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Abstract

A multi-criteria optimization methodology is applied to
an energy system composed of an earth-air exchanger and
a heat pump. The aim is to determine the best sizing for
different European capitals climates. The procedure is
composed of a sensitivity analysis which determines the
influential parameters using the FAST method. Then, a
multi-criteria optimization is conducted with NSGA-II
genetic algorithms to identify the Pareto front. Finally, a
decision-making is performed to select the best
compromise with the TOPSIS method. The results show
that even if the system is dependent on weather
conditions, it is still profitable, autonomous and efficient.

Key Innovations

Earth-to-air heat exchanger
Decision making aid
Multi-objective optimisation
Sensitivity analysis

Practical Implications

An optimization procedure is applied to an earth-air heat
exchanger system that can be used to heat or to cool a
building by ventilation. The aim is to show that it is
always possible to find a system which is profitable,
autonomous and efficient for arbitrary European climate.

Introduction

The renewable energies are multiple and diverse because
they come from several sources such as the sun, the soil's
heat and can be used for various applications such as
heating and cooling. The renewable energy contributes to
5 % of the energy consumed in Europe. The energy
consumption of Europe is around 1700 Mtep million
tonnes oil equivalent, around 40 % of which comes from
the residential sector (AEE, 2019). An EU strategy is to
reduce energy consumption in buildings. One possible
solution is to use an earth-air exchanger coupled with a
heat pump. In the context of future regulations, buildings
must be progressively more positive energy. It is therefore
necessary in the modelling and simulation of buildings to
include production systems to meet this new problem.

The earth-air heat exchangers (EAHE) are renewable
energy systems that use the temperature of the ground to
preheat or cool residential spaces. Cuny et al. (2020) show
that the most significant parameters of such systems are
tube length, tube radius, burial depth and air velocity in

order to optimize the following objectives: CER (Cost of
Energy Recovered) and COP (Coefficient of
Performance). Moreover, the addition of a heat recovery
ventilation (HRV) improves the energy performance of a
ventilation system. In fact, the coupling between the
EAHE and the HRV allows to reach a coefficient of
performance of 16.3 (Li et al., 2018). Despite the good
performance of the system, the system must be coupled
with an auxiliary system to satisfy the heating and the
cooling demands. Indeed, the fraction of renewable
energy is about 0.5 for the different French climatic zones
(Lapertot et al., 2020). In addition, an air-to-air heat
pumps (HP) are a device that transfers heat from an
outside environment to an inside house. The HP is also
reversible, allowing heating in winter and cooling in
summer. Blervaque (2014) illustrates that the auxiliary
energy represents more than 15% of the energy
consumption. The COP of an air-to-air HP is rather small,
varying between 3 and 4. So, the combination of the
EAHE and the HP seems to be promising to increase the
system performance.

The innovation of this paper is to apply an optimization
procedure to a complex system composed of an earth-air
heat exchanger and a heat pump in order to determine the
optimal sizing and control parameters. The procedure
consists of a sensitivity analysis, a multi-criteria
optimization and a decision-making method. For this
purpose, two energy criteria and one economic criterion
are considered. Around ten sizing and control parameters
are taken into account. The goal is to use several
meteorological data from different European capitals to
observe the impact on the performance and the optimal
sizing of the system. Europe is composed of a number of
specific climates. Indeed, the Mediterranean climate is
located in the South of Europe and is characterised by a
summer drought and a lot of sunshine. The temperatures
are mild in winter and high in summer. The polar climate
is located in the North of Europe and has cold
temperatures in summer and very cold in winter. The
continental climate is located in the center and the East of
Europe and has a cold winter, a cool summer and short
inter-seasons. The oceanic climate is located in the West
of Europe and has moderate temperatures with frequent
rainfall. Finally, the Alps, the Pyrenees, the Carpathians
and the Scandinavian mountain have a mountain climate.
This climate corresponds to the surrounding climate with
a reduction of the temperature in all seasons.
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This paper presents an optimization methodology applied
to an energy system based on the earth-air heat
exchangers. First, the system is dynamically modelled
over a full year. The system is composed of an earth-air
heat exchanger, a heat recovery ventilation, a heat pump
and photovoltaic collectors. Furthermore, the methods of
sensitivity analysis, multicriteria optimization and
decision making are explained in section 2. The results
obtained will be next discussed and interpreted for the
different methods. Finally, the optimal sizing is provided
for the different climates of European in section 3.

Modelling and Methodology
Modelling of the energy system

The system is composed of an earth-air heat exchanger, a
heat recevery ventilation, an air-to-air heat pump, a
photovoltaic collectors (PV), a bypass and a building,
shown in Figure 1. First of all, the EAHE is composed of
a tube buried in the ground at a depth z with a length L
and an inner radius r. A fan collects air from outside in
order to circulate it through the EAHE at an imposed air
velocity. This velocity is directly related to the air renewal
of the building R;-. This component is used either for
heating in winter because the ground temperature is
warmer than the outside air temperature, or for cooling in
summer (inversely). In addition, the HRV is a device for
recovering a part of the energy lost from the exhaust air
in order to reinject it into the fresh air at the outlet of the
EAHE. Two fans are used to circulate the air in the tubes
of the HRV, one for the insufflation tube and the other for
the exhaust tube. The bypass allows to control several
operating modes using a regulation temperature T,

Then, the HP captures the calories from the outside air and
transfers them to the inside of the building. The HP works
for heating in winter and for cooling in summer, but it
requires a certain amount of electrical power to produce a
stronger amount of thermal power. The HP is sized by its
maximum thermal power Pyp. Similarly, the PV are
located on the roof of the building and they convert solar
radiation to produce electricity. The production of
electricity is dependent on the collector surface Apy.
Finally, the building is subject to heat loss, not only due
to the walls, but also due to the ventilation. If the energy

S

Tair,exhaust

recovered by the system is not sufficient, an auxiliary
system is used to compensate the lack of energy.

The earth-air heat exchanger

The ground and the EAHE models are presented with ore
details in (Cuny et al., 2020). The power consumed and
recovered by the EAHE is determined by:

1 Mg;
P c%;}gE = nr APgang ( a.lr>
an awr

1)
EAHE _ .; |Text out EAHE

= Myir Cp . i i
reco air *p i 17 air fresh air

With 154, = 0.63 the fan efficiency and Apg 4y pressure
losses generated by the EAHE. pg;,- is the air density,
Cp,, the heat capacity of the air and Tf4chah” the
temperature of the fresh air at the outlet of the exchanger.
my;, IS the air flow rate which is a function of the air
velocity v,;,, the tube radius r and pg;;.

The heat recovery ventilation

The HRV modelling is provided by (Lapertot et al., 2020).
The power recovered by the HRV corresponds to the heat
exchange between the fresh air and the exhaust air. The
power consumed by the HRV are due to the fans and the
anti-freeze system, as expressed by:

1 mair
chﬁg = 77— ApHRV (—) + Pantifreeze

fan Pair 2
HRV _ _; out HRV __ min HRV |
reco — Mair Cpair fresh air fresh air
where THRV. - and TOUEHRY are the fresh air inlet and

fresh air fresh air
outlet temperatures of the HRV, respectively. Apyg, are
pressure losses and P,piifrecze 1S the anti-freeze power.
Indeed, an anti-freeze system prevents from the HRV
damages in case of negative external temperatures.
The air-to-air heat pump
The modelling of the heat pump is based on (Blervaque,
2014). A correlation is used to calculate electrical power
of the compressor consumed PXE . and thermal heating
power produced Pyi% ;.

HP
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Figure 1 : Scheme of a studied energy system.
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These are functions of the indoor and outdoor air
temperatures, Ty, = T2 and T, = TS,
respectively. AT; and AT, are defined by:
{ AT, = int/Text - Ti‘;llotm/Tg;ﬁm (4)
int t
ATZm fext - (Tint/ext - irrll(l)'%xt

The values of the constants are based on (Béjannin et al.,
2016), C, = 096, C, =5.15, C, = 1818, D; =
0.012 and D, = —0.012. The nominal conditions
correspond to the operating ones of the HP and the values
associated with the indoor and outdoor air temperatures
are equal to 20°C and 7°C, respectively. These
conditions result in a nominal coefficient of performance
(cop)HF  of 3.4 (Béjannin et al., 2016).

The photovoltaic solar collectors

The photovoltaic solar collectors are implemented from
(Poulet et al., 2015). The model is used to determine the
electrical power produced by the PV collectors. The P,f v

by all panels is a function of Apy: e
szrvod = PsI:;‘q/ Apy (%)
where PEY is the electrical power for a square meter:
Pin =10 R — (Tait + KR — T ) KEY - (6)
KV =0.0035 K.W~1.m? is the radiation coefficient
and KfYV = 0.61 W.K ™ the temperature coefficient. R;

corresponds to incident solar radiation, which depends on
the weather conditions.

Regulation

The Bypass regulates the four operating modes of the
system to avoid the use of auxiliary energy. In the first
operating mode, the insufflated air comes from the outside
air, so the EAHE and the HRV are not used. In the second
one, the insufflated air is provided by the EAHE and the
HRYV is off. In the third operating mode, the insufflated
air comes from the HRV, so the EAHE is not used. The
last one, the insufflated air is given by the coupling of the
EAHE and the HRV. In addition, a constant regulation
temperature T, is considered and the associated values
are between 19 and 26 °C. The bypass selects the
operating mode such as the insufflation temperature is the
one closest to the regulation temperature.

Modelling of the building

The weather data are the outdoor temperature T2, the
building temperature T2%#4 and the incident solar
radiation R; for each hour over a full year. The building
temperature is modelled by the average outdoor
temperature over a day to take into account, in a
simplified way, the thermal inertia of the building air
(Launay et al., 2018). The system is modelled on
OpenModelica with a time step of 10 minutes. In addition,
the building is subject to heat losses due to ventilation and
due to the walls:

vent _ . build build
{ lost — Mair Cpair (Tinsufflated - Tair
— build ext
Qdem - Ubuild Abuild (Tair - Tair

with A,,;4 the building surface and U,,,;; the thermal
transfer coefficient.

U]

A heat and power balance determines the auxiliary power
required to compensate the lack of energy.

{Qaux = Qdem + le)esr;t - féélcle - TI:IE}E'Z - ZIJ-IrPod (8)

Paux = Pclgfls + Pc%;lgE + PcHole - PZIJ)rVod

The air-to-air heat pump is only used if the EAHE and the
HRYV system does not provide enough power compared to
the demand, so Q¢ is always higher or equal to zero.
Similarly concerning the photovoltaic collectors, PS%% is
always higher or equal to zero.

Methodology

The methodology in this study corresponds to the
application of a sensitivity analysis, then a multi-criteria
optimization procedure and finally a multi-criteria
decision-making method. In this section the variables and
the objectives of the optimization process are presented as
well as the different methods.

Definition of variables and objectives

The variables of the optimization problem of two different
natures: sizing parameters and control parameters. The
sizing parameters are the ground thermal conductivity
Agrouna, the mass volume multiplied by heat capacity of
the ground c, * pgrouna, the tube thermal conductivity
Atupe, the mass volume multiplied by heat capacity of the
tube ¢, * prype, the tube radius r, the tube length L, the
burial depth z, the surface of the photovoltaic collectors
Apy and the thermal power of the heat pump Ppy. The
control parameters are air renewal R,;- and regulation
temperature T,..,. Table 1 shows the reference valued and
the range for each parameter.

Table 1 : Reference and range values for the factor used

for the sensitivity analysis.

Factor Unit Ref Min Max
Agrouna | W.m. K™t 1.4 0.98 1.82

Cp Pgrouna | J-m 3K~ | 1758500 | 1230950 | 2286050
Atupe W.m.K? 0.6 0.42 0.78

Cp Pruve |J.m~3K~1| 2097600 | 1468320 | 2726880
T m 0.25 0.1750 | 0.3250

L m 25 175 32.50

z m 2.5 1.75 3.250
Ryir h~t 0.50 0.35 0.65
Treg °C 22,5 19 26
Apy m? 10 7 13
Ppy kw 3.0 2.1 3.9

The objectives of the optimization problem correspond to
two energy criteria and one economic criterion. The first
criterion is the fraction of renewable energy in the system.
Feyr is determined by the ratio between the auxiliary
energy and the energy demand. The Fgyz quantifies the
share of energy from renewable resources.

f(Qaux + Paux) dt
deem dt (9)

The coefficient of performance COP of the system is
defined by the ratio between the energy recovered and the

Feng =1—
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energy consumed by the EAHE, the HRV and the HP. The
COP quantifies the performance of the system because if
the COP > 1 then it produces more thermal energy than
it consumes in electrical energy.

_J(@FE + Qi Qi) dt g
J(PERHE + PHEY + PR dt
The cost of the energy recovered CER is the ratio between
the total cost of the system (installation, operation and
maintenance cost) during its lifetime of 20 years and the
energy recovered by the EAHE, the HRV and the HP.
COStinse + COStoper + COStmaine
Nyear * I(Qféqcl.ow + Q?I:Ie}% + Q;I#;d) dt
The installation cost quantifies the cost of labour and
materials. The EAHE takes into account the cost of the
earthwork, which depends on the length and depth. The
cost of the photovoltaic panels depends on the surface of
the collectors. It also takes into account the cost of the
inverter and the connection to the grid. Similarly, the cost
of the heat pump depends on its power. In addition, the
maintenance cost is linked to filters changes three times a
year. Finally, the operating cost is defined by the product
between the price of electricity and the auxiliary energy.
Detec Varies between the different European capitals
(Selectra, 2020) referenced in Table 4.
Sensitivity analysis
The sensitivity analysis is the study of how the uncertainty
at the output of a system can be assigned to the uncertainty
at their inputs (Saltelli et al., 2008). The inputs correspond
to parameters or factors and the outputs to objectives or
criteria. The aim is to identify the most influential factors
and to determine the non-influential ones in order to make
them constant. The FAST method (Saltelli et al., 2008) is
a technique which consists in approaching objective
functions by harmonics using the Fourier Transform. This
method evaluates the Sobol. Sobol index are estimators
that quantify the variation of inputs on outputs.

Multi-objectives optimization

A multi-objectives optimization problem seeks to
optimize simultaneously several objective functions, but
it does not provide an optimal solution because some
objectives are not necessarily comparable and do not tend
to evolve in the same direction. However, it is possible to
find a set of solutions that has a good compromise for the
different objectives, so called the Pareto front. In this
study, the NSGA-I11 algorithm (Deb et al., 2002) is applied
with 100 individuals and 1,000 generations, which
corresponds to 100,000 evaluations.

Multi-criteria decision making

The decision aid is the set of techniques used to choose
the best solution among possible solutions. The user has
an important role in selecting the best point, because he
can give a weight to each function. The weight is directly
related to the importance of the objective. The TOPSIS
method consists in selecting the solution that has the
closest distance to the ideal solution (Tzeng et al., 2011).
In the investigated study, the decision aid selects the best
sizing among the Pareto solutions with the TOPSIS

cop

CER =

(11)

method. The ideal point corresponds to the maximum of
Fryg and COP, and the minimum of CER, and the weight
associated with each objective isw = 1/3.

Results and discussions

Sensitivity analysis

In this part, the sensitivity study allows to determine the
contribution of the different parameters for the different
objectives. This study also allows to classify the
parameters and to identify the non-influential ones. The
Sobol index are averaged IS for the 24 European capitals.

Figure 2 shows the values of the Sobol index for the COP,
the Fgyg and the CER. The results indicate that T,..g, Pyp,
R, Z, L are the parameters that have the most influence
on the COP, since the values of the contribution are equal
to 55, 8, 8, 5, 2 %, respectively. The other parameters
have no impact on the COP. In addition, Pyp, Ry, Apy,
z are the most significant parameters for the Fgy . Indeed,
Pyp, Rairy Apy, z have a Sobol index of 0.34, 0.33, 0.28,
0.04, respectively. The other parameters are negligible.
For the CER, the most influential parameters are Pyp,
R,y Z, Apy, the values of the contribution are 43, 41, 8,
5 %, respectively. The other parameters exhibit Sobol
index below 0.01.

Table 2 illustrates the ranking of the parameters according
to the Sobol index averaged for the objectives. Heat pump
power is the most influential factor, which is followed by,
air renewal, regulation temperature, collector surface and
burial depth. The other parameters have an impact below
5 % on the system.

Table 2 : Ranking of parameters according to the Sobol
index averaged IS for the objectives.

Rank Factor Is
1 Poyy 0.284
2 Ruir 0.272
3 Treg 0.185
4 Apy 0.109
5 0.054
6 0.012
7 r 0.002
8 ¢y Pgrouna 8e
9 Atube 7e™*
10 Agrouna 2™
11 Cp Ptube 3e >

Table 3 : Range of values for the sizing and the control
parameters used in the multi-criteria optimization

procedure.

Factor Ppy Apy z Tiey | Rair
Unit kW m? m °C h~t
Min 0 0 0.50 19 0.35
Max 5 50 5.00 26 0.65
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The variables selected for the optimization of the EAHE
correspond to the parameters that strongly influence the
performance of an EAHE. The sizing parameters include
burial depth z, collector surface A, and heat pump power
Pyp. The control parameters are air renewal R,; and
regulation temperature T,.,. The range of values are
summarized in Table 3.

0.6
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Sobol Index
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Sobol Index

PR A z L r Tcpsdg N cpy
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PR z AL r Teps s A cpy

Figure 2 : Representation of the Sobol index for the
different factors and for the COP (top), the Fgyg (center)
and the CER (bottom).

Multi-criteria optimization

The NSGA-II genetic algorithm allows to identify the
Pareto solutions for the different European capitals.
Considering the large number of results obtained, this
section presents the Pareto front for Berlin. The other
capital cities exhibit equivalent fronts.

Figure 3 a) shows the results obtained by the genetic
algorithms. The blue dots correspond to the all solutions
obtained by the genetic algorithm and the pink dots are
the Pareto solutions. The Pareto front is located in the left
and lower part of the point cloud because the solutions
seek the best compromise between the minimum of the
CER, and the maximum of the Fgyr and of the COP.
Among the Pareto solutions, when the Fgyg increases, the
COP and the CER decrease. The objectives values vary
between 0.088 and 1.56 €/kWh for the CER, 0.19 and
0.98 for the Fgyr and from 4.29 to 13.8 for the COP.
Figure 3 b) exhibits the Pareto front as a function of heat
pump power between 0 and 5 kW, when Py increases,
the COP and the CER decrease and the Fgyp increases.
When Pyp increases, the HP provides more energy to

satisfy the thermal energy demand so the Fgyp increases
up to 1. Furthermore, when Py, increases, the coefficient
of performance of the system decreases because the COP
of the HP is lower than that the one of the EAHE.
Similarly, the CER decreases because the system recovers
more energy when Pyp increases. Figure 3 c) illustrates
the Pareto solutions for a collector surface that varies
between 3 and 50 m%. When Apy increases, the CER
increases because the total cost of the system increases.
Similarly, when Ap, increases, the Fgyz also increases
because the photovoltaic collectors provide more
electrical energy to operate the HP and the fans, so the
auxiliary electrical energy decreases. Figure 3 d) shows
the best compromises for air renewal varying between
0.42 and 0.65 vol. h~1. In the case where R,;, increases,
the COP and the CER decrease because the EAHE and the
HRV recover more energy and also consume more. In
addition, burial depth varies between 1.5 and 5.0 meters.
As z increases, the CER increases because the installation
cost of the EAHE depends on the depth. Moreover, when
z increases, the air temperature at the outlet of the EAHE
is less fluctuant and therefore it allows to recover more
energy. Furthermore, when regulation temperature
increases between 19 and 26 °C, the major part of the
solutions has a temperature between 22 and 23 °C. When
T,eq increases, the CER and the COP decrease, the Fgyg
increases. T, and Pyp vary throughout its definition
range, which is not the case for the other parameters.

Multi-criteria decision making

The TOPSIS method allows to select the solution that has
the best compromise for 24 European capitals, as listed in
Table 4.

This table presents the best objectives and associated
parameters. For the objectives, the COP has a value
between 4.00 and 4.89, the Fyyy varies between 0.92 and
1.00 and the CER between 0.07 and 0.18 €/kWh. When
the fraction of renewable energy is equal to 1, the system
is independent of auxiliary energies. The cost of
recovered energy is lower than the price of electricity for
almost all capitals, which means that the system is
profitable. Valetta is located in the south of Europe and it
is the only capital that has a CER higher than the price of
electricity because this capital requires a very little energy
demand with a large total cost. The coefficient of
performance of the system is consistent because the COP
of the HP is smaller (4.29) and the COP of the EAHE is
larger (13.8). For the parameters, z has a variation
between 0.53 and 4.92 m, R,;, between 0.42 and 0.65,
Tyeg between 20.1 and 26.0. Ap, varies from 8.87 to
49.9 m? and Ppy from 2.56 to 4.98 kW . For capitals with
a high energy demand, such as Helsinki, Stockholm,
Tallinn and Riga, the Fgyg, the CER and the COP are
smaller compared to other capitals. The reason for the
small Fgyr value is that the system is not able to satisfy
the energy demand. Moreover, the energy recovered by
the system is much larger when the HP power increases,
so the CER is small. Also, the system consumes more
electricity because of the HP, so the COP is small. In
addition, the capitals with a low energy demand, such as
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Figure 3 : Representation of the Pareto front according to the different parameters in Berlin.

Athens, Valletta, Lisbon, Madrid, Rome, have a larger
value of Fgyg, CER and COP. For these capitals,
collectors’ surface and HP power are small because the
HP is less used to satisfy the energy demand. As the
energy recovered by the system is small, the CER is large.
Similarly, as the HP works less, the energy consumed is
smaller and therefore the COP is larger. The Fgyg iS
almost equal to 1 because the system satisfies the demand
of electrical and thermal energy.

The mean x and the relative deviation ¢ are indicators
which allow to quantify the variation of the parameters
and objectives for the different European capitals. If o is
large, it means that the factor depends on the weather
conditions. They are defined by:

SRED P il i e
YTl Tl T (13)

with x; the value of the parameters or objectives for the
capital i. The value of the relative deviations is rather
strong for Ppy;, Apy, z and the CER. Indeed, the COP and
the Fgyr depend on the weather, but the optimization
process allows to obtain high values, while the CER is
subject to a large variation to compensate. Moreover, in
order to have large values of the COP and the Fgyg, the
parameters Ppy, Apy, z have a large variation due to the
energy demand. Furthermore, the system depends on the
weather because the meteorological conditions are very

different between the several European capitals.
However, the system is very efficient for all climate
studied. The best sizing has an average value of 4.44 for
the COP, 0.98 for the Fgyg, 0.095 for the CER. The
EAHE must be buried at 3.15 m, with an air renewal of
0.64 vol/h and a regulation temperature of 22.9 °C. The
heat pump must have a thermal power of 4.18 kW and the
photovoltaic collectors have a surface of 41.4 m?2.

In addition, the performance of the system is quantified
for the different capitals studied. For this purpose, the
function Y is defined by standardizing the following
weighted sum G:

G — min(G)

r= max(G) — min(G) 6= Z Wit (14)
with rn; the standardised function for the objective i and
it is based on (Tzeng et al. 2011).

Figure 4 shows the map of the European Union according
to the value of the Y function for the different capitals
studied. The value of Y is strong in the North of Europe
which means that the system is less performant because
the demand for energy is too large. Moreover, in the
center of Europe, the value of Y is the smallest, therefore,
the system is the most performant. In the South of Europe,
the value of Y is medium because the system is less
performant than in the center of Europe even if the energy
demand is small.
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Table 4 : Results of the multi-criteria optimization methodology for different European capitals. The country and a
number are given under the name of the capitals. The price of electricity p,;. is shown in the CER column on the right.

Capital COP[—] | Fgng [-] | CER[€/kWh] | z[m] | Ry [R7]| Tyeg [°Cl | Apy [M?] | Ppy [KW]
Amsterdam 457 0.999 | 0.085 < 0.205 | 1.88 0.650 25.3 49.8 3.98
Netherlands (1)

Athens 4.89 1.000 | 0.150 < 0.165 | 4.63 0.631 21.0 18.2 3.24

Greece (2)

Berlin 4.44 0.979 | 0.093 < 0.309 | 3.96 0.648 25.8 494 3.70
Germany (3)

Bratislava 438 0.998 | 0.087 < 0.158 | 2.66 0.645 21.8 43.7 452

Slovakia (4)

Brussels 455 0.987 | 0.098 < 0.284 | 4.51 0.646 215 499 4.67

Belgium (5)

Bucharest 431 0.998 | 0.087 < 0.136 | 3.22 0.650 21.8 42.8 477
Romania (6)

Budapest 438 0.998 | 0.089 < 0.112 | 3.75 0.646 21.6 44.0 441

Hungary (7)

Copenhagen 4.47 0.987 | 0.080 < 0.299 | 3.22 0.648 23.9 499 4.06

Denmark (8)

Dublin 4.66 0.993 | 0.082 < 0.242 | 0.59 0.645 25.4 498 3.06

Ireland (9)

Helsinki 4.00 0923 | 0.076 < 0.173 | 4.45 0.632 23.8 49.1 455
Finland (10)

Lisbon 4.44 0.995 | 0.139 < 0.215 | 0.53 0.648 24.9 13.5 2.03
Portugal (11)

Ljubljana 4.40 0.998 | 0.091 < 0.163 | 4.29 0.648 20.6 49.4 4.45
Slovenia (12)

Madrid 4.60 1.000 | 0.099 < 0.240 | 237 | 0.647 21.2 24.8 461

Spain (13)

Paris 454 0.998 | 0.092 < 0.176 | 0.78 0.642 23.9 45.9 3.72

France (14)

Riga 4.10 0938 | 0.077 < 0.163 | 454 | 0.647 23.4 47.7 4.79

Latvia (15)

Prague 435 0.963 | 0.082 < 0.175 | 3.31 0.647 25.0 49.7 4.68
Czechia (16)

If:gf(“l‘j) 4.54 0.994 | 0.116 < 0.230 | 0.92 0.629 23.5 21.7 2.75

Sofia 433 0.999 | 0.086 < 0.100 | 2.56 | 0.649 20.1 46.8 493

Bulgaria (18)

Stockholm 411 0950 | 0.073 < 0202 | 355 | 0.645 22.6 49.7 498

Sweden (19)

Tallinn 4.04 0932 | 0.074 < 0.136 | 4.58 0.641 22.2 49.7 4.80
Estonia (20)

Valletta 4.62 1.000 | 0180 > 0.131 | 3.13 | 0421 20.9 8.9 2.76

Malta (21)

AV'e.“”a 439 0.998 | 0.090 < 0.203 | 3.99 | 0.643 26.0 48.2 475

ustria (22)

Q’Vﬂrsa"" 430 0.960 | 0.083 < 0.134 | 4.92 0.649 24.4 48.7 458

oland (23)

CzaQrEb 4.43 0.999 | 0.094 < 0.132 | 3.22 0.648 20.4 40.8 470

roatia (24)

X 4.44 0983 | 0.095 < 0.187 | 3.14 | 0.635 22.9 41.4 417

o [%] 413 1.99 16.9 34.2 2.98 6.86 24.2 15.3

Conclusions and perspectives

This study presents a multi-criteria optimization process
applied to a complex energy system composed of an
earth-air heat exchanger and an air-to-air heat pump.
Firstly, the sensitivity analysis shows that air renewal,
heat pump power, surface of the photovoltaic collectors,
regulation temperature and burial depth are the most
influential parameters. These parameters are considered
for the optimization method. Then, a multi-criteria
optimization identifies Pareto solutions that have a good
compromise between the different objectives. When the

Fgygr increases, the CER and COP decrease. Finally, a
multi-criteria decision-making method selects the best
compromise for the different European capitals studied.
The results show that even if the system is dependent on
weather conditions, it manage to be profitable,
autonomous and efficient because the optimized system
give a COP is large, a Fgzyg very close to 1 and a CER
smaller than the price of electricity. It would be interesting
to perform an optimization study of a system which
provide domestic hot water. The process can also consider
an environmental criterion such as CO emissions.
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Figure 4 : Performance of the energy system for the

European capitals studied.

Nomenclature

Latin symbols
Cp Mass thermal capacity J.kg K71
CER | Cost of Energy Recovered €/kWh
COP | Coefficient of Performance —
Fenyr | Renewable Energy Fraction —
IS Sobol index —
L Tube length m
T Mass flow rate kg.s™!
N Number —
P Electrical power 474
p Price of energy €/kWh
Q Thermal power kW
r Tube radius m
R, | Air renewal ht
™m Standardized objective value —
T Temperature °C
U Thermal transfer coefficient | W.m 2. K~}
x Parameter value —
y Obijective value —
z Burial depth m
Greek symbols
Ap Pressure losses Pa
n Efficiency —
A Thermal conductivity W.m LK™
p Density kg.m™3
o Relative deviation %
Abbreviations
EAHE | Earth Air Heat Exchanger
HP Heat Pump
HRV | Heat Recovery Ventilation
PV Photovoltaic
Subscripts and superscripts
aux Auxiliary
build Building
cons Consumed

BUILDING
| PERFORMANCE
| SIMULATION
ASSOCIATION
dem Demand
prod Produced
reco Recovered
vent Ventilation
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