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Abstract

Geothermal energy is produced by coupling a heat pump with the ground, resorting to ground heat
exchangers (GHEs) that can be installed in vertical or inclined boreholes or horizontally in shallow
ground. Horizontal GHEs are easy to be installed and maintained, more compliant with environmental
regulations, and generally do not interfere with groundwater systems. To overcome this deficiency, the
shape of the exchangers plays a relevant role. Here, we consider a new shape devised in the form of a flat-
panel, positioned horizontally and edgeways in a shallow trench. Its energetic performance compares
favourably with other advanced shapes. In order to design and verify geothermal systems, it is crucial to
predict accurately the soil thermal field around the exchanger. This prediction is generally compromised
by the uncertainty associated with (i) the thermo-physical properties of the soil and (ii) the solar impact
on surface energy balance, that mainly controls the thermal energy storage in the first layer of the
subsurface environment. In this context, global sensitivity analysis (GSA) may be performed to delineate
the most significant sources of uncertainty and address measurements accordingly. Sensitivity studies of
other horizontal GHEs have been developed without resorting to GSA. Here, we present an effective
approach for the characterization of the uncertainty associated with the variations in the soil thermal field
induced by a flat-panel. We show that the variability associated with the climate parameters plays the
most relevant role. It impacts the length of the exchanger for fixed specific power required at the flat-
panel, thus affecting the overall design of the geothermal system.
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1. Introduction

Ground-coupled heat pump (GCHP) systems are regarded as a sustainable energy technology for
heating and cooling purposes, as well as a profitable solution when properly designed [1-3]. In these
installations the heat pump is coupled via a closed loop with the ground by means of ground heat
exchangers (GHEs), which can be settled vertically or horizontally at diverse depths. Horizontal
installations are placed in shallow diggings a few meters of depth, conversely to vertical solutions in
which GHEs are installed in boreholes drilled down up to a hundred meters deep. Owing to their different
depths of installation, the vertical technology exploits a real geothermal source, while for the horizontal
one, the ground mainly constitutes a solar energy buffer [4]. Nevertheless, both these technologies require
an accurate estimation of the soil thermal properties, i.e. the thermal conductivity and the volumetric heat
capacity, since the heat transfer in the ground is generally dominated by conduction. For vertical GHEs,
the thermal response test is the most widespread method to evaluate the average soil thermal properties;
though the limits of this approach are well known [5-7], the cost of other surveying methods is rarely
justified. In case of horizontal GHEs, the soil thermal properties can be estimated through laboratory tests
or estimated based on literature-derived reference values according to the lithology. However, other
variables play an important role in the design of shallow systems. Conversely to deep GHEs, horizontal
devices are subjected to diverse energy balances occurring at the soil surface from year to year.
Furthermore, due to infiltration, the soil thermal properties vary significantly following the changes in
soil humidity [8,9].

In this work we employ global sensitivity analysis (GSA) to characterize the influence of the
uncertainty associated with the main parameters that control heat transfer in shallow soils. To do this we
adopt the Sobol indices [10,11] as sensitivity measures and resort to the Polynomial Chaos theory [12,13]
for an effective computational approach [14]. We focus our analysis on the soil thermal properties and the
surface energy balance, identifying four key parameters. In particular, we account for the uncertainty
associated with two domain parameters: (i) the thermal conductivity, and (ii) the volumetric heat capacity.
Especially for shallow GHEs, both these parameters are commonly surveyed without great accuracy.
Regarding to the surface energy balance, we consider (i) the yearly average ground temperature, and (ii)
the amplitude of its oscillation to be the main parameters associated with the climate zone. Note that from
year to year climate conditions may change significantly; these thermal trends may affect the behaviour of
the system.

Our methodology is based on the following steps. First we model the four parameters subjected to
uncertainty as independent random variables of assigned distribution. Then, we approximate the thermal
field (computed by means of a numerical finite element model) via Polynomial Chaos Expansion, in the
domain of interest. This allows to effectively perform GSA almost continuously in space and time. For
more details regarding to this approach refer to [15,16]; a comparison of accuracy and computational cost
with respect to traditional Monte Carlo simulations is provided in, e.g., [17]. Our sensitivity results show
the importance, especially for shallow installations, of resorting to a statistical approach able to account
for the main uncertainties affecting predictions of the soil thermal field, whose value in turn influences
the design of the GHE:s.

2. Case study
In this section, the energy behaviour of a shallow GHE flat-panel [18] is investigated by means of a

numerical model. The numerical finite element code FEFLOW® (version V6.1, 2013) is employed to
solve the heat transfer equations in porous media under unsteady-state and saturated conditions. As
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depicted in Fig. 1, we consider a 2D domain (10 m x 10 m) in which the flat-panel, having a height of 1
m, is located on the left side at a depth of 1 m; the panel, through which the working fluid of the closed-
loop flows, is installed in a trench whose thermal properties are supposed similar to those of the
surrounding ground.

Hydraulic and thermal boundary conditions of the 1* and 2™ kind are fixed at the outer domain limits
in order to represent realistic operating conditions. At the bottom of the domain, constant temperature of
15°C and hydraulic head of -4.0 m are assumed, representing undisturbed conditions. Heat and mass
transfer are neglected at the vertical boundaries, except for the GHE activity. At the surface boundary, a
temperature time series is fixed, as prescribed by the International Ground Source Heat Pumps
Association for the design of GHEs and employed by the Italian Regulation UNI11466 [19]:

T(z,t)=TM—A-cos[ t—D)] (1)

where @ =27/365, T is the ground temperature at the Julian day ¢ and depth z, and T), is the yearly
average temperature; « is the soil thermal diffusivity, 4 is the semi-amplitude of the yearly oscillation of
ground temperature and D is the Julian day of the year correspondent to the minimum of ground
temperature at the working depth.
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Fig. 1. Domain schematic.

Operation of the GHE is modeled by considering the energy requirements both in heating and cooling
conditions for a given residential building, simplified as a lumped system [3]. The hourly time series of
the GHE heat flux is related to the energy requirement of a GCHP, working to maintain a target
temperature of 20°C in winter and 26°C in summer inside the building. Through several simplifications,
the energy requirement has been linked only to the outdoor air temperature and the building physics
(described by, e.g., the overall thermal transmittance and the global mass). The resulting heat flux is
depicted in Fig. 2a for a whole year, to show the heating and cooling mode, and in Fig. 2b for a winter
week, to detail the hourly operation mode. Both these figures show also the maximum and minimum
daily temperatures occurring over the ground surface. For simplicity, the GHE is supposed to start
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operating in heating mode in an undisturbed ground thermal field on the first Julian day; more
realistically, the operation would start about two months in advance.

Within this numerical framework we consider, as sources of uncertainty, the key parameters collected
in Table 1, i.e. (i) the soil thermal conductivity, A, (ii) the soil volumetric heat capacity (given by the
product p-c=A/«a between the density and the specific heat of soil), (iii) the yearly average ground
temperature, Ty, and (ii) the semi-amplitude of its oscillation, 4. Adequate statistical distributions have
been chosen by means of a preliminary statistical analysis of soil thermal properties and temperature time
series related to the area of Ferrara (Italy).

In order to set the initial temperature condition in the domain, we run the model for a whole year, with
the GHE not operating and for average values of the parameters collected in Table 1.
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Fig. 2. (a) Soil surface temperature (in two simulated cases) and GHE heat flux versus time; (b) enlarged image at hourly scale.

Table 1. Key model parameters and respective probability distribution.

Parameter Distribution

Thermal conductivity (4, in W/mK) ~ N (1.20,0.20)
Volumetric heat capacity (o ¢, in J/m’K) ~ N (1840100, 201780)
Semi-amplitude (4, in °C) ~N(16.34, 1.47)
Yearly average temperature (T, in °C) ~N(14.37,1.17)

3. Methodology

Consider a model function y = f(x), y being a target random response (at a prescribed space-time
location) depending on the vector x of independent random parameters defined in the n-dimensional
unit hypercube, /”. If f(x) is integrable, the following representation holds [10]:

1

J(X)=fo + Ef,(xz)JfEfv (xi’xj )"""'" 1,2,mn(x1’x29"~xn ): ff;l,,..iS (‘xil sy )dxk =0, 2)

i<j 0
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where k=i,.i,1<i <..<i =n (s = 1,...,n) are the indices specifying the parameters upon which
each term depends and the 2" summands in (1) are orthogonal functions that can be expressed as
integrals of f(x). Equation (2) is typically termed ANOVA decomposition [10]. The generic s-order
Sobol” index S, , is defined as [10,11]:

1

Sii =Vii /V, 3)

V=[ fz(x)dx— fib being the total variance associated with y, and Viii =/ f,]zwl.:dx,]...dx,.s the partial
variance expressing the contribution due to the subset o X, } of model parameters. These quantities

can be computed if f(x) belongs to the space of square-integrable functions. The indices defined in (3)
sum up to unity. The first-order or principal sensitivity indices, §,, describe the significance of each

parameter when individually considered. Higher-order indices describe the effects of interactions among
parameters. The overall effect of a given parameter x; is described by the total sensitivity index

Sy =S8, o 1 ={liod,): eIk s s,i, =i
i

In order to drastically reduce the onerous computational cost associated with a complete GSA,
traditionally performed via Monte Carlo simulation [11], we resort to model reduction techniques and in
particular we employ the Polynomial Chaos approach [12]. In this framework, one starts by noting that
any square-integrable random model response, y , may be approximated by the following chaos

representation [13]:

R

- P-1
y=y= Eaj‘Pj(x), P= (M +p)!/(M!p!), (4)

Jj=0
where ‘Pj denotes the generic multivariate orthogonal polynomial and P is the number of (unknown)
polynomial coefficients, a;. Note that the choice of the polynomial basis is linked to the distribution of

the independent random parameters [20]. Assessment of the coefficients a; can be performed by means

of the probabilistic collocation method [21] that requires a limited number (proportional to P and
depending on the complexity of the response surface) of full model runs. Once the PCE surrogate model
is defined, GSA can be performed with no additional computational cost. Orthogonality of the polynomial
basis allows recognizing that the mean of the model response coincides with a,; the total variance is

V= Var[PE_l a¥, (x)} - PE_lajz.E[\Pf (x)], and the Sobol indices can be effectively derived as [14]:
720 =

S[I,...[l\. = EaiE[‘Ijj]/V ()
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We employ the technique summarized above to reduce the numerical model described in Section 2. In
our case study, the target model response is given by the temperature at diverse space-time locations, i.e.
T'(x,z,t). Following the probabilistic collocation method, a number of 15 full model runs are required to
derive the PCE meta-model of order 2, given that four parameters are taken to be uncertain. In particular,
we resort to the Hermite Chaos since the parameters are normally distributed.

4. Discussion

Fig. 3 depicts the total sensitivity indices of Sobol, associated with the parameters collected in Table 1,
versus time. This is done for six points inside the domain of interest (see Fig. 1). Specifically, points 1, 17
and 43 (first column in Fig. 3) are vertically aligned along the direction of the flat-panel, while points 21,
30 and 32 (second column in Fig. 3) are aligned horizontally along its axis of symmetry.

Point 1 P Point 21 R -7 5Twm
08 / \ 0.8 4 - - = SA

/ 4 —_— Srpc

Point 30 _
o.si Cal
/\ / \
| AN ’ \
06 \ / \ ’
P 4 ~ z
N =
04 —\’ s
Iv ” \ /‘\ PR

i N4 ’ ! -
02 N \/ ‘,. N \

0% N \ \ .y./l

0 100 200 300 400
1 1
B Point 43 Point 32
—_— - I -
08 | ~ N 0.8 PES ,/ \
AN [N | / \ § \
06 | \ ! \ 4 06 | 4 Y X P
! N 4 \, - ~_~-
\’ g Vd ’ /N =
04 [ AN 04 | g
l\ / \ .'( - : =
02 | 7 \ / 02 f /N N, e
z \ = / \
- N ] N /( 2 N \/ /
0 - - 1 e 0 P R el
0 100 200 300 400 0 100 200 300 400
t{days) t(days)

Fig. 3. Total Sensitivity Indices of the uncertain model parameters versus time at different points in the domain (Fig. 1).

One can observe that uncertainty in 7), mainly affects the variability of the thermal field almost
everywhere in the domain and during the whole simulated year. Only at point 43 the trend is quite
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different, and the uncertainty associated with the thermal conductivity, A, dominates in the first half of the
year. This makes sense since the farther from the soil surface, the smaller the influence of climate
parameters is. In this part of the domain, heat conduction is significantly affected by the soil thermal
properties; nevertheless, note that the influence of the volumetric heat capacity is generally negligible for
the selected case study. Regarding to 4, its uncertainty controls the variability of the thermal field across
the full layer where the shallow GHE operates, especially during the heating period. For all the
parameters, the oscillations of the sensitivity indices over time are related to the time shift of the thermal
wave as it advances downward, and to the operating mode of the flat-panel (on/off, heating/cooling). The
thermal inertia of soil induces a fast attenuation and a time shift of the surface thermal wave even in
presence of the GHE. Along the horizontal direction, similar results at points 30 and 32 denote that the
radius of influence of the device is relatively small.
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Fig. 4. Mean values of temperature versus time for diverse points in the domain (Fig. 1) with confidence intervals of amplitude
equal to one standard deviation.

In Fig. 4 the mean values of temperature are shown versus time at selected domain points; confidence
intervals, of amplitude equal to one standard deviation, are also depicted for all cases examined. Note that
the variance associated with temperature is due to the propagation of the uncertainty in model parameters;
information regarding the contribution of each parameter may be derived by means of results represented
in Fig. 3. One may observe that the temperature variance significantly decreases with depth, being
reduced by at least one order of magnitude in a few meters. At the same depth of the GHE, uncertainty in
the soil thermal field does not vary significantly, thus pointing out the primary contribution of climate
parameters. At about 2.5 m from the flat panel (point 30) variations due to the operation of the device
become negligible. This kind of information is particularly relevant when designing GHEs, since one has
typically to reduce the mutual interference among the devices.

During the heating operation mode the GHE is cooling the ground. The more significant this effect is,
the larger the perturbation induced in the environment, and the operation of the device itself may be
compromised. Propagation of the uncertainty and GSA may assist the design of the devices, giving also
the chance to control this phenomenon. For the present case study, inappropriate temperature
perturbations are not detected at the selected points during the simulated year.

5. Final remarks

Results obtained via GSA allow to understand the role played by key soil and climate parameters in
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heat conduction processes in the presence of a flat-panel GHE. This is relevant to reduce the uncertainty
in the estimation of the soil thermal field, affecting in turn the design of the exchangers in real
applications. The way to do this consists in improving measurements of the influential parameters at the
most sensitive space-time locations. In the present case study, we analyzed a basic configuration and we
found that the variability associated with climate parameters plays the most relevant role. Importance of
heat conductivity increases with depth. The kind of analysis proposed here for a simplified configuration,
including a single device, becomes more relevant when designing complex real installations. In particular,
this methodology allows to estimate accurately the perturbations induced in the ground by the exchangers.
This is crucial to (i) maximize the efficiency of the devices and (ii) keep the installation compliant with
the environment and subsurface natural processes.
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