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Multi-criteria optimization of an earth-air heat exchanger for different
French climates.
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Abstract

The Earth-Air Heat Exchanger (EAHE) is a system for cooling or preheating the blown air into
a building. A modeling of this system is proposed from a model for the ground and a model for
the exchanger. The results are in agreement between the outside air temperature of the numerical
model and the experimental temperature measurements. A sensitivity analysis with factorial plans
is carried out to determine the most impactful parameters, taking into account two energy criteria
and one economic criterion. The results show that tube radius, tube length, air velocity, burial
depth and soil nature are the most impactful parameters. A multi-criteria optimization study with
genetic algorithms is then performed to determine the Pareto front. The criteria do not evolve
in the same trend because when the cost of the energy recovered decreases, the coefficient of per-
formance and the EAHE efficiency will deteriorate, and reciprocally. Finally, a multiple-criteria
decision-making is carried out using the TOPSIS method to provide the optimal pipe configuration.
The optimal solution provides a large tube length, an intermediate burial depth, and a small air

velocity and tube radius. The EAHE can achieve strong energy performance in any French climate.
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1. Introduction

The residential sector accounts for 40 % of total energy consumption in developed countries |[1J.
To fight global warming, one of the European Union’s strategies is to reduce energy consumption
in buildings [2]. New regulations impose thermally insulated buildings using renewable energy sys-
tems and high-efficiency energy systems. In this context, ventilation heating systems are favored.
For example, in Europe, heating, ventilation and air conditioning (HVAC) accounts for 68 % of
the energy consumed in the residential sector [IJ.

The earth-air heat exchangers (EAHE) are renewable energy systems using ground temperature
to preheat or cool the building. This system also allows the ventilation of the exhaust air of a
building and the injection of renewed air from outside. The EAHE can improve the performance of
a controlled mechanical ventilation for the heating system. The global energy performance of the
system is thus improved by 29 % in winter and between 36 % and 46 % in summer [3]|. In addition,
the EAHE are very well suited to provide air ventilated at comfort temperature during the summer
[4]. Such energy system is particularly suitable for contrasting climates, either for preheating [5],
or for cooling [6]. This energy system is also suitable for temperate climates such as [7], [8] and
[9]. The use of an EAHE and its energy performance are highly dependent on climatic conditions
[10]. The first objective is to investigate if this system can be applied to temperate climates such
as France. The soil type also allows improving the performance of the system. Indeed, the ther-
mal performance can reach 15.9 % with a soil composed of sand [7]. Combined with a dual-flow
controlled mechanical ventilation, the system’s coefficient of performance (COP) is defined by the
ratio between the heating capacity and the system consumption power and the COP can reach
16.3 [5].

The second objective is to apply a methodology of sensitivity analysis, multi-criteria optimiza-
tion and multi-criteria decision-making. The aim is to determine the optimal design parameters.
Sensitivity analysis quantifies the impact of parameter variation on defined criteria and makes it

possible to classify the influence of the parameters. This method can be used to selected main pa-
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rameters. This EAHE energy system can involve a large number of parameters and the sensitivity
analysis could be used to reduce the number of parameters retained for the optimisation process
[11]. Moreover, a multi-criteria optimization study is carried out with the main parameters. The
aim is to determine the optimal design parameters that gives maximum performance and minimum
cost. Indeed, the energy system must be optimized to be efficient and cheap. The main design
parameters of an earth-air heat exchanger are: the material, diameter and length of the tube, the
air flow velocity and the burial depth of the tube [12]. Concerning the COP of an EAHE, it can
be optimal for a given length. Indeed, the difference between the air temperature flowing through
the EAHE and the ground temperature decreases but pressure losses increase [13]. It is therefore
not necessary to use exchangers of large length.

The third objective is to apply this energy system and this methodology for different French
climates. Five French climatic zones are studied (Hla, H1b, H2b, H2¢, H3), as illustrated in figure

Each climate is composed of its own specificity. Indeed, France is surrounded by a continental

Figure 1: French climatic zones [14].
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climate in the east, an oceanic climate in the west and north, and a Mediterranean climate in
the south. Some French regions is constituted by a mountain climate due to the Pyrenees, the
Alps, the Massif Central and the Vosges. Indeed, the continental climate is the most contrasting
climate because it is characterized by a cold winter and a hot summer. Thus, the oceanic climate
is influenced by the marine currents of the Atlantic Ocean, which provides a mild winter and a
cool summer. Afterwards, the Mediterranean climate is composed of a hot and a dry summer
and a mild winter. This climate has a lot of sunshine and wind. Then, the mountain climate
is constituted by a mild and short summer, and a long and very cold winter. The difference
between the climatic zones is based on meteorological data. Indeed, the outside air temperature
and coefficients used to model the ground temperature are specific to each zone. Figure |2| shows
the evolution of the outdoor air temperature for the different climatic zones in France [I5]. Zone
H3 has a stronger average temperature and a smaller temperature amplitude than the other zones.
In addition, the H1b and H2b zones can have a very low air temperature in winter. Finally, zone
H2c gives the most contrasted climate since the lowest and highest temperature are obtained for
winter and summer, respectively. Indeed, the Hla and H2b zones have an oceanic and continental
climate. The H1b and H2c zones not only have a continental climate but also a mountain climate.
Zone H3 has a predominantly Mediterranean climate and a bit of mountain climate.

In this article, a multi-criteria optimization methodology is performed for different French climates.
In section 2, the energy system and the different methods used will be described. Indeed, the EAHE
is implemented from two distinct models. The first one simulates the thermal behaviour of the
ground by computing the ground temperature, which is a function of depth and time. The second
one models the air temperature between the inlet and the outlet of the EAHE. This annual dynamic
modeling includes also the calculation of the power required by the fan to impose an air velocity.
The experimental measurements and the numerical estimates of the outlet air temperature are
compared in order to validate the model. In this study, several geometric parameters and the

criteria are taken into account: two energy criteria (the EAHE efficiency and the COP) and an
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Figure 2: Temporal evolution of the outside air temperature for zone Hla (blue curve), zone H1b (red curve), zone
H2b (orange curve), zone H2c¢ (purple curve) and zone H3 (green curve) [15].

economic criterion (the cost of the energy recovered). Section 3 describes the results obtained by
the sensitivity analysis, multi-criteria optimization and multi-criteria decision-making methods.
Indeed, a sensitivity analysis is carried out to find the most impactful variables. Then, the design
parameters are optimized according to the criteria to find the set of solutions that minimize the
cost of the energy recovered, and maximize the EAHE efficiency and the COP. Finally, the optimal

system pipe configuration is provided for five climatic zones studied (H1la, H1b, H2b, H2¢, H3).

2. Modeling description and Methods

2.1. Modeling description

The models used for the EAHE system is based on studies [9] and [I3]. The energy system is

described in this subsection.

2.1.1. Description of the global system
The EAHE is composed of a pipe buried in the ground at a depth z. The tube is characterized by:
a length L, an inner radius r and a thickness e. The air velocity v, flowing through the EAHE is

imposed by a fan located at its outlet (figure[3). The EAHE is the area of thermal contact between
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two different sources: the air flowing through the tube, the soil surrounding the tube. In winter,
the ground temperature is warmer than the outside air temperature. The air flowing through the
EAHE heats up thanks to the warmth of the soil. The outlet air is warmer than the inlet air of
the EAHE. In summer, the opposite phenomenon occurs and the outlet air is colder than the inlet

air.

>
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Figure 3: Structure of the ventilation system integrated into the building.

The EAHE is illustrated by a tube and the ground by a volume. The inlet air temperature of
the tube T, ;, corresponds to the outside air temperature Ty, ;. This temperature is easily
measurable from hourly meteorological databases. However, the ground temperature at the soil-
tube interface is difficult to obtain because the installation of a measuring device at the burial
depth of the tube is problematic. In addition, these measurements are only valid for a single
EAHE configuration. In this context, a system modeling is necessary. The hypothesis used for the

EAHE model is taken from [9] and [13]:
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1. a one-dimensional problem is considered;
2. the soil is considered as a homogeneous and isotropic medium;

3. the air and ground thermophysical properties are constant and independent of temperature.

The system is divided into one model for the ground and one for the EAHE.

2.1.2. The soil thermal model

The soil thermal model provides the ground temperature for any depth and at any time without
taking into account the EAHE operation. The effects of mass and heat transfer are considered neg-
ligible due to small differences in ground temperatures [16]. The soil is considered as a semi-infinite
homogeneous medium with constant thermophysical properties: thermal conductivity Agroung, den-
Sity Pground and mass thermal capacity c,,,. .., [9]. In this study, the soil thermal model takes only
into account thermal conduction.

Considering these hypotheses, the propagation of a sinusoidal temperature signal in a semi-infinite
medium has an analytical solution [I7]. In the investigated case, the sinusoidal temperature is the

outside air temperature, it is written as follows:

1=3

Tair, ext — Tmean + Z [T’z Sin (wzt - ¢z)] (1)

=1

with T),.., the average temperature over the tube, T; the amplitude temperature, w; frequency os-
cillations, ¢; the phase shift. The oscillations consider an annual frequency wy, a monthly frequency
wy and a daily frequency ws to take into account the annual, monthly and daily meteorological
fluctuations. The amplitudes and the frequency are determined by the least square’s method ap-
plied to meteorological data. The values of the amplitude and the phase shift are given in table
These values depend only on climatic zones. By applying this signal to the surface of a semi-infinite

medium, the ground temperature is therefore given by:

=3
Tyround(t; 2) = Tmean + Z T; exp (—z Wi _) % sin (Wit — Qi — % Wi > (2)

i=1 2 Uground 2 U ground



125

130

Zone Tyeqn Ty T T3 wy wa w3 ¢1 P2 b3
Unit °C  °C °C °Cc st s71 571 = — =
1077 %107% 107
Hla 121 719 038 3.04 1.99 2.02 7.27 107  3.53 10.2
H1b 11.8 844 —-0.80 3.34 1.99 2.02 727 107 3.53 104
H?2b 123 6.61 —-054 3.35 1.99 2.02 727 106 394 10.3
H2c¢ 13.5 768 —-0.61 4.13 1.99 2.02 727 10.6 4.77 10.2
H3 16.0 801 -—-0.34 289 1.99 2.02 727 10.5 —-0.62 10.5

Table 1: Amplitude, frequency and phase shift values for the different French climates.

with @ground the thermal diffusivity of the ground, which is defined by:

A round
. (3)

Aground =
pground * Cpground

2.1.3. The EAHE model

The EAHE modeling gives the outlet air temperature. The air flowing through the EAHE is defined
by a mass flow rate 7, and a constant mass heat capacity c,,,.. Depending on the direction of air
flow, the tube is decomposed into several cylinders with the same length Az (figure [4)). For each
cylinder, the air and ground temperatures are considered uniform. The power balance is written
by:

dT.
dz

= UAair—tube * (Tg’round - Te) (4)

Mair Cpai'r' *

The mass of the tube is negligible compared to the mass of the ground. Consequently, the tube is

characterized by its thermal conductance U A, _upe- This variable is defined by:

1 B 1 n 1 .l r—+e (5)
Udgir—tape  he x (20 Az) 271 AT Apype . r

where Aupe 1S the thermal conductivity of the tube and h. is the convective exchange coefficient

9
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Figure 4: Schematization of the mesh size of an EAHE.

between the air and the tube. h. is computed using formulations in forced convection [18] and it

is written by:

\ . oy 0055
h. = 0.036 ;7 * Re™® Prs x (A—x) (6)
with
R Pair Vair 2r
e = ——
Hair
/"Lai"’ Cpair
pr = Hair %eir
" )\air

the Reynolds number and the Prandtl number. ., is the air dynamic viscosity and A, is the air
thermal conductivity.

At each time step, the outlet air temperature 7T, is considered as the new inlet air temperature 7,
for the following cylinder. The electrical power consumed by the fan at the output of the EAHE
is defined by:

1 Mair

Pfan = Ap (7)

Nfan Pair

with 774, the electromechanical efficiency of the fan. Pressure losses of the system Ap are calculated

10
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from [13] and are described by:

2

L Ugir
Ap = [f§+2*1-3] Pair —5~ (8)

where the regular pressure losses coefficient f is defined by:
f=(1.82 log(Re) — 1.6) > (9)

2.1.4. Validation

The results from the EAHE model proposed in this study are compared to the experimental data
of an EAHE installed on the IUT Robert Schuman geothermal platform (University of Stras-
bourg), including the meteorological data [§]. The procedure of model identification and boundary
conditions are explains and details in [7].

The experimental EAHE is buried at 1.03 m in a multilayer soil: 10 ¢m of plant material, 60 cm
of natural backfill and 50 em of sand surrounding the tube. In addition, the EAHE is composed
of a tube with a length and diameter equal to 17.5 m and 20 cm, respectively. Concerning the
operating mode of the experimental measurements, the fan extracts the outside air at a speed of
0.51 4 0.02 m.s~! at the tube outlet. Outside and outlet air temperatures are measured every 20
minutes with sensors PT100 with a accuracy of + 0.1°C'. The geothermal platform is schematized
by the figure [f]

Equations 2 and 4 are solved numerically at each time step during a full year using Runge-Kutta
algorithm 4" order with OpenModelica software [19]. In this study, the time step is 10 minutes
and the hourly meteorological data are linearly interpolated. Figure [6] shows the evolution of the
output air temperatures obtained from experimental data 77", and the numerical model 7% ..
Thermal behaviour of the EAHE model is similar to the measurements. The relative average error

over the full year is 5.7 %. The modelled data are in good agreement with the experimental data.

11



Figure 5: Schematization of the EAHE installed on the IUT Robert Schuman geothermal platform.
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Figure 6: Outlet air temperature of the EAHE from the experimental data (in blue) and from the numerical
modeling (in red).
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2.2. Methods

The methods used for sensitivity analysis, multi-criteria optimization and multi-criteria decision-

making is defined in this subsection.

s 2.2.1. Definition of variables and criteria
The tube parameters are characterized by a: radius r, length L, thickness e, rugosity €y, thermal
conductivity Ape, mass thermal capacity at constant pressure c¢;pe and density ppp.. Burial depth
2, air velocity v, ground thermal conductivity Aground, mass thermal capacity at constant pressure
of the ground ¢, ., and ground density py,ouna are also studied. Finally, the fan efficiency 7., and
170 the electricity price priceeectricity are taken into account. Parameters considered are summarized

in table [2| The reference value corresponds to the experimental data.

Parameters References Units

r 0.1 m

L 17.5 m

e 0.005 m
€tube 0.015 mm

z 1.03 m

Vair 1.0 m.s~ !
Atube 0.6 W.m. K1
Ctube Ptube 2097600  Jm 3. K!
)\ground 2.7 VV.m.K‘l
Cpground Pground 1210000 Jm 3. K1
Nfan 0.63 —
priceelectricity 0.12 €/]€Wh

Table 2: EAHE design parameters.

To quantify the EAHE performance, three criteria are defined: two energy criteria such as the
average efficiency ngpagp and the average coefficient of performance COP of the exchanger, and
an economic criterion like the cost of the energy recovered (CER).

s The average efficiency of an EAHE ngapg is the ratio between the energy recovered of the EAHE

13
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and the recoverable energy over a one-year period 7" [13]:

n fOT (Tair, mn Tair, out) dt
EAHE —
foT (Taih n T Tground) dt

(10)

The average C'OP is expressed by the ratio between the energy recovered and the energy consumed

by the EAHE [I3]:

fQT (Tair, m Tair, out) dt

COP = Mgy Cp,,, * =
fo (Pfan> dt

(11)

The cost of the energy recovered CER is defined by the ratio between the total cost of an EAHE
(installation cost, maintenance cost and operating cost) over its lifetime N, = 20 years and the

energy recovered by the EAHE [20].

CER — COSlinstallation + COSt?Z{;eration + COStmaintenance (12)

Nyear Meair Cp,;, * fo (Tair, in — Lair, out) dt
The installation cost estimates the cost of workmanship such as earthworks and the cost of materials
such as ventilators, air intake terminals and collectors. The installation cost is a function of tube
length and burial depth. The operating cost is determined by the product of the electrical energy
consumed by fans and the electricity prices. The maintenance cost quantifies the change of the

filters three times per year.

2.2.2. Sensitivity analysis

The model validity and parameter sensitivity are studied in this section. This study consists
in identifying and ranking the most impactful inputs, determining the non-impactful inputs and
mapping the behaviour of the outputs in relation to the inputs [I1]. To carry out this study, the
factorial plan method is used as it can quantify the contribution of input parameters and their
interactions. The two-level factorial plan requires 2* calculations with k the number of inputs [21].

Therefore, factorial plans require more calculation than methods that vary one parameter at a

14
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time, but they do provide information on the interactions between variables.

The factorial plan procedure is to approximate the objective function y by a linear system [20].

k ko k
Z/:’YO‘FZ’M Xi1+z Z%‘lig Kivio & oo FYirio iy Xivio ... in (13)

i1=1 11=1141>12

with 7 the mean of the objective function, v; the vector of the main effects of the parameters,
Vi, i, the vector of the interaction effects between parameters. X; is composed of the normalized

parameters vector.

ref
Xr; — X
e 1L, k|, X; = . — 14

where x; is characterized by the parameter value, xgef the reference value, z]"** the maximum value,
27" the minimum value. For the two-level factorial plan method, z; is equal to its maximum or
minimum value. Then the coefficients v are obtained by solving the linear system [13] To obtain

the contribution of the different parameters, the sum of squares must be defined.
Vie[l,28 —1], §S; = 2F 2 (15)

Finally, the contribution percentage of each parameter and their interactions is thus determined
by the following equation. PC which quantify the importance of parameters and couplings for

each objective. The coupling corresponds to the interaction between parameters.

SS;

Vie[l,2" 1], PC;= ———
Zi:l S5,

(16)

In the investigated study, inputs correspond to variables or parameters (k = 12) and outputs
referred to criteria or objectives. The most impactful parameters is determined using the factorial

plan method [21].

15
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2.2.8. Multi-criteria optimization

A multi-criteria optimization problem seeks to optimize several objective functions simultaneously.
However, it does not provide an optimal solution because some objectives are not necessarily
comparable. The works of Vilfredo Pareto [22] show that it is impossible to improve all criteria
simultaneously, which means that the improvement of some objectives will necessarily degrade the
other objectives. The result of the multi-objective optimization gives a set of solutions that have
a good compromise for the different criteria, including the best solution of each criterion. These
solutions come together on a curve called the Pareto front, which is composed of non-dominated
solutions. A solution X is dominated by another solution Y if only, for any objective f;, fi(X) is
less than or equal to f;(Y') with at least one strict inequality. Many optimization methods exist
as Nelder-Mead method, simplex method, particle swarm algorithms and genetic algorithms [23].
Genetic algorithms are suitable for constraints and multi-objectives problem. Genetic algorithms
are probabilistic optimization methods based on the evolution of the species. They were developed
originally by the works of John Holland [24]. Thanks to selection, crossing and mutation processes,
individuals change over generations and the best performing species tend to survive in their natural
environment.

In this case, genetic algorithms NSGA II [25] are performed with a percentage of mutation and
crossing of 50 %, and with 100 individuals and 1000 generations, which corresponds to 100,000

evaluations per zone.

2.2.4. Multiple-criteria decision-making

Decision aid is a technique to choose on the best solution from a set of possible solutions. There
are a number of multiple-criteria decision-making methods. The best known and used are the
weighted sums and TOPSIS [26]. The Technique for Order Preference by Similarity to Ideal So-
lution TOPSIS is a decision aid technique developed originally in [26]. Tt consists in selecting the
solution that has the shortest distance from the ideal solution.

In the investigated case, the best pipe configuration of the EAHE is selected using the TOPSIS

16
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method. The ideal point is the maximum of the ngagr and the COP, and the minimum of the

CER.

In this article, the optimization procedure is carried out in three steps. First, sensitivity analysis
is used to determine the most impactful parameters in order to reduce the number of parameters.
Then, multi-criteria optimization gives the set of solution that has a good compromise for the
different criteria. Finally, the multi-criteria decision-making method selects one solution in the

Pareto front. This selected solution is called the optimal solution.

3. Results and discussions

3.1. Sensitivity analysis

This section shows the results of the sensitivity study in order to select the most impactful pa-
rameters for multi-criteria optimization. The minimum z,,;, and maximum x,,,, limits for each
variable are defined according to their reference values x,.; and a variable 5 varying from 5 % to

35 %:

Tmin — xref*(]-_ﬁ)

Tmaz — xref*(l—i_ﬁ)

3.1.1. Parameter sensitivity

Figure [7]illustrates the contribution percentages PC. The first graph in figure[7]shows contribution
percentages of the variables for the ngaggr. Tube radius, tube length and air velocity are the three
most impactful parameters because they correspond respectively to 53 %, 42 % and 2 % of the
general variation of the ngayp. However, r, L and v,;- have a small contribution for different .
Furthermore, ground thermal conductivity Agrouna has a percentage, which increases with 3 and
reaches 3 %. Other parameters and couplings have no impact for the ngagg. The second graph in

figure |7 shows the results for the COP. Tube radius is predominant for the COP and decreases

17
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between 75 % and 60 % when [ increases. Moreover, air velocity contributes 20 % of the general
evolution of the COP. Similarly, parameter L and the coupling » — v,;- are small but increase
with 3, they exhibits 12 % and 2 %, respectively. Then, the burial depth has a small contribution,
which is dependent on 3. Finally, other variables have no impact for the COP. The graph in figure
exhibits the contribution percentages for the CER. Tube radius r is the dominant variable for
the C E'R. This parameter decreases with (3, because it goes from 70 % to 60 % when [ increases.
In addition, the contribution of air velocity and tube length are important independently of .
The influences of vy, and L are equal to 20 % and 6 %, respectively. Similarly, the parameter
Pyround * Cpyyound and the coupling between r and v,;,. have a low contribution percentage but they

increase with 3. The contribution of the other parameters is negligible for the CER.

3.1.2. Physical interpretation

In summary, the most impactful parameters are tube radius, tube length, air velocity, burial depth
and soil nature for three criteria considered. The impact of each parameter on the objectives are
explained by carrying out a physical interpretation.

Tube radius has an influence on the EAHE efficiency, on the coefficient of performance and on the
cost of the energy recovered. Indeed, tube radius is correlated to the outlet air temperature of
the EAHE (eq [10H12) and has an impact on the pressure drop and the fan power (eq . As a
consequence, when r increases, Ap and AT =|| Tyir out — Tuir in || decrease, so the heat exchanges
are lower quality. Ap and AT decrease independently. Therefore, when r increases, the CER
increases, the COP and ngagg decrease.

In addition, air velocity has a contribution to the three objectives because v,;, is directly related
to the air mass flow rate. Indeed, the fan power (eq. and the power balance (equation
depend on the mass flow rate of air. Finally, the air velocity is correlated to the operating cost of
the system which depends on the fan power. Therefore, when v,;, increases, the heat exchanges
between soil and air, Ap and costoperation increase. Thus when v, increases, the CER increases,

the npapgr and COP decrease.

18
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Similarly, tube length has an influence on the criteria. Indeed, pressure drops (eq. and the
outlet air temperature of the EAHE depend on tube length. It affects also the installation cost
which is also related to the installation cost of the system. When L increases, the ground-air heat
exchanges, Ap and cost;pstaiiation increase. Consequently, when L increases, the ngagr and the
COP increases, the CER decreases.

Furthermore, burial depth z has an influence on the three objectives. According to the equation
2} the ground temperature depends on z and has a contribution on the outlet air temperature of
the EAHE (eq. and on the EAHE efficiency (eq. . Burial depth is also correlated to the
installation cost of the system. So, when z increases, costinstaiiation increases, and Tyround; Thir out
increase in winter and decrease in summer, so the heat exchanges are better. Therefore, when z
increases, the COP increases, the CER and ngagg decrease.

Moreover, the soil thermophysical properties Ag.oung and p*c, .., have an impact on the npang,
the COP and the CER. Indeed, the ground temperature is defined by a function of the ground
thermal diffusivity (eq. . As previously for burial depth, the ground temperature is related to
the outlet air temperature of the EAHE (eq. and thus to the three objectives. When ogound
increases, the heat exchanges between the soil and the air are lower quality so the COP decreases

and the CER and the ngapp increase.

19
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Figure 7: Percentage contribution of variables for the different objectives.
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3.1.3. Choice of parameters for optimization

Based on the sensitivity study, the variables selected for the optimization of the EAHE are: tube
radius 7, tube length L, burial depth z, air velocity v,, and soil nature characterized by its
thermal diffusivity ®ground. These parameters have a significant influence on the performance of
an EAHE. The results allowed obtaining the same design parameters given by [12] and the soil
nature provided by [27]. Other parameters are considered negligible. The reference values are used
for these parameters for the rest of the study. In this case, the boundary values are summarized
in table [3] and correspond to the design boundary values of an EAHE for a single-family house
of 450 m3 [12]. Air renewal in the house requires a minimum volume flow rate of 150 m3.h~1. A

constraint on the volume flow rate at the outlet of the EAHE ensures this minimum air change.

Parameters r L z Vair Oground
Units m m m  m.s' %1076 m2.s7!
Minimum 0.05 10.0 0.50 1.00 0.376
Maximum  0.50 100.0 5.00 10.0 0.970

Table 3: Range of values for the design parameters and for the nature of the soil characterized by its thermal
diffusivity.

Three types of ground [9] are commonly present when installing an EAHE. These values are selected

for the study, see table [4]

Soil nature Iground /\graund Cpgmund Pground Aground
Units — Wm LKt Jk¢g ' K1 kgm™3 x1076m2.s!
Clay 1 880 1.28 1500 0.970
Sandy-clay silt 2 1340 1.50 1800 0.622
Sand 3 1390 0.93 1780 0.376

Table 4: Thermophysical properties for the three types of soil.

3.2. Multi-criteria optimization
The selected parameters for optimization are: tube radius r, tube length L, burial depth z, air

velocity v, and three soil types characterized by the ground index Ig,ounqg. These variables vary
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independently over the range shown in tables 3| and This optimization procedure is carried
out for each climatic zone with different boundary conditions [15]. The optimization results are
described using two formats: Pareto front and mapping. Due to the large number of graphs gen-

erated, this section only presents the results for zone Hla. Other areas have the same trend.

Figure [§] illustrates the Pareto front, which is a function of each objective. The best solutions
vary from 0.12 to 0.26 €/kWh for the CER, 2.9 to 14.8 for the COP and 0.90 to 0.98 for the
neage- Lhe criteria do not evolve in the same trend because if the cost of the energy recovered
decreases, the coefficient of performance and the EAHE efficiency will deteriorate, and inversely.
Figure refers to the ground index. Two forms can be distinguished: blue points correspond
to a clayey-sand silt (Igouna = 2) and red points to sand (Igouna = 3). The CER is small with
silty soil and the ngpapp is strong with sand. The solutions obtained with clay soil are dominated,
which is why no points are in figure. Figure shows the best solutions are obtained for tube
length varying from 90 to 100 meters. When the tube length increases, the CER and the COP
decrease because pressure losses increase. Indeed, when L increases, the ngagg increases due to a
better heat exchange between the ground and the air. Figure [8c exhibits the Pareto front for tube
radius between 0.12 and 0.20 meters. When tube radius increases, the COP, the CER and the
neane decrease. Indeed, when r increases, the exchanges between soil and air are lower quality
and pressure losses are smaller. Figure shows the dominant solutions for air velocity varying
from 0.6 to 1.6 m.s~'. When air velocity increases, the COP and the CER decrease, and the
nNeage increases. The same observation is obtained for tube length. Figure [8 exhibits the good
compromises for a burial depth ranging from 2.4 to 4 meters. The burial depth varies according
to the type of soil: between 2.4 and 3.4 meters for the sand and 3 to 4 meters for the clay-sand
silt. For any type of soil, the CER decreases for decreasing z, this result is consistent since the

system cost depends on its depth.
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Mapping allow exhibiting objectives according to parameters for all solutions obtained during the
process. Each point corresponds to one simulation.

Figure@lshows the EAHE efficiency as a function of air velocity v, and tube length L (left), and as
a function of tube radius  and soil index I,,ounq (right). The EAHE efficiency values are included
between 0 and 0.98. The results show that the npapg increases when L and [g,unq increases, and
when v,;,. and r decrease. The points on the Pareto front, illustrate by the pink dots, are located
for a large length, small air velocity and tube radius, and for soil index Igoung = 2, 3. Figure |§|

on the right shows that there is indeed no solution for a clay soil (Zyouna = 1).

TEAHE All solutions ~ EAHE

All solutions

0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

ground

Figure 9: Evolution of the EAHE efficiency g4 g g according to the air velocity and burial depth (left) and according
to the tube radius and the ground index (right). The Pareto front is constituted by the pink dots.

Figure (10| shows the COP for burial depth z, air velocity v, and for tube length L, tube radius
r. The coefficient of performance values are between 0 and 14.8. The coefficient of performance
increases when v,;, and r decrease, and when z and L increase. In addition, the COP achieves an
optimal value for a burial depth, an air velocity, a length and a radius equal to 2.3 m, 0.8 m.s™ !,

100 m, 0.1 m, respectively. The Pareto front is located for small air velocity and tube radius,

intermediate burial depth and large length.
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Figure 10: Evolution of the COP according to air velocity and burial depth (left) and according to the length and
radius of the tube (right). The Pareto front is constituted by the pink dots.

Figure illustrates the CER as a function of air velocity and tube radius. According to this
s figure, the cost of the energy recovered can vary between 0.12 and 2000 €/kWh. Moreover, air
velocity and radius of the tube increases with the C ER. Furthermore, the Pareto front is located
for small values of vy, and r, for a large L and for an average burial depth (3 m). However, it was
not possible to obtain solutions for a minimum air velocity and tube radius because they do not

respect the minimum volume flow constraint: g, > 150 m3.h~!.

o All solutions ~ CER

- Pareto front 0.2

| 0.18 -
_ 1500 1500
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S
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R
16
K 0.16
1000 0.14-
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Figure 11: Evolution of the CER according to the air velocity and the tube radius (left). Zoom of the Pareto front
(right). The Pareto front is constituted by the pink dots.
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3.83. Multiple-criteria decision-making

The optimization method made possible to obtain the Pareto front. In order to install this system,
it is essential to select a single solution for the optimal pipe configuration of the EAHE. For these
reasons, decision aid methods are used.

Table |5 summarizes the best solutions for different French climates. The optimal values are be-
tween 0.17 and 0.23 €/kWh for the CER, 11.4 to 14.4 for the COP and between 0.96 and 0.97
for the npapp. Furthermore, the ground index corresponds to sand (/yound = 3). The value of
parameters varies between 14 and 16 c¢m for r, from 97 to 98 meters for L, from 2.9 to 3.3 meters
for z, from 0.7 to 0.8 m.s~! for v,;,. As a result, the disparity on values is small.

The cost of the energy recovered is optimal when the total cost is minimal and when the energy
recovered is maximum. Indeed, a small air velocity and a small burial depth will generate little
cost. In addition, a large tube length and a small tube radius will increase the difference between
the output and input air temperature of the EAHE. It is necessary to obtain the strongest possible
temperature difference to maximize the energy recovered. Then, the EAHE efficiency is stronger
when the outlet air temperature is very close to the ground temperature. The latter is obtained
where the tube length is very large and the tube radius is small. Finally, the coefficient of per-
formance is maximum when the energy recovered is maximum and when the energy consumed is
minimal. For the same reasons, the energy recovered is maximum for a large tube length and a
small tube radius. Moreover, a small air velocity will cause a minimal energy consumption.

The mean and the relative average error are defined by:
_ 1 ’I'HZ' — T
r = = Z THi o= —— (17)

with zp; the value of parameters or objectives for the climate zone Hi.
Therefore, to achieve optimal pipe configuration, the EAHE must be buried in sandy soil at a

burial depth of 3.2 meters, a tube radius of about 15 ¢m and a tube length of 97 meters. The
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/ Objectives Variables

Name CER COP npane Iground r L z Vair

Units €/kWh  — — — m m  m  m.s
Hla 0.21 11.4 0.96 sand 0.15 96.9 291 0.72

H1b 0.17 13.4 0.96 sand 0.16 97.6 3.22 0.67
H2b 0.23 12.0 0.97 sand 0.14 97.5 3.26 0.71

H2c 0.20 14.4 0.97 sand 0.14 96.6 3.05 0.69

H3 019 11.8 096 sand 0.15 98.2 341 0.76
z 020 126  0.96 /015 974 317 011
o %] 8.0 83 0.3 /43 05 48 34

Table 5: Results of the multi-criteria optimization methodology for different French climates.

! which is equivalent to a volume flow of 175 m3.h~!; the

air velocity should be fixed at 0.7 m.s™
minimum volume flow constraint is thus respected. The criteria values are 0.20 €/kWh, 12.6, 0.96
for the CER, the COP, the ngapg, respectively. The total cost of the system is about 11400 €
over 20 years including 58 % for the installation cost, 36 % for the maintenance cost and 5 % for
the operation cost. The energy recovered by the system is approximately 2920 kW h and the energy

consumed by fans is around 240 kW h. The relative average error on the geometric parameters are

less than 10 % so the EAHE can achieve strong energy performance in any French climate.

4. Conclusions

In this study, a methodology for optimizing the design parameters of an EAHE was carried out for
different French climates. The proposed modeling of the system was divided into two models, one
for soil and one for the EAHE. The model was validated using experimental measurements from
the Robert Schuman Institute of Technology (University of Strasbourg). A sensitivity analysis was
carried out on the design parameters of the EAHE according to two energy criteria (the average
efficiency and the coefficient of performance) and an economic criterion (the cost of the energy
recovered). The results show that tube radius, tube length, burial depth, ventilated air velocity
and soil nature are the most impactful parameters. These ones were selected for multi-criteria

optimization. Multi-criteria optimization was performed on the EAHE system. The criteria do
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not evolve in the same trend. Indeed, if the cost of the energy recovered decreases, then the
coefficient of performance and the EAHE efficiency will deteriorate, and inversely. Pareto front
solutions give a small tube radius, a large length, an intermediate burial depth and a small air
velocity. Finally, a multi-criteria decision-making method was applied to determine the optimal
pipe configuration. The EAHE should be buried in a sandy ground, at a burial depth of 3.2 meters,
a tube radius of 15 e¢m, a tube length of 97 meters, a ventilated air velocity of 0.7 m.s~!. In this
case, the value of objectives is 0.20 €/kWh, 12.6, 96.4 % for the CER, the COP, the ngang,
respectively. In addition, the values obtained are of the same order of magnitude for each climate
zone. In complement to this study, it would be interesting to study the sensitivity and optimization
of an EAHE associated with controlled mechanical ventilation with double flow and a building.
This kind of system is able to renew air inside the home and could satisfy the demand for heating
and cooling. Finally, this methodology can be applied for any climate. Similar results can be
expected for comparable climates but the results will not necessarily be the same for contrasting

climates.
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