRNSYS model type 194. This model
is based on both the calculation method presented by DeS-
oto [40] and the five-parameter (IL, I0, Rs, Rsh, and a)
equivalent circuit proposed by Duffie and Beckman [41].
The main purpose of such a model is to extrapolate perfor-
mance information provided by the manufacturer at stan-
dard rating conditions (1000 W m−2, 25 ○C, air mass 1.5)
to other operating conditions. The current-voltage (I −V )
relationship is determined, from the above-mentioned pa-
rameters, as a function of solar radiation and PV array
temperature (1 and 2):

I = IL − I0 × [exp V + I ⋅Rs

a
] − V + I ⋅Rs

Rsh
(1)

a = Ns ⋅ ηI ⋅ kB ⋅ Tc

q
(2)

with IL the light current, I0 the diode reverse saturation
current, Rs the series resistance, Rsh the shunt resistance,
and a the modified ideality factor. This last parameter
is expressed from the number of modules in series in ar-
ray (Ns), the ideality factor (ηI), the Boltzmann constant
(kB), the PV array temperature (Tc), and the electron
charge constant (q). Regarding the vertical-axis wind tur-
bine, it is described using the TRNSYS model type 90.

This model comes from the work of Quinlan [42] and al-
lows the power output of a wind energy conversion system
based on a power vs. wind speed characteristic to be calcu-
lated. The power output of the wind turbine (P ) is then
evaluated from the power coefficient for a wind turbine
(Cp), the rotor area (AR), air density (ρ), and wind speed
(U0) (3):

P = Cp ⋅ ρ ⋅AR ⋅U3
0 (3)

2.5. Batteries for electricity storage
We used the model developed by Bogdan and Salameh

[43] to describe the batteries functioning, i.e. the charging
(4) and discharging (5) processes [44]. At time t, indexed
by k, such as t = k ⋅ Ts with Ts the simulation sampling
time (Ts = 1 min), the status of the batteries equipping
the building is related to both the status at previous time
index k − 1 and the production/consumption of energy at
time index k:

Ebat(k) = (1 − τ) ⋅Ebat(k − 1) + (Ep
ren(k) −

Esto(k)
ηinv

) ⋅ ηbat (4)

Ebat(k) = (1 − τ) ⋅Ebat(k − 1) + (Esto(k)
ηinv

−Ep
ren(k)) (5)

with ηinv the inverter performance, ηbat the charge perfor-
mance, Esto the amount of energy available to be stored
in the batteries, Ebat the amount of energy stored in the
batteries, Ep

ren the amount of renewable energy produced
by the local systems which equip the considered building,
after taking the energy losses due to the controller into ac-
count, and τ the hourly self-discharge rate (equal to 10−4).
Performance is supposed to be constant and equal to 85%
in charging mode whereas it is equal to 1 in discharging
(release) mode. The amount of energy stored in the bat-
teries is used when the local production is not sufficient to
meet the demand in energy. In opposition, energy is stored
when the power supplied by the renewable energy systems
exceed the house requirements. However, it should be no-
ticed that the amount of energy which can be stored in
the batteries equipping the building is related to Emin

bat

and Emax
bat , as depicted by (6):

Emin
bat ≤ Ebat(k) ≤ Emax

bat (6)

The maximum capacity of the batteries (Emax
bat ) is equal

to the rated capacity. On his part, the minimum capacity
(Emin

bat ) is evaluated from the Depth of Discharge (DoD),
as shown in (7). DoD is used to describe how deeply the
batteries are discharged:

Emin
bat = (1 −DoD) ×Emax

bat (7)

According to the various specifications given by the
manufacturer, the life of the batteries can be extended if
the DoD is between 30% and 50% [41]. So, we considered
a depth of discharge of 30%.
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Table 6: Energy price model coefficients.
i = 0 i = 1 i = 2 i = 3 i = 4 i = 5

j = 0 8.11 × 101 −4.63 × 100 9.14 × 10−2 1.22 × 10−4 −3.67 × 10−7 3.79 × 10−9

j = 1 −1.67 × 101 9.06 × 10−1 −1.58 × 10−2 1.30 × 10−4 −4.04 × 10−7 n/a
j = 2 −1.11 × 10−1 −2.37 × 10−3 7.01 × 10−5 5.66 × 10−8 n/a n/a
j = 3 1.01 × 10−2 −3.57 × 10−4 −1.82 × 10−6 n/a n/a n/a
j = 4 2.69 × 10−4 1.29 × 10−5 n/a n/a n/a n/a
j = 5 −1.94 × 10−5 n/a n/a n/a n/a n/a

Table 7: Off-peak, part-peak, and on-peak periods.
Period November 1 to April 30 (“winter/spring” season) May 1 to October 31 (“summer/autumn” season)

On-peak 10:00 a.m. to 5:00 p.m.
7:00 a.m. to 1:30 p.m.
2:30 p.m. to 4:00 p.m.
5:30 p.m. to 8:30 p.m.

Part-peak
12:00 a.m. to 2:00 a.m.

12:00 a.m. to 2:00 a.m.

7:00 a.m. to 10:00 a.m.
6:00 a.m. to 7:00 a.m.

5:00 p.m. to 11:00 p.m.
1:30 p.m. to 2:30 p.m.
4:00 p.m. to 5:30 p.m.
8:30 p.m. to 11:00 p.m.

Off-peak 2:00 a.m. to 7:00 a.m. 2:00 a.m. to 6:00 a.m.
11:00 p.m. to 12:00 a.m. 11:00 p.m. to 12:00 a.m.

3. Energy management strategies

This section of the paper is about the two strategies we
developed and tested in simulation so as to manage the
microgrid energy resources efficiently. The first strategy
(titled “reference” strategy) deals with managing energy
production systems only (photovoltaic solar panels or a
combination of photovoltaic solar panels and a vertical-
axis wind turbine). With the second strategy (titled “ad-
vanced” strategy), one can manage local power generation
as well as electricity storage. Demand Response (DR)
mechanisms are considered through different behaviour
scenarios (Section 2.3), in response to supply conditions.
Remember that the first scenario (BS1) is fully represen-
tative of the (real building) inhabitants’ behaviour. The
second one (BS2) deals with an energy-efficient use of the
home appliances. Various energy and economic criteria are
proposed as performance indicators.

3.1. Performance indicators
3.1.1. Renewable energy coverage rate

The first criterion (%ren) is defined as the percentage
ratio of the renewable energy produced and consumed in
situ to the total energy consumed. The total energy con-
sumed is the sum of the amount of energy produced and
consumed in situ (Ec

ren) and the amount of energy ex-
tracted from the electricity grid (Eext). %ren has to be
maximized in order to decrease the dependency on the
grid of a building (8):

%ren = 100 × Ec
ren

Ec
ren +Eext

(8)

3.1.2. Self-consumption of energy
%sc is the percentage ratio of the renewable energy con-

sumed (Ec
ren) to the renewable energy produced in situ

(Ep
ren). Maximizing this criterion allows self-consumption

of energy to be promoted (9):

%sc = 100 × Ec
ren

Ep
ren

(9)

3.1.3. Renewable energy use
In order to find a reasonable compromise between the re-

newable energy coverage rate (%ren) and self-consumption
of energy (%sc) and, as a result, to avoid the optimiza-
tion process to lead to non-realistic configurations (i.e.
highly undersized or oversized energy production and stor-
age systems), both criteria are combined in a single crite-
rion (Jren) defined as follows (10):

Jren =
%ren ×%sc

100
(10)

3.1.4. Dynamic pricing and economic cost
An economic cost criterion (Jcost) has also been defined,

not according to the purchase and sale prices currently
charged by EDF (Electricité de France), the main French
electricity supplier, but based on a future application of
dynamic pricing in the coming years. Dynamic pricing is
already in use in the energy market and consists in ad-
justing energy prices dynamically, with a short time step.
Dynamic pricing reflects variations in electricity produc-
tion costs as well as daily and seasonally variations in the
grid load. So, a polynomial electricity price model (Pen)
has been identified from both the grid load (Lgrid) and
outdoor temperature (Tout) (we used historical data about
Tout provided by Meteonorm [45]) (11). Meteonorm offers
meteorological data (over 30 parameters available) for ev-
ery place on Earth. Table 6 groups together the coefficiens
we identified. Considering data from the European Power
Exchange (EPEX SPOT SE) [46], the Mean Square Error
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(MSE) observed is about 10%. EPEX SPOT SE operates
the power spot markets for short-term (i.e. day-ahead
and intraday) trading in power in Germany, France, Aus-
tria and Switzerland, with Germany and Austria forming
one price zone. These five countries account together for
about one third of the European power consumption:

Pen(k) =∑
i,j

(ai,j ×Li
grid(k) × T j

out), ∀i, j ∈ J0; 5K (11)

Economic cost criterion Jcost is then calculated as the
difference between the cost related to the purchase of en-
ergy and the economic gain resulting from the sale of en-
ergy. Eext is the amount of energy extracted from the
electricity grid, Einj is the amount of energy injected to
the grid and Pen is the dynamic electricity price. Jcost is
negative when the amount of energy bought to the grid
is more important than the amount of renewable energy
produced and sold. It becomes positive when the amount
of renewable energy sold to the electricity grid becomes
higher than the amount of energy bought to the grid (12):

Jcost =∑
k

(Einj(k) × Pen(k) −Eext(k) × Pen(k)) (12)

3.1.5. Electricity grid status
The grid load (Lgrid) varies in daily (several peaks of

electricity consumption) and seasonal (demand in energy
is higher in winter than it is in summer) cycles. Taking a
look at Figures 3 (May 1 to October 31) and 4 (November
1 to April 30), one can note that electricity consumption
is clearly impacted by lifestyle and habits (data are from
the electricity grid of the Perpignan-Méditerranée agglom-
eration community, which is about 280 000 persons and
655 km2). In addition, daily profiles look similar through-
out the year with off-peak periods (i.e. low-demand pe-
riods) at about 4 a.m. and on-peak periods at about 7
p.m. during the “winter/spring” season (November 1 to
April 30) and 3 p.m. during the “summer/autumn” sea-
son (May 1 to October 31). So, an analysis allowed us to
define on-peak, part-peak and off-peak periods, whatever
the season of the year (Table 7). First, so as to character-
ize the electricity grid status, taking the daily and seasonal
variations one can observe in its load into account, a daily
normalization (L̃grid) has been made. d is for a given day
of the year (13, 14, and 15):

L̃grid(h, d) =
Lgrid(h, d)

max(Lgrid(h, d))
with h = 1, ..., 24 (13)

Lgrid(h, d) = [Lgrid(1, d), . . . , Lgrid(24, d)] (14)

L̃grid(h, d) = [L̃grid(1, d), . . . , L̃grid(24, d)] (15)

Then, through the intermediary of a threshold (Tgrid),
we highlighted a limit beyond which injecting to the grid a
local production of electricity is not appropriate. From the

daily normalized grid load (L̃grid) and taking the different
consumption periods we highlighted in Table 7 into con-
sideration (i.e. off-peak, part-peak, and on-peak periods),
one can associate peaks in energy consumption to a value
of L̃grid higher than 0.7 and troughs to a value of L̃grid

lower than 0.3. So, we proposed two thresholds of 30%
and 70% (Figures 6 and 7), respectively, as well as a crite-
rion dealing with the electricity grid status (Jgrid). This
criterion is defined considering part-peak periods either as
off-peak or on-peak periods. So, if part-peak periods are
considered as off-peak periods, Jgrid is set as follows, for
Tgrid = 70% (in that case, the electricity grid is in need of
energy during peaks of demand only) and d a given day,
with h = 1, ..., 24 (16):

– Jgrid(h, d) = 1 if L̃grid(h, d) ≥ Tgrid

– Jgrid(h, d) = 0 if L̃grid(h, d) < Tgrid

(16)

However, if part-peak periods are considered as on-peak
periods, Jgrid is set as follows, for Tgrid = 30% (in that case,
energy can be appropriately injected to the grid most of
the time) and d a given day, with h = 1, ..., 24 (17):

– Jgrid(h, d) = 1 if L̃grid(h, d) ≥ Tgrid

– Jgrid(h, d) = 0 if L̃grid(h, d) < Tgrid

(17)

3.1.6. Impact on the electricity grid
In order for the impact of the house equipped with en-

ergy production and storage systems on the Perpignan-
Méditerranée electricity grid to be estimated, we defined
two criteria dealing with local production of renewable en-
ergy (Iinj) and energy extraction (Iext), respectively. Both
criteria (22 and 23) are expressed from ∆Tgrid (i.e. the de-
viation between the threshold and the grid load). Finally,
the overall impact on the grid (Igrid) (24) is defined as a
combination of Iinj and Iext.

Calculation of ∆Tgrid. The deviation between the thresh-
old and the grid load allows ascertaining if injecting energy
to the grid is more or less favourable at time index k. In
that case, ∆Tgrid is normalized between 0 and 1 if L̃grid(k)
is higher than Tgrid (18) and between −1 and 0 if L̃grid(k)
is lower than Tgrid (19):

∆Tgrid(k) =
L̃grid(k) − Tgrid

1 − Tgrid
if L̃grid(k) > Tgrid (18)

∆Tgrid(k) =
L̃grid(k)

Tgrid
− 1 if L̃grid(k) < Tgrid (19)

As stated above in the paper (Section 3.1.5), a high
threshold (a threshold, for example, equal to 70%) is for
an electricity grid which is in need of energy during peaks
of demand only. In opposition, with a low threshold (a
threshold, for example, equal to 30%), energy can be ap-
propriately injected to the grid most of the time.
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Figure 6: Normalized daily load of the “Perpignan-Méditerranée”
agglomeration community (L̃grid) during the “winter/spring” season
(i.e. November 1 to April 30). Red, yellow and green colors are for
on-peak, part-peak and off-peak periods, respectively. Dashed lines
are for the grid thresholds (Tgrid = 30% and Tgrid = 70%).
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Figure 7: Normalized daily load of the “Perpignan-Méditerranée” ag-
glomeration community (L̃grid) during the “summer/autumn” sea-
son (i.e. May 1 to October 31). Red, yellow and green colors are for
on-peak, part-peak and off-peak periods, respectively. Dashed lines
are for the grid thresholds (Tgrid = 30% and Tgrid = 70%).

As for energy injection (18 and 19), the deviation be-
tween the threshold and the grid load allows ascertaining if
extracting energy from the grid is more or less favourable
at time index k. In that case, ∆Tgrid is normalized be-
tween 0 and 1 if L̃grid(k) is lower than Tgrid (20) and
between −1 and 0 if L̃grid(k) is higher than Tgrid (21):

∆Tgrid(k) =
L̃grid(k) − Tgrid

1 − Tgrid
if L̃grid(k) < Tgrid (20)

∆Tgrid(k) =
L̃grid(k)

Tgrid
− 1 if L̃grid(k) > Tgrid (21)

Local production of renewable energy. The impact on the
grid of the local production of renewable energy (as stated

above, the considered house can be equipped with photo-
voltaic solar panels or with a combination of photovoltaic
solar panels and a vertical-axis wind turbine) (Iinj) is de-
fined from both the amount of energy injected to the grid
(Einj) and ∆Tgrid (22). k is the time index:

Iinj =
1

1000
×∑

k

(Einj(k) ×∆Tgrid(k)) (22)

Energy extraction. The impact on the electricity grid of
energy extraction (Iext) is defined from both the amount
of energy extracted from the grid (Eext) and ∆Tgrid (23).
k remains the time index:

Iext =
1

1000
×∑

k

(Eext(k) ×∆Tgrid(k)) (23)

Overall impact. The overall impact criterion (Igrid) is de-
fined as the sum of Iinj (22) and Iext (23). If it is positive,
locally-produced electricity is injected to the grid when de-
mand is high whereas electricity is extracted from the grid
when demand is low (24):

Igrid = Iinj + Iext (24)

3.2. Management strategy without electricity storage
The first strategy is proposed so as to manage the energy

resources of the residential building when it is equipped
with production systems only (photovoltaic solar panels or
a combination of photovoltaic solar panels and a vertical-
axis wind turbine). This strategy is based on three differ-
ent cases and considered as the “reference” strategy. Per-
formance is of course impacted by the production systems
design (sizing) (Figure 8):

– Overproduction (δ(k) > 0): The amount of renewable
energy produced at time index k (Ep

ren(k)) is higher
than instantaneous energy consumption. As a result,
local production covers all the energy needs of the
residential building (Ehou(k)) and no energy is ex-
tracted from the grid (Ec

ren(k) = Ehou(k)/ηinv, with
ηinv the inverter performance, and Eext(k) = 0). The
surplus of energy produced in situ is injected to the
grid (Einj(k) = δ(k)) (case 1).

– Production and consumption are balanced (δ(k) = 0):
The amount of renewable energy produced at time in-
dex k (Ep

ren(k)) and instantaneous energy consump-
tion are balanced. Therefore, all the energy produced
is consumed in situ (Ec

ren(k) = Ep
ren(k)) and there

is no interaction between the residential building and
the electricity grid (Einj(k) = Eext(k) = 0) (case 2).

– Underproduction (δ(k) < 0): The amount of renew-
able energy produced at time index k (Ep

ren(k)) is
lower than instantaneous energy consumption. So, all
the energy produced is consumed in situ (Ec

ren(k) =
Ep

ren(k)). In addition, there is no injection of energy
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δ(k) = Ep
ren(k) −

Ehou(k)
ηinv

δ(k) > 0 δ(k) = 0 δ(k) < 0

Ec
ren(k) =

Ehou(k)
ηinv

Eext(k) = 0
Einj(k) = δ(k)
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ηinv
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2

Figure 8: Management strategy without batteries for electricity storage (reference strategy). Case 1 is for overproduction of renewable energy
(δ(k) > 0). Case 2 is for local production and energy consumption balanced (δ(k) = 0). Case 3 is for underproduction of renewable energy
(δ(k) < 0). See Sections 3.1 and 3.2 for a description of the parameters involved in the strategy.

to the grid (Einj(k) = 0). The missing amount of en-
ergy related to the needs of the residential building is
extracted from the grid (Eext(k) = −δ(k)) (case 3).

3.3. Management strategy with electricity storage
The second strategy (titled “advanced” strategy) allows

the energy resources of the residential building (the single-
storey house), when it is equipped with production (pho-
tovoltaic solar panels or a a combination of photovoltaic
solar panels and a vertical-axis wind turbine) and storage
(batteries) systems, to be managed efficiently. This strat-
egy is based on three different cases. Again, performance
is clearly impacted by the production and storage systems
design (Figures 9, 10 and 11):

– Overproduction (δ(k) > 0): the amount of renewable
energy produced at time index k (Ep

ren(k)) is higher
than instantaneous energy consumption. As a conse-
quence, local production covers all the energy needs
of the considered building (Ehou(k)) and no energy
is extracted from the grid (Ec

ren(k) = Ehou(k)/ηinv

and Eext(k) = 0). The surplus of energy produced
in situ is managed taking the electricity grid status
(Jgrid(k)) into consideration. If the demand in en-
ergy is high (Jgrid(k) = 1), the surplus of energy pro-
duced is injected to the grid (Einj(k) = δ(k)) and
used to maintain the batteries at minimum capacity
(Ebat(k) = Emin

bat ). As stated previously, Emin
bat is de-

termined from the Depth of Discharge (DoD) (Section
2.5). DoD describes how deeply the batteries are dis-
charged. If the demand in energy is low (Jgrid(k) = 0)
and the batteries are not already fully charged, the
surplus of energy produced in situ is stored in whole
(Esto(k) = δ(k) and Einj(k) = 0) or in part (Esto(k) =
Ebat(k) − Ebat(k − 1) and Einj(k) = δ(k) − Esto(k))
(Figure 9) (case 1).

– Production and consumption are balanced (δ(k) = 0):
the amount of renewable energy produced at time in-
dex k (Ep

ren(k)) and instantaneous energy consump-
tion are balanced. As a result, all the energy produced
is consumed in situ (Ec

ren(k) = Ep
ren(k)) and there is

usually no interaction between the building, the elec-
tricity grid and the batteries (Einj(k) = Eext(k) =
Esto(k) = 0). If necessary, energy is extracted from
the electricity grid, in that case Eext(k) = Esto(k),
so as to maintain the batteries at minimum capacity
(Ebat(k) = Emin

bat ) (Figure 10) (case 2).

– Underproduction (δ(k) < 0): the amount of renew-
able energy produced at time index k (Ep

ren(k)) is
lower than instantaneous energy consumption. As a
result, all the energy produced is consumed in situ
(Ec

ren(k) = Ep
ren(k)) and energy is released from the

batteries (Erel(k) = Ebat(k − 1) − Ebat(k)), if they
are charged. Otherwise, the missing amount of en-
ergy necessary to cover all the needs of the build-
ing is extracted from the electricity grid (Eext(k) =
−δ(k)−Erel(k)). In addition, energy coming from the
grid allows the batteries to be maintained at minimum
capacity (Ebat(k) = Emin

bat ). There is no injection of
energy to the grid (Einj(k) = 0) (Figure 11) (case 3).

3.4. Optimization problem

The optimization problem is formulated as find Ppv, Pwt

and Emax
bat so that Jren is maximized (25). Let us remem-

ber that Jren is defined as a combination of the renewable
energy coverage rate (%ren) and the percentage ratio of
the renewable energy consumed to the renewable energy
produced in situ (%sc) (10). Ppv is the PV panels peak
power (kWp), Pwt is the wind turbine peak power (kWp)
and Emax

bat is the rated capacity of the batteries (kW h). We
defined the optimization constraints in the following way
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Figure 9: Management strategy with batteries for electricity storage (advanced strategy). Case 1 is for overproduction of renewable energy
(δ(k) > 0). See Sections 2.5, 3.1 and 3.2 for a description of the parameters involved in the strategy.

12



δ(k) = Ep
ren(k) −

Ehou(k)
ηinv

δ(k) = 0
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Figure 10: Management strategy with batteries for electricity storage (advanced strategy). Case 2 is for local production and energy
consumption balanced (δ(k) = 0). See Sections 2.5, 3.1 and 3.2 for a description of the parameters involved in the strategy.

(26): first, Ppv is constrained by the available roof sur-
face area (i.e. 80 m2). So, given that 1 m2 of photovoltaic
solar panels stands for a peak power of 100 Wp [47], the
maximum possible value of Ppv is 8 kWp. Regarding Pwt,
its maximum possible value is 20 kWp, according to the
vertical-axis wind turbines one can find in the market and
install on a residential building roof [47]. Finally, Emax

bat

is constrained by the size of the batteries, and 2 m3 (what
leads to a rated capacity of about 185 kW h) seems to be
the maximum volume one can dedicate to electricity stor-
age. So, we decided for 0 ≤ Emax

bat ≤ 200 kW h:

max
Ppv,Pwt,Emax

bat

(Jren =
%ren ×%sc

100
) (25)

with

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

0 ≤ Ppv ≤ 8 kWp
0 ≤ Pwt ≤ 20 kWp
0 ≤ Emax

bat ≤ 200 kW h
(26)

In the next section of the paper, noteworthy configura-
tions are highlighted and discussed, for both the “refer-
ence” and “advanced” management strategies.

4. Systems design and strategies evaluation

This section of the paper is about designing the energy
(photovoltaic solar panels and a vertical-axis wind turbine)
and storage (batteries) systems with whom the residential
building can be equipped as well as evaluating in simu-
lation the proposed management strategies (Sections 3.2
and 3.3). The section ends with a discussion about the
results we obtained and possible improvements. The way
both the local production of renewable energy and electric-
ity storage impact on the electricity grid is also studied.
Simulation period is one year (meteorological data offered
by Meteonorm [45] are used to carry out the process).

4.1. Residential building equipped with energy production
systems only (reference strategy)

In this section, we highlight and discuss noteworthy con-
figurations, without electricity storage facilities (i.e. bat-
teries) equipping the considered residential building. So,
the single-storey house is equipped with photovoltaic solar
panels (Ppv) only or with photovoltaic solar panels and a
vertical-axis wind turbine (Pwt). The reference strategy
is used to manage these systems (Section 3.2). Tables 8
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Figure 11: Management strategy with batteries for electricity storage (advanced strategy). Case 3 is for underproduction of renewable energy
(δ(k) < 0). See Sections 2.5, 3.1 and 3.2 for a description of the parameters involved in the strategy.

to 11 point out the most insteresting configurations we
obtained. For each of the eight combinations of character-
istics we considered in the present study (1980’s or RT2005
insulation standards, occupancy scenario 1 or 2, behaviour
scenario 1 or 2), three configurations are highlighted (see
Sections 2.1, 2.2 and 2.3 for details about insulation levels

and proposed scenarios). The first configuration is defined
on the basis of photovoltaic solar panels of 3 kWp, which
is a standard design for such facilities. We obtained the
second (in that case, the building is equipped with pho-
tovoltaic solar panels only) and third (in that case, the
building is equipped with photovoltaic solar panels and a
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Table 8: Noteworthy configurations, with no batteries for electricity storage. Ppv and Pwt are the PV panels and vertical-axis wind turbine
peak powers, Ec

ren is the amount of energy produced and consumed in situ, Einj is the amount of energy injected to the electricity grid and
Eext is the amount of energy extracted from the grid.

Building characteristics Conf. Ppv & Pwt (kWp) Ec
ren (kW h) Einj (kW h) Eext (kW h)

1980’s insul. standards 1.1 3 & n/a 3520 917 42 241
Occupancy scenario OS1 1.2 8 & n/a 6803 5029 38 958
Behaviour scenario BS1 1.3 6.1 & 19 17 786 16 278 27 975
1980’s insul. standards 2.1 3 & n/a 3377 1061 42 369
Occupancy scenario OS1 2.2 8 & n/a 6587 5246 39 159
Behaviour scenario BS2 2.3 6.2 & 20 17 974 17 556 27 772
1980’s insul. standards 3.1 3 & n/a 3559 879 38 577
Occupancy scenario OS2 3.2 8 & n/a 6900 4933 35 236
Behaviour scenario BS1 3.3 6.6 & 17 16 836 15 332 25 300
1980’s insul. standards 4.1 3 & n/a 3420 1017 38 699
Occupancy scenario OS2 4.2 8 & n/a 6688 5145 35 432
Behaviour scenario BS2 4.3 6.6 & 17 16 653 15 514 25 466
RT2005 insul. standards 5.1 3 & n/a 3277 1161 26 098
Occupancy scenario OS1 5.2 6.5 & n/a 5095 4519 24 280
Behaviour scenario BS1 5.3 3.7 & 12 11 217 10 071 18 158
RT2005 insul. standards 6.1 3 & n/a 3116 1321 26 214
Occupancy scenario OS1 6.2 7.1 & n/a 5085 5417 24 245
Behaviour scenario BS2 6.3 3.5 & 12 10 967 10 026 18 363
RT2005 insul. standards 7.1 3 & n/a 3283 1154 23 848
Occupancy scenario OS2 7.2 7.2 & n/a 5386 5263 21 744
Behaviour scenario BS1 7.3 3.9 & 10 10 243 8705 16 888
RT2005 insul. standards 8.1 3 & n/a 3127 1310 23 957
Occupancy scenario OS2 8.2 7.9 & n/a 5406 6279 21 679
Behaviour scenario BS2 8.3 3.9 & 11 10 406 9861 16 679

Table 9: Noteworthy configurations, with no batteries for electricity storage. Ppv and Pwt are the PV panels and vertical-axis wind turbine
peak powers, %sc is the percentage ratio of the renewable energy consumed to the renewable energy produced in situ, %ren is the percentage
ratio of the renewable energy produced and consumed in situ to the total energy consumed, Jren is about the renewable energy use and Jcost

is the (annual) economic cost.

Building characteristics Conf. Ppv & Pwt (kWp) %sc (%) %ren (%) Jren (%) Jcost (e)
1980’s insul. standards 1.1 3 & n/a 79.9 7.7 6.1 -2381.8
Occupancy scenario OS1 1.2 8 & n/a 57.5 14.9 8.6 -1955.6
Behaviour scenario BS1 1.3 6.1 & 19 52.2 38.9 20.3 -674.2
1980’s insul. standards 2.1 3 & n/a 76.1 7.4 5.6 -2380.9
Occupancy scenario OS1 2.2 8 & n/a 55.7 14.4 8 -1954.7
Behaviour scenario BS2 2.3 6.2 & 20 50.6 39.3 19.9 -588.9
1980’s insul. standards 3.1 3 & n/a 80.2 8.5 6.8 -2172.9
Occupancy scenario OS2 3.2 8 & n/a 58.6 16.4 9.6 -1746.6
Behaviour scenario BS1 3.3 6.6 & 17 52.3 40 20.9 -574.6
1980’s insul. standards 4.1 3 & n/a 77.1 8.1 6.3 -2171.9
Occupancy scenario OS2 4.2 8 & n/a 56.5 15.9 8.9 -1745.6
Behaviour scenario BS2 4.3 6.6 & 17 51.8 39.5 20.5 -573.6
RT2005 insul. standards 5.1 3 & n/a 73.9 11.2 8.2 -1437.3
Occupancy scenario OS1 5.2 6.5 & n/a 53 17.3 9.2 -1139
Behaviour scenario BS1 5.3 3.7 & 12 52.7 38.2 20.1 -466.1
RT2005 insul. standards 6.1 3 & n/a 70.2 10.6 7.5 -1434.7
Occupancy scenario OS1 6.2 7.1 & n/a 48.4 17.3 8.4 -1085.2
Behaviour scenario BS2 6.3 3.5 & 12 52.2 37.4 19.5 -480.5
RT2005 insul. standards 7.1 3 & n/a 74 12.1 9 -1308
Occupancy scenario OS2 7.2 7.2 & n/a 50.6 19.9 10 -949.9
Behaviour scenario BS1 7.3 3.9 & 10 54.1 37.8 20.4 -471.6
RT2005 insul. standards 8.1 3 & n/a 70.5 11.6 8.1 -1305.3
Occupancy scenario OS2 8.2 7.9 & n/a 46.3 20 9.2 -887.6
Behaviour scenario BS2 8.3 3.9 & 11 51.3 38.4 19.7 -395.7
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Table 10: Noteworthy configurations, with no batteries for electricity storage. Ppv and Pwt are the PV panels and vertical-axis wind turbine
peak powers, Ec

ren is the amount of energy produced and consumed in situ, Iinj is about the impact on the electricity grid of local production
of renewable energy, Iext deals with the impact on the grid of energy extraction and Igrid is the overall impact. Tgrid = 70%.

Building characteristics Conf. Ppv & Pwt (kWp) Iinj (–) Iext (–) Igrid (–)
1980’s insul. standards 1.1 3 & n/a 167 10 146 10 313
Occupancy scenario OS1 1.2 8 & n/a 777 10 150 10 927
Behaviour scenario BS1 1.3 6.1 & 19 -1236 6906 5670
1980’s insul. standards 2.1 3 & n/a 215 10 630 10 845
Occupancy scenario OS1 2.2 8 & n/a 843 10 615 11 459
Behaviour scenario BS2 2.3 6.2 & 20 -1264 7213 5950
1980’s insul. standards 3.1 3 & n/a 162 8686 8848
Occupancy scenario OS2 3.2 8 & n/a 775 8687 9462
Behaviour scenario BS1 3.3 6.6 & 17 -1090 5885 4795
1980’s insul. standards 4.1 3 & n/a 210 9156 9366
Occupancy scenario OS2 4.2 8 & n/a 840 9139 9980
Behaviour scenario BS2 4.3 6.6 & 17 -950 6263 5313
RT2005 insul. standards 5.1 3 & n/a 157 6804 6961
Occupancy scenario OS1 5.2 6.5 & n/a 574 6816 7390
Behaviour scenario BS1 5.3 3.7 & 12 -820 4694 3874
RT2005 insul. standards 6.1 3 & n/a 209 7032 7241
Occupancy scenario OS1 6.2 7.1 & n/a 724 7021 7745
Behaviour scenario BS2 6.3 3.5 & 12 -732 4862 4130
RT2005 insul. standards 7.1 3 & n/a 158 5239 5397
Occupancy scenario OS2 7.2 7.2 & n/a 672 5240 5912
Behaviour scenario BS1 7.3 3.9 & 10 -689 3552 2863
RT2005 insul. standards 8.1 3 & n/a 214 5680 5894
Occupancy scenario OS2 8.2 7.9 & n/a 834 5662 6496
Behaviour scenario BS2 8.3 3.9 & 11 -748 3844 3096

Table 11: Noteworthy configurations, without batteries for electricity storage. Ppv is the PV panels peak power, Pwt is the vertical-axis wind
turbine peak power, Iinj is about the impact on the grid of local production of renewable energy, Iext deals with the impact on the grid of
energy extraction and Igrid is the overall impact. Tgrid = 30%.

Building characteristics Conf. Ppv & Pwt (kWp) Iinj (–) Iext (–) Igrid (–)
1980’s insul. standards 1.1 3 & n/a 563 -6231 -5669
Occupancy scenario OS1 1.2 8 & n/a 2977 -4727 -1751
Behaviour scenario BS1 1.3 6.1 & 19 5628 -3805 1823
1980’s insul. standards 2.1 3 & n/a 663 -5713 -5051
Occupancy scenario OS1 2.2 8 & n/a 3124 -4256 -1133
Behaviour scenario BS2 2.3 6.2 & 20 6143 -3357 2786
1980’s insul. standards 3.1 3 & n/a 538 -6560 -6023
Occupancy scenario OS2 3.2 8 & n/a 2927 -5031 -2104
Behaviour scenario BS1 3.3 6.6 & 17 5336 -4008 1328
1980’s insul. standards 4.1 3 & n/a 635 -6053 -5418
Occupancy scenario OS2 4.2 8 & n/a 3071 -4571 -1500
Behaviour scenario BS2 4.3 6.6 & 17 5566 -3633 1933
RT2005 insul. standards 5.1 3 & n/a 676 -3261 -2585
Occupancy scenario OS1 5.2 6.5 & n/a 2589 -2431 157
Behaviour scenario BS1 5.3 3.7 & 12 3439 -2278 1161
RT2005 insul. standards 6.1 3 & n/a 787 -3005 -2218
Occupancy scenario OS1 6.2 7.1 & n/a 3122 -2128 994
Behaviour scenario BS2 6.3 3.5 & 12 3509 -2138 1371
RT2005 insul. standards 7.1 3 & n/a 670 -4189 -3519
Occupancy scenario OS2 7.2 7.2 & n/a 3012 -3240 -228
Behaviour scenario BS1 7.3 3.9 & 10 2965 -3114 -149
RT2005 insul. standards 8.1 3 & n/a 780 -3705 -2925
Occupancy scenario OS2 8.2 7.9 & n/a 3611 -2696 914
Behaviour scenario BS2 8.3 3.9 & 11 3389 -2678 711
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vertical-axis wind turbine) configurations by maximizing
Jren (Section 3.4). Table 8 is about the amount of energy
produced and consumed in situ (Ec

ren), the amount of en-
ergy injected to the grid (Einj) and the amount of energy
extracted from the grid (Eext). Table 9 deals with the
percentage ratio of the renewable energy consumed to the
renewable energy produced in situ (%sc), the percentage
ratio of the renewable energy produced and consumed in
situ to the total energy consumed (%ren), the renewable
energy use (Jren) and the economic cost (Jcost). Tables 10
and 11 specify the impact on the electricity grid of both
the local production of renewable energy (Iinj) and energy
extraction (Iext) as well as the overall impact (Igrid), for
Tgrid = 70% (the electricity grid is in need of energy dur-
ing peaks of demand only) and Tgrid = 30% (energy can
be appropriately injected to the grid most of the time),
respectively.

As a first key point, one can note taking a look at Tables
8 and 9 that Demand Response (DR) (i.e. the behaviour
scenario, Section 2.3) do not impact theenergy produc-
tion systems design. Indeed, for identical insulation stan-
dards and occupancy scenarios, the optimization process
produces the same result, whatever the behaviour scenario
(BS1 or BS2). For example, when considering a house built
using materials which agree with 1980’s insulation stan-
dards and occupancy scenario OS2, we obtain photovoltaic
solar panels of 6.6 kWp and a vertical-axis wind turbine
of 17 kWp (configurations 3.3 and 4.3). One can also note
that improving the building insulation level (from 1980’s
to RT2005 standards) leads to photovoltaic solar panels
and a vertical-axis wind turbine of lower power capaci-
ties. In addition, the panels power capacity is increased,
whereas the wind turbine power capacity is slightly de-
creased, when considering occupancy scenario OS1. As
an example, Ppv = 8 kWp for 1980’s insulation standards
(configuration 1.2) and Ppv = 6.5 kWp for RT2005 stan-
dards (configuration 5.2) (with behaviour scenario BS1).
Finally, with the same behaviour scenario and considering
a residential building built according to 1980’s insulation
standards, Ppv is increased from 6.1 to 6.6 kWp whereas
Pwt is decreased from 19 to 17 kWp when switching from
OS1 (configuration 1.3) to OS2 (configuration 3.3).

From an overall point of view, configurations 2 (the
building is equipped with photovoltaic solar panels only)
and 3 (the building is equipped with photovoltaic solar
panels and a vertical-axis wind turbine) allow a strong in-
crease in the renewable energy coverage rate (%ren) com-
bined with a decrease in the percentage ratio of the renew-
able energy consumed to the renewable energy produced in
situ (%sc), whatever the insulation level and the scenarios
(the management strategy used is the reference one, Sec-
tion 3.2). As one can note taking a look at Tables 8 and
9, adding a vertical-axis wind turbine to the building pro-
duces a greater flexibility in energy resources management.
In particular, the wind turbine allows an increase in the
amount of energy produced and consumed in situ (Ec

ren),
even during nighttime, and a decrease in the amount of en-

ergy extracted from the grid (Eext). Of course, optimizing
the energy production systems design changes the way the
considered building and the electricity grid interact. For
instance (residential building built on the basis of RT2005
insulation standards; occupancy and behaviour scenarios
OS1 and BS1), %ren is increased from 11.2 to 17.3 % (+6.1
pts) whereas %sc is decreased from 73.9 to 53 % (−20.9
pts) when switching from configuration 5.1 (Ppv = 3 kWp)
to configuration 5.2 (Ppv = 6.5 kWp). Moreover, %ren is
increased from 11.2 to 38.2 % (+27 pts) whereas %sc is
decreased from 73.9 to 52.7 % (−21.2 pts) when switching
from configuration 5.1 (Ppv = 3 kWp) to configuration 5.3
(Ppv = 3.7 kWp and Pwt = 12 kWp). With configurations
2 (the building is equipped with photovoltaic solar panels
only) and 3 (the building is equipped with photovoltaic
solar panels and a vertical-axis wind turbine), the amount
of energy produced and consumed in situ (Ec

ren) increases
significantly, what allows the amount of energy extracted
from the electricity grid to be reduced (Eext), whatever the
building insulation level and the scenarios. In addition, the
amount of energy injected to the grid (Einj) is increased,
due to a higher total power capacity installed (the man-
agement strategy used is the reference one, Section 3.2).
As an example (1980’s insulation standards, occupancy
and behaviour scenarios OS1 and BS1), Ec

ren and Einj are
increased from 3520 to 6803 kW h (+3283 kW h) and 917
to 5029 kW h (+4412 kW h), respectively, whereas Eext is
decreased from 42 241 to 38 958 kW h (−3283 kW h) when
switching from configuration 1.1 (Ppv = 3 kWp) to config-
uration 1.2 (Ppv = 8 kWp). Moreover, Ec

ren and Einj are
increased from 3520 to 17 786 kW h (+14 266 kW h) and 917
to 16 278 kW h (+15 361 kW h), respectively, whereas Eext

is decreased from 42 241 to 27 975 kW h (−14 266 kW h)
when switching from configuration 1.1 (Ppv = 3 kWp) to
configuration 1.3 (Ppv = 6.1 kWp and Pwt = 19 kWp).

As previously mentioned, Tables 10 (Tgrid = 70%, what
means that the electricity grid is in need of energy dur-
ing peaks of demand only) and 11 (Tgrid = 30%, what
means that energy can be appropriately injected to the
grid most of the time) deal with the impact on the electric-
ity grid of both the local production of renewable energy
(Iinj) and energy extraction (Iext). The overall impact
(Igrid) is also evaluated. One can note that optimizing
the energy production systems design allows Iinj , Iext and
Igrid to be improved, with the exception of photovoltaic so-
lar panels combined with a vertical-axis wind turbine and
Tgrid = 70%. In that particular case, adding a wind tur-
bine to the building deteriorates Iinj , which becomes neg-
ative. The overall impact (Igrid) is also deteriorated but
remains positive, because of Iinj being compensated by
Iext). As an example (for Tgrid = 30%), Iinj , Iext and Igrid

are increased from 563 to 2977 (+2414), −6231 to −4727
(+1504) and −5669 to −1751 (+3918), respectively, when
switching from configuration 1.1 (Ppv = 3 kWp) to configu-
ration 1.2 (Ppv = 8 kWp). When switching from configura-
tion 1.1 (Ppv = 3 kWp) to configuration 1.3 (Ppv = 6.1 kWp
and Pwt = 19 kWp), Iinj , Iext and Igrid are increased from
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563 to 5628 (+5065), −6231 to −3805 (+2426) and −5669
to 1823 (+7492), respectively. In that case, Iinj compen-
sates Iext, what leads to a positive overall impact. As
stated above, for Tgrid = 70%, Igrid is deteriorated in
case of a building equipped with photovoltaic solar pan-
els and a vertical-axis wind turbine. Indeed, looking at
Table 10, one can note that Igrid is decreased from 9366
to 5313 (−4053) when switching from configuration 4.1
(Ppv = 3 kWp) to configuration 4.3 (Ppv = 6.6 kWp and
Pwt = 17 kWp) and from 5894 to 3096 (−2798) when switch-
ing from configuration 8.1 (Ppv = 3 kWp) to configuration
8.3 (Ppv = 3.9 kWp and Pwt = 11 kWp). In both cases,
the overall impact of the building on the electricity grid
(Igrid) remains positive. Finally, by optimizing the pro-
duction systems design, the (annual) economic cost (Jcost)
is reduced from 300 to 400 e with no wind turbine equip-
ping the house and from 400 to 1500 e if this residen-
tial building is equipped with photovoltaic solar panels
and a vertical-axis wind turbine. Reference is the building
equipped with panels of 3 kWp.

4.2. Residential building equipped with energy production
and storage systems (advanced strategy)

In this section, we highlight and discuss noteworthy con-
figurations, with electricity storage facilities (i.e. batter-
ies) equipping the considered building. The single-storey
house is so equipped with photovoltaic solar panels (Ppv)
and batteries (Emax

bat ) or with photovoltaic solar panels, a
vertical-axis wind turbine (Pwt) and batteries. Tables 12
to 17 point out the most interesting configurations. For
each of the eight combinations of characteristics we con-
sidered in the present study (1980’s or RT2005 insulation
standards, occupancy scenario 1 or 2, behaviour scenario
1 or 2), three configurations are highlighted (see Sections
2.1, 2.2 and 2.3 for details about insulation levels and pro-
posed scenarios). The first one is defined on the basis of
photovoltaic solar panels of 8 kWp, which is the peak power
for such panels managed by using the “reference” strategy
(Section 4.1), and batteries. The third configuration (in
that case, the building is equipped with photovoltaic solar
panels, a vertical-axis wind turbine and batteries) is given
by maximizing Jren (Section 3.4). The second configura-
tion is obtained by removing the batteries from configura-
tion 3 so as to evaluate the impact of electricity storage on
performance. Tables 12 and 15 are about the amount of
energy produced and consumed in situ (Ec

ren), the amount
of energy injected to the grid (Einj), the amount of en-
ergy extracted from the grid (Eext) and the amount of
energy stored in the batteries (Esto), for Tgrid = 70% and
Tgrid = 30%, respectively. Tables 13 and 16 deal with
the percentage ratio of the renewable energy consumed to
the renewable energy produced in situ (%sc), the percent-
age ratio of the renewable energy produced and consumed
in situ to the total energy consumed (%ren), the renew-
able energy use (Jren) and the economic cost (Jcost), for
Tgrid = 70% and Tgrid = 30%, respectively. Tables 14 and
17 specify the impact on the electricity grid of both the

local production of energy (Iinj) and energy extraction
(Iext) as well as the overall impact (Igrid), for Tgrid = 70%
and Tgrid = 30%, respectively.

4.2.1. Overall analysis
First, one can observe when taking a look at Tables 12

to 17 that the batteries design is most of the time con-
strained by Emax

bat ≤ 200 kW h, with the exception of a res-
idential building equipped with photovoltaic solar panels
only and a grid threshold equal to 70% (configuration 1)
(the management strategy used is the advanced one, see
Section 3.3). In that case, the capacity of the batteries
is set to 100 kW h, whatever the building insulation level
and the considered scenarios. One can also note that the
total power capacity installed (with or without vertical-
axis wind turbine) is higher when equipping the building
with batteries than it is with no electricity storage. This
is the consequence of an increase in energy consumption
due to both the energy losses in the batteries and the need
to maintain these batteries at minimum capacity. In addi-
tion, one can note that, whatever the behaviour scenario,
no impact on the production systems design is noticed.
Indeed, shifting some activities from on-peak to off-peak
periods (using demand response mechanisms) does not im-
pact this design. In opposition, the building insulation
level, when it is improved from 1980’s to RT2005 stan-
dards, allows the total power capacity to be reduced, as a
result of a significant decrease in energy consumption. By
switching from OS1 to OS2, the total power capacity is in-
creased, with the exception of a building that agrees with
1980’s insulation standards and a grid threshold equal to
70%. In that case, the wind turbine peak power is reduced,
as a result of an increased energy consumption during day-
light hours (in particular during periods of strong sunlight,
even if the overall energy consumption is reduced). From
an overall point of view, one can observe that the total
power capacity is higher for Tgrid = 70% (the electricity
grid is in need of energy during peaks of demand only)
than it is for Tgrid = 30% (energy can be appropriately
injected to the grid most of the time).

Finally, whatever the grid threshold Tgrid (and, con-
sequently, whatever the electricity grid status), one can
clearly observe when looking at Figures 12 to 16 (RT2005
insulation standards, occupancy scenario OS2 and be-
haviour scenario BS1) more interaction with the batteries
during summer than the rest of the year. Indeed, energy
release is clearly correlated with consumption. Moreover,
a decrease in the amount of energy injected to the grid is
observed during storage times.

4.2.2. Grid threshold set to 70%
In this section of the paper, a complete analysis of the

noteworthy configurations we obtained for Tgrid = 70%
is carried out (the advanced management strategy is ap-
plied to the building equipped with energy production
and storage systems) (Tables 12 to 14), taking as refer-
ences the configurations we highlighted for the manage-
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Table 12: Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, Emax
bat is the

rated capacity of the batteries, Ec
ren is the amount of energy produced and consumed in situ, Einj is the amount of energy injected to the

electricity grid, Eext is the amount of energy extracted from the grid and Esto is the amount of energy stored in the batteries. Tgrid = 70%.

Building characteristics Conf. Ppv & Pwt (kWp) Emax
bat (kW h) Ec

ren (kW h) Einj (kW h) Eext (kW h) Esto (kW h)
1980’s insul. standards 1.1 8 & n/a 100 8584 2934 37 174 1786
Occupancy scenario OS1 1.2 8 & 18 n/a 18 114 17 442 27 648 n/a
Behaviour scenario BS1 1.3 8 & 18 200 22 605 12 156 23 161 4497
1980’s insul. standards 2.1 8 & n/a 100 8443 3061 37 298 1862
Occupancy scenario OS1 2.2 8 & 20 n/a 18 591 19 600 27 154 n/a
Behaviour scenario BS2 2.3 8 & 20 200 23 283 14 079 22 468 4697
1980’s insul. standards 3.1 8 & n/a 100 8653 2870 33 480 1758
Occupancy scenario OS2 3.2 8 & 15 n/a 16 496 14 514 25 640 n/a
Behaviour scenario BS1 3.3 8 & 15 200 20 873 9980 21 268 4240
1980’s insul. standards 4.1 8 & n/a 100 8515 2994 33 600 1833
Occupancy scenario OS2 4.2 8 & 15 n/a 16 447 15 155 25 672 n/a
Behaviour scenario BS2 4.3 8 & 15 200 20 754 10 085 21 370 4314
RT2005 insul. standards 5.1 8 & n/a 100 7988 3428 21 381 2361
Occupancy scenario OS1 5.2 7.4 & 11 n/a 12 009 13 434 17 366 n/a
Behaviour scenario BS1 5.3 7.4 & 11 200 16 290 8394 13 089 4287
RT2005 insul. standards 6.1 8 & n/a 100 7834 3567 21 490 2448
Occupancy scenario OS1 6.2 7.9 & 11 n/a 11 923 14 259 17 406 n/a
Behaviour scenario BS2 6.3 7.9 & 11 200 16 404 8985 12 929 4486
RT2005 insul. standards 7.1 8 & n/a 100 8028 3388 19 097 2359
Occupancy scenario OS2 7.2 7.8 & 10 n/a 11 468 13 249 15 663 n/a
Behaviour scenario BS1 7.3 7.8 & 10 200 15 759 8179 11 377 4296
RT2005 insul. standards 8.1 8 & n/a 100 7879 3523 19 200 2444
Occupancy scenario OS2 8.2 8 & 10 n/a 11 305 13 707 15 779 n/a
Behaviour scenario BS2 8.3 8 & 10 200 15 727 8501 11 361 4427

Table 13: Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, Emax
bat is the

rated capacity of the batteries, %sc is the percentage ratio of the renewable energy consumed to the renewable energy produced in situ, %ren

is the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed, Jren is about the renewable
energy use and Jcost is the (annual) economic cost. Tgrid = 70%.

Building characteristics Conf. Ppv & Pwt (kWp) Emax
bat (kW h) %sc (%) %ren (%) Jren (%) Jcost (e)

1980’s insul. standards 1.1 8 & n/a 100 72.5 18.8 13.6 -1973.5
Occupancy scenario OS1 1.2 8 & 18 n/a 50.9 39.6 20.2 -524.2
Behaviour scenario BS1 1.3 8 & 18 200 63.6 49.4 31.4 -634.3
1980’s insul. standards 2.1 8 & n/a 100 71.4 18.5 13.2 -1973.4
Occupancy scenario OS1 2.2 8 & 20 n/a 48.7 40.6 19.8 -435.4
Behaviour scenario BS2 2.3 8 & 20 200 61.0 50.9 31.0 -483.5
1980’s insul. standards 3.1 8 & n/a 100 73.1 20.5 15.0 -1766.3
Occupancy scenario OS2 3.2 8 & 15 n/a 52.6 39.5 20.8 -607.1
Behaviour scenario BS1 3.3 8 & 15 200 66.1 49.5 32.7 -651.4
1980’s insul. standards 4.1 8 & n/a 100 72.0 20.2 14.6 -1764.1
Occupancy scenario OS2 4.2 8 & 15 n/a 52.1 39.1 20.3 -606.2
Behaviour scenario BS2 4.3 8 & 15 200 65.7 49.3 32.4 -650.4
RT2005 insul. standards 5.1 8 & n/a 100 67.5 27.2 18.4 -1034.8
Occupancy scenario OS1 5.2 7.4 & 11 n/a 47.2 40.9 19.3 -226.6
Behaviour scenario BS1 5.3 7.4 & 11 200 64.0 55.5 35.5 -270.6
RT2005 insul. standards 6.1 8 & n/a 100 66.2 26.7 17.7 -1033.0
Occupancy scenario OS1 6.2 7.9 & 11 n/a 45.5 40.7 18.5 -181.4
Behaviour scenario BS2 6.3 7.9 & 11 200 62.6 55.9 35.0 -227.4
RT2005 insul. standards 7.1 8 & n/a 100 67.8 29.6 20.1 -905.4
Occupancy scenario OS2 7.2 7.8 & 10 n/a 46.4 42.3 19.6 -139.2
Behaviour scenario BS1 7.3 7.8 & 10 200 63.8 58.1 37.0 -183.3
RT2005 insul. standards 8.1 8 & n/a 100 66.6 29.1 19.4 -903.6
Occupancy scenario OS2 8.2 8 & 10 n/a 45.2 41.7 18.9 -119.4
Behaviour scenario BS2 8.3 8 & 10 200 62.9 58.1 36.5 -164.8
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Table 14: Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, Emax
bat is

the rated capacity of the batteries, Iinj is about the impact on the electricity grid of local production of renewable energy, Iext deals with
the impact on the grid of energy extraction and Igrid is the overall impact. Tgrid = 70%.

Building characteristics Conf. Ppv & Pwt (kWp) Emax
bat (kW h) Iinj (–) Iext (–) Igrid (–)

1980’s insul. standards 1.1 8 & n/a 100 1158 9838 10 996
Occupancy scenario OS1 1.2 8 & 18 n/a -800 6967 6168
Behaviour scenario BS1 1.3 8 & 18 200 793 5535 6328
1980’s insul. standards 2.1 8 & n/a 100 1233 10 285 11 518
Occupancy scenario OS1 2.2 8 & 20 n/a -1021 7192 6171
Behaviour scenario BS2 2.3 8 & 20 200 633 5630 6264
1980’s insul. standards 3.1 8 & n/a 100 1148 8389 9537
Occupancy scenario OS2 3.2 8 & 15 n/a -535 6031 5496
Behaviour scenario BS1 3.3 8 & 15 200 982 4711 5694
1980’s insul. standards 4.1 8 & n/a 100 1222 8822 10 044
Occupancy scenario OS2 4.2 8 & 15 n/a -404 6418 6014
Behaviour scenario BS2 4.3 8 & 15 200 1100 5014 6114
RT2005 insul. standards 5.1 8 & n/a 100 1318 6390 7708
Occupancy scenario OS1 5.2 7.4 & 11 n/a -172 4764 4592
Behaviour scenario BS1 5.3 7.4 & 11 200 1298 3543 4841
RT2005 insul. standards 6.1 8 & n/a 100 1401 6562 7963
Occupancy scenario OS1 6.2 7.9 & 11 n/a 6177 -1624 4552
Behaviour scenario BS2 6.3 7.9 & 11 200 1487 3585 5072
RT2005 insul. standards 7.1 8 & n/a 100 1323 4807 6130
Occupancy scenario OS2 7.2 7.8 & 10 n/a -191 3533 3342
Behaviour scenario BS1 7.3 7.8 & 10 200 1298 2453 3751
RT2005 insul. standards 8.1 8 & n/a 100 1404 5213 6616
Occupancy scenario OS2 8.2 8 & 10 n/a 5860 -2202 3657
Behaviour scenario BS2 8.3 8 & 10 200 1453 2694 4147

Table 15: Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, Emax
bat is the

rated capacity of the batteries, Ec
ren is the amount of energy produced and consumed in situ, Einj is the amount of energy injected to the

electricity grid, Eext is the amount of energy extracted from the grid and Esto is the amount of energy stored in the batteries. Tgrid = 30%.

Building characteristics Conf. Ppv & Pwt (kWp) Emax
bat (kW h) Ec

ren (kW h) Einj (kW h) Eext (kW h) Esto (kW h)
1980’s insul. standards 1.1 8 & n/a 200 6861 4962 38 913 70
Occupancy scenario OS1 1.2 5.7 & 25 n/a 19 442 21 938 26 320 n/a
Behaviour scenario BS1 1.3 5.7 & 25 200 21 558 19 447 24 214 2124
1980’s insul. standards 2.1 8 & n/a 200 6645 5178 39 114 70
Occupancy scenario OS1 2.2 5.6 & 25 n/a 19 229 22 003 26 517 n/a
Behaviour scenario BS2 2.3 5.6 & 25 200 21 302 19 564 24 455 2081
1980’s insul. standards 3.1 8 & n/a 200 6955 4869 35 195 67
Occupancy scenario OS2 3.2 6.1 & 22 n/a 18 334 20 423 23 802 n/a
Behaviour scenario BS1 3.3 6.1 & 22 200 20 174 17 485 21 972 2033
1980’s insul. standards 4.1 8 & n/a 200 6743 5081 35 390 67
Occupancy scenario OS2 4.2 6.1 & 23 n/a 18 240 21 095 23 879 n/a
Behaviour scenario BS2 4.3 6.1 & 23 200 20 305 18 665 21 825 2073
RT2005 insul. standards 5.1 7.4 & n/a 200 5520 5410 23 867 102
Occupancy scenario OS1 5.2 3.5 & 17 n/a 12 591 14 991 16 784 n/a
Behaviour scenario BS1 5.3 3.5 & 17 200 14 329 12 946 15 058 1745
RT2005 insul. standards 6.1 8 & n/a 200 5496 6319 23 846 116
Occupancy scenario OS1 6.2 3.4 & 18 n/a 12 632 16 120 16 697 n/a
Behaviour scenario BS2 6.3 3.4 & 18 200 14 432 14 001 14 908 1807
RT2005 insul. standards 7.1 8 & n/a 200 5777 6038 21 366 114
Occupancy scenario OS2 7.2 3.8 & 16 n/a 11 935 14 773 15 196 n/a
Behaviour scenario BS1 7.3 3.8 & 16 200 13 763 12 621 13 378 1835
RT2005 insul. standards 8.1 8 & n/a 200 5543 6272 21 553 115
Occupancy scenario OS2 8.2 3.6 & 16 n/a 11 694 14 718 15 391 n/a
Behaviour scenario BS2 8.3 3.6 & 16 200 13 469 12 629 13 626 1782
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Table 16: Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, Emax
bat is the

rated capacity of the batteries, %sc is the percentage ratio of the renewable energy consumed to the renewable energy produced in situ, %ren

is the percentage ratio of the renewable energy produced and consumed in situ to the total energy consumed, Jren is about the renewable
energy use and Jcost is the (annual) economic cost. Tgrid = 30%.

Building characteristics Conf. Ppv & Pwt (kWp) Emax
bat (kW h) %sc (%) %ren (%) Jren (%) Jcost (e)

1980’s insul. standards 1.1 8 & n/a 200 58.0 15.0 8.7 -1956.9
Occupancy scenario OS1 1.2 5.7 & 25 n/a 47.0 42.5 20.0 -220.0
Behaviour scenario BS1 1.3 5.7 & 25 200 52.1 47.1 24.5 -274.8
1980’s insul. standards 2.1 8 & n/a 200 56.2 14.5 8.2 -1958.2
Occupancy scenario OS1 2.2 5.6 & 25 n/a 46.6 42.0 19.6 -226.1
Behaviour scenario BS2 2.3 5.6 & 25 200 51.7 46.6 24.1 -281.9
1980’s insul. standards 3.1 8 & n/a 200 58.8 16.5 9.7 -1747.9
Occupancy scenario OS2 3.2 6.1 & 22 n/a 47.7 43.1 20.6 -237.4
Behaviour scenario BS1 3.3 6.1 & 22 200 53.1 47.9 25.4 -258.6
1980’s insul. standards 4.1 8 & n/a 200 57.0 16.0 9.1 -1747.0
Occupancy scenario OS2 4.2 6.1 & 23 n/a 46.4 43.3 20.1 -160.5
Behaviour scenario BS2 4.3 6.1 & 23 200 51.6 48.2 24.9 -182.1
RT2005 insul. standards 5.1 7.4 & n/a 200 50.4 18.8 9.5 -1063.9
Occupancy scenario OS1 5.2 3.5 & 17 n/a 45.7 42.9 19.6 -103.3
Behaviour scenario BS1 5.3 3.5 & 17 200 52.0 48.8 25.3 -121.7
RT2005 insul. standards 6.1 8 & n/a 200 46.4 18.7 8.7 -1010.2
Occupancy scenario OS1 6.2 3.4 & 18 n/a 43.9 43.1 18.9 -33.3
Behaviour scenario BS2 6.3 3.4 & 18 200 50.2 49.2 24.7 -52.3
RT2005 insul. standards 7.1 8 & n/a 200 48.8 21.3 10.4 -883.5
Occupancy scenario OS2 7.2 3.8 & 16 n/a 44.7 44.0 19.7 -24.4
Behaviour scenario BS1 7.3 3.8 & 16 200 51.5 50.7 26.1 -43.6
RT2005 insul. standards 8.1 8 & n/a 200 47.1 43.1 9.6 -880.8
Occupancy scenario OS2 8.2 3.6 & 16 n/a 44.3 43.2 19.1 -38.8
Behaviour scenario BS2 8.3 3.6 & 16 200 51.0 49.7 25.4 -57.5

Table 17: Noteworthy configurations, with batteries. Ppv and Pwt are the PV panels and vertical-axis wind turbine peak powers, Emax
bat is

the rated capacity of the batteries, Iinj is about the impact on the electricity grid of local production of renewable energy, Iext deals with
the impact on the grid of energy extraction and Igrid is the overall impact. Tgrid = 30%.

Building characteristics Conf. Ppv & Pwt (kWp) Emax
bat (kW h) Iinj (–) Iext (–) Igrid (–)

1980’s insul. standards 1.1 8 & n/a 200 2997 -4708 -1711
Occupancy scenario OS1 1.2 5.7 & 25 n/a -2464 6498 4034
Behaviour scenario BS1 1.3 5.7 & 25 200 8198 -3447 4751
1980’s insul. standards 2.1 8 & n/a 200 3144 -4237 -1092
Occupancy scenario OS1 2.2 5.6 & 25 n/a -2316 6870 4554
Behaviour scenario BS2 2.3 5.6 & 25 200 8342 -3158 5184
1980’s insul. standards 3.1 8 & n/a 200 2945 -5010 -2066
Occupancy scenario OS2 3.2 6.1 & 22 n/a -2156 5567 3411
Behaviour scenario BS1 3.3 6.1 & 22 200 7548 -3630 3918
1980’s insul. standards 4.1 8 & n/a 200 3089 -4549 -1460
Occupancy scenario OS2 4.2 6.1 & 23 n/a -2203 5869 3665
Behaviour scenario BS2 4.3 6.1 & 23 200 8024 -3284 4740
RT2005 insul. standards 5.1 7.4 & n/a 200 3187 -2260 927
Occupancy scenario OS1 5.2 3.5 & 17 n/a 4437 -2101 2336
Behaviour scenario BS1 5.3 3.5 & 17 200 5670 -1923 3747
RT2005 insul. standards 6.1 8 & n/a 200 3742 -1968 1774
Occupancy scenario OS1 6.2 3.4 & 18 n/a 981 -2886 -1905
Behaviour scenario BS2 6.3 3.4 & 18 200 6076 -1780 4296
RT2005 insul. standards 7.1 8 & n/a 200 3557 -3085 472
Occupancy scenario OS2 7.2 3.8 & 16 n/a 4161 -2790 1371
Behaviour scenario BS1 7.3 3.8 & 16 200 5485 -2472 3013
RT2005 insul. standards 8.1 8 & n/a 200 3714 -2646 1069
Occupancy scenario OS2 8.2 3.6 & 16 n/a 4286 -2478 1808
Behaviour scenario BS2 8.3 3.6 & 16 200 5556 -2228 3328
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Figure 12: Building energy resources managed using the reference strategy (Section 3.2). RT2005 insulation standards. Occupancy scenario
OS2. Behaviour scenario BS1. Ppv = 8 kWp.

Figure 13: Building energy resources managed using the advanced strategy (Section 3.3). RT2005 insulation standards. Occupancy scenario
OS2. Behaviour scenario BS1. Tgrid = 70%. Ppv = 8 kWp. Emax

bat = 100 kW h.

ment of the building energy resources when this build-
ing is not equipped with batteries for electricity storage
(Table 10). First, one can note that, whatever the con-
figuration, Ppv (i.e. the photovoltaic solar panels peak
power) is more or less the same. It is clearly lower for
configurations 5.2 and 5.3 only (RT2005 insulation stan-

dards, occupancy scenario OS1, behaviour scenario BS1),
in comparison to the other configurations we highlighted
in Tables 12, 13 and 14 (7.4 kWp vs. ≈ 8 kWp). For his
part, Pwt (i.e. the vertical-axis wind turbine peak power)
is clearly lower when switching from 1980’s to RT2005 in-
sulation standards, whatever the scenarios: as an exam-
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Figure 14: Building energy resources managed using the advanced strategy (Section 3.3). RT2005 insulation standards. Occupancy scenario
OS2. Behaviour scenario BS1. Tgrid = 30%. Ppv = 8 kWp. Emax

bat = 200 kW h.

Figure 15: Building energy resources managed using the reference strategy (Section 3.2). RT2005 insulation standards. Occupancy scenario
OS2. Behaviour scenario BS1. Ppv = 8 kWp. Pwt = 10 kWp.

ple, Pwt is decreased from 20 to 10 kWp when switching
from configuration 2.3 (1980’s insulation standards, occu-
pancy scenario OS1, behaviour scenario BS2) to configura-
tion 8.3 (RT2005 insulation standards, occupancy scenario
OS2, behaviour scenario BS2). One can also note that
adding (well-designed) batteries to the building, when it

is equipped with a combination of photovoltaic solar panels
and a vertical-axis wind turbine, tends to increase the total
power capacity, in particular with RT2005 insulation stan-
dards. For example, the total power capacity is increased
from 15.5 to 18.9 kWp (+3.4 kWp) when adding batteries
to the building (RT2005 insulation standards) and con-
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Figure 16: Building energy resources managed using the advanced strategy (Section 3.3). RT2005 insulation standards. Occupancy scenario
OS2. Behaviour scenario BS1. Tgrid = 70%. Ppv = 8 kWp. Pwt = 10 kWp. Emax

bat = 200 kW h.

sidering occupancy scenario OS1 and behaviour scenario
BS2. It is increased from 14.9 to 18 kWp (+3.1 kWp) when
adding batteries to the building (RT2005 insulation stan-
dards) and considering occupancy scenario OS2 and be-
haviour scenario BS2. In addition, adding (well-designed)
batteries allows Jren (which is about the renewable en-
egy use, see Section 3.1.3) to be improved, as a result of
an increased renewable energy coverage rate (%ren) and a
better percentage ratio of the renewable energy consumed
to the renewable energy produced in situ (%sc). As an
example, Jren is increased from 20.2 to 31.4% (+11.2 pts)
when switching from configuration 1.2 (Ppv = 8 kWp and
Pwt = 18 kWp) to configuration 1.3 (batteries of a rated
capacity of 200 kW h are added to the building) (1980’s
insulation standards, occupancy scenario OS1, behaviour
scenario BS1). As another example, Jren is increased from
19.6 to 37% (+17.4 pts) when switching from configuration
7.2 (Ppv = 7.8 kWp and Pwt = 10 kWp) to configuration 7.3
(batteries of a rated capacity of 200 kW h are added to the
building) (RT2005 insulation standards, occupancy sce-
nario OS2, behaviour scenario BS1). In addition, electric-
ity storage allows the amount of energy injected to the grid
(Einj) as well as the amount of energy extracted from the
grid (Eext) to be reduced. When switching from configura-
tion 2.2 to configuration 2.3 (1980’s insulation standards,
occupancy scenario OS1, behaviour scenario BS2), Einj is
reduced from 19 600 to 14 079 kW h (−5521 kW h) whereas
Eext is reduced from 27 154 to 22 468 kW h (−4686 kW h).
Einj is reduced from 14 259 to 8985 kW h (−5274 kW h) and

Eext is reduced from 17 406 to 12 929 kW h (−4477 kW h)
when switching from configuration 6.2 to configuration 6.3
(RT2005 insulation standards, occupancy scenario OS1,
behaviour scenario BS2).

When the electricity grid is in need of energy during
peaks of demand only (what leads to Tgrid = 70%), adding
(well-designed) batteries to the considered house and man-
aging the energy production and storage systems using
the proposed advanced strategy (see Section 3.3) change
the way this residential building and the grid interact. In
particular, one can remark that, for most of the config-
urations, Iext (which is about the impact on the grid of
energy extraction) decreases whereas Iinj (which is about
the impact on the grid of local production of renewale
energy) increases. The overall impact criterion (Igrid) is
improved (Table 14). As a first example, Iext is decreased
from 6031 to 4711 (−1320) whereas Iinj is increased from
−535 to 982 (+1571) when switching from configuration
3.2 (Ppv = 8 kWp and Pwt = 15 kWp) to configuration 3.3
(batteries of a rated capacity of 200 kW h are added to the
building) (1980’s insulation standards, occupancy scenario
OS2, behaviour scenario BS1). As another example, Iext

is decreased from 4764 to 3543 (−1221) whereas Iinj is in-
creased from −172 to 1298 (+1470) when switching from
configuration 5.2 (Ppv = 7.4 kWp and Pwt = 11 kWp) to
configuration 5.3 (batteries of a rated capacity of 200 kW h
are added to the building) (RT2005 insulation standards,
occupancy scenario OS1, behaviour scenario BS1). Fi-
nally, batteries for electricity storage allow the (annual)
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economic cost (Jcost) to be reduced up to 110 e, depend-
ing on the configuration (i.e. the building insulation level
and scenarios) (Tgrid = 70%). Electricity storage (using
batteries), even though technologies have to be perfected,
is an interesting option for overcoming renewable energy’s
intermittency. Indeed, it contributes to fill the gap be-
tween local production and demand in energy.

4.2.3. Grid threshold set to 30%
As for an electricity grid which is in need of energy

during peaks of demand only (Tgrid = 70%), a complete
analysis of the noteworthy configurations we obtained for
Tgrid = 30% is carried out in this section (the advanced
management strategy is applied to the building equipped
with energy production and storage systems) (Tables 15
to 17). We took as references the configurations we high-
lighted for the management of the building energy re-
sources when the building is not equipped with batter-
ies for electricity storage (Table 11). First, one can note
that Ppv (the photovoltaic solar panels peak power) and
Pwt (the vertical-axis wind turbine peak power) are both
clearly impacted when changing the building insulation
level and/or the scenarios. As one can see in Table 15,
Ppv and Pwt are decreased when improving the insulation
level (from 1980’s to RT2005 standards) and adding (well-
designed) batteries to the building, whatever the consid-
ered scenarios. For example, Ppv and Pwt are reduced
from 5.7 to 3.5 kWp (−2.2 kWp) and from 25 to 17 kWp
(−8 kWp), respectively, when switching from configuration
1.3 to configuration 5.3 (Emax

bat = 200 kW h). As another
example, Ppv and Pwt are reduced from 6.1 to 3.6 kWp
(−2.5 kWp) and from 23 to 16 kWp (−7 kWp), respectively,
when switching from configuration 4.3 to configuration 8.3
(Emax

bat = 200 kW h). As for Tgrid = 70%, one can note
that adding (well-designed) batteries to the building, when
it is equipped with a combination of photovoltaic solar
panels and a vertical-axis wind turbine, tends to increase
the total power capacity, wathever the building insulation
level. For example, the total power capacity is increased
from 25.1 to 30.7 kWp (+5.6 kWp) in case of adding batter-
ies to the building (1980’s insulation standards) and con-
sidering occupancy scenario OS1 and behaviour scenario
BS1. It is increased from 13.9 to 19.8 kWp (+5.9 kWp)
when resorting to electricity storage and considering occu-
pancy scenario OS2 and behaviour scenario BS1 (RT2005
insulation standards). One can also remark that, when
adding batteries to the building, the total power capac-
ity installed is higher for Tgrid = 30% (energy can be ap-
propriately injected to the grid most of the time) than
it is for Tgrid = 70% (the electricity grid is in need of
energy during peaks of demand only). In addition, elec-
tricity storage allows Jren to be improved, as a result of
an increased renewable energy coverage rate (%ren) and a
better percentage ratio of the renewable energy consumed
to the renewable energy produced in situ (%sc). As an
example, Jren is increased from 20 to 24.5% (+4.5 pts)
when switching from configuration 1.2 (Ppv = 5.7 kWp and

Pwt = 25 kWp) to configuration 1.3 (batteries of a rated
capacity of 200 kWh are added to the building) (1980’s
insulation standards, occupancy scenario OS1, behaviour
scenario BS1). As another example, Jren is increased from
19.7 to 26.1% (+6.4 pts) when switching from configura-
tion 7.2 (Ppv = 3.8 kWp and Pwt = 16 kWp) to configu-
ration 7.3 (batteries of a rated capacity of 200 kW h are
added to the building) (RT2005 insulation standards, oc-
cupancy scenario OS2, behaviour scenario BS1). In addi-
tion, taking a look at Tables 13 and 16, one can remark
that Jren is lower for Tgrid = 30% than it is for Tgrid = 70%,
when the building is equipped with batteries and a com-
bination of photovoltaic solar panels and a vertical-axis
wind turbine. Otherwise, electricity storage allows both
the amount of energy injected to the grid (Einj) and the
amount of energy extracted from the grid (Eext) to be re-
duced. When switching from configuration 2.2 to configu-
ration 2.3 (1980’s insulation standards, occupancy scenario
OS1, behaviour scenario BS2), Einj is reduced from 22 003
to 19 564 kW h (−2439 kW h) whereas Eext is reduced from
26 517 to 24 455 kW h (−2062 kW h). Einj is reduced from
16 120 to 14 001 kW h (−2119 kW h) and Eext is reduced
from 16 697 to 14 908 kW h (−1789 kW h) when switching
from configuration 6.2 to configuration 6.3 (RT2005 insu-
lation standards, occupancy scenario OS1, behaviour sce-
nario BS2). For Tgrid = 30% (energy can be appropriately
injected to the grid most of the time), the decrease due
to electricity storage one can observe in both the amount
of energy injected to the grid (Einj) and the amount of
energy extracted from the grid (Eext) is lower than it is
for Tgrid = 70% (the electricity grid is in need of energy
during peaks of demand only).

As for an electricity grid which is in need of energy dur-
ing peaks of demand only (Tgrid = 70%), equipping the
considered house with (well-designed) batteries and man-
aging the energy production and storage systems using
the proposed advanced strategy (see Section 3.3) change
the way this residential building and the grid interact.
Iext (which is about the impact on the grid of energy ex-
traction) decreases if the building insulation level agrees
with 1980’s standards whereas it increases if this level
agrees with RT2005 standards. The overall impact crite-
rion (Igrid) is improved and always positive (Table 17). As
a first example, which is about 1980’s insulation standards,
Iext is decreased from 5567 to −3630 (−9197) whereas Iinj

is increased from −2156 to 7548 (+9704) when switch-
ing from configuration 3.2 (Ppv = 6.1 kWp and Pwt =
22 kWp) to configuration 3.3 (batteries of a rated capacity
of 200 kW h are added to the building, occupancy scenario
is OS2 and behaviour scenario is BS1). As another ex-
ample, which is about RT2005 insulation standards, Iext

and Iinj are both increased from 4437 to 5670 (+1233) and
−2101 to −1923 (+178), respectively, when switching from
configuration 5.2 (Ppv = 3.5 kWp and Pwt = 17 kWp) to
configuration 5.3 (batteries of a rated capacity of 200 kW h
are added to the building, occupancy scenario is OS1 and
behaviour scenario is BS1).
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Finally, batteries for electricity storage allow the (an-
nual) economic cost (Jcost) to be reduced up to 60 e, de-
pending on the configuration (i.e. the building insulation
level and scenarios) (Tgrid = 30%). As for Tgrid = 70%,
electricity storage, even though technologies have to be
perfected, is an interesting option for overcoming renew-
able energy’s intermittency and contributes to fill the gap
between local production and demand in energy.

5. Conclusion and outlook

Decentralized power generation, as a result of both an
increasing demand in energy and the exhaustion of fossil
fuels, is leading the way to fight global warming and pro-
mote energy efficiency. However, because a massive pen-
etration of renewable energy sources affects the physical
operation of a grid, dramatic changes in planning prac-
tices as well as an increased flexibility are required. So,
a new approach to energy resources management is pro-
posed for residential microgrids. In this sense, the thermal
behaviour of a grid-connected building equipped with en-
ergy production and storage systems has been modelled
using the TRNSYS (Transient System Simulation Tool)
software. The house faces south and is inhabited by four
persons (two adults and two children).Besides, we consid-
ered 1980’s and RT2005 insulation standards and proposed
realistic occupancy (OS1 and OS2) and behaviour (BS1
and BS2) scenarios. We defined BS2 by shifting some do-
mestic loads from on-peak to off-peak periods. The data
about energy consumption (for each room and all the iden-
tified consuming items) we collected in the real residential
building located in Perpignan (Perpignan-Méditerranée
agglomeration community, Languedoc-Roussillon region,
south of France) allowed the model to be successfully val-
idated. Consequently, the model can be regarded as fully
representative of the building thermal behaviour.

We developed two strategies one can apply to the con-
sidered residential building so as to manage its energy re-
sources optimally. The first one (titled “reference” strat-
egy) deals with managing energy production systems only
(photovoltaic solar panels or a combination of photovoltaic
solar panels and a vertical-axis wind turbine). With the
second one (titled “advanced” strategy), one can manage
both the renewable energy production and the batteries
used for electricity storage. Energy and economic criteria
have been defined in order to evaluate the proposed ap-
proach. Whatever the strategy used, the electricity grid
status is taken into consideration and we highlighted in-
teresting configurations that promote self-consumption of
energy and allow the negative impact decentralized power
generation can have on the grid to be minimized.

As interesting simulation results, we highlighed the com-
bination of photovoltaic solar panels and a vertical-axis
wind turbine as a viable energy mix option for residen-
tial buildings located in the south of France as well as the
savings one can achieve by shifting some domestic loads
from on-peak to off-peak periods. Clearly, adding a wind

turbine to the building produces a greater flexibility in en-
ergy resources management. In particular, it enables an
increase in the amount of energy produced and consumed
in situ, even during nighttime. Without electricity stor-
age (in that case, the “reference” management strategy is
used), the wind turbine allows Iinj (which is about the im-
pact on the grid of local production of renewale energy),
Iext (which is about the impact on the grid of energy ex-
traction) and Igrid (the overall impact) to be increased in
case of peaks in energy demand. Note that these three
criteria are reduced during low-demand periods. One can
highlight the following configurations in terms of maximiz-
ing Jren (defined as a combination of the renewable energy
coverage rate and the percentage ratio of the renewable en-
ergy consumed to the renewable energy produced in situ)
(OS2 and BS1): Ppv = 6.6 kWp and Pwt = 17 kWp in case
of a building insulation that agrees with 1980’s standards
(Jren = 20.9%), whereas Ppv = 3.9 kWp and Pwt = 10 kWp
if RT2005 standards are considered (Jren = 20.4%).

One can also note that electricity storage, even though
technologies (batteries) have to be perfected, is an inter-
esting option for overcoming renewable energy’s intermit-
tency. It contributes to fill the gap between local produc-
tion and demand in energy. In addition, batteries allow
the amount of energy injected to the electricity grid to be
reduced, what improves Iinj . Both Iext, even if the amount
of energy extracted from the grid is reduced, and Igrid in-
crease. As a key point, batteries help to extract energy
from the grid at favorable times. However, the economic
impact of electricity storage remains low. One can high-
light the following configurations in terms of maximizing
Jren (OS2 and BS1): for a grid threshold Tgrid equal to
30% (energy can be appropriately injected to the grid most
of the time), Ppv = 6.1 kWp, Pwt = 22 kWp and Emax

bat =
200 kW h in case of a building insulation that agrees with
1980’s standards (Jren = 25.4%), whereas Ppv = 3.8 kWp,
Pwt = 16 kWp and Emax

bat = 200 kW h if RT2005 standards
are considered (Jren = 26.1%); for a grid threshold Tgrid

equal to 70% (the electricity grid is in need of energy dur-
ing peaks of demand only), Ppv = 8 kWp, Pwt = 15 kWp and
Emax

bat = 200 kW h if 1980’s insulation standards are consid-
ered (Jren = 32.7%), whereas Ppv = 7.8 kWp, Pwt = 10 kWp
and Emax

bat = 200 kW h in case of a building insulation that
agrees with RT2005 standards (Jren = 37.0%).

Future work will first focus on developing and testing
in simulation a predictive strategy so as to refine, in par-
ticular, the batteries management. With such a strategy,
energy resources availability (total solar irrandiance and
wind speed), changes in energy demand, as well as the elec-
tricity grid status will be anticipated. Therefore, an in situ
validation of all the proposed strategies will be launched.
Finally, we will evaluate the impact on energy resources
management and performance of geographical factors (to
this end, we will consider various possible locations for the
considered building, in particular windy and/or sunny lo-
cations as well as locations with no significant wind and
sun resources), different heating systems (an all-electric
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system, a heat pump system, a geothermal system with
radiant floors, a solar system...) and Domestic Hot Water
(DHW) production.
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de distribution en présence de production décentralisée, Ph.D.
thesis, Grenoble INP, France (2008).

[22] V. Courtecuisse, Supervision d’une centrale multisource à
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Grenoble INP, France (2009).

[24] H. Lund, E. Münster, Management of surplus electricity-
production from a fluctuating renewable-energy source, Applied
Energy 76 (1-3) (2003) 65–74.

[25] B. Paris, J. Eynard, S. Grieu, T. Talbert, M. Polit, Heating con-
trols for energy management in buildings, Energy and Buildings
42 (10) (2010) 1908–1917.

[26] P. Bertoldi, B. Hirl, N. Labanca, Energy efficiency status report
2012, Electricity consumption and efficiency trends in the EU-
27, Tech. rep., Joint Research Center, Institute for Energy and
Transport (2012).

[27] Federal Energy Regulatory Commission, Assessment of demand
response and advanced metering (2012).

[28] K. Spees, L. Lave, Demand response and electricity market ef-
ficiency, Electricity Journal 20 (3) (2007) 69–85.

[29] J. Torriti, M. G. Hassan, M. Leach, Demand response experi-
ence in europe: Policies, programmes and implementation, En-
ergy 35 (4) (2010) 1575–1583.

[30] P. Palensky, D. Dietrich, Demand side management: Demand
response, intelligent energy systems, and smart loads, Industrial
Informatics 7 (3) (2011) 381–388.

[31] M. F. Haniff, H. Selamat, R. Yusof, S. Buyamin, Review
of HVAC scheduling techniques for buildings towards energy-
efficient and cost-effective operations, Renewable and Sustain-
able Energy Reviews 27 (4) (2013) 94–103.

[32] A. Garnier, J. Eynard, M. Caussanel, S. Grieu, Low compu-
tational cost technique for predictive management of thermal
comfort in non-residential buildings, Journal of Process Control
42 (6) (2014) 750–762.

[33] L. Gelazanskas, K. A. A. Gamage, Demand side management
in smart grid: A review and proposals for future direction, Sus-
tainable Cities and Society 11 (4) (2014) 22–30.

[34] P. O. Kriett, M. Salani, Optimal control of a residential micro-
grid, Energy 42 (1) (2012) 321–330.

[35] E. Kremers, J. G. de Durana, O. Barambones, Multi-agent mod-
eling for the simulation of a simple smart microgrid, Energy
Conversion and Management 75 (2013) 643–650.

[36] M. Honarmand, A. Zakariazadeh, S. Jadid, Integrated schedul-
ing of renewable generation and electric vehicles parking lot in a
smart microgrid, Energy Conversion and Management 86 (2014)
745–755.
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