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Abstract: This paper presents a multifunctional full-scale demonstration road, the Climate Road,
which combines climate adaptation and mitigation in a single system. The Climate Road is located
at Hedensted, Denmark and is 50 m long and 8 m wide, and the depth of the roadbed is 1 m. Half
of the Climate Road, i.e., 25 m, is paved with permeable asphalt and the remaining 25 m with
traditional asphalt. All surface water drains into the roadbed, which stores up to 120 m3 of water,
either directly through the permeable asphalt or by drain grates. In addition, 800 m of geothermal
pipes are embedded in the roadbed, distributed over four 200 m w-loops, two buried 1 m below
the asphalt and two similar loops at 0.5 m depth. The Climate Road was tested from May 2019 to
May 2021. In the project period, a total precipitation value of 1654 mm was recorded, the mean
temperature was 9.3 ◦C and the most intense rainfall was 40.3 mm/30 min. The long-term infiltration
performance of the permeable asphalt shows that the overall infiltration capacity slowly reduces. The
reduction can be hindered, but not completely prevented, with annual restorative cleaning. After
two years of operation, the Climate Road still, by a large margin, fulfils the recommendations of
the infiltration capacity of 97.2 mm/h for the vast majority of the road section. The total volume
reduction capacity is estimated to be between 15 and 30%. Based on an analysis of 61 single rain
events, the event detention time is found to range between 10 and 130 min, with an average of 35 min.
During the project period, the Climate Road produced a total of 98 MWh for a nearby kindergarten,
with an average coefficient of performance (COP) of 3.1.

Keywords: permeable asphalt; climate adaptation solution; geothermal energy; GSHP; SUDS

1. Introduction

Currently, around half of the world’s population lives in urban areas, constituting
only 2% of the land surface while occupying around 75% of the Earth’s resources [1]. This
urbanisation is expected to continue in the future, owing to both the larger areal extent of the
cities as well as an increase in population density [2]. Large city areas are now covered by
impermeable surfaces such as roads, rooftops, car parks and pavements [3,4]. Historically,
the vast majority of surface water has been drained through sewers. Consequently, the
hydrological cycle is no longer sustainable in cities as large amounts of precipitation are
excluded from the hydrological cycle [5]. These problems are further exacerbated by future
climate changes, where climate models estimate that the severity of extreme weather events
in Denmark, such as more frequent and more intense precipitation events during the
summer, will increase, and that winters will become wetter [6]. The changing precipitation
patterns have already caused flooding in cities, as well as the uncontrolled leaching of
uncleaned sewage to natural recipients as the existing sewage network does not have the
necessary capacity. Therefore, over the last 20 years, there has been an increasing focus
on using Sustainable Urban Drainage Systems (SUDS) and Nature-Based Solutions (NBS)
in the cities. Implementing SUDS and NBS in the urban surface water management plan
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has many benefits. In part, studies show that handling surface water using SUDS is less
expensive than traditional methods [7–9]. The SUDS and NBS view the surface water as a
resource that can be used to make cities green, counteract the urban heat effect and provide
increased liveability [10,11]. Permeable pavements (PP) are increasingly used in urban
areas as they are able to attenuate runoff peak flows; collect, store and infiltrate surface
waters; and improve stormwater quality, as well as mitigate heat island effects [11–17].

Zhang and Kevern [14] conducted a review of permeable asphalt (PA) in cold regions
with respect to its design, construction and maintenance practices. They found that PA
had a lower frost penetration depth and, therefore, a lower risk of frost damage, due to
the fast responses to warm air temperatures. Furthermore, regular restorative mainte-
nance was needed for the PA to partially retain its long-term performance. In particular,
sanding during winter maintenance should be avoided. The long-term infiltration per-
formance is single-handedly the largest drawback of PA as it tends to become clogged by
sand and fine material over time, which lowers the infiltration capacity and, thereby, the
performance [18–20]. Støvring et al. [20] evaluated the restoration cleaning effect on nine
PP systems in Denmark. They found that restoration cleaning had a significant immediate
effect on the PP infiltration capacity. However, one year after cleaning, the functionality of
the cleaned PP was as good as the non-cleaned PP, implying that clogging due to improper
maintenance overrides the effect of cleaning. Hence, either better maintenance protocols
are needed or regular maintenance of PP must be conducted in order for the PP to retain
its functionality.

While climate adaptation concerns minimising the consequences of climate change on
society, climate mitigation is mainly focussed on decarbonisation to prevent further climate
change. In order to decrease greenhouse gas emissions, governments are passing laws to
increase the use of renewable sources of energy. Denmark has committed itself to being
independent of coal, oil and gas by 2050. Similarly, the EU aims to reduce its greenhouse
gas emissions by up to 80–95% by 2050 compared to 1990. Thus, the energy sector in
Denmark is currently undergoing a green transition. Forecasts predict that heat pumps will
gradually take over energy production in Denmark by replacing fossil fuels and biomass.
Using the Earth’s stable and low temperatures in the upper few hundred meters of the
subsurface with ground source heat pump (GSHP) systems provides sustainable heating
and cooling. GSHPs are environmentally and economically more beneficial compared to
traditional and conventional heating sources [21,22]. Thus, the utilisation of GSHP systems
is well suited for the future heating and cooling supply in Denmark. Traditionally, near-
surface GSHP systems use heat exchangers embedded in the soil and not in anthropogenic
structures such as PP. Novo et al. [23] investigated the temperature distribution in the
subsurface (0.5 m) under various PP and weather conditions to evaluate the potential of
combining PP with GSHP, as well as the effects of these combined systems on the water
quality. They found that the subsurface temperature depends on the type of pavement.
During the summer months, temperatures in the subsurface under PP were higher than
the air temperatures, thus hampering the application of the system as a heat sink, whereas
the GSHP system enabled the use of the subsurface for heating in the autumn and winter
months. Charlesworth et al. [24] investigated the performance of a GSHP system embedded
in a PP. The GSHP was connected to a nearby building and was evaluated with respect to
its heating and cooling performance. The authors found that there was obvious potential
in combining PP and the GSHP system, but that the system needed to be investigated in
more detail before this potential could be fully realised. They found that the geothermal
piping was buried at too shallow a depth (35 cm), as ambient temperatures influenced the
temperatures in the tank, resulting in a low coefficient of performance (COP) value of 1.8.

In the present project, we have combined a 50 m PA (ordinary road with heavy
traffic) with a GSHP system utilising the roadbed in a full-scale demonstration project, for
supplying a nearby kindergarten with room heating and domestic hot water. The road
section is referred to as the “Climate Road” and it is located near Hedensted in Denmark
(Figure 1). The purposes of this study were to evaluate the long-term performance of
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the Climate Road from May 2019 to May 2021 as a climate adaptation solution, and
additionally to evaluate the potential for geothermal energy production with the GSHP
using the geothermal pipes embedded in the roadbed.
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Figure 1. Overview map.

2. Materials and Methods
2.1. Construction of Climate Road

The Climate Road has served as a traditional road with different kinds of traffic (e.g.,
trucks, cars and bicycles) since its opening in March 2018. The Climate Road is situated
near a roundabout in a newly developed residential area, as indicated in Figure 1. A
kindergarten is located 100 m south of the Climate Road, and a rainwater basin is located
30 m southwest of the road (Figure 1).

Figure 2 illustrates the construction of the Climate Road and Figure 3 shows a photo-
graph of the Climate Road during construction.
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The Climate Road measures 50 m in length, 8 m in width and 1 m in depth. An imper-
meable bentonite membrane lines the sides and bottom of the roadbed (white membrane
in Figure 3) to ensure hydraulic separation from the surrounding natural soil and ground-
water, preventing uncontrolled leakage to and from the roadbed. Two drainage systems,
each 25 m in length, were constructed at the bottom of the roadbed, along the sides and
slightly submerged. Each drainage system consists of two perforated pipes with a diameter
of 160 mm (blue pipes in Figure 3), draining the infiltrated rain into nearby monitoring
wells (W1 and W2 in Figure 2), where the drainage water discharge is measured separately
for the two drain systems with two flow meters. The drainage water is then pumped to the
rainwater basin (Figure 1). The first group of Ø40 mm geothermal piping (SDR17) is placed
just above the bentonite membrane (100 cm below the pavement). The section comprises
4 × 100 m loops (black pipes in Figure 3). The pipes are placed in protecting mounds of
fine-grained aggregate DrænAF® with a medium grain size of D50 = 3.3 ± 1 mm, as per
DS-EN 933-1 (material around the pipes in Figures 2 and 3) to prevent breakage. Overlaying
the first section of geothermal pipes is approximately 50 cm of crushed gravel aggregate
DrænStabil® with a medium grain size of D50 = 17.0 ± 5 mm, according to DS-EN 933-1
(material filling the roadbed in Figure 3). Both DrænAF®, DrænStabil®, PermaGAB® and
PermaSLID® is manufactured by NCC, Kolding, Denmark. The DrænStabil® is well sorted
(D15 = 5.3 ± 2 mm), with sharp ends for the material to preserve its bearing capacity even
in fully saturated conditions. The second group of geothermal pipes are placed 50 cm below
the asphalt surface, comprising yet again 2 × 200 m w-loops, interbedded with DrænAF®

and overlaid by approximately 50 cm of DrænStabil®. Hence, the geothermal pipes are
placed well below the pavements, protecting them when road maintenance is conducted.
The roadbed has an overall porosity value of 30% and is able to store 120 m3 of water or
300 mm of water. On top of the upper layer of DrænStabil®, the Climate Road is paved with
25 m of permeable asphalt and 25 m of traditional asphalt, respectively. Both sections are
designed to have the same load-bearing capacity. Each section is connected to the drainage
systems, allowing for a direct comparison between the drainage performance of the two
road sections. The permeable asphalt consists of two layers: 110 mm PermaGAB® and a
25 mm wear layer of PermaSLID®. The PermaGAB® and PermaSLID® have a maximum
aggregate size of 16 and 11 mm, respectively. The bitumen content and filler content are
adjusted to give a Marshall air void of 19–22% (2 × 50 blows) with the actual aggregate
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density. Cellulose fibres are added to prevent bitumen drainage. The Climate Road is
produced with polymer-modified bitumen or with the addition of an elastomer to 40/60
or 70/100 standard bitumen. The E-modulus is approximately half of a normal standard
dense graded asphalt with the same bitumen type. Hence, the PermaSLID® at the Climate
Road has an E-modulus of 1.000 MPa

2.2. Data
2.2.1. Infiltration Capacity

Two infiltration methods, Becker’s method [25] and the ASTM C1781/C1781 M-13
method [26], have been used at the Climate Road to monitor the long-term performance of
the infiltration capacity of the permeable asphalt. With time, the voids in the wear layer
(PermaSLID®) will be clogged by fine material, thereby lowering the infiltration capacity.

Both methods rely on the time duration for a specified column of water to infiltrate
vertically through the permeable asphalt. Becker’s method [25] is a simple falling head test
in which the time it takes for a 100 mm water column to infiltrate through the permeable
asphalt is measured. The transparent tube has a diameter of 140 mm and is sealed with putty
to avoid horizontal leakage between the tube and the asphalt during the test. The infiltration
is estimated by computing the arithmetic mean of three consecutive measurements. The
infiltration rate is calculated from Equation (1):

I =
L
t

ln
(

h1
h2

)
, (1)

where I is the infiltration rate in cm/s, L is the length of the sample in cm, h1 is the initial
head in cm (35 cm), h2 is the final head in cm (25 cm) and t is the time taken for the water
to infiltrate (s).

The ASTM C1781/C1781 M-13 test is conducted according to the guidelines in [26].
The ASTM is a constant head test in which a metal ring with a 300 mm diameter is placed
on the permeable asphalt and a constant head between 10 and 15 mm is obtained by adding
water to it until all the water (20 L) is used. The infiltration rate can be calculated by
applying Equation (2):

I =
KM
D2t

, (2)

where I is the infiltration rate in mm/h, M is the mass of the infiltrated water (kg), D is the
diameter of the metal ring (300 mm), K is 4,583,666,000 mm3 s/kg h and t is the time taken
for the water to infiltrate (s).

2.2.2. Hydraulic Data

The hydraulic data from the Climate Road are obtained in two ways. The end pipes
of the two drainage systems (one from the traditional asphalt section and one from the
permeable asphalt section) each have a flow meter installed in W3 (Figure 2). The data
from the flow meter were obtained manually during the project period. Furthermore, a
pressure transducer (TD-Diver from Eijkelkamp, 11110402) and a Baro-Diver were installed
in W2 (Figure 2), located between the Climate Road and the flow meter, measuring the
water level from the permeable drainage section. The precision of the pressure transducer
is ± 0.05% of its full scale, and the head of the water level was recorded every 10 min,
providing detailed reaction timings of the water dynamics.

In order to evaluate the retention capacity of the Climate Road, individual rain events
were analysed. Events with a total rainfall depth higher than 3 mm were used to evaluate
the storage capacity of the roadbed, as well as to investigate the event detention time. The
event detention time was calculated as the time difference between the onset of the rain
event and the time at which the corresponding response was recorded in W2.

The potential catchment area of the Climate Road is estimated based on the location
of drain grates and the elevation of the road surface. In Figure 1, the estimated catchment
area for the Climate Road is approximately 800 m2.
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2.2.3. Weather Data

Weather data were collected using a Davis Vantage Pro2 weather station located 100 m
from the Climate Road, near the kindergarten. The data acquisition included precipitation,
wind direction and speed, temperature, solar radiation and humidity. The Davis Vantage
Pro2 records precipitation using a tipping-bucket rain gauge with a 0.2 mm resolution. All
data were recorded online using a sampling time of 5 min.

2.2.4. Geothermal Data

The GSHP data were recorded in the period from May 2019 to December 2020. The
compiled data included measured electricity consumption by the heat pump, brine tem-
peratures to and from the heat pump as well as brine flow. The dimensionless monthly
average coefficient of performance (COP) of the heat pump is calculated using Equation (3):

COP =
Q
W

, (3)

Q is the heat (J) supplied by the heat pump and W (J) is the electrical work required
by the heat pump to produce the heat. The power connection to the GSHP is fitted with
a separate electricity meter that measures the total electrical energy W consumed by the
heat pump. The heat extracted from the Climate Road can be calculated as the difference
Q − W.

3. Results and Discussion

Data monitoring was conducted from May 2019 onwards. There were gaps in the
recorded data, typically caused by power failure or damaged equipment.

3.1. Long-Term Surface Infiltration Capacity

A total of 270 infiltration measurements were performed from May 2019 to May
2021 (approximately 12 measurements per month) using Becker’s method. In Table 1, the
infiltration time and the calculated infiltration capacity using Equation (1) are shown. The
positions (P) are given in Figure 2. Measurements conducted immediately after restorative
cleaning are marked in grey in Table 1. When the infiltration times were greater than 300 s,
the measurements were stopped. These are marked with (c) in Table 1. Based on Dutch
criteria [25], the following t-values can be used to evaluate the permeability of permeable
asphalt. t ≤ 30 s implies that the PA is in good condition with high permeability. t values
between 30 and 50 s indicate that the PA is moderately clogged and, therefore, has medium
permeability, but that it is still possible to clean it. t values ≥ 75 s imply that the PA is
completely clogged and cleaning will not have any significant effect on its permeability.

As indicated in Table 1, the long-term infiltration capacity changes significantly during
the time of operation. During the first seven months of operation, five of the six measure
points (except P4) more or less retain the initial infiltration capacity, with t values near 5 s.
P4, however, is observed to lose its infiltration capacity within the first couple of months,
with t values above 100 s, and is often completely clogged. P4 is located at the point where
traffic from the areas with urban development encounters the permeable asphalt first. In
general, throughout the project period, the left lane (P4, P5 and P6) of the Climate Road
experienced significantly more sand clogging than the opposite lane.

On 12-12-2019, the Climate Road was cleaned using the hydrovac method, where
water is injected into the permeable asphalt under high pressure, liquefying the clogging
soil particles, at which point they are vacuumed immediately. The hydrovac cleaning
had an immediate effect on the infiltration capacity of P4, which changed from clogged to
unclogged (to t = 58.3 s). However, P4 was clogged again after one month. Until the 1st
of April 2020, after nearly one year of operation, the right lane (P1 to P3) performed well,
with t values ranging from 5 to 140 s; meanwhile, the left lane (P4 to P6) tended to become
increasingly clogged, with almost the entire lane becoming clogged around March 2020.
From April 2020 to May 2021, the right lane (P1 to P3) continued to perform very well, with
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t values generally under 20 s; meanwhile, the left lane continued to be clogged throughout
most of this period. The second restoration cleaning had an effect on the performance but
only for a limited time, implying that the clogging due to the soil from the incoming traffic
on the right lane exceeded the effect of the restoration cleaning. Similar observations were
made by Støvring, Dam and Jensen [20], who concluded that the cleaned areas did not
perform any better than uncleaned areas, one year after restorative cleaning.

Table 1. Infiltration time and calculated infiltration capacity using Becker’s method.

Location/Date
P1 P2 P3 P4 P5 P6

[s] [mm/h] [s] [mm/h] [s] [mm/h] [s] [mm/h] [s] [mm/h] [s] [mm/h]

20-05-2019 5 29,193 5 29,193 5 29,193 5 29,193 5 29,193 5 29,193

27-05-2019 5 29,193 5 29,193 5 29,193 5 29,193 5 29,193 5 29,193

13-06-2019 5 29,193 5 29,193 5 29,193 107 1364 5 29,193 5 29,193

27-06-2019 5 29,193 5 29,193 5 29,193 32 4561 5 29,193 5 29,193

30-07-2019 5 29,193 5 29,193 5 29,193 33 4423 5 29,193 5 29,193

13-08-2019 5 29,193 5 29,193 5 29,193 13.2 11,058 5 29,193 5 29,193

27-08-2019 5 29,193 5 29,193 5 29,193 11.2 13,033 5 29,193 5 29,193

11-09-2019 5 29,193 5 29,193 5 29,193 236 619 16.7 8741 5 29,193

23-09-2019 5 29,193 5 29,193 5 29,193 38 3841 5 29,193 5 29,193

08-10-2019 5 29,193 5 29,193 5 29,193 C C 13.7 10,655 5 29,193

24-10-2019 5 29,193 5 29,193 5 29,193 39.4 3705 27 5406 6.2 23,543

05-11-2019 6.3 23,169 5 29,193 5 29,193 180 811 11.5 12,693 6.2 23,543

18-11-2019 6.1 23,929 5 29,193 5 29,193 C 24 12.4 11,772 6.9 21,155

05-12-2019 6.4 22,807 5 29,193 5 29,193 C 24 10.1 14,452 6.8 21,466
12-12-2019 6.5 22,457 5 29,193 5 29,193 58.3 2504 13.5 10,812 5 29,193
19-12-2019 6.8 21,466 5 29,193 5 29,193 82 1780 12.9 11,315 5.4 27,031

08-01-2020 8.2 17,801 5 29,193 5 29,193 C 24 13.3 10,975 5 29,193

22-01-2020 10.9 13,392 5.1 28,621 6.2 23,543 C 24 42.7 3418 6.9 21,155

05-02-2020 21.2 6885 5.2 28,071 8 18,246 120 1216 5.1 28,621 4.7 31,057

19-02-2020 7.3 19,996 5 29,193 5.4 27,031 300 487 8.1 18,021 6 24,328

06-03-2020 140 1043 5 29,193 7.6 19,206 274 533 100 1460 25.4 5747

17-03-2020 40 3649 5.3 27,541 7.5 19,462 85 1717 214 682 26.9 5426

20-03-2020 16 9123 9.9 14,744 5.7 25,608 142 1028 34.4 4243 36 4055

24-03-2020 11.3 12,917 9.9 14,744 5.5 26,540 36.8 3967 C C C C

26-03-2020 23.8 6133 8.4 17,377 5.7 25,608 C C C C 44 3317

30-03-2020 11 13,270 8.6 16,973 9.3 15,695 54 2703 C C 27 5406
01-04-2020 55.7 2621 13.8 10,577 5.5 26,540 69 2115 95 1536 21.9 6665
06-04-2020 36.3 4021 12.7 11,493 10.8 13,516 46 3173 110 1327 14.5 10067

16-04-2020 28.7 5086 13.2 11,058 4.2 34,754 46.5 3139 236 619 33 4423

10-06-2020 24 6082 158 924 6.7 21,786 14 10,426 C 24 71 2056

24-06-2020 38.2 3821 300 487 7 20,852 300 487 258 566 117 1248

08-07-2020 43.3 3371 300 487 9 16,219 244 598 C C 90 1622

28-07-2020 48.1 3035 300 487 9.5 15,365 38.7 3772 C C 224 652

18-08-2020 15 9731 17.3 8437 9 16,219 42.1 3467 C C 138 1058

02-09-2020 13.5 10,812 28.4 5140 17.2 8486 78 1871 C C 41.2 3543

23-09-2020 13.1 11,143 9.3 15,695 7.7 18,957 90 1622 C C 163 896

09-10-2020 14 10,426 7.7 18,957 20.8 7018 145 1007 C C C C

20-10-2020 11 13,270 13.6 10,733 7.4 19,725 172 849 C C C C

05-11-2020 15.9 9180 45.9 3180 13.4 10,893 300 487 C C 158 924

20-11-2020 23.5 6211 23.4 6238 7.2 20,273 209 698 C C 169 864

23-02-2021 11.7 12,476 25.5 5724 9.8 14,895 C C C C 261 559
24-02-2021 29.3 4982 17.3 8437 11.8 12,370 C C 108 1352 118 1237
08-04-2021 56.7 2574 34.1 4281 29.6 4931 C C 127 1149 59.9 2437

03-05-2021 30.1 4849 22 6635 6.8 21,466 C C 139 1050 22.9 6374

19-05-2021 13.3 10,975 8.3 17,586 7.7 18,957 C C 37.7 3872 77 1896
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Table 2 shows the results from the ASTM C1781/C1781 M-13 test. A total of 156 measurements
were performed between March 2020 and May 2021, all within 30 cm of the measurement
points used for Becker’s method. Measurements conducted immediately after restorative
cleaning are marked in grey.

Table 2. Calculated infiltration capacity from the ASTM method (Equation (2)).

Location/Date
P1 P2 P3 P4 P5 P6

[mm/h] [mm/h] [mm/h] [mm/h] [mm/h] [mm/h]

06-03-2020 1904 7958 - - - -

17-03-2020 1386 5305 4537 584 265 2079

20-03-2020 3041 3787 10,186 287 647 1741

24-03-2020 3401 3987 10,186 475 424 543

26-03-2020 3340 5106 9670 - 316 677

30-03-2020 3543 3815 7958 302 43 1543
01-04-2020 1567 3041 9316 566 637 1997
06-04-2020 1803 3041 4487 1314 318 2369

16-04-2020 1835 2397 10324 473 603 1132

22-04-2020 3447 3041 - - - -

10-06-2020 2454 2264 7009 377 244 918

24-06-2020 1787 1835 5184 340 101 257

08-07-2020 1630 1869 3787 460 145 301

28-07-2020 1405 1532 3512 210 103 274

18-08-2020 2515 3435 6945 828 200 370

02-09-2020 2612 2369 3880 480 146 484

23-09-2020 3286 5055 8042 799 377 285

09-10-2020 3041 2058 4568 251 54 103

20-10-2020 4683 4568 8988 142 163 141

05-11-2020 3531 2239 5030 116 43 61

20-11-2020 3738 1959 5551 339 64 463

23-02-2021 2952 1756 5612 66 98 212
24-02-2021 2167 2037 6386 491 575 970
08-04-2021 3625 2791 4132 85 849 1126

03-05-2021 3234 2079 7490 49 496 994

An overall tendency similar to that found with Becker´s method is observed from the
ASTM measurements, in which P1, P2, P3 and P6 had good infiltration capacity, all above
250 mm/h, throughout the monitoring period, whereas P4 and P5 showed low to medium
permeability (under 100 mm/h) due to clogging. The restorative cleaning conducted on
01-04-2020 had a positive effect, especially on the infiltration capacity of P4, P5 and P6; for
example, P5 changed from 43 mm/h prior to the restorative cleaning to 637 mm/h after
cleaning. However, after 6 to 8 months, the infiltration capacity was similar to that prior to
the restorative cleaning. The infiltration capacity, following the second restorative cleaning
that took place on 24-02-2021, was high again (e.g., P5 is 575 mm/h), but not at the same
level as before the first restorative cleaning, indicating slow but deep clogging in the road,
which could not be mitigated by restorative cleaning. Similar observations have been made
by Drake, Bradford and Marsalak [27], Zhang and Kevern [14] as well as Støvring, Dam
and Jensen [20].
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As observed from Tables 1 and 2, there were large differences between the infiltration
capacities obtained from the two methods: Becker´s method resulted in infiltration capac-
ities five times higher than those obtained with the ASTM method. Similar results have
been observed by multiple authors [28–30]. No direct correlation between the two methods
could be established in this investigation. The differences are primarily attributed to the
difference between the constant head method (ASTM) and falling head method (Becker´s
method), as well as the size of the infiltration area. Since the ASTM method employs a
larger area than in Becker´s method, and because it has a lower constant head (between
1.0 and 1.5 cm) than Becker´s method, with an initial head h1 of 35 cm, the infiltration
estimates from the ASTM method are assumed to be the most accurate.

The clogging at the Climate Road is attributed to the deposition of fine particles in
the voids of the PermaSLID® and PermaGAB®. In the case of the Climate Road, the vast
majority of particles most likely originate from the areas with ongoing urban development,
as indicated by the more or less continuous clogging of the traffic lane coming from
the roundabout. This was also verified during field inspections as sand was repeatedly
observed on the lane coming from the roundabout. The clogging of the opposite lane is
most likely due to redeposition of this sand, in addition to pavement wear from tire friction
and sediment from tires. Transport of sediments from adjacent traditional pavement areas
onto the PP has been reported by Brown and Borst [13].

Even though a general decrease in the infiltration capacity of the Climate Road is
observed, it is still well within the recommendations of the infiltration capacity. In the
Netherlands, PP should have an initial infiltration capacity of 194 mm/h and should hold a
minimum of 97.2 mm/h (270 L/s ha) throughout the life of the PP [18,31]. The Climate Road
meets both these criteria. Similar criteria exist in Belgium, Germany and Denmark [20].
According to the Danish Metrological Institute, the largest daily and hourly rain events
recorded in Denmark were 169 and 100 mm, respectively. Thus, if properly maintained,
the Climate Road can infiltrate all everyday rain, all rain from cloudbursts (Denmark
15 mm/30 min), as well as more extreme events, without any issues. Furthermore, with a
storage capacity of 120 m3 in the roadbed itself, the Climate Road (400 m2) can store 33% of
a year’s precipitation in Denmark (annual precipitation: approximately 900 mm). Thus, the
Climate Road is a very effective climate adaptation solution for the Danish climate.

3.2. Water Balance

The monthly rainfall measured by the Davis Vantage Pro2 weather station can be
observed in Figure 4, along with the temperatures.
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Figure 4. Temperature (red) and rain (black) during the project period.

The mean temperature during the project period was 9.3 ◦C, spanning from 29 ◦C on
29-07-2019 to −14.9 ◦C on 14-02-2021. Continuous temperatures below 0 ◦C were observed
in the winter of 2020–2021. February 2021 was especially cold, with a mean temperature
of 0 ◦C. Winter 2019–2020 was, on the other hand, characterised by only a few continuous
days of frost.
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A total of 1654 mm of precipitation was observed throughout the project period (May
2019 to May 2021). The largest continuous rain event with rain everyday lasted from
08-02-2020 to 05-03-2020, with precipitation of 170.2 mm (Figure 4). September 2019 was
the wettest month recorded, with a total precipitation value of 141.1 mm. The most intense
rainfalls were, in general, observed during the summer months. August 2019 had multiple
heavy summer storms. On 10-08-2019, precipitation of 39.8 mm between 9.10 and 9.30 a.m.
was observed. On 27-08-2019, 40.3 mm of precipitation occurred in 30 min.

The total recorded volume of water drained from the Climate Road was 1582 m3.
The 883 m3 of rainwater drained through the permeable asphalt exceeded the 699 m3

that drained from the traditional asphalt. This is attributed to the permeable asphalt
section being located downstream from the traditional asphalt, thus indicating that some
of the rainwater passes the drains upstream and flows to the permeable asphalt, where it
infiltrates to the roadbed during heavy or long rain events.

In Figure 5, the total precipitation volume from the catchment area (800 m2) is plotted
against the volume measured by the flow meters. The figure can be subdivided into three
periods, each with a distinct ratio of precipitation volume to volume measured from the
flow meters. The first period is from 01-05-2019 to 12-12-2019, where a total drained volume
of 490 m3 was recorded. The precipitation volume of 598 m3 was calculated for a similar
time period using a catchment area of 800 m2, providing a volume reduction capacity
(retention) of the Climate Road of 18%.
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A significantly different picture was observed from 12-12-2019 to 01-04-2020. During
this period, a total of 700 m3 was recorded from the flow meters. However, only precipita-
tion of 390 mm was monitored from 01-12-2019 to 01-04-2020, implying that the catchment
area in this period must have been significantly larger than the estimated 800 m2. In fact, a
catchment area of approximately 1800 m2 is needed to account for the entire water volume
monitored in the flow meters. The extended catchment area is most likely the result of
saturated soil around the Climate Road, hindering the precipitation from infiltration, and
thereby causing the precipitation to become surface runoff instead. Surface runoff during
winter is a result of gradual saturation of the soil during autumn and early winter, thereby
obstructing precipitation from infiltrating [32].

The third period was from 01-04-2020 to 01-05-2021 and was similar to the first period,
with the precipitation volume from the catchment area being approximately parallel to
the volume measured from the water counters. A total of 340 m3 was measured from the
water counters and a precipitation volume of 481 m3 was calculated for the catchment area,
providing a volume reduction capacity (retention) of the Climate Road of 30%.

As the size of the catchment area for the Climate Road varies significantly over the
seasons, the calculated volume reduction capacity (15 to 30%) also varies correspondingly.
The vast majority of the reduction is probably due to evaporation, although minor seep-
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age from the bentonite mats must also be expected. Støvring et al. [12] investigated the
reduction capacity from a laboratory-size but otherwise comparable setup as the Climate
Road (permeable asphalt and a 0.5 m roadbed comprising NCC DrænStabil). They found a
reduction capacity of 37% (280 mm/year of a total precipitation of 756 mm/year), which
they assumed was caused by evaporation. The differences in reduction capacity could be
the result of the slightly higher average temperature in their investigation (9.4 degrees com-
pared to 9.1 in our investigation), but the primary reason is most likely due to much higher
surface infiltration rates in this investigation, limiting the amount of water that is stored
in the upper voids and thus evaporating freely. Furthermore, the roadbed of the Climate
Road is twice as deep (1.0 m). Thus, during summer, when most of the evaporation occurs,
the roadbed in the Climate Road is cooler. As the aggregates in the roadbed (DrænStabil)
have a medium grain size of D50 = 17.0 ± 5 mm, capillary forces are negligible and, thus,
water is not transported to the surface, which would otherwise increase the evaporation.
Lower evaporation rates for permeable asphalt systems are also reported by Brown and
Borst [13].

Another source of water volume reduction is the storage capacity of the roadbed.
Pratt et al. [33] observed that rain events up to 5 mm did not produce any runoff and
attributed this to surface wetting of the aggregates. The larger the surface area of the
aggregates was, the larger the flow reduction was. In their investigation, granite produced
the highest runoff [33]. Individual rain events have also been investigated from the Climate
Road to evaluate the potential storage capacity of the roadbed. A total of 61 rain events
resulting in a rain depth of minimum 3 mm have been analysed (see Table 3). The rain
events were scattered throughout the project period, occurring during both winter and
summer. From the analysis, it is observed that rain events below 0.7 mm rain depth in
general do not produce a significant response from the logger in W2. In a few cases, rain
events up to 4.1 mm are not recorded by the water level loggers. This is typically during
the summer and following a longer dry period. In these cases, the entire roadbed is most
likely almost completely dry and the aggregates are, therefore, able to retain the rain due
to surface wetting. This is also consistent with the findings of Støvring et al. [12] and
Randall et al. [19].

Table 3. Event detention time.

Event No. Initial Time
for Rain Event

Rain Depth
Maximum

Rainfall
Intensity

Initial Time
for Logger
Response

Event Detention
Time

[mm] [mm/h] [min]

1 21-05-2019 13:30 4.3 2.4 21-05-2019 14:20 50

2 12-06-2019 19:20 49.4 16.2 12-06-2019 19:40 20

3 14-06-2019 17:20 7.6 1.7 14-06-2019 17:50 30

4 15-06-2019 09:40 15.6 5.6 15-06-2019 10:10 30

5 18-06-2019 15:20 4.3 2.6 18-06-2019 16:10 50

6 19-06-2019 12:20 10 5 19-06-2019 12:40 20

7 21-06-2019 10:40 3.5 3 21-06-2019 11:30 50

8 30-07-2019 22:50 4.3 0.9 30-07-2019 23:20 30

9 31-07-2019 16:20 13.2 2.3 31-07-2019 16:50 30

10 07-08-2019 13:10 9.2 8.8 07-08-2019 13:30 20

11 07-08-2019 16:30 18.2 7.6 07-08-2019 16:40 10

12 08-08-2019 10:50 8.2 8 08-08-2019 11:20 30

13 08-08-2019 17:10 4.3 3.8 08-08-2019 17:50 40

14 10-08-2019 01:40 8.4 3.4 10-08-2019 02:10 30

15 10-08-2019 09:10 40.8 20.2 10-08-2019 09:20 10
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Table 3. Cont.

Event No. Initial Time
for Rain Event

Rain Depth
Maximum

Rainfall
Intensity

Initial Time
for Logger
Response

Event Detention
Time

[mm] [mm/h] [min]

16 17-08-2019 05:40 4.8 0.3 17-08-2019 06:20 40

17 19-08-2019 14:20 3.6 3 19-08-2019 14:40 20

18 27-08-2019 16:20 14.4 8.2 27-08-2019 17:00 40

19 04-09-2019 19:30 19.5 7.1 04-09-2019 20:00 30

20 09-09-2019 18:00 6.4 0.6 09-09-2019 19:00 60

21 10-09-2019 03:30 10 0.9 10-09-2019 04:30 60

22 27-09-2019 00:40 7.1 1.1 27-09-2019 01:10 30

23 27-09-2019 13:40 10.2 9.5 27-09-2019 13:50 10

24 28-09-2019 11:10 8.2 7.5 28-09-2019 11:20 10

25 29-09-2019 20:40 6.8 0.8 29-09-2019 21:20 40

26 08-10-2019 03:20 4 0.5 08-10-2019 04:20 60

27 10-10-2019 13:30 10 5.5 10-10-2019 13:50 20

28 04-11-2019 06:00 4.3 0.3 04-11-2019 07:00 60

29 08-11-2019 01:30 8.1 0.8 08-11-2019 02:00 30

30 09-12-2019 08:00 3.4 0.8 09-12-2019 08:30 30

31 15-12-2019 08:50 4.6 0.6 15-12-2019 09:20 30

32 20-12-2019 22:10 5.9 0.5 20-12-2019 22:40 30

33 04-01-2020 07:30 4.8 1.5 04-01-2020 08:10 40

34 09-01-2020 10:40 8.3 0.9 09-01-2020 11:10 30

35 14-01-2020 04:50 8.3 0.4 14-01-2020 05:20 30

36 30-01-2020 01:20 3.4 0.4 30-01-2020 01:50 30

37 30-01-2020 21:50 4.0 1.2 30-01-2020 22:00 10

38 09-02-2020 12:20 21.6 2.5 09-02-2020 12:50 30

39 15-02-2020 04:00 4.5 0.5 15-02-2020 04:50 50

40 29-02-2020 10:00 3.4 0.5 29-02-2020 11:10 70

41 30-04-2020 07:10 11.6 1.1 30-04-2020 09:20 130

42 02-05-2020 16:30 3.9 0.9 02-05-2020 17:10 40

43 22-05-2020 17:00 15.3 2.1 22-05-2020 17:30 30

44 04-06-2020 16:10 40.9 4.8 04-06-2020 16:30 20

45 13-06-2020 16:20 20.8 8.7 13-06-2020 16:40 20

46 28-06-2020 12:20 4.5 4.3 28-06-2020 12:40 10

47 30-06-2020 00:00 9.0 3.8 30-06-2020 00:30 30

48 01-07-2020 17:30 4.3 1.1 01-07-2020 18:10 40

49 04-07-2020 02:30 4.1 1.1 04-07-2020 02:50 20

50 07-07-2020 12:50 6.0 4.6 07-07-2020 13:40 50

51 25-08-2020 22:10 8.3 1.3 25-08-2020 22:40 30

52 28-08-2020 17:50 8.1 6.2 28-08-2020 18:20 30

53 03-09-2020 18:40 4.9 3.4 03-09-2020 19:20 40

54 06-09-2020 12:10 3.2 2.8 06-09-2020 12:30 20

55 04-10-2020 03:50 4.1 1.5 04-10-2020 04:40 50

56 05-10-2020 19:30 12.2 9.2 05-10-2020 20:00 30

57 21-10-2020 15:30 4.3 0.6 21-10-2020 16:30 60

58 27-12-2020 08:40 6.2 0.3 27-12-2020 09:30 50

59 21-01-2021 17:40 5.6 1.9 21-01-2021 18:10 30
60 16-02-2021 21:20 7.0 0.4 16-02-2021 22:00 40

61 13-03-2021 11:10 5.0 0.5 13-03-2021 12:20 70
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3.3. Event Detention Time

A total of 61 individual rain events for measuring the detention time are shown in
Table 3. Cases with infiltration of melting snow were omitted from the analysis. In total,
25 rain events produced rain depths from 3 to 5 mm, 23 rain events produced rain depths
between 5 and 10 mm and 13 rain events were above 10 mm. The majority of rain events
occurred during the summer and autumn period, while winter and spring had fewer rain
events. This is either due to frost or due to multiple small rain events, in which case the
base logger level could not be established between the events. The event detention time
differs from 10 to 130 min, with an average event detention time of 35 min. There is a clear
tendency for rain intensity to be the dominant factor with respect to the event detention
time. For rain events with a rain intensity above 5 mm/h, the average event detention time
is 22 min, whereas for rain events with a rain intensity below 5 mm/h, the average event
detention time is 40 min.

3.4. Energy Production

The energy production from the Climate Road as well as the COP is displayed in
Figure 6. The Climate Road has been able to produce a total of 98 MWh of heat from
May 2019 to December 2020, with an average COP value of 3.1. On 2019-11-20, a GSHP
inspection revealed that a single geothermal pipe was leaking brine, and consequently, it
was disconnected at the manifold, effectively reducing the total of the length of the ground
heat exchanger to 600 m. The GSHP was disconnected from the Climate Road in January
2020 and reconnected to its original ground heat exchangers as the brine temperature to
the heat pump had fallen below 0 ◦C for a longer period of time, which is not permitted
according to the Danish legislation for GSHP systems. The Climate Road will not be able
to fully supply the heating demand of the kindergarten if operation is to be continued,
and this lack of production capacity was further amplified by the loss of one of the four
geothermal pipes.
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To supplement the heat pump, solar collectors are installed on the roof of the kinder-
garten, providing additional heating of approximately 5 MWh/year. The Climate Road in
combination with the solar collectors has been able the fully supply the energy demands
from the kindergarten from May 2019 to December 2020; however, the energy production
cannot be sustained over time.

As observed from Figure 6, energy demand from the kindergarten correlates with
the yearly temperature variations in Denmark (Figure 4). The highest energy demands
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5 MWh were observed from October until March, and the lowest, <1 MWh, were observed
in the summer from June to August. The COP value was fairly stable at around 3 during
the project period, which is higher than for other similar research demonstration projects
in which GSHP and SUDS have been combined. For example, Tota-Maharaj et al. [34]
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found COP values between 2.3 and 4.5 for their indoor rigs, and between 1.5 and 4.5 for
their outdoor rigs, whereas Charlesworth et al. [24] found a mean COP value of 1.8. The
predominant reason for the higher COP values in this investigation is most likely the higher
capacity of GSHP in the Climate Road, with 800 m of geothermal pipe heat exchangers,
the continuous infiltration of water to the pipes and the depth of the GSHP pipes (0.5 and
1.0 m, respectively). When the length of the geothermal pipe in the roadbed was reduced
to 600 m in November 2019, a drop in the COP was also observed.

4. Conclusions

During two years of operation, the Climate Road has shown considerable potential:
partly as a climate adaptation solution, where the Climate Road is able to drain and store
large amounts of precipitation (120 m3), and partly as a climate mitigation solution, where
it has been able to produce approximately 50 MWh/year of clean renewable energy. The
energy production corresponds to the annual energy demand of five newly built Danish
130 m2 family houses with an energy consumption of 10 MWh/year/house. However, the
recorded energy production cannot be sustained and further studies have been undertaken
to estimate the energy production levels that comply with national legislation. Nevertheless,
the Climate Road can serve as a collective heating supply in areas where traditional district
heating is not possible and where green solutions for climate adaption and mitigation are
in demand.

The climate adaptation and climate mitigation solutions supplement each other well.
The large amounts of precipitation that the Climate Road is able to drain and store in the
roadbed continuously saturate the aggregates around the GSHP pipes, thereby enhancing
the heat transfer from the surroundings to the pipes. The roadbed also makes it possible to
install hundreds of meters of geothermal pipes as the Climate Road does not take up space
in the urban environment. Thus, the Climate Road makes it possible to build both a climate
adaptation solution as well as a clean renewable energy source in densely populated areas
using the existing road infrastructure. Furthermore, climate roads can act as retention
basins, holding large amounts of rainwater until the existing sewer system has regained its
capacity to handle the rainwater following extreme precipitation events, thereby lowering
the demand for new sewer systems and traditional rainwater retarding basins.

With respect to the Climate Road’s functionality as a climate adaptation solution, we
conclude the following:

• The long-term surface permeability of the permeable asphalt has been examined with
156 ASTM C1781/C1781 M-13 measurements and 270 Becker test measurements. Even
though the two methods yield very different infiltration capacities, with Becker’s
method yielding infiltration rates five times higher than those obtained with the
ASTM method, the same trend in infiltration capacity can be observed. In general, the
permeable asphalt shows large infiltration capacities (above 250 mm/h) during the
project period. The lowest infiltration capacity measured with the ASTM method was
43 mm/h, which is still able to handle a cloudburst in Denmark (15 mm/30 min).

• The long-term surface permeability test also highlights that the infiltration capacity
decreases during the time of operation but can be partially restored with restorative
cleaning, although not to the same level as before the first restorative cleaning; this
indicates slow yet deep clogging in the road, which cannot be removed.

• A total of 1654 mm of precipitation was observed throughout the project period (May
2019 to May 2021). Assuming a catchment area of 800 m2, the volume reduction
capacity of the Climate Road is between 15 and 30%. The vast majority of the retention
is assigned to evaporation, although minor seepage from the bentonite mats must also
be expected.

• A total of 61 rain events with a minimum rain depth of 3 mm have been analysed in
order to investigate the storage capacity of the roadbed as well as the event detention
time. Rain events below 0.7 mm rain depth in general do not produce a significant
response. In a few cases, events with rain depths up to 4.1 mm do not yield any signal
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downstream. This is typically after a long dry period, typically during the summer,
where the roadbed is most likely dry, which enables the aggregates to retain the rain
due to surface wetting. The event detention time differs from 10 to 130 min, with an
average event detention time of 35 min. There is a clear tendency for the rain intensity
to be the determining factor for the event detention time. For rain events with a rain
intensity above 5 mm/h, the average event detention time is 22 min, whereas for those
with a rain intensity below 5 mm/h, the average event detention time is 40 min.

With respect to the Climate Road serving as a basis for providing energy to a GSHP
system, we conclude the following:

• The Climate Road produces approximately 50 MWh/year of energy, ranging from
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5 MWh from October until March to < 1 MWh from June to August, with a COP
value of 3.1. This production rate cannot be sustained over time and further research
is required for estimating sustainable energy production levels that comply with the
national legislation on GSHP systems. The high COP values found in this investigation
are most likely due to the total length of the geothermal pipes (800 m in the roadbed),
the continuous infiltration of water to the geothermal pipes and the depth of the GSHP
pipes (0.5 and 1.0 m, respectively).
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