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Abstract: This paper proposes and demonstrates, in full scale, a novel type of energy geostructure
(“the Climate Road”) that combines a ground-source heat pump (GSHP) with a sustainable urban
drainage system (SUDS) by utilizing the gravel roadbed simultaneously as an energy source and a
rainwater retarding basin. The Climate Road measures 50 m x 8 m x 1 m (length, width, depth,
respectively) and has 800 m of geothermal piping embedded in the roadbed, serving as the heat
collector for a GSHP that supplies a nearby kindergarten with domestic hot water and space heating.
Model analysis of operational data from 2018-2021 indicates sustainable annual heat production
levels of around 0.6 MWh per meter road, with a COP of 2.9-3.1. The continued infiltration of rain-
water into the roadbed increases the amount of extractable heat by an estimated 17% compared to
the case of zero infiltration. Using the developed model for scenario analysis, we find that draining
rainwater from three single-family houses and storing 30% of the annual heating consumption in
the roadbed increases the predicted extractable energy by 56% compared to zero infiltration with
no seasonal energy storage. The Climate Road is capable of supplying three new single-family
houses with heating, cooling, and rainwater management year-round.

Keywords: energy geostructure; ground-source heat pump (GSHP); sustainable urban drainage
system (SUDS); sector integration; 5th-generation district heating and cooling; permeable asphalt;

rainwater retardation; full-scale demonstration; numerical modelling; analytical modelling

1. Introduction

The IPCC report from 2022 predicts catastrophic and irreversible climate change unless
immediate and sustained reductions in emissions of carbon dioxide and other greenhouse
gases are enforced on a global scale [1]. The heating and cooling sector consumes as much as
50% of the total final energy use in Europe and its decarbonization, by implementing renew-
able energy sources, has become ever more urgent [2]. In 2021, Aalborg University published
the report “Heat Plan 2021” that outlines the necessary steps to decarbonize the Danish heat-
ing supply towards the year 2030 [3]. The report recommends an increase in the district heat-
ing (DH) supply, from approximately 50% of the total heat consumption as of today to 63—
70%, through large-scale utilization of industrial waste heat and geothermal energy. Geother-
mal energy is both clean and renewable and is expected to play a major role in the decarbon-
ization of the global energy sector [4]. On a global scale, the installed capacity of geothermal
heat pumps has increased by 70% from 2015 to 2020, indicating a rapidly growing market for
geothermal energy [5].

The “Heat Plan 2021” report makes no recommendation regarding the approximately
one-third of the total heating consumption in Denmark that cannot be supplied from DH,
other than suggesting widespread distribution of individual ground- or air-source heat
pumps [3]. Ground-source heat pumps (GSHPs) are efficient relative to air-source heat pumps
(ASHPs) and are also able to supply direct/passive cooling due to the constant and low

Energies 2022, 15, 4505. https://doi.org/10.3390/en15124505

www.mdpi.com/journal/energies



Energies 2022, 15, 4505

2 of 19

temperature of the ground [6-9]. Field trials of domestic heat pumps in Denmark show 35—
50% higher seasonal performance factors (SPF) for GSHPs relative to ASHPs [10]. Moreover,
the noise levels from GSHPs are lower than from ASHPs, although GSHPs require a larger
initial investment. Additional reviews of GSHP and ASHP performance are presented in
[11,12].

Approximately 70,000 ASHPs and 4000 GSHPs were sold in Denmark in 2021, making
the former the preferred choice of heating supply in areas without the possibility for tradi-
tional DH [13]. On such a large scale, individual ASHPs are difficult to manage and integrate
properly into the power grid, as they have very limited flexibility in terms of electricity con-
sumption. On the coldest day of the year, there is nothing that can be done beforehand to
mitigate the use of the backup electrical heater by ASHPs, as air temperatures are essentially
uncontrollable. Consequently, distributing hundreds of thousands of individual ASHPs in
Denmark to areas where DH is not possible could have serious ramifications for the magni-
tude of the investments in the power grid necessary for supplying these future peak loads. A
novel alternative to individual heat pumps has been introduced in recent years with the emer-
gence of Sth-generation district heating and cooling (5GDHC) grids, where distributed GSHPs
connect to a network of uninsulated pipes and extract and store energy in the shallow subsur-
face, typically between 0 and 200 m depth [14-16]. The introduction of 5GDHC exemplifies
successful integration in the energy sector by advancing direct electrification of prosumer-
based circular, efficient, and renewable heating and cooling grids, and constitutes one of sev-
eral promising strategies to address the pressing issue of climate change [16]. Integration
across different sectors such as groundwater, heating and cooling, electricity, wastewater, etc.,
by means of multifunctional supply and utility systems potentially holds additional efficiency
gains and decarbonization possibilities [17,18]. With its shared decentralized heating and cool-
ing production, 5GDHC poses an attractive alternative to individual sources (for the heat
pumps) due to the improved flexibility and peak power load management from better use of
the available production capacity and the possibilities for seasonal energy storage.

The increasing urbanization of the global population limits the available urban space for
utility infrastructure such as 5GDHC and traditional DH. Price et al. developed a 3D engineer-
ing geological model to maximize the use of the subsurface for sustainable urban drainage
and ground-source heating while screening the foundation potential [19]. They consider en-
ergy geostructures that embed energy collectors for GSHPs in structural building elements
and thus exemplify integration of the building and energy sectors by creating added value
from economies of scope, as the need for structural building elements facilitates cost-effective
heating and cooling. In previous work, we studied the use of foundation pile heat exchangers
(energy piles) as the main energy source for a SGDHC grid in Vejle, Denmark [20]. We esti-
mated a payback period of 4-7 years for the energy pile-based 5GDHC grid relative to tradi-
tional district heating largely due to the significant cost reduction for the ground heat exchang-
ers and greatly reduced variable costs. Several other types of energy geostructures have been
successfully developed and implemented, including energy walls, tunnels, and ground an-
chors [21-23].

Charlesworth et al. embedded GSHP geothermal piping in a permeable pavement sys-
tem (PPS) to supply a single building with heating and cooling in a multifunctional approach
to rainwater management and energy supply [24]. The authors concluded that the heat pump
employed in the study was overdimensioned and that the geothermal piping was buried at
too shallow a depth (35 cm), with detrimental disturbances from seasonal temperature varia-
tions, yielding a coefficient of performance (COP) of just 1.8, well below the 2.875 required for
satisfactory performance by the 2009 EU Renewable Energy Directive. Nevertheless, the au-
thors further concluded that the combined GSHP-PPS system is expected to perform satisfac-
torily if designed and dimensioned correctly. They pointed out the need for building full-scale
testing of combined SUDS and GSHP.

To address these issues, we propose and demonstrate, in full scale, a novel type of energy
geostructure that uses a traditional road construction for combining a GSHP with a sustaina-
ble urban drainage system, referred to as the “Climate Road.” The Climate Road uses the
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geotechnical gravel structure underlying and stabilizing the road simultaneously as an energy
source for the GSHP and as a retarding basin for draining excess surface water through per-
meable asphalt and roadside drainage grates. A total of 800 m (4 x 200 m loops) of geothermal
piping was buried in the roadbed 50 and 100 cm below the pavement surface and connected
to an existing GSHP in a nearby kindergarten.

We hypothesize that by combining the two supplies in existing road infrastructure, the
Climate Road creates added value for both the heating supplier and the wastewater utility, as
well as city planners. The wastewater utility increases its surface water retardation capacity
without occupying areas on the surface, thus allowing more space for future house owners
and/or businesses that create future revenue streams. We further hypothesize that the perfor-
mance of the heating supply is increased by the constant infiltration of water to the geothermal
piping. Both suppliers benefit from the reduced construction costs, as the roadbed has to be
constructed in any case. The Climate Road also eliminates any potential noise issues with
ASHPs in areas where buildings are closely spaced.

We present the construction details for the 50 m full-scale demonstration of the road and
present water balance measurements and operational GSHP data for the initial 1135 days of
operation. The experimental data serve to validate a computational model of the heat
transport in the roadbed. Model studies are employed to explore sustainable energy produc-
tion levels for a 30-year period, as constrained by legislative regulations on brine temperatures
for GSHP systems operating in Denmark. We further estimate the effects of rainwater infiltra-
tion and seasonal energy storage on sustainable heat production levels. For a more in-depth
analysis of rainwater management and retardation with the Climate Road we refer to Ander-
sen et al. [25].

2. Materials and Methods
2.1. Climate Road Construction

The full-scale demonstration was carried out in cooperation with the local county in
Hedensted, Denmark, as part of the Coast to Coast Climate Challenge (C2C-CC) project
under the EU Life program. The Climate Road replaces an existing 50 m stretch of road
near Hedensted city, scheduled for a complete refurbishment. Moreover, the stretch of
road is situated close to a kindergarten that is supplied by an existing GSHP using 1200
m of traditional horizontal collector pipes. The GSHP was disconnected from the existing
heat collector and subsequently connected to the geothermal piping in the Climate Road.
The location of the full-scale demonstration is shown in Figure 1.

REEIC
bassin

J

Kindergarten

Figure 1. Overview of the road sections with traditional and permeable asphalt. A-A” and B-B’ in-
dicate transects of the sections with permeable and impermeable asphalt, respectively.
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Construction works began on 18 September 2017 and the Climate Road was put into
operation on 23 March 2018.

Initially, the existing asphalt was removed and excavations for the roadbed com-
menced. Once completed, the construction pit was lined with a bentonite membrane on
the bottom and sides to ensure full hydraulic control of the retarding basin by preventing
uncontrolled seepage of groundwater into the roadbed (white textile membrane under the
pipes in Figure 2).

Figure 2. The construction pit with the bentonite membrane (white geotextile), blue 160 mm drain-
age pipes on the sides, and black geothermal piping loops embedded in soft DreenAF gravel with
the coarser DreenStabil gravel on top. The kindergarten with the GSHP using the Climate Road as a
collector is visible in the top right corner of the picture.

160 mm drainage pipes with slits were then placed on top of the bentonite mem-
brane in small trenches on the sides and ends of the pit (blue pipes in Figure 2). Two
equally spaced 200 m 40 mm PE geothermal pipes were then placed on top of the ben-
tonite membrane in a W-configuration and then covered with soft, rounded gravel (black
pipes covered with small mounds of soft gravel in Figure 2). With the piping in place,
construction of the roadbed commenced. The roadbed material consisted of well-sorted
gravel from which all fine-grained material was removed to ensure high porosity. More-
over, the gravel was designed to preserve its structural integrity when fully saturated with
water. Information pertaining to the construction materials is listed in Table 1.
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Table 1. Technical declarations for the roadbed materials. DS refers to Danish standards, which are
available in English at https://www.ds.dk/en/about-standards, accessed on 3 May 2022. DraenStabil
and DraenAF are registered trademarks of the NCC company.

Properties Standard/Method DraenStabil® DraenAF®
Grain size distribution DS-EN 13285 Gn Gc85-15 GTc25/15 Dso
DS-EN 933-1 Dso=170+5D15=53+2 =33+1D15=21+1
Fine grain content DS-EN 13285/DS-EN 933-1 None f2
Shape index DS-EN 13242/DS-EN 933-4 Sl -
Degree of crushing DS-EN 13242/DS-EN 933-5 Csoro Cso/30
Infiltration velocity (mm/s) Non-official guideline >10 15+5
Hydraulic conductivity (mm/s) DS CEN ISO TC 17892-11 0.5 10+5
Drainable porosity (%) From reference density >30 -
. DS-EN 13286-5. Vibration with
Reference density (kg/m?) water content = 3% + 1 1800 -
Los Angeles index (%) DS-EN 1097-2 LAso -
E modulus (MPa) DS-EN 13286-7 300 -

Two additional 200 m W-configuration geothermal pipes were then placed 50 cm
above the bottom of the roadbed in an identical manner to those placed on top of the
bentonite membrane. Once the construction of the roadbed was complete, 25 m of the road
were paved with permeable asphalt, allowing for vertical water flow directly through the
pavement. The remaining 25 m were paved with traditional asphalt with drain grates in
the roadsides, as shown in Figure 3.

Legend

DreenStabil®, gravel (<22mm)

DreenAF®, rounded gravel (<16mm)
. Asphalt/permeable asphalt

= Drainage pipe @145/160 mm A'A’

e  Geothermal pipe @40 mm SDR17

B-B’
Drain grate 25 %o 25 %0 Drain grate
/ — \

Figure 3. Transect of the road sections with permeable (A-A’) and traditional asphalt (B-B’), respec-
tively. A-A” and B-B’ refer to the transects shown in Figure 1. The permille and arrow labels refer to
the inclination of the road surface and its direction. The illustration is not to scale.
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T(r, @, t) — T, = ——exp

The permeable asphalt (PermaGAB® from NCC, Solna, (Stockholm), Sweden) con-
sists of crushed granite or similar gravel materials with a maximum grain size of 22 mm,
mixed with a polymer modified bitumen, yielding a void porosity of 19-23%. A wear layer
of PermaSLID® from NCC, Solna, (Stockholm), Sweden, similar to PermaGAB® in terms
of composition and void porosity, but with smaller grains up to 16 mm, was paved on top
of the PermaGAB®. The permeability of the permeable asphalt is >1 cm/s; however, clog-
ging tends to occur over time and soil particles must be removed from the asphalt by a
vacuum road sweeper once a year.

The roadbed was made to drain to a nearby basin for experimental reasons. In a com-
mercial application, the roadbed drains to the existing wastewater network through a wa-
ter brake that restricts discharge even during extreme precipitation events, where excess
water is stored and thus delayed in the roadbed instead.

2.2. Temperature Model

A temperature model for the road should describe both the transport of heat between
the fluid in the geothermal pipes and the surrounding sand and gravel, as well as the
larger scale transport throughout the roadbed. Heat transport by conduction and advec-
tion in porous media (the roadbed in this case) is described by the partial differential equa-
tion [26]:

aT
pscsa_t'S = Asvas — pectV - (Tsud)/ (1)

where pscs (J/m3/K) is the volumetric heat capacity of the roadbed gravel, Ts (K) is the
temperature in the roadbed, A; (W/m/K) is the thermal conductivity, p¢c; (J/m3/K) is the
volumetric heat capacity of the fluid (water) in the pores, and uq (m/s) is the Darcy ve-
locity vector. Equation (1) ignores the mechanical dispersion of heat and assumes instan-
taneous thermal equilibrium between the gravel matrix and the flowing groundwater.
Moreover, the internal heat production in the porous medium (the source term) is as-
sumed to be zero.

2.2.1. Single Pipe Model

Each of the four 200 m geothermal pipes is divided into four model segments, yield-
ing 16 pipe segments in total (see Figure 3). Each segment is modelled as a finite line
source under the influence of groundwater flow. We adapt the model developed by Guo
et al. [27] for the radial temperature distribution from a single buried borehole heat ex-
changer (BHE), modelled as a vertical finite line source (see Figure 4a,b). Groundwater
flow is considered to be one-dimensional along the x-axis, so the vector ua is reduced to
the scalar ud in the following.

The temperature averaged over the length of the source is

r-cos @-U ) U2 2 .2, Fun(HsDs)
( 2ag ) ' J‘1/,/4-ocst €xXp (_ 16ag2s? rs ) Hs2 ds, )
where T(r, @,t) (K) is the temperature, T, (K) is the undisturbed temperature, q (W/m)
is the thermal power transferred from the geothermal pipe fluid to the surrounding soil

per unit length of pipe, U = Ef% "uq (m/s) is the effective thermal transfer velocity, o

(m?/s) is the thermal diffusivity, s = 1/,/4ast, H (m) is the length of the pipe, and D (m)
is the burial depth.
The function under the integral is

4mAg

Fun(Hs, Ds) = 2 - ierf(Hs) + 2 - ierf(Hs + 2Ds) — ierf(2Hs + 2Ds) — ierf(2Ds), (3)

where ierf is the integral of the error function

ferf(x) = x-erf(x) — % [1—exp (—=x?)], @)
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Figure 4. (a) Side view of a buried BHE in the model proposed in [27]. (b) Top view of the buried BHE.
The finite line source model is used to calculate the temperature at a distance r from the borehole. (c)
In the present case we adapt the model to describe a horizontal pipe section buried in the roadbed.

The model was initially developed for vertical borehole heat exchangers (BHEs),
where burial depth refers to the distance between the top of the BHE and the ground sur-
face (see Figure 4a). In the present case, the geothermal pipes are placed horizontally with
vertical infiltration. Therefore, the distance D effectively becomes infinite (see Figure 4c).
The corresponding limit in Equation (3) is

]%im Fun(Hs, Ds) = 2 - ierf(Hs), (5)
Disregarding the boundary condition at the road surface for now, Equation (2) finally
becomes
= q r-cos @-U o0 U? 2-ierf(Hs)
T(r,@,t) — T, = mexp (—Zas ) . f1/ Tt OXP (— Toai r2. 52) e ds, (6)

At the outer wall of the pipe (r =rp), the temperature averaged over the circumference
of the pipe (i.e., the average over the ¢ coordinate) becomes

T

q rpU © U? 2.2 2-ierf(Hs)
—-T, = I(—) ex (———rs . ds
p U amg 0 \2ag fl/,/4a5t p 1605252 p Hs? s ()

where I is a modified Bessel function of the first kind. The dimensionless part of Equa-
tion (7) represents the step response, or g function, of the pipe.

Tp -T, = . gp (t)/ (8)

u 4mAg

Similarly, for the temperature in the roadbed (i.e., at r > rp) from Equation (6),

T(r! (P, t) - Tu = #q}\s : gS(r’ (p’ t) (9)

2.2.2. Multiple Pipe Model

The 800 m of geothermal pipe in the Climate Road are modelled as 16 pipe segments,
as described in Section 2.2.1. For simplicity, we assume equal thermal loads q for each
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segment. In order to enforce a boundary condition at the road surface we use the method
of images and include a mirror source for each pipe, as indicated in Figure 5. The average
pipe wall temperature response for the 16 pipe segments is

1 N N
gie( = N—pZiz"l (gp,i(t) + Xj#i 8, (rij' Pij, t) +w), 2 gs,k(rjk' Diks t)), (10)

where Np = 16 is the number of pipes, gp;(t) is the wall step response for the i'th pipe
segment, g (ri]-, @ij, t) is the temperature response in the road at the position of the i'th
pipe from the j'th pipe, and g (i, @ik, t) is the temperature response at the position of
the i’th pipe from the k’th mirror source.

The weight w determines the boundary condition at the road surface:

d —
&ATrS =0forw=1, (11)
AT,s = 0 forw = —1, 12)

For w =1 the road surface is adiabatic; that is, there is no heat transport across the
road surface. Conversely, for w = -1 the road surface is an infinite reservoir ensuring that
temperature changes incurred by the GSHP at the road surface are always zero. Interme-
diate values imply a scaled heat flux at the road surface.

The evolution in the average brine temperature is calculated by temporal superposi-
tion of individual temperature responses from variations in the thermal load, the undis-
turbed temperature profile, and the thermal resistance of the geothermal pipe:

Ty D) = Tu(o ) + 215 @i — a0 [ 87 (6 = 1) + Ry | (13)

where Nt is the number of time steps to reach time t and qo = 0 W/m. The time step is set
uniformly to 24 h in all simulations and all measured data are aggregated accordingly.

Image
sources

o o o
} Sources
[ ] [ ] [ ]

Figure 5. Conceptual illustration of the brine temperature model with the 16 pipe segments embed-
ded in the roadbed. Infiltration into the roadbed is indicated by the Darcy flow vector uda. The image
sources and Darcy flow vector are shown in grey.

2.2.3. Undisturbed Temperatures

As indicated in Equation (13), the temperature of the roadbed during operation is
calculated by superposition of the seasonal variations in roadbed temperatures and the
temperature change incurred by GSHP heat extraction. The undisturbed roadbed temper-
ature Tu(x,t) is estimated by a 1D numerical Crank-Nicolson finite difference discretiza-
tion of Equation (1) that adequately captures the propagation of the road surface temper-
ature variations into the subsurface [28]. The scheme is unconditionally stable for any
combination of time and space discretization and is second-order accurate in time. The
temperature T, ;; at model node i and timestep j (see Figure 6) is calculated from the pre-
ceding timestep according to
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—0.5KTyi—1j41 + (1 + K)Tyije1 — 0.5KTy 4141 = 14
0.5KTyiq; + (1 — K)Tyy; + 0.5KTy 1,

where
og At
K= (E + U) s (15)

t t

j 1

L L L LS

. .
* Tuij \ .
b4 Tu,i,j E— Tu,i,j+1
b Tu,i+1,j / b
. .

Figure 6. 1D discretization of the subsurface. The temperature at node i is calculated from the tem-
peratures at the node itself as well as both neighbors at the previous timestep.

Equation (14) yields a linear system of equations for the temperature at all model
nodes at each time step

C- Tu,j+1 = Tu,j/ (16)

where the vector T,; contains the temperature at all model nodes at timestep j.

The tridiagonal coefficient matrix C is square due to specified temperature boundary
conditions at the top and bottom of the model. The matrix is inverted by Gaussian elimi-
nation in MATLAB 2021a (software from Mathworks, Natick, MA, USA) using the built-
in LU decomposition to obtain temperatures Ty .

The numerical model extends to 50 m depth and is discretized into 5000 model layers
with a uniform thickness of 1 cm. The time step is 360 s. The duration of the simulation is
1135 days for validation using observed temperatures, whereas for long-term projections,
a period of 30 years is considered.

The initial temperatures in the roadbed are calculated from the following analytical
equation that considers a sinusoidal variation in the surface temperature prior to road

construction [29]:
Tu(x,t =0) = 8.5°C + A-exp <—x /%) * COoS (mt - X ’%), (17)

where A (K) is the amplitude of surface temperature variation, and w (rad/s) is the angu-
lar velocity of the temperature variation.

The temperature boundary condition at the top of the model (x = 0) is set equal to the
road surface temperature, which is calculated from the empirical equation suggested by
[30] Equation (1) from the wind speed, ambient temperature, relative humidity, and solar
radiation.

The temperature boundary condition at the bottom of the model is set equal to the
undisturbed value of Tu(x = 50 m,t) = 8.9 °C, as estimated by [31].

When calculating the brine temperature from Equation (13), we use the simplifying
assumption that we can consider the average step response of the 16 pipes. This requires
a single value for the background temperature Tu(x,t). As half of the pipes are buried at
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depth x =50 cm and half at x =100 cm, we calculate the temperature at both depths using
the finite difference model in Equation (14) and use the arithmetic mean when calculating
the brine temperature from Equation (13).

2.2.4. Model Parameters

The model parameters are either table values or fitted from operational data, as de-
scribed in the following. The volumetric heat capacity of the roadbed gravel is pscs =2.6
MJ/m3/K, and the volumetric heat capacity of the rainwater permeating the roadbed is
pece = 4.186 MJ/m3/K [32].

For the Darcy velocity in Equation (1), we use 1460 mm/yr, corresponding to ugq =
4.63 - 1078 m/s, which is the average value estimated from the measured flow rate at the
site. Flow measurements are not available for the period from 23 March 2018 to 13 June
2018. For this period, we use the average flow measurements from the corresponding pe-
riods in 2019 and 2020. The thermal load q in Equation (13) was measured on the cold side
of the heat pump with a Kamstrup energy meter.

The thermal conductivity of the roadbed as well as the pipe thermal resistance is
usually estimated from a thermal response test (IRT). No TRT was conducted during the
construction of the Climate Road; however, in a similar project, an identical road (the
Thermoroad) was constructed in 2020 and a TRT was performed on the geothermal pipes.
The average fluid temperatures recorded during the TRT are shown in Figure 7. The in-
terpretation of the TRT data was performed with the numerical model described in [33],
yielding an estimate of As = 1.50 W/m/K for the roadbed thermal conductivity and Rp =
0.07 m-K/W for the pipe thermal resistance.

Measured average temperature of in- and outlet
Numerical model
16
AS =1.50 Wm/K
Rp =0.07 m-K/W
14
o
w12
=
©
)
a
IS
(5]
|_
10
8 -
6 -
1 PR TR S T N T i | 1 R SR S T S S i | i PR SR T S S i |
0.1 1 10 100

Time (h)

Figure 7. Numerical model interpretation of the TRT of the roadbed geothermal piping from the
Thermoroad (duration: 48 h).
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The final model parameter is the weight w for the mirror sources in Equation (10).
This is the only free model parameter, and it was estimated by minimizing the squared
residual between modelled and observed brine temperatures in the period from 1 April 2019
to 31 December 2020. The initial period from 23 March 2018 to 1 April 2019 is disregarded
in the model calibration, as the Climate Road was out of operation for some time in this
period, and also to avoid initial transients that would potentially bias estimates of w.

2.3. Instrumentation and Measuring Data

In the following, we present all data relevant to the system performance. This in-
cludes weather data for estimating the surface temperature of the road and operational
data from the GSHP such as brine temperatures to and from the heat pump, energy ex-
tracted from the Climate Road, and electricity consumption of the heat pump. Moreover,
two flow meters recorded the water discharge from the two road sections with and with-
out permeable asphalt, respectively. Finally, a Kamstrup energy meter fitted on the cold
side of the heat pump measured the thermal load on the roadbed.

A Davis Vantage Pro2 weather station was used to measure precipitation, air tem-
perature, wind speed, and relative humidity. All quantities were aggregated to daily av-
erages. Solar radiation data from the Danish Meteorological Institute (DMI) Bygholm
weather station situated 12.5 km from the Climate Road were also used, as the Davis
weather station does not measure solar radiation.

Brine fluid temperatures to the heat pump were measured by a Testo 176-T4 datalog-
ger (produced by Test Ltd., Alton, (Hampshire), UK) with thermocouple sensors fitted on
the exterior of the four geothermal pipes with brine flowing to the heat pump. The average
brine fluid temperature was calculated from the temperature decrease across the evapo-
rator, which was recorded by the heat pump. Brine temperatures were also measured by
the heat pump; however, they are significantly disturbed by room temperature and are
therefore not well-suited for comparison with calculated brine temperatures. Ideally, both
the in- and outlet brine temperatures should have been measured with sensors embedded
in the geothermal pipes at the manifold, rather than fitted on the exterior pipe wall.

On 20 November 2019, an inspection into a pressure loss issue revealed that one of
the 200 m geothermal pipes was leaking brine. Consequently, the leaking pipe was dis-
connected at the manifold. From a model perspective, this implies recalculation of the g-
function at this point in time, as the heat exchanger geometry changes. The corresponding
four model segments were removed in the computation of a new g-function and the ther-
mal load was redistributed on the remaining geothermal pipes in the temperature calcu-
lation. Consequently, two separate g-functions were computed for the time before and
after the disconnection of the leaking pipe, respectively, to predict the observed brine temper-
atures.

3. Results
3.1. Weather Data and Flow Measurements

In the following, the weather data and roadbed flow meter measurements are pre-
sented.

Air temperatures generally reflected seasonal variations in the solar radiation; how-
ever, they were phase shifted and somewhat right skewed (Figure 8).

Denmark has oceanic climate conditions with a daily average air temperature close
to zero during the winter months and high relative humidity.
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Figure 8. (a) Measured daily average air temperature and solar radiation at the Climate Road. (b)
Wind speed and relative humidity at the Climate Road.

Measured precipitation was compared to corresponding measured monthly Darcy
flow rates, estimated by normalizing measured discharge volumes by the 400 m? of road
surface (Figure 9).
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Figure 9. Monthly measured precipitation and estimated Darcy velocity from flow meter measure-
ments.
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There was a significant increase in the runoff area that contributes water to the road-
bed (i.e., the catchment area) during the winter 2019-2020. The year 2019 was the second
wettest on record in Denmark, and the field site was visibly waterlogged during the au-
tumn and winter of 2019. As a consequence, the rainwater basin to which water from the
roadbed was pumped overflooded and caused damage to a nearby bicycle and walking
path. Several of the wells with instrumentation were flooded at the time, cutting the power
to the kindergarten twice.

As the potential evaporation decreased, which increased infiltration to the subsur-
face, the soil eventually became fully saturated and runoff coefficients increased signifi-
cantly in the areas surrounding the Climate Road. The topographic conditions at the study
site directed the increased surface water flow to the Climate Road, greatly increasing the
infiltration rates during the winter of 2019-2020. The seasonal dynamics in the extent of
the catchment area and runoff coefficients are well-known from studies on rivers and
streams [34].

3.2. Brine Flow and Temperature

Brine flow was generally laminar during GSHP operation, as indicated by the com-
puted Reynolds numbers for the test period (Figure 10).
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Figure 10. (a) Brine flow and Reynolds numbers (Re) during operation. (b) In- and outlet tempera-
tures during operation. The hiatus in operation between 12 November 2018 and 19 March 2019 was
due to a fluid pressure issue during which the original collector pipes for the GSHP were used.

To lower the convective thermal resistance of the brine and thereby increase the heat
exchange with the ground, flow rates must be maximized to ensure turbulence. However,
increasing the flow rate entails increased pumping costs, implying a trade-off between the
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efficiency of the ground heat exchanger and the cost of brine circulation. The study by
Gehlin and Spitler [35] concluded that the pumping costs associated with maintaining
fully turbulent or even transition flow exceed the savings from improved heat exchange
in the ground. Consequently, they concluded that laminar flow is in fact desirable.

Brine temperatures varied between 10 and 20 °C in the summer and decreased to ca.
0 °C during winter as energy extraction from the roadbed increased. The temperature dif-
ference across the heat pump evaporator was 0-5 °C.

3.3. Energy Production and Consumption

The energy for domestic hot water and room heating produced by the heat pump
amounted to 67.5 and 64.6 MWh in 2019 and 2020, respectively (Figure 11).

Solar collectors increased heat production by 4.9 MWh and 3.5 MWh in 2019 and
2020, respectively. The average COP was 2.85 in both years; however, in the six coldest
months in the winters of 2018-2019, 2019-2020, and 2020-2021, the winter seasonal COP
(SCOP) was 3.11, 2.94, and 3.15, respectively. The slightly higher SCOP in the winter was
attributed to the heat pump being in operation for longer periods of time during the day,
thus avoiding frequent starts and stops that are detrimental to performance, as illustrated
by the blue and red lines in the bottom plot in Figure 11. Depending on the heating system
for room conditioning, improvement of the COP is possible by controlling and lowering
the supply temperature whenever possible, considering the actual heating demands of the
building.

Solar collector heat production
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Room heating

Heat pump electricity
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Figure 11. (a) Domestic hot water, room heating, and electricity consumption by the heat pump and
solar collector heat production. (b) Daily averages of COP. “Out of operation” refers to the
geothermal piping in the roadbed, not the GSHP, as the original ground collectors were used instead
during this period.
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3.4. Temperature Model Analysis

In the following, we present the model validation, followed by a parametric study of
infiltration rates and seasonal energy storage, both of which are considered design param-
eters.

3.4.1. Model Validation

The model performance was evaluated by comparing predicted and measured brine
temperatures. The corresponding model fit to observed brine temperatures is shown in
Figure 12.

The model predictions corresponded fairly well to measured brine temperatures in
the period from April 2019 to January 2021.
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Figure 12. Model predictions of brine temperatures entering the cold side of the heat pump and
corresponding measured brine temperatures.

3.4.2. Prediction of Sustainable Heat Extraction

To make long-term temperature model predictions, the measured thermal load on
the roadbed was repeated until the desired simulation time of 30 years was reached. The
Climate Road was out of commission from December 2019 to March 2020, and for this
period, we used the total heat consumption measured on the condenser side of the heat
pump, from which we subtracted the corresponding electricity consumption to obtain the
thermal load on the Climate Road in that period. To estimate sustainable energy extraction
rates, the thermal load time series was scaled until the minimum brine temperature sup-
plying the heat pump exceeded -4 °C for the full 30-year period.

Assuming a roadbed thermal conductivity of 1.50 W/m/K and an annual infiltration
of 1460 mm, the thermal load time series needed to be reduced by 54% to ensure brine
temperatures above —4 °C during continued operation for 30 years, corresponding to a
total annual heat production of 30.2 MWh, including the electricity consumption by the
heat pump (Figure 13).

The average COP in the 30-year period was assumed to be comparable to current
levels of around 2.9-3.1 provided that the supply temperature of the heat pump is not
altered significantly.
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Figure 13. Modelled brine temperatures to the heat pump assuming an annual heat consumption of
30.2 MWh, As =1.50 W/m/K, and ud = 1460 mm/yr.

3.4.3. The Impact of Active Infiltration and Seasonal Energy Storage

Infiltration and seasonal energy storage are considered to be design parameters, i.e.,
they can be engineered to a certain degree. A parametric study of the Darcy flow velocity
and the seasonal energy storage was therefore carried out. The infiltration rate was varied
between 0 and 2500 mm per year. Additionally, the impact of storing 30% of the annual
heating demand was explored. The stored heat can be obtained from passive cooling dur-
ing summer or from solar collectors or similar energy sources. In the analysis we assumed
that the 50 m Climate Road was used as a collective supply for three single-family houses,
as this represents the most typical and relevant application of the Climate Road.

Approximately 0.52 MWh of total heating (including the contribution from the elec-
tricity consumption of the heat pump) could be extracted annually per meter road section
in the reference case with zero infiltration and no seasonal energy storage, representing a
traditional GSHP system (Figure 14).

In this case, the 50 m road section was unable to support a consumption of 10 MWh
of heating per year. High infiltration rates increased the extractable heat quite substan-
tially, up to 35% for the considered range of infiltration rates and without seasonal energy
storage. Given the current field conditions, the amount of extractable heat from the Cli-
mate Road increased by an estimated 17% when compared to the reference case with zero
infiltration.

In Figure 14, the vertical dashed line indicates the expected Darcy velocity when
draining rainwater from three dwellings directly to the roadbed (i.e., from house roofs
and fortified surfaces). We assumed a direct runoff area fraction of 25%. Assuming a plot
area of 800 m? per dwelling, the road catchment area increased by 600 m? in addition to
the road surface (400 m?). Based on a total drained area of 1000 m?, a conservative estimate
of the corresponding Darcy flux in the roadbed was 2000 mm per year, as runoff from
non-fortified areas to the Climate Road was not considered. Compared to a traditional
GSHP without infiltration, the extractable energy increased by 26% when 2000 mm of wa-
ter was infiltrated annually. In this case, the Climate Road was clearly able to supply three
dwellings each with an annual heating consumption of 8 MWh. It is also likely that 10
MWh of heating can be supplied to each dwelling annually. Seasonal energy storage of
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excess heat from the buildings, solar collectors, or other energy sources significantly in-
creased the amount of extractable energy. Storing 30% of the annual heating consumption
increased the extractable heat by 56% when infiltrating 2000 mm of rainwater per year. In
this case, heat supply was guaranteed for an annual heat consumption well above 10
MWh per dwelling. Generally speaking, the increase in extractable energy is proportional

to the energy stored.

T [ T T T T I T T T T ] T T T T I T T T T
O  Without seasonal energy storage

Quadratic fit, y = 1.24-10%x% + 4.26-10%x + 0.513
1H © 30% of total heating consumption stored annually

- Quadratic fit, y = 1.02:10°8x% + 42810 + 0.675

| |~ - - - Rain water infiltration from 3 dwellings + road surface

—+&— 3 dwellings, energy consumption 8 MWh/dwelling/yr

I | —&— 3 dwellings, energy consumption 10 MWh/dwelling/yr

L Climate Road

o
©
|

o
o
|

e
u
[

63% i

Extractable energy per meter road (MWh/m/yr)

0.6 2

05 ! -
& & & = £ &

0_4 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 + 1 1 1 1 | 1
0 500 1000 1500 2000 2500

Darcy velocity (mm/yr)

Figure 14. Estimated extractable energy for different infiltration rates and seasonal energy storage.
Percentages are relative to the reference case indicated by 0% (zero infiltration, no seasonal energy
storage).

4. Conclusions

The Climate Road presents an alternative to individual systems for rainwater manage-
ment and domestic heating and cooling. It serves as a basis for a fully decentralized multifunc-
tional 5th-generation district heating and cooling grid, and it provides the wastewater utility
with additional water retardation capacity without any area use. The Climate Road employs
GSHPs, which have superior efficiency relative to ASHPs, especially on the coldest days in
winter. Moreover, the Climate Road voids the need for surface fan heat exchangers that are
potentially perceived as both noisy and aesthetically displeasing. Finally, the heat collector
thermal piping does not need to be placed on the individual plots.

The parametric study suggests that the presence of groundwater flow from rainwater
infiltration at the considered rates does not seem to significantly hamper the possibilities
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for seasonal energy storage in the Climate Road, which would otherwise have been a con-
cern. The addition of seasonal energy storage ensures that the heating demand from three
new dwellings can be fully supplied by the Climate Road. Active cooling is most likely
required to provide reasonable performance, if cooling needs are considered as well, since
brine temperatures are quite high during summer. The unwanted building heat is stored
in the roadbed from summer to winter, presenting a cost-effective opportunity for sea-
sonal energy storage. Using the subsurface as a thermal storage ensures relatively high
source temperatures year-round, most importantly during the coldest days of winter. This
way, the likelihood of peaks in electricity consumption from low-performing ASHPs is
effectively reduced.

The present study targets a proof of technology, not a proof of business. There are
some obvious savings to the initial investment that are made possible by the Climate Road
as the roadbed is constructed in any case. However, typically, a traditional roadbed is just
50 cm deep, and an additional 50 cm must be excavated to ensure sufficient retardation
capacity and that seasonal surface temperature variations do not significantly erode the
thermal performance during winter. These additional costs must be considered in a busi-
ness case study of the Climate Road. There are also some pivotal decisions to make re-
garding models for ownership and operation. The heating supply benefits significantly
from water infiltration, sparking a discussion on how to distribute the initial investment
and variable costs between the district heating company and the wastewater utility.
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