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ABSTRACT

Prediction of soil thermal regime is still a diffilt taskfor design ofgroundcoupled heat pump system units (GCHR)Field
experimentwas carried outo study thenearsurface and moisture transport effects on soil temperature distribEtiergy balance
components at the soil surface was monitarsithg a meteorological station, that included a pyrgeometer and a pyranometer to
measure short and far infrared radiation, and using two heat flux plates installed in the soil at a depth of 0.08 metgnoeadur
heat fluxes. A 2.5n deep trench has bedng in order to (i) characterize soil hydraulic and thermal properties at different depths
and (ii) install tensiometers and thermocouples allowing continuous measurements of soil water tension and soil tekhjeerature.
observed thavariations ofsoil properties along the profile as well as compaction influenced soil thermal prapRemsts
showed thatemporal variationsf soil heat flux at 8 cm deptltlosely followed those of available ener@et radiation) vertical
turbulent heat fluxefatent and sensible fluxe) HDU WKH VRLOTV VXUIDFH

1. INTRODUCTION

Shallow geothermal energy sector is continuing to grow at a higher than expected rate: more than 66.0@@up@ahteat

pump system units (GCHP) are installed worldwide annually%80f these installed units are domestic (Lund et al.., 2011).
Knowledge of ground temperature distribution is a key parameter for design of GCHPs, sudkfemthe possiblegeometrical
configurations, and also for their performance enhancement d&riet al. 2007). Prediction of soil thermal regime is still a
difficult task. This is mainly because that soil temperature near the surface is a property that changes spatially afig i@mpor
response taumerougactors. For this, a test facility hagen carried out in Orleans, France sip@@8to optimize performance of
shallow geothermal energy systems (Philippe et al., 2010). The test facility was equipped with GHE of various geometries:
horizontal ground heat exchangers (HGHE),-sbéiped GHE rad borehole heat exchangers (BHE). The Scientific objectives of

this facility are to improve understanding interactions with the surroundingesgilclimatic parameters, geological properties, soil
cover) and to determine the performances of new typgoand heat exchangers

Nearsurface and moisture transport effects on soil temperature distribution are usually neglected or have been addressed by
relying on extreme simplifications during the design and sizing of shallow ground heat exchangershsuizoatal ground heat
exchangersHVAC&R Research, 2011)The present study aims to investigate at field scale;swstace processes related to
ground temperature variation during soil wetness and dryness to allow a better design of shallow grexet dregdrs

2. EXPERIMENTAL SET UP

Soil temperature is governed by two kinds of processes: (a) energy exchange/transferameaphere boundary (b) heat
propagation within the soil which can vary substantially with moisture content. The former temmides the energy quantity
stored in the soil, the latter one control how energy is distributed once inside the soil (Saito et al., 2009; SraQ4@X al.,

For this, continuous measurements of parameters needed to fully evaluate energy and ratistgenere carried out in situ at
the geothermal energy test facility to investigate energy transfer between soil and atmosphere and study the therntar@nd mois
regimesFigure 1 shows the test facility where these measurements have been processed.

Enegy balance components at the soil surface were monitored using a meteorological station and heat f{Eigptat®) The

net short radiation is measured with an albedometer composed of two pyranometers, mourtetd=cknodel LP PYRA 05,

one loking upward (sky) and one downward (earth). The upward pyranometer measures the incident global radiation (direct
radiation + diffuse radiation) striking the ground, while the downward one, measures the global radiation reflectedyimumdhe

The inconing far infrared radiation is measured with Pyregeometer, model LP PIRG 01 (DeltaOHM S.R.L.).The outgoing
longwave radiation was measured using the soil surface temperaflBePT,E ty us x& measured at 0.03m, whelllis the
emissivity of grass cover (€09) and1l' LV 6 WHIDQ %R OW]I = REIME8 WR-@nv2) D QW

Soil heat flux is measured by two heat flux plates HuksefluxSalibrating plates (Campbell Sci, type HFP01SC) installed in the
soil at a depth of 0.08 m. The seHlibration correct¢heerrors due tahermal conductivitdifferences between the sensor #mel
surrounding medium, temperature variations, and slight sensor instabilities.

At a2 m height, the air relative humidity and temperatiiffigure 2a)are measured respectively witapacitive humidity and a
3ODWLQXP WHPSHUDWXUH V-BigW Railsl HD9008TRR. 'HOWD

A 2.5m deep trench has been dug in order to (i) characterize soil hydraulic and thermal properties at different depthstafid (ii) in
tensiometers and thaocouples allowing continuous measurements of soil water tension and soil temperaturg).(Fig.
Tensiometers (two at each depth) were installed at the 20, 45, 100 and 140 cm depths. Soil temperatures, T, are measured by
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thermocouples type T at depths of®00.06, 0.14, 0.2, 0.3, 0.5, 1 and 1.5m (two thermocouples for each 0.03 and 0.06 m depth).
Measurementare recorded every ten minutes

Figure 1: (a) Overview of the test facility in France with horizontal ground heat exchangers HGHE), (b) Three borehole
heat exchangers (50 m deep doubld, coaxial exchanger and 100 m deep doublg exchanger) used to understand
the influence of hydrothermal soil properties on heat transfer (c) Colshaped GHE made of copper

] B R SRR EEF 48

0.03m ) i
0.06m i) Tensiometer —> 02m
0.08 m = ss:“ '
0.14m R—
02m — Heat flux plates 045 m
0.3 m —-J
0.3m — Heat exchanger pipe
1m — "\ ._ ,,..._;77.- lm
1lim —— “__?fh 1 m ldm,

ermocouples

$/ 30em

Fig. 2: (a) Overview of field experiment, and (b) Locations of thermocouples probes, heat flux plates and tensiometers
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Soil hydraulic and thermal properties and soil physicemical characteristics were measured at the time the thermocouple probes
and tesiometers were installed. Soil samples wetactedat 4 depths: 1:20cm, 4050 cm, 90105 cm, 145155 cm and 19205

cm, coinciding with soibistincthorizons. Three replicate profiles were taken for each measurement to provide a better idea of the
within-plot variability.

Soil water retention curves of the soil were measured with the pressure plate apparatus usi@gobCares. Average bulk
density profiles were measured by sand replacement method (AFNOR; M®9B 94061-3) using soil cores of Bm by 8.4cm
diameter. The hydraulic conductivitywater potential relation was measured with a disc infiltrometer at differatrix potentials
from-10 cm up tc0.5 cm (using the multipotential method of Ankeny et al. (1991)) (Coquet et al., 2000).

Undisturbed soil samples (10 cm length by 11 cm diameter; with three replicates per depth) weae diéferant depths (1.0

20cm, 4050 cm, 90105 cm, 1145155 cm and 19205 cm) to determine the soil thermal properties. Volumetric heat capaeity (C
MJ.m-3.°C-1), thermal conductivitfk, W.m-1.°C-1) and gravimetric water content were determined for each sample. The given
measurements were conducted using an ISOMET 2114 thermal conductivity instrument (Applied Precision Ltd., Slovakia),
portable measurgnapparatus, and by means of a surface probe at room temperature and according ASTM®e3SETM D

5930309 methods. Three measurements were made at each Tepirass cover is mowed regularly, has a mean weight of 0.12 m
and a mean leaf améndex,LAl, 2.88 (FAO, with LAI=24*0.12.

3.RESULTS

The monitoring data were used to investigate the interactions between heat transfer and saturated/unsaturated maisture transp
caused by solar radiation, rainfall, evapanspiration and water table so asdetermine the key processes controlling ground
temperature and moisture distribution.

Based on particle size distribution, the geilsandy; the main physiechemical characteristics are described in Table 1. Low

organic matter contents rangifrgm 1 to 2 %, were found in the middle and deep layers. Soil contained large proportion of gravels
EHWZHHQ DQG WKHQ ZH FODVVLI\ LW DW 3JUDYHOO\ VRLOV" 3RHMHQ DQG |

surface compared to the soilrfmmns below (between 33 and 46%).

Table 1: Main soil physicachemical characteristics &verage valueof 3 sampled profiles + standard deviation)

10-15cm 40-50cm 95-105cm  145155cm 190-200cm

Clay, g.kg*dry wt. 60 ( r5) 59(r7) 72(r10) 56( r6) 38
Silt, g.kg'dry wt. 98(r10) 89(r1l) 43(rd) 50(r2) 80
Sand,g.kg'dry wt. 468 r21) 421(r21) 560(r73) 508( r27) 425
Gravel contentg.kg'dry wt. 374(rl5) 430( r25) 325(r69) 386 (r27) 457
OM? % 3 (r0.3) 1(r0.1) 1(r0.1) 1(r0.1) 2
Bulk density, Mg.r# 158(r0.07) 194(r027) 203(r0.07) 2.13(r0.02) 2.02(r0.02)

%0M: organic matter content

Soil characteristics (e.g. bulk density, degree of wetness, soil heat capacity), which govern temperature regime, werkanonito
different depths. Bulklensity increases with soil depth which can be related to the fact that subsurface layers are more compacted.
Subsurface layers are more compacted and have less organic matter, compared to surface layers, therefore contaiadess pore sp
Soil porosity wa calculated from measured bulk density. High bulk density is an indicator of low soil porosity (Figure 3a, b) and
water holding capacity. The top layer (Figure3b);200cm, had larger water retention than deep layers mainly in the range of
macropores (pB 1pF 1.5). The highest mobile water content is observed in #28 In layer and the lowest in the deep layers.In

the range of micropores (pF 2£bF 4.5), the water retention curve of this layer showed changes in the slope tending to converge
in themicro pore range. The amount of larges pores decreased with depth, but the volume of fine pores (i.e. the volumetric water
content between pF1.2 and 4.2) seems equal along the profile. This is related tothitfaesoil texture did not change witbils
compaction, therefore, the amount of micro pores remain constant (Kutilek et al., 2006). As the bulk densitg withegespth,

the pore volume decreases, resulting in a decrease of saturated hydraulic conductivity (Figure 3c).

Thermal properties nasurements (Figure 4) showed that local soil thermal conductivity and heat capacity measured at each depth
wereslightly variable. Coefficients of variation of local thermal conductivity calculated from the three replicates were B8tween

and 3 % respeately for the 1615 cm and 195 and 205 cm layevariation mefficients of local heat capacity were between 1 and

9 %. Variability in local soil thermal properties can be explained by spatial variation of gravel content. The poro#ityagéso

spatialy in general andn the presence of gravelthe variability increases because of the range and tortuosity associated with
gravel fragments (the differences in the behavior of fine earth and gravels during the process of wetting and drying, poor so
contact in gravelly soils) (Poesen et Lavee, 1994).

Variations (increase/decrease) of measured Cwkgmbperties as function of water content were greater in samples taken from
depth of 1615cm.k varies from 1.15 to 1.83W/m/K (59%increasepsvolumetricwater content increasdy 12 % (from 17 to 18
cm3/cm3). Howevelk varies from 2.04 to 2.15V/m/K (5% increasepswater content increaséy 5% (from 14 to 15 cm3/cm3).
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No clear trend emergdrom the measured thermal properties as how thermal conductivitys vétiedepth despite the fact that

bulk density increasewith depth. Our results are not in accordance with pervious investigations that showed that thermal
conductivity increasewith increasing density as a result of better particle contact with a decrease in porosity and a greater mass of
solids per volumaunit (Smits et al., 2009; Nidal et al., 2000). Thermal properties data are scarce and incomplete as thermal
conductivity and heatapacityarenot measured in a continuous manner at varying soil water contents.
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Figure 3: (a) Bulk densities profiles measured at the study site and the percent of total soil volume made up of pore space
(Soil porosity (%) = 1-(soil bulk density / 2.6). The default value of 2.65 is the mean particle density of rock with no
pore space, (b) and (c) water retention curve and saturated hydraulic conductivity measured at different depths.

Water retention curve express the relation between matrix potentighnd water content.
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Figure 5 showed the temporal evolution of soil temperature at different depths. The soil temperaturdfeagietydivith depth;

the soil temperature of the surface layer is the most affected by atmospheric variations. Diurnal variations are marteaintperta
soil surface tharfor deeper layers where there are almost no observed diurnal temperature chémgeste that seasonal
variations / fluctuations are more pronounced in deeper layers, meaning that these variations might be more crititaigor the
term simulations and cannot be neglected. This might be related to the fact that the measuredesmspidfered along the
profile (with depth). At a givematrix potential the topsoil has higher water content than deeper depths, and then corredponding
and Cv reach higher values. The top layer (Figure3b2A@m, ha larger water retention than efe layers then, thermal inertia
proportionally is higher as well, reducing the diurnal temperature fluctuation in the deep layers.
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Figure 5: Soil temperature variations with time and depth (a) seasonal variations, and (b) diurnal variations

Figure 6 shows the diurnal variations of the surface energy balance, the largest incoming heat is the absorbed shattwave radi
(solar radiation), and the largest outgoing heat is the heat transfer by convection and evaporation. Incoming solaraenergy is
maximum when the sun is highest in the sky. Butetrehsurface warms continuousfis soon athe sun risesntil the time it sets.

Figure 6: Diurnal variation in energy balance at the sodatmosphere interfacefor the 20th and 21th of February 2014.

A positive correlation (R=0.198) was observed between net radiation and soil heat flux at 8 cm depth (FigBeil@at flux is
better described when plotted versus net radiation and convective terms (latentsinie keat flx (R? increase from 0.198 to
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0.3512), meaning that temporal variatiafsthe soil temperature follow those of available energy, vertical turbulent heat fluxes
QHDU WKH Vieib@thus néXndigbificeint

Figure 7. Scatter graph of the net radation (Rn) versus the soil heat flux measured at 8cm depth, (b) net radiation minus
sensible heat flux (H) and latent heat flux (LE) versus soil heat flux at 8 cm depth.

4. CONCLUSIONS

We can conclude that different saharacteristicalong the profileas well as compactiorateinfluence soil thermal properties.
The topsoil layerwith high porosity and high water content) can store more hedtas a result of different soil properties, the
atmospheric variations do not affect the soil thermal regimthe same manner along the profile. The thermal properties,
conductivity and volumetric heat capacity, increase with water content. We observed that soil he8tdioxaties in response to
changes in radiant, thermal and latent energy exchangegseshat take placat the sodatmosphere interfac®ata analyses are
still in progress. In the future, recommendations will be proposed to improve the design of shallow ground heat exettangers
modification of the soil cover, adaptation exchariggrlantation depth
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