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Executive summary

The use of interseasonal heat transfer systems incorporating solar energy collectors in the road and
shallow insulated heat stores in the ground is currently innovative and at the forefront of technology. A
major instrumented trial of the technique was undertaken on an access road near Toddington which
involved constructing two solar heat collectors (pipe arrays each 5m wide by 30m long installed at 120mm
depth below the road surface) and two insulated heat stores of similar dimensions but at 875mm depth.
One store was beneath the road and the other beneath the verge to simulate new construction and retrofit
installations respectively. The solar heat recovered from the road surface was used to investigate the winter
maintenance of the road surface and the heating of nearby buildings. The cooling of abuilding in the
summer was also separately simulated.

This report describes the design, construction, operation and performance of the instrumented test facility
to recover heat from the road surface. The performance was monitored over atwo year period which gave
the opportunity for full seasonal assessments of the recovery of solar heat from the road surface, its re-use
for ice-free winter maintenance of the road surface, and protocols simulating the winter heating and
summer cooling of a nearby building. Numerical modelling and whole life costing of the recovery of heat
for winter maintenance of a highway was included in the study.

M easurements during the good summer of 2006 showed that 6.5MWh of heat energy was transferred
from the road collector (at 120mm depth of cover) to the insulated heat store in the ground, i.e. about
43kWh/m?. During July when the air temperature peaked at 34°C, peaks of 50°C and 38°C were recorded
at the road surface and at collector pipe level respectively.

Winter maintenance of the road was carried out in 2006/07 operating from this fully charged heat store.
When the road surface temperature fell below 2°C and the heating was activated, this section of road was
generally maintained at a temperature about 3°C hotter than that of the unheated control area. Almost
without exception the heated area of road remained above freezing until the period of extremely cold
weather in early February 2007. On February 7" extreme surface temperatures of -6°C and -3°C were
measured for afew hours on the unheated and heated sections respectively. On the following morning
snow fell and briefly settled although the road surface was being maintained between 0°C and +0.5°C at
the time. Apart from this one incident, no other issues were encountered in keeping the road surface above
freezing. Heating was activated automatically on 16 more days than the 28 days on which salting took
place on the nearby motorway: further tests would be advantageous to refine the parameters used for
triggering surface heating.

The report gives details of building heating and cooling simulations which demonstrated the potential for
seasonal heat storage in the ground, although further full scale trials would be advantageous. There are
significant advantagesin providing a self-sufficient building system incorporating both heating and
cooling capability. In thisway heat recovered during the cooling period can be re-used for building heating
in the winter. There may be merit in boosting the heat recovery by the recovery of solar energy recovery
from asphalt surfaces (road or carpark) particularly during cold summers when building cooling is not
required so frequently.

The results from computational fluid dynamics modelling of solar heat recovery from the road surface and
its use for winter maintenance generally showed good agreement with the measurements and demonstrated
the validity of the technique in predicting performance. The modelling also indicated that significant
improvement in overall performance would be achieved if the depth of cover over the collector pipes
below the road surface can be reduced below the 120mm used at Toddington, although this may raise
pavement durability issues.

Details of the whole life costs of awinter maintenance system (incorporating summer heat recovery)
suggest that treatment of well-known cold spots on the highway network or treatment of dlip roads and
interchanges may provide cost effective locations for initial implementation of interseasonal heat transfer
systems.

The thermal imaging successfully detected the presence of the collector pipe array at shallow depth and
demonstrated that the technique is an effective “trouble-shooting” tool when operating under-road heating
systems in detecting leaks, cold spots and pipe locations to avoid damage during subsequent road and
utility maintenance operations.
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1 Introduction

In response to the sustainable development agenda there has been an increasing emphasis on the
generation of energy from renewable sources. The UK Government’sinitial target isto exceed 5%
from renewabl e sources by 2003 and 10% by 2010. This target was modified by the Energy White
Paper issued on 24™ February 2003 which aspired “to double renewables’ share of electricity from our
2010 target by 2020". Recognising the importance of devel oping renewable energy resources, the
Highways Agency commissioned a scoping study at TRL to explore available methods and assess the
possihility of renewable energy generation being exploited within the highway network.

A previous study (Carder, 2003) recommended a positive response by the Highways Agency in
implementing full-scale trias of renewable energy generation. A demonstration trial using
photovoltaic panels mounted on the exposed faces of noise barriers to generate electricity from solar
power was undertaken on the M27 in Hampshire and thisis separately reported by Carder and Barker
(2006).

A second trial demonstrating the use of heat exchangers and ground source heat pumps in recovering
energy from solar thermal heating of road surfaces was also identified and is the subject of this report.
It should be noted that this technique is suited to direct heating applications and cannot be
conveniently used for electrical power generation. However, in addition to the possibility of direct
heating of nearby buildings, this technique may be of particular advantage to the Highways Agency
for the winter maintenance of pavements, i.e. prevention of ice and snow formation on the road
surface. Winter maintenance applications may be particularly applicable to areasin England where a
micro-climate exists that may impact on the effectiveness of conventional winter maintenance plans.

The use of thistechnique of interseasona heat storageis at a critical stage of itsevolution. Thisis
linked to the broader capability of building physicists to accurately model complex energy flows at
the urban and infrastructure level, using computational techniques (Hewitt, Ford and Ritter, 2000).
The increased use of predictive techniques is expected to lead to arapid expansion initsusein
providing a renewable “green energy” source, provided that the findings are validated by full scale
trials such asthis.

In the past, heat storage has mainly employed very deep storesinstalled in piled foundations or
utilising the aquifer. This particular trial employs the innovative technique of using shallow earth
stores which areinsulated (Hewitt and Ford, 2002 and 2007).

This report describes the design, construction, operation and performance of the instrumented test
facility to recover heat from the road surface. The performance was monitored over atwo year period
which gave the opportunity for full seasonal assessments of the recovery of solar heat from the road
surface, its re-use for winter maintenance of the road surface, and protocols simulating the winter
heating and summer cooling of a nearby building. Numerical modelling and whole life costing of the
recovery of heat for winter maintenance of a highway was included in the study.
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2 Description of thesite

2.1 Sitelocation

In view of the prohibitive cost both in terms of construction and disruption to traffic, installation of a
heat transfer system on a motorway or trunk road was not considered appropriate until the technique
was proven. Initial investigations were therefore carried out to identify suitable locations where the
demonstration trial could conveniently take place. The types of location which were considered
included access roads to HA Maintenance Depots, access roads to motorway service stations, and
quarries.

Asthe results of a comprehensive evaluation, asite (OS grid reference 50257,22925) was selected on
a private access road owned by the Highways Agency which runs northwards from the Toddington
Motorway Service Station and is parallel adjacent to the northbound M 1. The road carries occasional
vehicles accessing the service station and the nearby HA Maintenance Depot and also private vehicles
using it as a shortcut to local roads.

Theroad is5.6m wide (2 lane, bi-directional traffic) and comprises an approximately 250m length of
straight road. To the east of the road there are a number of HA storage compounds and parking areas
whilst, on the west, there is a 1-2m wide flat verge after which the ground slopes down to adrainage
ditch. Thereis very little shading of the road surface.

2.2 Ground conditions

Examination of the ground investigation carried out in 1993 as a preliminary to the proposed M1
widening showed stiff grey Gault Clay from about 3m depth to a depth exceeding 25m. In the
motorway verge to the east of the trial site, the Gault Clay was overlain by Head Deposits comprising
mainly firm silty clay. On the west side of the private access road, areworked Gault Clay layer of
about 0.8m thickness overlayed the undisturbed clay, indicating that some filling had taken place in
this area during construction of this section of the M1 before its opening in 1959.

TRL Limited 2 PPR 302
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3 Experimental design

3.1 Outlinedesign

At this site an interseasonal heat collection and storage system was installed to evaluate the
performance of two different types of storage technique, namely:

» retrofitting the collector pipe arrays to an existing road surface during the normal
maintenance regime with the heat store pipe arraysinstalled in the verge adjacent to
the road;

e anew build situation with the heat store and collector pipe arrays both incorporated
into the road structure during the construction process.

The schematic layout to model these situations at Toddington is shown in plan and three-dimensional
viewsin Figures 3.1 and 3.2 respectively. Each store and collector pipe array was of identical
dimension (5m x 30m) and comprised 25mm diameter cross-linked polyethylene pipes with a spacing
of 250mm between adjacent longitudinal pipe runs, more details on these are given later.

An insulation layer comprising 200mm thick expanded polystyrene was placed over each hesat storeto
prevent heat |oss. Thisinsulation layer generally extended 6m to each side of the four sides of the
rectangular storesto prevent heat loss from the surrounding ground. On one side of store 2, the
insulation was placed beneath the surface of a dope to a drainage ditch.

<4—— New build: Store underrorad —— -4—— Retrofit: Store adjacent toroad —»

Insulated area

Pump house

Insulated area
Store 2/Collector 2 Collector 1
100m 75m 50m 25m om

Figure 3.1. Plan showing the layout of thetrial
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New build: Store under road

Pump house

Retrofit: Store adjacent to road

Insulation layer

Store 1 (off-road)

Store 2 (under-road)

Collector 1

Figure 3.2. Three-dimensional schematic showing the layout of thetrial

3.2 Moredetailed design layout

Some modifications were necessary to the outline design to accommodate various constraints at this
site, notably:

» The presence of buried utilities (gas, water, telephone, motorway communication
cables) in the verge areas meant that mechanical excavation could not be used in their
proximity. For this reason continuity in the insulation layer was achieved, where
necessary, by installing layers at dightly different levels and overlapping the layers.

* Onthewest side, and adjacent to the under-road store, the ground slopes down to a
drainage ditch. For this reason the polystyrene insulation could not be placed
horizontally, but instead was placed just below the dlope surface.

A cross-section through collector 1 and the off-road store is shown in Figure 3.3. It must be noted that
for clarity in Figure 3.3, the scale in the horizontal and vertical directions differ by afactor of 100. As
previoudy mentioned the different levels of the insulation were necessary to avoid the buried utilities
and would not be anormal construction feature. The pipes forming the heat store were fixed to the
underlying clay surface using metal pins, whilst the collector pipeswere fixed using wiretiesto a
6mm steel square mesh. The concepts used for the design of the road structure are described in more
detail in Section 3.3.

Figure 3.4 shows a cross-section through the under-road store and collector system. The pipes were
fixed using pins and wire ties in the same way as before. However it should be noted that a stiffer
grade of polystyrene insulation (Fillmaster 200) was used in the load-bearing situation below the road
rather than the Fillmaster 100 used e sewhere. On the west side of the road, the insulation extended
about 3.7m down the slope following its profile, although minor amendments to the polystyrene detail
were made to avoid the telephone cable where necessary. The design of the road structureis dealt
with below.
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35mm thick wearing

course

excavation

70mm thick binder

course

]

165mm thick new

lean concrete base

55mm thick concrete

screed

Collector pipe array

200mm thick Type 1

granular material

Insulation continues
down the ditch slope

200mm thick polystyrene

insulation

0.25m

150mm thick sand

Store pipe array

overlying pipework

5m

Figure 3.4. Cross-section through collector 2 and the under-road store 2
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3.3 Design of theroad structure

The existing road structure was cored prior to the commencement of works. The coring established
that the structure comprised 160mm of asphalt overlying 240mm of cement bound material. Dynamic
cone penetrometer tests below this depth established 200mm of type 2 granular materia overlying the
Gault Clay. Empirical correlations on the findings indicated that the California Bearing Ratio (CBR)
of the clay exceeded 9% asis shown in Figure 3.5. Based on these parameters the origina road
structure would be adeguate for adesign life of 20 million standard axles (msa).

500
* Type 2 Material

600

Clay

(mm)

700

800

Penetration

900

CBR 32%

0 10 20 30 40
Number of blows

1000

Figure 3.5. Dynamic cone penetrometer tests on the existing formation

In terms of the design of the new road structure, the intention was to ensure that the structure was at
least as strong as the existing road. Because of the need to accommodate the pipe arrays and
insulation layer within the structure, the design was non-standard.

With regards to the foundation design, the dynamic cone penetration tests showed that the California
Bearing Ratio (CBR) of the Gault Clay immediately benesth the existing road structure exceeded 9%.
Reference to Figure 3.1 of HD25/95 Foundations (DMRB 7.2.2) indicates that for this subgrade CBR,
the aternative designs of (i) 150mm sub-base on 200mm capping, or (ii) 180mm sub-base would be
acceptable. On the basis of (ii) the 200mm thick layer of type 1 granular material was adequate in its
own right, and both criteriato produce a “standard foundation” are more than met if the Fillmaster
200 (which has a compressive strength of 90kPa at 1% strain) is considered as structural .

The design thicknesses of the asphalt layers and the lower base of the road structure were evaluated
following the approach of HD26/01 Pavement Design (DMRB 7.2.3). The lower base materials
comprised 165mm of lean mix (CBM3 containing gravel aggregate and with a minimum compressive
strength of 20N/mm?) and the 55mm thick concrete screed. Figure 2.3 of HD26/01 indicates that this
total thickness would be appropriate for design traffic of 20 million standards axles.

Figure 2.3 of HD26/01 a so shows that for the total thickness of the asphalt layers of 105mm, the
design traffic would be 4.5msa which is considered more than adequate for this private access road. It
should be noted that a thickness of 150mm would normally be required for a 20msa life of atrunk
road. Whilst the thickness of asphalt employed might be susceptible to reflective cracking in later life,
it can be argued that the heat collectors would act to keep the road surface at a more even temperature
throughout the year. This would reduce movement at natural cracks in the lean mix and hence the risk
of reflective cracking occurring.
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4 Construction process

The sequencing of the construction operationsis givenin Appendix A. The major activities are now
described.

4.1 Enabling works

Tria holes were excavated to expose the buried utilities and confirm their locations within the
construction zone. The following services were identified:

» gasmain (polyethylene lined cast-iron) at a depth of 0.75m and at 0.8m from the east
kerb of the road,

* NTL cableat adepth of 0.4m and at 1.9m from the east kerb,
* water main (asbestos-cement) at 1m depth and at 3.2m from the east kerb,

» telephone cables (in 100mm diameter PV C duct) at 0.7m depth and at 5m from the
east kerb,

» telephone cable at 0.55m depth and at about 1m from the west kerb,

e motorway communication cables running about 2m outside of the motorway
perimeter fence and inside of the construction zone.

The locations of these services had aready been taken into account in the design process and only
minor changes were subsequently necessary. These were in the polystyrene detail near the west kerb
which was locally adjusted because the telephone cable was found to meander rather than runningin a
straight line.

Preliminary activities included stripping off the topsoil and removing vegetation in localised areas
where it interfered with the proposed construction. After these activities, the site was marked out
ready for the excavation for the various pipe arrays comprising the heat collectors and stores.

4.2 Excavation

Excavation in all areas was carried out to the required depths using laser levelling to control the
process. Figure 4.1 shows a photograph of the site when excavation was near completion.

Throughout the excavation process, the excavated material was stockpiled to the north and south of
the site for re-use at alater stage. Generally the excavated depth did not exceed 1m and for this reason
no specia drainage or ground support measures were required.

TRL Limited 8 PPR 302
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Figure4.1. General excavation

4.3 Manhole, pipe array and header installation

Following excavation in each areathe 25mm diameter cross-linked polyethylene pipes were installed
to form each pipe array according to the construction schedule given in Appendix A. Both of the heat
stores and collector 1 used pipe manufactured by Wirsbo, whilst collector 2 used pipe manufactured
by Rehau. Both pipesincorporated an oxygen diffusion barrier and the main difference between them
was the stiffer flexurd rigidity of the Rehau pipe. Initially there were concerns that forming the
required bends might therefore prove more difficult with the latter pipe, however this proved not to be
the case.

As mentioned in Section 3.2 the heat store pipes were pinned to the underlying clay surface. Figure
4.2 shows the pipe array for store 1 being installed. The pipe array for heat store 2 was near identical
apart from the fact that the pipe exits were to one side of the array rather thantoitsend. In all cases
the pipe runs between the array and the manifolds within the manhole were insulated using 32mm
thick Armaflex insulation.

Figure 4.3 shows the pipe array for collector 2 after itsinstallation and prior to road surfacing. As
previoudy mentioned these pipes were retained in their position using wire clips attached to 6mm
steel square mesh.

TRL Limited 9 PPR 302
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Figure4.2. Pipework for off-road heat store beinginstalled

Figure 4.3. Completion of pipework for heat collector 2
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Pipes from each heat collector and store were connected to a manifold installed in a nearby inspection
chamber (Figure 4.4). Taps on each flow and return line enable individual |oops to be activated as
required. The flow and return header pipes from each manifold to the pump house were polyethylene
and 76mm in outside diameter.

Figure4.4. Manifold system within inspection chamber

44 Placement of insulation

Following installation of the heat storesin each area and the placement of a 10mm thick layer of sand
over the pipe arrays (Figure 4.5), a 200mm thick layer of polystyrene was placed over the two hest
stores (Figure 4.6). The polystyrene boards (2.44m x 1.22m) forming this layer were carefully
positioned to butt against each other so that no gap was | eft through which heat 1oss could occur. As
shown in Figure 3.3 for the off-road store, this layer was extended to a distance of 6m beyond each
edge of the rectangular store area. Because of the presence of buried services, this surrounding
insulation was at a different level from that immediately over the store although a minimum overlap
of 200mm was ensured at al times. Aslaser levelling was used to control the excavated level of the
clay, it was only necessary to use sand to make good the level in afew isolated areas prior to placing
the polystyrene.

Continuity of insulation at the edges of the heat store below the road was maintained by removal of
the kerbs during construction and re-building the kerb line on top of the polystyrene layer. Aswith the
off-road store, horizontal insulation extended a distance of 6m beyond the edges of the store where
possible. However on the west side of the road this was not feasible and insulation was therefore
installed to follow the profile of the slope asis shown in Figure 4.7. In this area the polystyrene
boards needed cutting to achieve a good fit and a hot wire cutter was used for this purpose.

TRL Limited 11 PPR 302
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Figure4.5. Placing sand over the off-road heat store

Figure 4.6. Placement of polystyrene over the off-road heat store

TRL Limited 12 PPR 302



Published Project Report Final

Figure4.7. Polystyreneinsulation being installed on the slope

45 Ground reinstatement

After installation of the insulation in all of the off-road areas, the excavated clay was placed and
compacted over the insulation prior to replacing the topsoil. The surplus material from the excavation
was formed into an earth bund of about 1m height around the site to prevent off-road parking on top
of the experimental area.

Stability of the ditch side-slope was ensured by placing a layer of hessian over its face and then grass
seeding.

46 Road construction

Following placement of the polystyrene insulation layer over the sand layer containing the under-road
store pipes, the following road construction activities took place:

e Compaction of Type 1 granular material (Clause 803, SHW) to athickness of
200mm;

e Placement and compaction of 165mm thick layer of new lean concrete road-base
material;

e Installation of collector pipework onto 6mm steel square mesh;

* Placement of 55mm thick layer concrete screed around the pipework using a
vibrating metal beam screed to compact. The concrete was ST4 (P300) specified for
a50mm slump except using a 10mm aggregate instead of the usual 20mm. This has
the effect of increasing actual dump to 200+ (ieasdurry);
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e Compaction of 70mm thick binder course layer of heavy duty macadam (HDM 50,
ie. 50 pen bitumen) with a 20mm aggregate size (clause 933, SHW);

»  Compaction of 35mm thick wearing course comprising stone mastic asphalt (SMA,
proprietary product name “Smatex”) with a 10mm aggregate size (clause 942, SHW)

When the road was complete, its centre line was remarked and the extent of the collector areas
indicated by broken yellow lines on the final surface.

4.7 Installation of pump house

During the works, six reinforced concrete pads were constructed to provide afoundation for the pump
house. The pump house was purpose-built and fully equipped off-site and lifted into place using a
Hiab (Figure 4.8). This meant that the pumps, valves, control system, etc. were al in place and on-site
commissioning could be undertaken fairly rapidly.

Figure 4.8. Pump house delivery

The main activities of the on-site commissioning were electrical connection, connection of the flow
and return pipes from the collectors and stores to the pump house, filling the system, balancing the
pumps and checking operation of the motorised valves, testing the heat pump, and commissioning the
control system. The complete system, comprising the pipe arrays and pump house unit, was filled
with water containing 10% by volume of an anti-freeze mix to provide frost protection. The mix
comprised mono-ethylene glycol with corrosion, scale and biological inhibitors.

4.8 Contractor feed-back on construction process

Following completion of construction a meeting was held with the Principal Contractor for the civil
works to discuss any improvements which could be incorporated into future construction of a similar
type. The following main points emerged:
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(i) General comment: No problems were encountered with the excavation, backfilling and road
surfacing. The buried utilitiesin the area were successfully avoided without damage although careful
supervision was necessary. The different designs of the off-road and under-road stores meant that
construction could proceed continuously rather than there being delays to the construction whilst the
pipe arrays were installed. Sectionalising in this way is recommended for future constructions to avoid
extra costs through delays to the contractor.

(i) Installation of store pipe arrays: These pipe arrays were pinned to the excavated clay surface prior
to placing and compacting a 100mm thick layer of sand over them. No difficulties were encountered
with this procedure.

(iii) Installation of collector pipe arrays. Although the ingtallations were compl eted without
modification to the original design, a number of possible improvements connected with asphalt
planing, concrete screeding and pipe placement were discussed as follows.

e Using a2m wide tracked planer, rather than awhedled version, would have provided
better level control in retrofittting the collector array to the existing road.

» Theplastic collector pipeswere wired to a steel mesh laid on the planed surface. A
dlightly heavier gauge mesh than the A142 (6mm wire size at 200mm pitch) may
have helped to minimise movement of the pipework.

» Placement of some concrete at mesh corners and at various points along the mesh
may also have helped to prevent movement of the mesh.

» Thecollector pipes need to be tied to the steel mesh at intervals of no more than
500mm. This procedure was adopted for the second collector and hel ped to minimise
distortion of the plastic pipesin hot weather.

» Theuse of steel mesh on top of the collector pipes may possibly help to both hold the
pipesin place and minimise shrinkage cracking of the concrete screed placed over
themin critical cases. It should be noted that only very fine shrinkage cracks of no
consequence were encountered at this site.

»  Thecollector pipes were pressurised with water during placement of the concrete
screed. Circulation of water may be advantageous if the weather is hot.

e Useof avibrating metal beam screed proved advantageous.

(iv) Placement of polystyrene: Laser levelling was used to control the excavated level at this site and
this approach is generally recommended. The quality of finish is then good and sand in-fill is only
necessary for afew uneven areasto prepare for placement of the polystyrene sheets. Pins were
successfully used to retain the polystyrene sheets on the sloping surface.

(iv) Asphalting: Cooling water was circulated to avoid damage to the collector pipes during
asphalting. This essential operation would have been easier if the pump house had been in place.

Further advice on construction and operational issuesis given in Appendix B.
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5 Monitoring instrumentation

The performance of the compl ete interseasonal heat recovery system was monitored in detail. For this
purpose instruments were installed to monitor temperatures in the ground, heat transfer and energy
usage by the system, and climatic conditions.

5.1 Ground instrumentation

Instrumentation was installed to measure the following:
» temperatures at depth in the ground below the store arrays and at control locations;
» temperaturesin the two collector arrays;
» thedistribution of temperature with depth within the asphalt surfacing;

» thethermal strains measured in the concrete screed below the asphalt layers at collector
and control locations.

The outputs from these instruments were computer logged with the data being downloaded by mobile
phone link for real time plotting on a dedicated website.

511 Temperaturesat depth in the ground

A Comacchio rotary drilling rig (Figure 5.1) was used to sink nine boreholes of 100mm diameter to
about 13m depth so that eleven thermistors (temperature sensors) could be installed at selected depths
in each borehole. The locations of these boreholes are shown in Figure 5.2. After the thermistors
were ingalled, all boreholes were backfilled using bentonite pellets with appropriate addition of
water. Access for the rig was provided by the Principal Contractor when excavation in each areawas
at maximum depth.

Figure5.1. Rotary drilling for thermistor installations
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Thermistors were installed in boreholes C to | (Figure 5.2) at depths of 0.875, 0.925, 0.975, 1.025,
1.175, 1.375, 1.875, 2.875, 3.875, 7.875 and 12.875m. In heat store areas this meant that the
uppermost thermistor was at alevel corresponding to that of the pipe inverts. In borehole F, a control
borehole in the road between the two collectors, the lowest two thermistors were omitted because of a
drilling rig failure. Delay to construction in waiting for rig spares to arrive was deemed unacceptable
on this occasion.

Control boreholes A and B were located to the south and north respectively of the construction zone
to monitor normal temperatures in the undisturbed ground. Thermistors in these boreholes were
installed at depths of 0.025, 0.125, 0.825, 0.875, 1.025, 1.175, 1.375, 1.875, 3.875, 7.875 and
12.875m.

In addition to the thermistor profiles, athermocouple wasinstalled at a depth of 0.875m (ie. at pipe
invert level) in the centre of each of the two heat stores. This thermocouple was used for controlling
the pumping system.

512 Temperaturesin the collector arrays

An array of twelve thermistors was installed in each collector array to ascertain the distribution of
temperature. The layout of these instrumentsin collector 1 is shown in Figure 5.3, the layout for
collector 2 was amirror image. Each thermistor was positioned midway between the pipe runs. In
addition to the thermistor arrays, a thermocouple was installed at the centre of each collector which
was dedicated to the control of the pumping system.

B Vibrating wire strain gauge

w7 Thermistor

Pipe exits Thermocouple for pump control
b. 4 x
N = x
|| " i’ L 3 L3 ¥
& ) 4
'3 X
19m 15m 11m m 3m om

Figure 5.3. Plan view showing instrument layout in collector 1

5.1.3 Temperatures of the asphalt surfacing

Two profiles of thermistors were installed in the road surface at the centre of each collector area and
one in the control zone between the two collectors. These thermistors were installed by drilling holes
from the surface after carriageway construction: the holes were then backfilled with bitumen.

Each profile consisted of thermistors at depths of 10, 25, 50, 75 and 100mm below the carriageway
surface which comprised 35mm of wearing course and 70mm of binder course.
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5.1.4 Thermal strainsin the concrete screed

Embedded vibrating wire strain gauges were placed in between pipe runsin each collector at the
locationsindicated in Figure 5.3 prior to pouring the concrete screed. A similar arrangement was also
employed in the control area between the collector arrays. At each location, one gauge was oriented to
measure strains along the road direction whilst a second measured strains perpendicular to this
direction. Comparisons between the strain data were expected to provide an evaluation of whether
thermal strains were reduced as the road temperature is kept more constant throughout the year by the
heat transfer system.

5.2 Heat transfer and energy usage

In addition to the instrumentation installed in the ground to measure temperatures (Section 5), the
system performance was monitored to enable an assessment of the heat transfer between collectors
and stores, the heat used for winter maintenance and building simulation, and the electrical energy
used by the pumping system. The components of this system included:

» four in-line induction flow meters (Flomags 3000) and associated thermistors (two with
each flow meter) to monitor the flow of heat from collector to store, and vice-versa’;

» aflow meter (Flomag 3000) and two thermistors to monitor the heat re-distributed by the
heat pump":;

e électrical current meters on the main pumps and the heat pump to monitor the power
consumption.

Aswith the ground instruments, the outputs from these instruments were computer logged with the
data being downloaded by mobile phone link for rea time plotting on a dedicated website.

5.3 Weather station

Because of the dependence of solar heating of the road surface upon weather conditions, a weather
station was installed at the site to measure solar irradiation, rainfall, humidity, temperature, wind
speed and direction. These data were transmitted back to the office by mobile phone link.

! These instruments were also used by the control system to control the pumps.
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6 Pump house

6.1 Principleof operation

Photographs of the inside of the pump house are shown in Figure 6.1. The system comprised four
variable speed pumps and sixteen motorised valves, awater to water heat pump, three dry coolers (for
the building heating simulation), two pumps for frost protection and the plant control system. A
simplified schematic of the layout of the pump system is shown in Figure 6.2. Appropriate use of
motorised valves enabl es flexibility in running the system as a single or two experiments as required.

lml Clm

Fo me) [
s @
N
T
Heat Pump /
i
®H—
D D
a . . .
1 1
| |
1 1

@@ Wi

Key:
Stores, S1 and S2
Collectors, C1 and C2
Heat pump, H
Heat dump, D
Heat meters, HM1 to HM5

Figure 6.2. Schematic of the layout of the pump system
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Figure 6.1. Photographs of the inside of the pump house
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6.2 Control protocols

Protocols were developed to control the system and to meet the experimental requirements. These

requirements are given in Table 6.1 together with the assigned mode identifier.

Table6.1. M odes of operation

Mode Description Season of
identifier operation

A Heating from store to dump buffer store Winter

B Heating from store to dump buffer store via Winter
heat pump

C Callect cold from collector 2 and put in store 2 Winter
(reject heat)

D Coallect cold from collectors 1 and 2 and put in Winter
store 2 (reject heat)

E Coallect heat from collector 1 and put in store 1 Summer
(rgject cold)

F Collect heat from collectors 1 and 2 and put in Summer
store 2 (reject cold)

G Coallect heat from collector 1 and put in store 1 Summer
(rgject cold)
Collect heat from collector 2 and put in store 2 Summer
(rgject cold)

H Cooling from store to dump buffer store Summer

I Cooling from store to dump buffer store via Summer
heat pump

J De-icing Winter

Note: In addition to these main modes, a frost protection mode is also incorporated in the system.

It must be noted that only certain of the modes can operate together, when driving the twin

collector/store systems separately or in a combined fashion.
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6.3 Experimental schedule

The experimental schedule from September 2005 for the 2 year period of performance monitoring is
shown in Figure 6.3.

2005 2006 2007
sep |oct  [Nov |De Jan___|Feb  |Ma Ap May [dun_ [u Aug _|sep |oct  |Nov |Di Jan__|Feb |Mar _lApr  |Ma Jun__[ul Aug  |sep
Collector 1
Store 1
Collector 2
Store 2
Solar Heat Collection Mode - Building Heating Simulation
De-icing Mode - Building Cooling Simulation
Figure 6.3. Experimental schedule over the 2 year period
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7 Monitoring of the collection and storage of solar heat (23" August to
14™ November 2005)

Monitoring of performance under different operational protocols was carried out over atwo year
period commencing from the start of heat collection in late August 2005. The findings during each
stage are now reported in sequence.

Collection and storage of heat was automatically controlled under mode G (see Table 6.1). When the
temperature of the collector arrays exceeded that of the store arrays by more than 2°C, fluid was
separately pumped from collector 1 to store 1 and from collector 2 to store 2 so elevating the
temperatures of both stores.

7.1 Collector and road temperature

The variations of road surface, collector and air temperatures over |ate summer 2005 are shownin
Figure 7.1. Temperatures towards the end of August were quite high with peak air and collector
temperatures of about 30°C being recorded, whilst road surface temperatures of 40°C were reached.
The daytime values of road surface and collector temperature were of course recorded whilst the heat
collection mode was operative.

— Road surface temperature Collector 2

— Average temperature at Collector 2 pipe array

35

Temperature (°C)
= = N N w
o O o o (5] o

o

45

s — Air temperature (Met Station)

35|
O30 |
(]

Sost

22|

5
~ 15 |
o |
September Oc 1- her November
2005 200! 2005 ‘

Date

o
T

Figure 7.1. Variation of road surface, collector and air temper atures (late summer 2005)
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The temperature profiles measured using the thermistors in the asphalt of the road at 1.15pm on three
dates sl ected to illustrate arange of temperatures are shown in Figure 7.2. On all three occasions, the
transfer of heat from the collectors to the stores was active. The measurements obtained in the
surfacing above both collectors and in the control areawere compared. The results for the hottest day
during the period (31% August) showed a peak temperature of 40°C was reached near the asphalt
surface in the control area. The extraction of solar heat from the asphalt by the two collectors lowered
this surface temperature by about 2°C and the temperature at 100mm depth by a similar amount.
Interestingly, slightly elevated temperatures occurred at 50mm depth in response to the flow of heat
from the surface to the immediate area where heat was being extracted by the pipe arrays (at 120mm
depth of cover) forming the collectors.

A similar mechanism was observed on the other two dates, but to alesser extent as road temperatures
were lower. On 5 October, there was little difference between collector and store temperatures so the
effect, although there, was scarcely noticeable.

31/08/2005
Collector 1

N
o
T

Control
-0
Collector 2
el
14/09/2005
Collector 1

N
o
T

Depth (mm)
(2]
o
T

Control
-9

[oo]
o
T

Collector 2

05/10/2005
Collector 1

100

120 I I I I I I C@Ol
10 15 20 25 30 35 40 43 Collector 2

Temperature (°C) o

Figure 7.2. Comparison of asphalt temperatures at selected dates

7.2  Ground temperatures below the heat stores

Figure 7.3 shows the variation of temperatures with time recorded from 23" August to 14™ November
2005 using the thermistorsin boreholes C (directly below the centre of store 1), D (on itsedge) and E
(2.5m fromits edge). These temperatures are a so compared in Figure 7.4 with the measured global
irradiance and air temperature. The results shows discrete peaks in temperature measured by the
shallow thermistors in boreholes C and D which coincide with sunny days (identifiable from the
irradiance and temperature plots) and relate to periods when heat was being passed to the store. At
depth in these boreholes and in borehole E, a more gradual rise in temperature was measured.

Heat recovery and storage continued throughout most of September with small boostsin store
temperature still occurring on occasional warm days during October. Whilst the overall trend clearly
indicated maximum temperatures at shallow depths below the store pipe arrays during early
September, it is apparent that temperatures at more than 2m depth still increased and did not appear to
stabilise until near the end of October. The concept of interseasonal storage relies on this storage at
depth and, if heat recovery could have been initiated earlier in the year, higher temperatures would
have been expected.

Results from boreholes G, H and | below and adjacent to store 2 were near identical and these are
shown in Figure 7.5.

Distributions of temperature with depth in the boreholes at stores 1 and 2 are shown in Figures 7.6 and
7.7 respectively at selected dates. In all cases the readings were those taken at midnight, i.e. when no
pumps were in operation. The results for the boreholes bel ow the store pipe arrays illustrated the
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effect described above with temperatures building up, especially at shallow depths, during September
in response to heat circulation from the road collectors. Even though the temperatures immediately
below the store arrays started to fall in October, temperatures of the clay at depths of more than 2.5m
(below ground level) continued to show a dlight rise until about the end of the month.

7.3 Ground temperaturesin control areas

Distributions of temperature with depth in borehole A (off-road and 60m to the south of the trial areq)
and in borehole F (in an un-insulated area of road between collectors 1 and 2) are shown in Figure 7.8.
Aswould be anticipated, temperatures were higher at shallow depthsin borehole F rather than
borehole A during September because of the effect of road heating by the sun. Readings were also
available from thermistors installed in borehole B to the north of the trial area, these instruments were
manually read rather than computer logged. Similar results were recorded to those from borehole A.

It must be noted that temperatures in the control boreholes at the same dates were actually higher than
those reported below the heat storesin Section 7.1.1. This apparent anomaly occurred because the
insulation was placed over the heat storesin early May 2005 and this prevented normal heating up of
the ground during the summer. It was not until 23™ August that heat recovery commenced and this
situation started to be redressed.
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Figure 7.4. Variation of air temperature and irradiance with time (late summer 2005)
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(c) Borehole E (2m from edge of store 1)
Figure 7.3. Variation of ground temperatureswith time below store 1 (late summer 2005)
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(c) Boreholel (2m from edge of store 2)
Figure 7.5. Variation of ground temperatureswith time below store 2 (late summer 2005)
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Figure 7.8. Profiles of ground temperaturewith depth at control locations (late summer 2005)

74 Energy recovered and used

The heat flow (Q) being recovered by each collector was determined by measuring the volumetric
flow rate (V) to the pump house and the fluid temperatures in the centre of the flow and return lines
from each collector to the pump house. The temperature difference (AT) between the flow and return
was then used to calculate the heat recovered using the following formula:

Q=c.V.AT

The specific heat capacity (c), if more rigoroudy determined, will depend on both temperature and
pressure of the fluid, but in this case has been assumed to have a constant value of 4.046 joule/gm/°C
for the water/glycol mix (10% concentration by volume). On this basis, after conversion of unitsto
those being measured, the formula applied was:

Q (KW) = 4.046. V (I/9). AT(°C)

The heat transferred to each store was also measured in the same way. In an ideal situation, the heat
collected would equal the heat stored although in reality losses occur during the circulation of the
fluid through the intermediate pipework and pumping system.

Figure 7.9 compares the cumulative heat energy calculated for each collector and store during the
period up to 14™ November. In each case the heat recovered from the collector exceeded the heat
transferred to the store. Although the pipework beneath the ground and in the pump house was
insulated, this difference was accounted for by system losses.
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Figure 7.9. Cumulative heat energy recovered and stored (late summer 2005)

During the period, the cumulative energy recovered from collector 1 was 1.42MWh of which
0.96MWh was transferred to store 1. Less energy, 1.16MWh was recovered from collector 2, although
the energy transferred to store 2 was about the same as store 1. The reason for this discrepancy
between energies from the collectors is not apparent, but may due to a combination of a number of
factors. These factors include the location of collector 2 (which has store 2 under the road beneath it),
dightly different pipe types were used for collectors 1 and 2, and pipe runs between collector 1 and
store 1 were dlightly longer.

In order to assess the overall energy efficiency during this period, the electrical power consumption of
the pumps was monitored using current meters. The cumulative electrical energy used is shownin
Figure 7.10. Compared with the energy recovered from solar heating of the road surface, the electrical
power proved small.

30

— Pump 4
— Pump5

current transformers non-operational

Cumulative electrical power consumption (kWh)

September 2005 October 2005 November 2005

Date

Figure 7.10. Cumulative electrical power used by the pumps (late summer 2005)
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8 Monitoring of the re-use of stored heat for winter maintenance of the
road (15" November 2005 to 20" February 2006)

Following the limited collection and storage of solar heat carried out during the late summer 2005, the
available heat stored in store 2 was used for a preliminary investigation of ice and snow prevention on
the road surface above collector 2 during the period from 15" November 2005 to 20" February 2006.
For this purpose operational mode J (see Table 6.1) was employed using the protocol that when the
road surface temperature fell below 2°C for more than 15 minutes, fluid was pumped from store 2 to
collector 2 to heat the road surface. Conversely when the road surface temperature rose above 2°C for
more than 15 minutes the pump was automatically switched of.

8.1 Temperaturesof theroad surfacein the heated and unheated areas

Figure 8.1 shows the variations of air temperature, road surface temperature in the unheated control
area, and road surface temperature above the operational collector. The results show that air
temperatures fell below -5°C for short periods on afew occasions. At these times the measured

Temperature (°C)

Temperature (°C)

o—m—--——-- 1 1NN L | | —

Air temperature (Met Station) ‘

Temperature (°C)

December January February
25 e | [zoos

Date

Figure8.1. Variations of air temperature and road surface temper atures (winter 2005/06)

temperatures of the road surface in the control area (untreated) were generally slightly higher than the
air temperature and in the range -3°C to -5°C, although generally within this period there were many
occasions when the surface temperature was sub-zero. Close examination of the road surface
temperatures over collector 2 confirmed that generally the surface remained at least 2°C hotter than
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that in the control area. Although the road temperatures over collector 2 did fall below zero on afew
occasions, with only two exceptions the temperatures remained above -1.5°C. In actua practice of
course this temperature does not necessarily mean that icing occurs asit will depend upon therelative
humidity and the dew point.

Clearly in terms of safety of the road user, the formation of any ice cannot be tolerated and the
effectiveness of the winter maintenance protocol was further investigated when afully charged heat
store was available for use in the winter of 2006/07 (Section 10).

8.2 Ground temperatures below heat store 2

The ground temperatures measured at various depths below the pipe array comprising store 2 are
shown in Figure 8.2. In Figure 8.2c it should be noted that the output noise recorded on some of the
thermistorsin borehole | during January are not real, but due to a poor electrical contact which was
subsequently repaired.

Discrete troughs in the graphs of temperature against time (for boreholes G and H) are recorded when
heat is being circulated from the store to heat the road collector: obviously minimum temperatures
tend to occur at night when it is colder. The temperature reductions in the ground are clearly more
noticeable at shallow depths below the store array, thermistors at depths of 7.88m and 12.88m show
very little change in temperature. During intervening warmer periods there is some recovery in
temperature values due to heat transfer from warmer and deeper horizons.

In Figure 8.2 it is evident that the largest fall in temperature occurred in the first month of operating
the winter maintenance protocol. When operating from afully charged store in which the ground at
depth was hotter, the recovery in temperature at shallow depths below the store pipe arrays was more
rapid (see Section 10).
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Figure 8.2. Variation of ground temperatureswith time below store 2 (winter 2005/06)
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8.3 Energy used to heat theroad

The cumulative heat energies extracted from store 2 and passed to collector 2 are shown in Figure 8.3.
Over the period from 15" November to 20" February, these separate measurements (derived from the
flow meters and differential fluid temperatures) both indicated that the heat energy used for road
heating during this period was about 3SMWh. As only about 1IMWh was transferred to store 2 during
the limited heat recovery period (Section 7.4), it was therefore concluded that most of the heat was
extracted from the natural ground. The electrical power consumption of the pump was 173kWh during
this period.
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30 |~
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Figure 8.3. Cumulative heat ener gy used to heat theroad (winter 2005/06)

84 Thermal imaging

A preliminary investigation of the road surface temperature using thermal imaging was carried out
during the evening of 25 February 2006 when air temperatures were predicted to be sub-zero. Details
of thisinvestigation are given in Appendix C.

The thermal imaging successfully detected the presence of the collector pipe array at shallow depth
below the surface. Temperature differences will be greater when circulating fluid from a heat store
which had been fully warmed by a compl ete summer of heat recovery and thermal imaging effects
will then be even more pronounced.

The findings demonstrate that thermal imaging is an effective “trouble-shooting” tool when operating
under-road heating systems and in particular can assist with:

(1) detecting fluid leaks if they should arise,
(i) detecting cold spots which might present a safety hazard to road users,

(iii)  detecting heating pipe locations to avoid subsequent damage during road maintenance
operations or installation/repair of buried services.
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9 Monitoring of the collection and storage of solar heat (27" April to 31%
October 2006)

The second period of collection and storage of solar heat from the road surface was commenced on
27" April 2006. Heat recovered from collector 1 was transferred to store 1, and likewise from
collector 2 to store 2. The process continued satisfactorily until 18" May when significant airlocks
prevented operation. Fortunately this down time coincided with the wet May so loss of solar heat
which would have otherwise been recovered was minimal. Some limited operation recommenced on
1% June, although full operation was again in progress from 7" June after repair of awater leak at a
manifold connection from one of the road |oops from heat store 2.

A heat wave was experienced from 30™ June for about 1 week with further very hot spells during July.
Peaksin road, collector and store temperatures were apparent at these times.

9.1 Collector and road temperature

Figure 9.1 shows the variation of the road surface temperature, the average collector temperature and
the air temperature with time over the summer 2006 heat collection period. The hot spells of late
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Figure9.1. Variation of air, road surface and collector temperatures (summer 2006)
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June and July produced maxima in the temperatures as expected. During July when the air
temperature peaked at 34°C, a peak road surface temperature of 50°C was recorded. At thistime, the
temperature of the operating heat collector array reached 38°C. Significant heat was transferred to the
ground heat store at thistime asisreported in Section 9.4. Theresultsin Figure 9.1 are for collector 2;
those for collector 1 are very similar.

The temperature distributions recorded in the asphalt at 1.15pm on two selected dates when the
transfer of heat was active are shown in Figure 9.2. Measurements obtained in the asphalt surfacing
above both collectors and in the control area are compared. The extraction of heat lowered the surface
temperatures by a few degrees compared with that in the control area. The readings on 12" May also
indicate that the temperatures at 100mm depth near to the collector pipe arrays were reduced due to
the heat recovery than in the control area. It is likely that the same effect occurred on 27" July
although the comparison was limited because of failure of the deepest thermistor in the control area.
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- (_:)_
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_._
Collector 2
27/07/2006
Collector 1
- @_
Control
_._

Collector 2

20

40

60 -

Depth (mm)

100 |

120 ‘ ’
25 30 35 40 45

Temperature (°C)

Figure 9.2. Comparison of asphalt temperatures at selected dates

9.2 Ground temperatures below the heat stores

Figures 9.3 and 9.4 show the variations with time of the subsurface temperatures measured in the
ground below stores 1 and 2 respectively. In both cases, the thermistor measurements from boreholes
directly below the centre of the store, on its edge, and at 2.5m from its edge are shown.

Generally the rate of increase in the ground temperatures bel ow each of the store pipe arrays was
related to the solar irradiance and the air temperature. These parameters are plotted against timein
Figure 9.5.

In Figures 9.3 and 9.4, the mechanism of heat transfer from the pipe array to the underlying clay is
clearly illustrated as the temperature peaks at different depths are out of phasein terms of time. For
example, the peak in temperature on thermistor C1 at pipe invert level in Figure 9.3a occurs towards
the end of July whilst on thermistor C5, at 1m below pipe invert, the peak occurs alittle later in early
August. This behaviour is consistent with the heat building up slowly at depth and it is achieving a
good depth of penetration of the heat which is essential to the success of the technique.

The distributions of temperatures with depth in each borehole are shown in Figure 9.6 and 9.7 for
stores 1 and 2 respectively. In both cases a marked increase in temperature at depths of up to about
4m was recorded in al boreholes directly beneath the pipe array comprising each store by 3 July
(during the heat wave). Although some increase in temperatures of afew degrees was recorded at
similar depthsin boreholes E and | (offset from the stores by 2.5m), compared with the other
boreholes the limited nature of this increase indicated that the insulation to the side of each store was
fulfilling its purpose.
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Figure 9.3. Variation of ground temperatureswith time below store 1 (summer 2006)
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The ground temperatures peaked on 27" July 2006 (Figures 9.6 and 9.7) and a contour plot of the
temperatures below store 2 is shown in Figure 9.8. This contour plot illustrates that ground
temperatures reached 26°C below the under-road store and were generally dightly higher under the
centre rather than the edge of the road as would be expected. Temperatures at 2.5m away from the
edge of the heat store and beneath the insulated verge areafell off to about 15°C at store pipe level.
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Figure 9.8. Contour plot of ground temperatures below store 2 on 27 July 2006
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9.3 Ground temperaturesin control areas

Figure 9.9 shows the temperature profiles in the control boreholes in the ground and untreated section
of road. If the temperatures at 0.875m depth (ie. store pipe level) on 3" July are compared, the results
are asfollows:

e 27.7°C temperature below the centre of under-road store 2 (Figure 9.7);

e 25.4°C temperature below the centre of off-road store 1 (Figure 9.6);

e 22.2°C temperature below the centre of the untreated road (Figure 9.8);

¢ 18.6°C temperature in the ground remote from the instrumented area (Figure 9.8).

On this basis, under-road store 2 was about 2°C hotter than the off-road store 2. Asfirst sight thiswas
surprising as store 2 was initially more depleted because of the winter maintenance protocol which
was previously operated from it. However the results in Section 9.1 indicated that collector 2 was
always dightly hotter than collector 1 because of the insulating effect of the polystyrene placed below
it. For this reason more heat was transferred from collector 2 to store 2 as discussed in Section 9.4.

Aswould be anticipated, temperatures below the untreated road were lower than those in the treated
road, although higher (because of absorption of the solar irradiation by the asphaltic surface) thanin
the ground adjacent to the road.
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Figure 9.9. Profiles of ground temperaturewith depth at control locations (summer 2006)

9.4 Energy recovered and used

The cumulative heat energies transferred between the collectors and stores are shown in Figure 9.10.
These energies are calculated in the normal way using the flowmeter and associated thermistor
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measurements from the start of heat recovery on 27" April 2006. As noted in Section 7.4, the heat
recovered from the collectors again exceeded the heat transferred to the stores because of heat |osses
in the connecting pipework and pumphouse.

More heat was generally transferred to store 2 than store 1, i.e. about 6.5MWh as opposed to 4AMWh
respectively. Thiswas considered to be for two main reasons (a) initial temperaturesin store 2 were
lower than those in store 1 because heat store 2 was depleted by the winter maintenance schedule (b)
collector 2 was completed unshaded whereas collector 1 was partially shaded by treesin the late
afternoon. Losses of about IMWh and 1.6MWh occurred in transferring heat from collectors 2 and 1
respectively, this may because dightly longer header pipes were used in the latter case or because
store 2 was beneath the road rather than adjacent to it.

Figure 9.11 shows the cumulative electrical power used in operating pump 4 (collector 1/store 1) and
pump 5 (collector 2/store 2). Slightly more electricity was used by the latter, which was consistent in
that more solar heat was recovered. However in both cases the electrical power used was small and
the average of the power used by pumps 4 and 5 was 370kWh over the summer period.
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— Collector 1
— Collector 2
~— Store 2

Cumulative heat energy (MWh)

June 2006 August 2006 October 2006

Date

Figure 9.10. Cumulative heat energy recovered and stored (summer 2006)

500

400 /

300 -

— Pump 4
— Pump5

200

100 |-

Cumulative electrical power consumption (kWh)

June 2006 August 2006 October 2006

Date

Figure 9.11. Cumulative eectrical power used by the pumps (summer 2006)
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9.5 Numerical modelling

Analyses were carried out using computational fluid dynamics (CFD) to predict the heat energy
recovered during the course of the trial and the usage of this energy for the winter maintenance of a
road surface. A full description of the model used, the mesh design, the soil parameters, and the
findingsisgivenin Appendix D.

Following validation of the model after comparing the predicted and measured heat recovery over the
August and September 2005, an analysis was undertaken to estimate the annua heat collection
capacity for a system implementing a road winter maintenance protocol only.

On the basis of this stabilised model, the total annual solar heat transfer cal culated was then
approximately 4.9MWh/annum. This prediction can be compared with the measured values of hest
energy recovered in summer 2006 and shown in Figure 9.10. The measurements showed that more
heat was generally transferred to store 2 than store 1, i.e. about 6.5MWh as opposed to 4AMWh
respectively. The predicted value of 4.9MWh therefore showed good agreement with the
measurements.
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10 Monitoring of there-use of stored heat for winter maintenance of the
road (1¥ November 2006 to 1% Mar ch 2007)

The 6.5MWh of solar heat transferred to store 2 (under-road) during the summer of 2006 was re-used
to provide winter maintenance of the road surface above collector 2. Asreported in Section 8, the
operationa protocol was that when the road surface temperature fell below 2°C for more than 15
minutes, pump 5 was activated to circulate fluid to heat the road surface.

It should be noted that the heat contained in store 1 was used for a separate experiment carried out
simultaneoudly to simulate the heating of nearby buildings; these findings are discussed in Section 11.

10.1 Temperaturesof theroad surfacein the heated and unheated areas

A comparison of the road surface temperatures in the heated and unheated sections of road is shown
in Figure 10.1. Also shown are the associated air temperatures obtained from the weather station at
the site. For convenience of scaling, only temperatures below 3°C are shown in these plots.
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Figure 10.1. Variation of air temperature and road surface temper atur es (winter 2006/07)
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Examination of the findings shows that, when the road surface temperature fell below 2°C and the
heating was activated, this section of road was generally about 3°C hotter than the unheated area.

Almost without exception the heated area of road remained above freezing until the period of
extremely cold weather in early February, whereas there were quite afew occasions when sub-zero
temperatures were recorded in the unheated area.

On February 7™ extreme surface temperatures of -6°C and -3°C were measured for afew hours on the
unheated and heated sections respectively, as aresult the system briefly struggled to maintain the road
above freezing.

The events during the snowfall on the following day are shown in Figure 10.2. The system did not
prevent the snow settling® although the road surface temperature was being maintained between 0°C
and +0.5°C at the time of the fall. However the snow in the Toddington area thawed fairly rapidly
during the morning of the day of thefall, and it was therefore not possible to assess the influence of
the under-road heating on the thawing process.

* Salting at some stage Treated surface

3r during the morning /

2 [ start of snow Snow gone

AL

AN

Untreated surface

Road surface temperature (°C)

. . | |
0.00 5.00 10.00 20.00

15.00
Time on 8 Feb (hours)

Fig 10.2. Sequence of events during the snow fall on 8" February 2007

It is believed that fine tuning of the system in one or a combination of the following ways would
prevent the snow settling on future occasions.

i.  having the heat pipe array at a shallower depth in the asphalt is predicted by numerical
analysis to be more efficient than the current 1220mm depth. However in heavily trafficked
roads, durability and maintenance issues may preclude this.

ii. using smarter sensing of atmospheric conditions and better control protocols would prevent
unnecessary triggering of road heating on occasions when sub-zero temperatures do not
result inice formation. Avoiding heat wastage should improve efficiency later in the winter
season. For example, the under-road heating was activated on 16 more days than the 28 days
in which salting took place on the nearby motorway (see Table 10.1). It is also worth noting
that two salting runs were carried out on four of these days and six runs on 8" February.

2 Although it is by no means certain, it can be postulated that if there had been any significant traffic on this
access road, the combined effect of heating and trafficking might possibly have preventing the snow from
settling.
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iii. by using techniques of temporarily boosting the heat output in extreme weather conditions,
such as employing a heat pump.

Table 10.1 gives afull comparison of the times at which the under-road heating was switched on (i.e.
when the road surface temperature fell below 2°C) with the occasions when salt spreading took place

on the nearby M 1.

Table 10.1 Comparison of timeswhen road heating and salting took place

DATE ONTIME OFF TIME DURATION SALTING
03/11 00:15 09:15 9 N
04/11 01:00 09:45 8.75
06/11 06:15 06:30 0.25
09/11 24:00 08:30 85 N
18/11 02:45 09:45 7 N
18/11 23:15 10:15 11 N
21/11 06:00 09:45 3.75
22/11 06:15 09:15 3
08/12 20:45 11:00 14.25 N
09/12 20:15 11:15 15 N
11/12 23:15 10:15 11 N
16/12 20:45 11:30 14.75 N
18/12 01:00 06:15 5.25 N
19/12 17:45 11:45 (21/12) 42 v (2 Runs)
2112 17:45 13:00 19.25
22/12 17:15 12:30 19.25 N
27/12 17:15 19:45 25
29/12 06:45 08:15 15
01/01 10:00 10:45 0.75
01/01 22:30 11:30 13
02/01 21:30 02:30 5
06/01 01:45 05:15 35
06/01 23:00 02:45 3.75
14/01 05:15 10:30 5.25 N
14/01 21:45 10:00 12.25
21/01 07:00 10:45 3.75
21/01 21:15 01:00 3.75 N
22/01 18:45 12:45 18 N
23/01 18:15 12:15 18 v (2 runs)
24/01 18:45 12:15 17.5 v (2 runs)
25/01 18:30 11:30 17 N
27/01 03:15 10:45 75 N
31/01 01:30 10:45 9.25
03/02 00:15 11:00 10.75 N
03/02 22:00 11:15 13.25 N
05/02 00:30 10:15 9.75 N
05/02 19:45 12:00 16.25 N
06/02 19:00 12:30 17.5 N
07/02 18:45 15:15 20.5 V(2 runs)
08/02 18:00 12:00 18 \ (6 runs)
09/02 19:30 02:45 7.25 N
10/02 06:45 08:00 1.25
14/02 22:45 09:30 10.75 N
17/02 06:30 10:00 35 N

* Shaded dates indicate road heating of duration of 3 hoursor less.
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As might have been expected the resultsin Table 10.1 demonstrate over-usage of the under-road
heating in certain situations. For exampl e the road heating was operating near continuously in the
foggy spell between 19" and 23" December when the relative humidity was greater than 97% and the
road and air temperatures were both less than 2°C throughout each day. Salt spreading activities were
far more limited during this period. Also indicated in Table 10.2 are dates when the road heating was
switched on for a period of 3 hours or less. No salt spreading took place on these dates and a small
amount of heat was therefore wasted from the heat store on these occasions.

10.2 Ground temperatures below the heat stores

The ground temperatures measured at various depths below the pipe array comprising store 2 are
shown in Figure 10.3. Fallsin temperature are recorded when heat is being extracted from the store to
heat the road surface at the timesindicated in Table 10.1 and these temperature reductions are
particularly noticeable in the few metres of ground immediately below the store pipe array.

During intervening warmer periods thereis some recovery in temperature val ues due to heat transfer
from warmer and deeper horizons. It is the magnitude of this recovery which is particularly important.
Comparison with similar plots shown in Figure 8.2 for winter 2005/06, when the heat store was only
partialy charged, show much better recovery in winter 2006/07. For example Figure 10.3a shows that
after mgjor dips in the temperature of thermistor G9 (shallowly placed in borehole G near the centre
of the heat store), measured temperatures gtill recovered to about 10°C throughout the winter 2006/07.
Thisisin contrast to the results shown in Figure 8.2 where recovery was only to atemperature of
about 7°C. As the system operates on narrow margins of temperature the better performance in
2006/07 can be directly attributed to having afully charged heat store.

Further details of the distribution of temperature with depth below and adjacent to store 2 are shown
in Figure 10.4. The starting profiles are shown for 1% November 2006, at which time the road heating
protocol was activated, and these clearly indicate high temperatures beneath the pipe array after a full
summer of heat collection. Some depletion of the store heat had occurred by 1% January after two
months of winter maintenance, but nevertheless the results in Figures 10.4a and 10.4b indicate that a
bulb of higher temperatures still remained, peaking at about 4m depth below ground level. However,
activation of road heating during the colder weather during late January and early February 2007
caused a noticeable drop in this reservoir of heat. Although some recovery in temperature
subsequently occurred in the ground immediately below the store pipes, by the end of the winter
season temperatures were fairly constant with depth and in the range 10-11°C.
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(c) Borehole I (2m from edge of store 2)
Figure 10.3. Variation of ground temperatureswith time below store 2 (winter 2006/07)
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10.3 Energy used to heat road

The cumulative heat energy used to heat the road is shown in Figure 10.5. These data were obtained
from the flow meters and differential fluid temperatures measurementsin the header pipesto collector
2 and from store 2. Good agreement was obtained between the measured heat flows as would be

anticipated.

Of the 6.bMWh of solar heat transferred to the store during the summer of 2006, about 2.5MWh was
required to heat the 150m? area of road during winter 2006/07. This latter value can be compared with
the heat energy of about 3MWh required during winter 2005/06. These findings were reasonably
consistent bearing in mind that winter 2006/07 was generally fairly mild with the exception of two
cold spellstowards the end of January and in early February. These two cold spells alone accounted

for about IMWh of the 2.5MWh used.

An overall eectrical power consumption of approximately 95kWh was used for winter maintenance

during 2006/07.

-05 [~

-15

Cumulative heat energy (MWh)

December 2006

January 2007

February 2007

March 2007

Figure 10.5. Cumulative heat energy used to heat the road (winter 2006/07)

10.4 Numerical modelling

Following the successful CFD modelling of the annud solar hear recovery, the analysis was extended
to investigate the performance during the associated period of winter maintenance. Full details of the
analysis and its findings are given in Appendix D.

Date

— Store 2
— Collector 2

The simulation of the winter maintenance protocol revealed that the performance, (i.e. the heat output
and the ability of the system to raise the temperature of the collector surface relative to the control
surface) increases with the starting temperature of the store and decreases with the depth of the

collector pipe beneath the road surface.

In summary, the simulation clearly demonstrated that a pipe invert depth of 90mm gives an improved
heat output relative to a system with a pipe invert depth of 140mm. The heat output increased by up to
20% for cool initial store temperatures of 5°C, and by about 8% when theinitial store temperatures

were devated to 19°C.
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Whereas the measurements (described in Section 10.1) indicated that generally the heated road
surface remained at least 2°C hotter than that in the control area at atime when the store temperature
was at the low end of the modelled range, the calcul ated performance from the CFD modelling
slightly under-predicted this measured performance.

10.5 Wholelife costing of winter maintenance system

A detailed whole life costing of interseasonal heat storage was reported by Carder (2005) in aninitia
feasibility study prior to thistrial and this analysis was subsequently refined in the light of the
experience and cost data obtained during the trial. Full details of this new study are presented in
Appendix E.

Thewhole life cost eval uated using the above factors over a 30 year accounting period was found to
be £164,293 for 100m length and two lanes. Taking account of the annual discount rate of 3.5% this
means that a saving of £8,631 per annum needs to be made for break even over the 30 year period for
this section of road.

It must be noted that a very significant increase in the overall effectiveness of the interseasona heat
transfer system is expected to occur if the collector pipe array is at a shallower depth in the road than
that used at Toddington. However apart from the effect this would have on the pavement maintenance
schedule and the associated cost implications in replacing the collector pipe array if planing occurred
to pipe depth, there are concerns about the increased risk of reflection cracking of the pavement
surface. Currently, for this latter reason alone, it is not envisaged that the depth of cover to the pipes
can be reduced below 100mm on UK motorways and trunk roads subjected to heavy trafficking. The
situation is clearly different for local roads, car-parks, etc. where trafficking is lighter.

Appendix E also compares the costs of operating a renewable energy system, electrical under-road
heating, and salt spreading. At first sight, the operating costs of salt spreading are lower than those of
an interseasonal heat transfer system, and both are an order of magnitude lower than those of atotally
electrical system as might be expected. However alowance needs to be made for the fact that
operating costs derived for salt spreading take no account of the time of supervisory staff and weather
forecasting for which no figures are readily available. In summary, treatment of well-known cold
spots on the highway network or treatment of glip roads and interchanges may provide cost effective
locations for initial implementation of interseasonal heat transfer systems.
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11 Building heating simulation (14" December 2006 to 31% April 2007)

The design of the pump house and its principles of operation (Figure 6.2) were such that the effects of
heating a building using interseasonal heat transfer could be investigated. Solar energy was collected
from the road surface during summer 2006 and retained in the off-road heat store (store 1). In
response to the demand for building heat, fluid was pumped from the ground heat store to the heat
pump (H in Figure 6.2) where its temperature was el evated to maintain the temperature in the buffer
vessel at a maximum temperature of 36°C. Heat was then rejected from the buffer vessel at a pre-
programmed rate using the dry air coolers which comprised the heat dump D. The control protocols
also allowed for some direct pre-heating of the buffer vessel from the ground store bypassing the heat
pump when necessary. The magnitude of the heat dumped was measured using heat meter HM5.

The sequence of buffer heating and heat rejection employed during the smulationis given in Table
11.1.

Table 11.1. Sequence of buffer heating and heat rgjection

Buffer Planned heat reection
heating
Start date Finish kW Iqad
date Timeperiod | Timeperiod set point
14/12/2006 | 31/12/2006 | 08:00 - 18:00 | 16:00-18:00 5
10/01/2007 | 10/01/2007 | 08:00 - 18:00 | 14:00-16:00 20
11/01/2007 | 24/01/2007 | 08:00 - 18:00 | 14:00-16:00 10
25/01/2007 | 07/02/2007 | 08:00 - 18:00 | 12:00-16:00 10
08/02/2007 | 28/02/2007 | 08:00 - 18:00 | 10:00-18:00 10
01/03/2007 | 07/03/2007 | 08:00 - 18:00 | 12:00-16:00 10
08/03/2007 | 31/03/2007 | 08:00 - 18:00 | 10:00-18:00 10
01/04/2007 | 07/04/2007 | 08:00 - 18:00 | 12:00-16:00 10
08/04/2007 | 30/04/2007 | 08:00 - 18:00 | 10:00- 18:00 5

The relevant measurements taken during the building heating simulation are now described.

11.1 Ground temperature below the heat store

The ground temperatures measured at various depths below the pipe array comprising store 1 are
shown in Figure 11.1. Reductionsin temperature are recorded when hest is being extracted from the
store and regjected to simulate the heating of anearby building. These temperature reductions are
particularly noticeable on the thermistors in the first metre of ground immediately below the store
pipe array, i.e. on thermistors 9, 10 and 11 in boreholes C and D. At these depths, heat extraction in
the first few months caused arapid fall in temperatures although from February these temperatures
stabilised as heat replenishment from depth approximately balanced the heat being extracted from the
ground store.

The ability to replenish the heat in the store pipe array is further indicated in the plots of temperature
against depth shown in Figure 11.2. Prior to commencement of heat extraction (13" December 2006),
abulb of higher temperatures existed bel ow the store pipesin boreholes C and D down to a depth of
about 5m. Towards the end of January the heat extraction caused some reduction in temperatures at
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Figure11.1. Variation of ground temperatureswith time below store 1
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these depths, however it is evident from Figure 11.2(i) and (ii) that areserve of heat still remains at
depth below the store array. This enabled further heat extraction to proceed in the following three
months. By the end of April this bulb of temperature had diminished further and continued operation,
although feasible, was probably extracting naturally occurring geothermal heat from the ground rather
than the solar heat recovered from the road surface in the previous summer.

The replenishment of the heat (extracted by the store pipe array) from the ground below is
fundamental in the operation of an interseasonal heat transfer system. It should be noted that the rate
of replenishment will depend on the thermal conductivity and specific heat of the soil strata, and the
temperature difference between the soil below the store and the fluid in the pipe array transferring the
heat.

11.2 Measured heat rejection

The measured heat rejection is compared with the heat recovered from the ground heat storein Figure
11.3. During this investigation 4.05MWh of heat was rejected in the building heating simulation and
of this 3.66MWh was extracted from the heat store prior to boosting the fluid temperature using the
heat pump.

— Measured heat rejected — Heat used from store 1

Cumulated heat energy (MWh)

April 2007

February 2007 March 2007

Date

Figure 11.3. Comparison of measured heat rejected and store heat used during building heating
simulation

11.3 Electrical energy used

An evaluation of the heat rejected against the electrical power used in running the pumps was carried
out on an arbitrary date (1% February 2007) when rejecting heat at a planned rate of 10kW per hour
over a4 hour period. Measurements of flow rate and differential temperatures confirm that 40.7kWh
was actually rejected for building heating purposes, whilst 12.7kWh was actually recovered from the
ground heat store during the 4 hour period.

Current (RMS) measurements on the various pumps over the period from 12:00 to 16:00 on the 1%
February confirm that the AC electrical power used was as follows:
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* the heat pump used 14.812 kWh,
e pump 4 (circulating from the heat store to the heat pump) used 3.273 kWh,
e pump 3 (circulating between the heat pump and the buffer vessel) used 3.148 kWh.

The efficiency of aground source heat pump system is measured by the coefficient of performance
(CoP). Thisistheratio of units of heat output for each unit of electricity used to drive the compressor
and pump for the ground loop. From the figures above the CoP of the overall system at Toddington
can be calculated from 40.7/(14.812+3.273+3.148) = 1.92. However it must be noted that this
calculation includes the losses due to the addition of pump 3 and the buffer vessel, which may not be
required in every situation or could be considered to be part of the building heating system. If
allowanceis made for these factors, it would be expected that the CoP of the heat pump would be
between 3 and 4 asisnormal.

The efficiency of the unit and the energy required to operate it are directly related to the temperatures
between which it operates. In heat pump terminology, the difference between the temperatures where
the heat is extracted and the temperature where the heat is delivered is called the “lift.” The CoP of
the system will show some variation and the smaller the lift, the higher the efficiency will be.

In this prototype experiment, the required capacity of the heat pump was estimated using the best
information available. Retrospectively it is considered that the heat pump was oversized for the
application, asmaller heat pump would probably have cycled less frequently and hence been more
efficient.
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12 Building cooling simulation (1* May to 31% August 2007)

The procedure used for the building heating simulation reported in Section 11 was effectively
reversed to simulate cooling of a building in the summer. The ability to cool abuilding is an important
feature of any interseasonal hesat transfer system in view of the increased temperatures likely in
extended summer periods which are predicted to occur as aresult of globa warming.

The building cooling protocol works in asimilar way to the heating simulation. Heat is moved

from the simulated building (buffer vessel) to heat store 2 (viathe heat pump). The rate of transfer of
heat to the store attempts to match the cooling load entered into the pre-programmed |ook-up table
and is measured by a heat meter which is used for control and monitoring. The fans pass outside air
over the fluid circulating from the buffer vessel thereby raising its temperature, causing an increase in
cooling demand to match the load defined in the look-up table.

The building cooling simulation commenced on 1% May extracting heat under aload of 10kW from

2pm to 6pm for the first seven days with a subsequent break for the following two days to assess the
preliminary results. Building cooling was then recommenced on the 10" May under aload of 10kW
from 8am to 6pm on a daily basis until 31% August.

12.1 Ground temperature below the heat store

The ground temperatures below store 2 increased rapidly as heat was extracted from the air by the dry
air coolers and passed to the pipe array comprising store 2. Figure 12.1 shows the subsurface ground
temperatures measured below the pipe array. A steady build-up in ground temperature was recorded
on the thermistorsin boreholes G and H below the centre and edge of store 2 respectively. Only small
changes in temperature were measured in borehole | below the insulation and at 2m from the edge of
the store, this tended to confirm that heat |eakage laterally from the ground store was relatively small.
The increases in temperature in boreholes G and H show some peaks and troughs according to the
ambient air temperature and how much heat could be successfully extracted by the dry air coolers.

The distributions of temperatures with depth in each borehole are shown in Figure 12.2. In boreholes
G (centre of store) and H (edge of store), temperatures decreased in an exponential manner with depth
from rhespective peak temperatures of 28.0°C and 24.6°C measured immediately below the store pipes
on 18" July.

Aswould be anticipated the transfer of heat to store 2 during the building cooling simulation in 2007
was significant and it is therefore unsurprising that the temperatures of the ground recorded during the
simulation exceeded those achieved whilst recovering solar heat from the road surface in 2006. For
compl eteness this comparison is shown in Figure 12.3 for the thermistors in the borehol e below the
centre of store 2 for two dates, namely 27" July (as temperatures peaked then during solar heat
recovery in 2006) and 31% August (on completion of the building cooling simulation in 2007). On 27
July, temperatures were not much different in 2006 and 2007 athough temperatures between 2m and
8m depth were slightly higher in the latter case indicating more heat stored in the ground at these
depths by the building cooling simulation. Figure 12.3(ii) shows that by 31% August the ground
temperatures at al depths developed during the building cooling simulation exceeded that from solar
heat recovery from the pavement. Clearly winter maintenance procedures would benefit from being
coupled to a hotter store resulting from a building cooling regime in the summer; however in redity it
would normally be preferred to operate building cooling and heating protocol s together.
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Figure12.1. Variation of ground temper atureswith time below store 2 (building cooling)
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Figure 12.3. Comparison of measured ground temperaturesduring solar heat recovery (2006)
and building cooling simulation (2007)

12.2 Heat extracted from thedry air coolersand heat transferred to store 2

The heat extracted by the dry air coolers during the period from 1% May to 31% August is shown in
Figure 12.4 and amounted to atotal of 9.96MWh. Also shown is the rate of heat transfer to store 2 and
atotal of 10.01MWh was transferred over the period. As this process was assisted by appropriate
operation of the heat pump where necessary, the quantity of heat transferred to the store dightly
exceeded that extracted by the coolers.

12

‘ — Heat extracted — Heat transferred to store 2 ‘

i
o
T

©

Cumulated heat energy (MWh)

June 2007 July 2007 August 2007 Sept. 2007

Date

Figure 12.4. Comparison of measured heat extracted and heat transferred to storeduring
building cooling ssimulation
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12.3 Electrical energy used

An evaluation of the heat transferred to the store against the el ectrical power used in running the
pumps was carried out on an arbitrary date (30" June 2007) when extracting heat under aload of
10kW from 8am for a 10 hour period. Measurements of flow rate and differential temperatures
confirm that 88.1kWh was actually extracted from the simulated building for cooling purposes, whilst
137.7kWh was actually transferred to the ground heat store.

Current (RMS) measurements on the various pumps over the period from 8:00 to 18:00 on the 30"
June confirm that the AC electrical power used was as follows:

» the heat pump used 76.833kWh,
e pump 5 (circulating from the heat store to the heat pump) used 3.725 kWh,
* pump 3 (circulating between the heat pump and the buffer vessel) used 8.216 kWh.

The efficiency of aground source heat pump system is measured by the coefficient of performance
(CoP). Thisistheratio of units of heat output for each unit of electricity used to drive the compressor
and pump for the ground loop. From the figures above the CoP of the overal system at Toddington
can be calculated from 137.7/(76.833+3.725+8.216) = 1.55. However it must be noted that this
calculation includes the losses due to the addition of pump 3 and the buffer vessel, which may not be
required in every situation or could be considered to be part of the building cooling system. If
allowance is made for these factors, as with the building heating simulation, it would be expected that
the CoP of the heat pump would be better than this. Once again more appropriate sizing of the heat
pump would have improved efficiency by reducing its cycling.
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13 Conclusions

The use of interseasonal heat transfer systems incorporating solar energy collectors in the road and
shallow insulated heat stores in the ground is currently innovative and at the forefront of technology.
A magjor instrumented tria of the technique was undertaken on an access road near Toddington which
involved constructing two solar heat collectors (pipe arrays each 5m wide by 30m long installed at
120mm depth below the road surface) and two insulated heat stores of similar dimensions but at
875mm depth. One store was beneath the road and the other beneath the verge to simulate new
construction and retrofit install ations respectively.

The solar heat recovered from the road surface was used to investigate the winter maintenance of the
road surface and the heating of nearby buildings. The cooling of a building was separately simulated.
The following main conclusions were reached.

Solar heat recovery in summer

1. Following commissioning in August 2005, about IMWh of heat energy was transferred to
each heat store (of 150m* area) during the limited solar heat recovery period from 23" August
to 14™ November 2005. During this period, peak air and road surface temperatures of 30°C
and 40°C respectively were recorded in the first few weeks, after that temperatures showed
their expected seasonal reductions.

2. During afull season of heat recovery in 2006 measurements showed that 4AMWh and 6.5MWh
of heat energy were transferred to store 1 (off-road) and store 2 (under-road) respectively.
This difference was not considered to be a consequence of the different store locations, but
primarily a consequence of the thermal history in that store 2 was depleted by the previous
winter maintenance schedule. During July when the air temperature peaked at 34°C, peaks of
50°C and 38°C were recorded at the road surface and at collector pipe level respectively.

3. Generally the major increases in ground temperature occurred at depths of up to 4m within
the ground heat stores, athough very small changesin temperature were measured down to
about 8m depth.

4. Computational fluid dynamics using a stabilised model (related to winter maintenance
demand) predicted a heat energy recovery of 4.9MWh per annum. The predicted value
therefore showed good agreement with that measured and confirmed the validity of the
model.

Winter maintenance of the road surface

5. Following the limited collection and storage of solar heat carried out during the late summer
of 2005, the available heat in store 2 was used for a preliminary investigation of de-icing of
the road surface during the following winter. For this purpose an operational protocol was
employed which pumped fluid from the heat store to collector when the road surface
temperature fell below 2°C for more than 15 minutes. Although the road temperatures over
collector 2 did fall below zero on afew occasions, with only two exceptions the temperatures
remained above -1.5°C. In actual practice sub-zero temperature does not necessarily mean that
icing occurs asit will depend upon the relative humidity and the dew point.

6. A more extensive study operating from afully charged heat store was carried out in the winter
of 2006/07. When the road surface temperature fell below 2°C and the heating was activated,
this section of road was generally maintained at a temperature about 3°C hotter than that of
the unheated control area. Almost without exception the heated area of road remained above
freezing until the period of extremely cold weather in early February 2007. On February 7™
extreme surface temperatures of -6°C and -3°C were measured for afew hours on the
unhested and heated sections respectively. On the following morning snow fell and briefly
settled although the road surface was being maintained between 0°C and +0.5°C at the time.
Following thisincident, no further issues were encountered in keeping the road surface above
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freezing. About 2.5MWh of heat energy was used to heat the test section (150m?) of road in
the generally mild winter of 2006/07, more generally it is considered that SMWh istypically
needed per winter.

It is believed that fine tuning of the system in one or a combination of the following ways
could prevent the snow settling on future occasions:

» having the heat pipe array at a shallower depth would improve the efficiency of both the
heat collection and winter maintenance procedure?®,

» smarter sensing of atmospheric conditions and refinementsin the control protocols would
prevent unnecessary triggering and hence heat wastage on occasions when sub-zero
temperatures do not result in ice formation. For example, the under-road heating was
activated on 16 more days than the 28 days on which salting took place on the nearby
motorway.

» by using techniques of temporarily boosting the heat output in extreme weather
conditions, such as employing a heat pump.

Numerical modelling (CFD) of the summer solar heat recovery was extended to investigate
winter maintenance performance. The simulation confirmed that the heat output to the road
surface increases with the starting temperature of the heat store and decreases with depth of
the pipe array beneath the road surface. A change in pipe invert depth from 140mm to 90mm
increased heat output by 20% when starting from a cool store temperature of 5°C. An increase
of about 8% occurred when store temperatures were elevated to 19°C. The calculated
performance from the modelling slightly under-predicted the measured uplift in road surface
temperature.

Thewhole life costs of awinter maintenance system (incorporating summer heat recovery)
evaluated over a 30 year accounting period was found to be £164,293 for 100m length and
two lanes. Taking account of the annual discount rate of 3.5% this meansthat a saving of
£8,631 per annum needs to be made for break even over the 30 year period for this section of
road. The costs of operating a renewable energy system, electrical under-road heating, and
salt spreading were compared. At first sight, the operating costs of salt spreading are lower
than those of an interseasonal heat transfer system, and both are an order of magnitude lower
than those of atotally electrica system as might be expected. However alowance needs to be
made for the fact that operating costs derived for salt spreading take no account of the time of
supervisory staff and weather forecasting for which no figures are readily available. It was
concluded that treatment of well-known cold spots on the highway network or treatment of
dlip roads and interchanges may provide cost effective locations for initial implementation of
interseasonal heat transfer systems.

Building heating simulation

10.

11.

An investigation of the performance when heating a nearby building using interseasonal heat
transfer was carried out from December 2006 to April 2007. Solar heat recovered during
summer 2006 was used in response to the ssmulated demand for building heat. This
simulation protocol extracted heat from the stores, and delivered it (via aheat pump) to a
buffer vessal. The buffer vessel simulates the heat load of a building by losing heat to the
atmosphere at arate determined by a pre-programmed |ook-up table.

During this investigation 4.05MWh of heat was rejected in the building heating simulation
and of this 3.66MWh was extracted from the heat store prior to boosting the fluid temperature
using the heat pump. Some €l ectricity was used to drive the pump circulating fluid from the

% Apart from the effect this would have on the pavement maintenance schedule and the associated cost
implications in replacing the collector pipe array if planing occurred to pipe depth, there are concerns about the
presence of the pipe array at shallower depth increasing the risk of reflection cracking of the pavement surface.
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heat store to the heat pump, and the heat pump itself, and this needs to be taken into account
in ng the coefficient of performance (CoP) of the system. The system CoP varied but
was typically about 2, whereas the CoP for the heat pump alone would be expected to be at
least twice this value. However a higher CoP would probably have been achieved with a
smaller heat pump.

12. By the end of April 2007 the solar heat recovered during the summer had been depleted and
continued operation, although feasible, was probably extracting naturally occurring
geothermal heat from the ground rather than stored solar heat.

Building cooling simulation

13. The procedure used for the earlier building heating simulation was effectively reversed to
simulate cooling of a building in the summer (May to August 2007 inclusive). The ability to
cool abuilding is an important feature of any interseasonal heat transfer systemin view of the
increased temperatures likely in extended summer periods due to global warming. For the
purpose of the simulation, a programmable amount of heat was extracted from outside of the
pump house by the dry air coolers and passed to the buffer vessel. This heat in turn was
transferred to one of the heat stores which heated up as a consequence. This process was
assisted by operation of the heat pump where necessary.

14. During the 4 month period from May to August 2007, 9.96MWh was extracted by the dry air
coolersto simulate building cooling. A total of 10.01lMWh was transferred to the ground heat
store during this process. As with the building heating simulation, electricity was used to
drive the reversible heat pump, and the coefficient of performance (CoP) of the overal system
utilising a buffer vessel and associated pump was calculated at 1.55. The buffer vessel and
associated pump can be considered to be part of the building system and then the CoP of the
heat pump would increase to above 3 asis normal. Once again more appropriate sizing of the
heat pump would have improved efficiency by reducing its cycling.

15. Higher subsurface temperatures in the ground heat store, primarily in the uppermost 3m of the
ground below the store pipe array, were measured at the end of August 2007 than after the
solar heat recovery in summer 2006. This reflected the fact that nearly twice the quantity of
heat was passed to the store during the building cooling simulation.

16. There are significant advantages in providing a self-sufficient building system incorporating
both heating and cooling capability. In this way heat recovered during the cooling period can
be re-used for building heating purposesin the winter. There may be merit in boosting the
heat recovery by the recovery of solar energy recovery from asphaltic surfaces (road or
carpark) particularly during cold summers when building cooling is not required so
frequently.

Recommendations

17. Theinterseasonal heat transfer system acted to successfully recover solar heat from the
asphalt pavement surface in the summer and to store it in shallow insulated ground heat stores
for subsequent re-use. The carbon footprint of such renewable energy technologiesisless
than those of vehicle-operated salt spreading systems used for road winter maintenance and
traditionally powered building heating and cooling systems. There is therefore merit in
continued research and devel opment on the topic, particularly as renewable energy systems
are likely to become more important as other energy sources become depl eted.

18. Re-use of the stored heat for winter maintenance successfully elevated the temperature of the
road surface by about 3°C, however some uncertainty remains about the capability of this
particular system to cope with extreme cold weather incidents. Fine tuning of the system may
improve the capability, but the main improvement in performanceis likely if the heat pipes
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19.

20.

below the road surface were at shalower depths of cover than 120mm. There are then
perceived concerns that the presence of pipes could give rise to “reflection cracking” of the
surface, these could be allayed by trafficking trials in the pavement test facility. Alternatively,
methods of temporarily boosting the hesat in cold spells could be investigated although these
dlightly reduce the energy efficiency.

The interseasonal heat transfer system investigated in thistrial used a shallow insulated
ground heat store. In terms of wider implementation of this particular system for winter
maintenance of a highway, the significant quantity of insulation required is expensive and
additional land-take is required to insulate to either side of the road to prevent |eakage out
sideways from the heat store. There may be merit in looking at other forms of heat storage
utilising borehole heat exchangers where land-take is not an issue as the boreholes can be
below the road structure and no insulation is required. Where land availability is good, it may
still be a convenient option to have the borehole heat exchangers alongside the road.

In terms of using the summer solar heat recovered from the road surface for winter heating of
nearby buildings (by incorporating a heat pump into the system), the operating principles
were clearly demonstrated although further validation of the efficiency of the processis
needed. The viabhility of the technique is clearly better when the system incorporates building
cooling too. In this case both solar heat from the road and the heat extracted during the
building cooling cycle combine to build-up the temperature of the ground store in the summer
providing more available energy for heating the building when it isneeded. It is
recommended that further investigation of these aspects could await the outcome of a
concurrent project to heat a school being undertaken by Hertfordshire CC and icax™ Limited.
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16 Appendix A. Schedule of construction operations
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17 Appendix B. Further advice on construction and operational issues

During the course of the demonstration trial, much experience was gained in construction and
operational issues and, to assist in the construction of future systems of this type, thisis now
considered.

17.1 Ingtallation of collector and storage pipe arrays

Much advice on these issues was given in the contractor feedback on the construction process given
in Section 4.8. Some of the main issues which arose are as follows:

(i) the store pipe arrays should also be laid on well-prepared flat ground. In many cases a clay
foundation is acceptable provided that it contains no significant stones, flints, etc. Where the
available surface is deemed unsuitable, a compacted layer of sand is advisable before placing
the pipes.

(ii) at thistria the collector pipe arrays were wired to a steel mesh before placement of a
concrete screed to provide all-round support to the pipes. The pipes were pressurised with
water during the concrete pour and subsequently cooling water was circulated to avoid
damage to the collector pipes during the asphalting. The direct placement of hot asphalt onto
the plastic pipesis not advised without carrying tests to assure that no damage occurs.

(iii) pipe loopsin the store and collector should be continuous with no joints. Pipe
connections to manifolds should be arranged so that future access is available so that an
individual loop beneath the road can be isolated in the event of an unexpected failure. Valves
connecting the pipesto manifolds are however better avoided, particularly if in manholes, to
minimise potential problems with leakage and frost damage.

17.2 Pumping system

The design of the pump house at Toddington is more complex than would normally be required
because of its experimental nature and the need to switch between two store and two collector arrays
to investigate protocols for the winter maintenance of roads and al so the heating and cooling of
buildings. Nevertheless the following advice is generally applicable.

(i) In early life, considerable air will continue to come out of the pipe arrays and associated
header pipes. For this reason design of the pumping system needsto consider practical issues
such as:

(a) positioning the circulating pump at low elevations following normal good practice
to ensure that it always pumps water,

(b) providing suitable means for the trapping and release of air. If a mains water
supply is available this may include a water pressurisation system,

(c) including an expansion vessel to accommodate thermal expansion.

(ii) The simpler the system, the better it is likely to perform. Where possible the use of valves
should be avoided.

(iii) Consideration needs to be given to the frost protection of all external systems.

(iv) If using a heat pump to boost fluid temperatures for building heating purposes, particular
attention needs to be given to the electrical characteristics of the pump and in particular to
start-up electrical load.

TRL Limited 74 PPR 302



Published Project Report Final

18 Appendix C. Thermal imaging during winter maintenance on 25
February 2006

A preliminary investigation of the road surface temperature using thermal imaging was carried out
during the evening of 25 February 2006 when air temperatures were predicted to be sub-zero.

It must be noted that the heat stores were not at their full operational temperature after the limited
solar heat collection carried out at the end of summer 2005 and for this reason the winter maintenance
operation in heating the road surface was not at its full efficiency.

18.1 Experimental procedure

All images were taken using a Jade infrared camera capabl e of detecting wavelengthsin theregion 2.5
to 5.1um.

The thermal imaging camera was fixed to a telescopic mast (4m above road level) which was
positioned just inside of the road kerb and midway between the near edges of collectors 1 and 2
(Figure 3.1). This location meant that the camera could be swivelled by 180° to aim at either collector
1 or collector 2. The angle of the camera on the mast was adjusted to about 30° from the horizontal to
enable an area of unheated road and the near area of collector to be viewed in each case. As collector
2 had been extensively used for winter maintenance trials its heat was depleted, and collector 1
provided the main data.

Prior to the investigation, the pump house control system was switched to manual mode and all pumps
were switched off. This enabled a datum set of images to be taken at 16:30 on both collectors 1 and 2.
Following this, the requisite motorised valves and pumps were activated to separately pass fluid from
collector 1 to store 1 and from collector 2 to store 2.

Photographs of collector 1 were then taken at 30 minute intervals until 22:30 at which time the air
temperature warmed slightly and the investigation was therefore terminated with final photographs at
22:45. Because the temperature of the fluid being passed through collector 2 was lower, photographs
were only taken at 16:30, 18:00 and 22:45.

On completion of the photographs at 22:45, the mast was lowered to about 1.5m height and along
distance photograph of collector 1 taken to show the complete collector and the unheated road to
either end.

18.2 Observations

Figure 18.1 shows a summary of the same four photographs (ie. at 16:30, 18:30, 20:30 and 22:30) of
collector 1 produced using different picture settings, namely:

e colour — automatic gain control,
* colour —fixed scale,
e grey —automatic scale.

In all cases, with the exception of the control at 16:30 before heating the road, the thermal images of
the heated pipes can be seen at the road surface.

Although the apparent temperature scales are included in Figure 18.1 these must not be considered as
absolute temperatures for the following reasons:

» the apparent temperature will depend on the angle of viewing. The calibration of the camera
assumes a perpendicular view, and in the colour images this accounts for the apparent
decrease in temperature as the angle of viewing moves further from the perpendicular, ie.
more distant from the camera.
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» infrared does not transmit through water so the accuracy of the temperature readings will be affected as
the road surface was damp (athough not wet). The thermal properties (in terms of reflectivity and
emissivity) will therefore change with time as the road surface dries out or becomes wet.

With the above caveats, it is considered that differences in temperature over a small localised area may
nevertheless bereal.

In Figure 18.1 the colour (fixed scal€) image at 22:30 shows a dlight warming from 20:30, thisrelatesto a
change in air temperature possibly as a cloud briefly passed over. The same effect is not so evident in the
images taken using automatic gain control.

Figure 18.2 shows the images obtained at 22:45 when the mast was lowered to about 1.5m height above road
level and along distance photograph taken of collector 1. Once again both colour and grey picture settings are
included for the same image. As well as showing the outline of the heated pipes below the surface, the colder
areas of road to either end of the collector can be seen.

Figure 18.2. Images showing the complete length of collector 1

The colour images obtained when viewing collector 2 are less useful as fluid temperatures from the depl eted
heat store 2 were much lower (~5°C). Nevertheless one point of interest is apparent from the image in Figure
18.3 taken at 16:30 prior to the commencement of the winter maintenance protocol, namely the apparent

16:30 22:45
Figure 18.3. Images of collector 2 at the beginning and end of the test
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temperature in the collector areais already about 0.5°C above that of the adjacent untreated road. Thisis most
likely to be because of minor heating effect from the insulated heat store bel ow the collector array, but could be
due to theresidual effect from the winter maintenance protocol operated in this area during the previous nights.
With this collector the outline of the array pipesis only faintly evident at the end of the test at 22:45, whereas it
was alot clearer with collector 1.

18.3 Comparison with measured data

The measured temperature data whilst thermal imaging was taking place are shown in Figure 18.4.

Road surface At pipe depth Road surface At pipe depth Ambient
(collector 1)  (collector 1)  (collector 2)  (collector 2) air
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Temperature (degrees C)
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16 17 18 19 20 21 22 23
Time (pm)

Figure 18.4. Temperatures measur ed by the thermistors

During the evening of the 25" January the air temperature dropped to below 1°C. At this time the temperatures
at the top of heat stores 1 and 2 were about 10°C and 5°C and fluid was passed around collectors 1 and 2 at
temperatures of about 7°C and 4°C respectively. As shown in Figure 14.4, this process maintained the
temperature of collector 1 pipe array at about 4°C whilst that of collector 2 pipe array fell to nearly 3°C in
response to the fall in air and road temperature. Over the period of the thermal imaging, heat was transferred to
collectors 1 and 2 at average rates of 6.2kW and 1.7kW respectively.

M easurements at the respective road surfaces indicated that the heating protocol had some effect in maintaining
road temperatures above that of the ambient air temperature, although clearly the effectiveness of the winter
mai ntenance protocol needs to be assessed over a severe winter when operating from afully charged heat store.
Theresultsin Figure 14.4 demonstrate that collector 1 operated more effectively than collector 2 as would be
expected because of the heat available in the respective stores. It is also worth noting that the changes in road
temperature lagged behind those of the air temperature by approximately an hour.

The measurements confirmed that the apparent temperatures obtained during the thermal imaging were not real.
The reasons for this have been discussed in Section 18.2.

184 Summary

The thermal imaging successfully detected the presence of the pipe array comprising collector 1 at shallow
depth below the surface. The temperature differences will be more pronounced when circulating fluid from a
heat store which had been fully warmed by a complete summer of heat recovery.
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The findings demonstrate that thermal imaging is an effective “trouble-shooting” tool when operating under-
road heating systems and in particular can assist with:

(iv) detecting fluid leaks if they should arise,
(v) detecting cold spots which might present a safety hazard to road users,

(vi)  detecting heating pipe locations to avoid subsequent damage during road maintenance operations or
installation/repair of buried services.

TRL Limited 79 PPR 302



Published Project Report Final

19 Appendix D. Numerical modelling
by D Ritter and M G Hewitt (icax'™ Limited)

19.1 Principlesof analysis

Analyses were carried out using computational fluid dynamics (CFD) to predict the solar heat energy recovered
during the course of thetrial and the use of this energy for the winter maintenance of aroad surface. The
analyses were performed using a general -purpose software package (PHOENICS) which predicts quantitatively:

» how fluids (air, water, ail, etc) flow in and around engines, process egquipment, buildings, natural -
environment features, and so on;

» theassociated changes of chemical and physical composition;
» theassociated stressesin the immersed solids.
The package simulates the prescribed physical phenomena by:-

» expressing the relevant laws of physics and chemistry, and the "models" which supplement them, in the
form of equations linking the values of pressure, temperature, concentration, etc which prevail at
clusters of points distributed through space and time;

» locating these point-clusters (which constitute the computational grid) sufficiently close to each other to
represent adequately the continuity of actual objects and fluids;

» solving the equations by systematic, iterative, error-reduction methods.

For the purpose of this study, the analysis model comprises both three dimensional (3D) and one dimensional
(1D) components. The analysis of heat flow through the ground is achieved using a 3D grid of cells, whereby, in
simple terms, the heat flow between each cell and its neighbour is calculated at each iteration and totalled to
establish overall heat flow.

The heat transfer from the collector to the store is calculated using a 1D model, assuming a flow of water
through acircuit with heat inputs and outputs from the surrounding ground. Therefore the water circuit 1D
model links with the 3D model so that the heat transferred into the pipe system equals the heat transferred from
the ground zone immediately surrounding the pipes.

The algorithms that are used to calculate the heat input into the 3D or 1D components of the model may be
summarised as follows:

» Heat transfer between the collector surface and the ambient environment:
0 solar radiation;
0 convective heat transfer (wind-forced);
0 reradiative heat loss to night sky.
* Heat transfer from the ground into the pipes:
o internal heat transfer to the fluid flowing through the pipes,
0 heat transfer through the tube material;
0 heat transfer to surrounding ground material.
» Heat transfer through the ground:

o0 conductive heat transfer.
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The model has been set up to calculate the heat transfer between a single collector and a single store. The
selected arrangement of collector and store is equivalent to the off-road store arrangement at the Toddington
Trid.

19.2 Mesh development

The three-dimensional mesh for both the collector and store were designed to ensure a high level of accuracy for
the heat flow calculation, particularly for heat flow in the vertical direction. The mesh was generally finer nearer
to the collector and store areas where changes in temperature were expected to be more pronounced. Both the
collector and store mesh were 30m long and 5m wide.

19.2.1 Collector mesh
The depth spacings between horizontal grid lines were as follows:
*  0.02m apart for the first 0.2m depth,
* 0.1m apart for the following 0.8m depth,
e 0.2m gpart from 1m to 2m depth,
e 0.5m apart thereafter.
Figure 19.1 shows a screen snap of avertical section through the 3D collector mesh.

EGrc«:mrl Level

—~— Collector Array indicaled in arange

e — : ' -0-105-- Asphait Layer——
0:2m approx| EE;\;Q 0055 —Concrete Coreed Layer

0:8m-approx

1.0m approx

Figure19.1. Vertical section through the collector mesh

Since most of the heat transfer through the ground will take place in the vertical direction, the horizontal spacing
of grid lines has been simplified to 6 cells set across the 5m wide collector array as shown in Figure 19.2.
Ouitside of the road surface, the horizonta spacing is 3m, as these areas are not so critical for the analysis.
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Figure19.2. Plan view of the collector mesh

19.2.2 Storemesh

The store mesh has asimilar design to that of the collector. In this case however energy transfer to and from the
pipe array is not so critical so the grid linesimmediately around the array do not need to be so closely spaced.
For thisreason agrid line separation of about 0.1m has been used as is shown in the section in Figure 19.3. The
layout of the store array, the sand, insulation and overlying backfill are also identified.

Theinsulation cover above the store array is a strip 18m wide, extending 6.5m to either side of the store array as
isshown in Figure 19.4. It should be noted that the proportions and locations of the mesh outside of the
insulated area are only approximate because of the nature of the screen dump from the CFD package.
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Figure19.3. Vertical section through the store mesh

Figure 19.4. Plan view of the store mesh
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19.3 Thermal properties

Table 19.1 gives the thermal properties for the various layers comprising the pavement structure in which the
collector pipework was installed. As described in Section 3.2 the pipework was installed with a depth of cover
of about 120mm in the concrete screed.

Table 19.1. Thermal propertiesused for modelling the collector

Layer Type Thickness | Density Specific heat Thermal conductivity
(m) (kg/m®) | capacity (J/kg) (W/mK)
1 Asphalt' 0.105 2400 850 0.85
2 Concrete 0.055 2100 840 1.40
screed?
3 Silty 9.600 1960 840 121
clay*®

1. Values calculated from constituent values of asphalt.
2. Default parameters from the Phoenics 3.5.1 package.

3. It must be noted that the materials comprising the road base have not been separately designated within layer 3, as
the performance of the underlying clay is deemed to dominate.

The thermal properties used for the three-dimensional modelling of ground heat store performance are shown in
Table 19.2. The layer construction relates to the off-road heat store, although the performance of the under-road
store is expected to be very similar. The pipework forming the store array was installed directly on the silty clay
within the sand layer.

Table 19.2. Thermal properties used for modelling the ground heat store

Layer Type Thickness | Density Specific heat Thermal conductivity
(m) (kg/m®) | capacity (J/kg) (W/mK)
1 Backfill* 0.500 1960 840 121
2 Polystyrene 0.200 30 1130 0.034
insul ation’
Sand™® 0.150 2240 840 0.33
Silty clay” 9.000 1960 840 1.20r2

1. Default conductivity of 1.2 from the Phoenics package, although a value of 2 was also investigated.
2. Parameters supplied by Vencel Resil Ltd.
3. Thermal conductivity taken from reference to ASHRAE Fundamental's, 2005.

The pipes, which were 25mm in external diameter with a 2.3mm wall thickness, had athermal conductivity of
0.4W/mK (Wirsbo, 2002). The fluid within the pipes comprised 90% water and 10% ethylene glycol by volume,
values for fluid specific heat capacity, fluid density and kinematic viscosity of 4kJkg, 1009.7kg/m® and
9.6x10'm?/s respectively were considered appropriate for the modelling based on these constituents. Total flow
rate was 1.4l/s between the collector and store pipe arrays, i.e. 0.14l/s through each of the ten flow and return

pipes.
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19.4 Comparison of predicted and measured solar collection data during Aug/September 2005

The abjective of the first smulation run was to calibrate the CFD numerical model against the measured results
during the initial period of solar heat collection in August and September 2005. Although the heat collection
period actually continued until 14™ November, only anominal amount of heat was collected after the end of
September. The analysis therefore focussed on the period between 24" August and 30™ September.

19.4.1 Weather data

Rea weather data gathered from the Toddington site over this period was used for the simulation. For
simplification of the calculation process, the climate data were averaged for each fortnightly period.

The data were therefore separated into 3 sets of hourly data comprising mean air temperature, mean wind speed,
solar radiation and thisis summarised in Table 19.3.

Table 19.3. Summary of the meteorological data used in the simulation

Fortnight 24th August- 6th September Fortnight 7th September-20th September Fortnight 21st September - 4th October
. mean X mean X mean
mean air radiation mean wind mean air radiation mean wind mean air radiation mean wind
Time temp (°C) (w/m2) speed (m/s) Time temp (°C) (w/m2) speed (m/s) Time temp (°C) (w/m2) speed (m/s)
0:00:00 14.7 -0.2 0.0 0:00:00 12.3 0.0 0.1 0:00:00 11.6 0.0 0.3
1:00:00 13.8 -0.1 0.0 1:00:00 12.4 0.0 0.2 1:00:00 11.0 0.0 0.1
2:00:00 13.4 0.0 0.0 2:00:00 12.0 0.0 0.2 2:00:00 10.4 0.0 0.1
3:00:00 131 0.0 0.0 3:00:00 11.6 0.0 0.2 3:00:00 9.9 0.0 0.1
4:00:00 12.7 0.0 0.0 4:00:00 11.6 0.0 0.2 4:00:00 9.5 0.0 0.1
5:00:00 12.6 0.0 0.0 5:00:00 11.4 0.0 0.2 5:00:00 9.3 0.0 0.2
6:00:00 12,5 0.1 0.0 6:00:00 11.3 0.0 0.1 6:00:00 9.1 0.0 0.2
7:00:00 12.7 16.8 0.2 7:00:00 11.5 3.8 0.2 7:00:00 8.9 0.7 0.2
8:00:00 13.7 107.1 0.5 8:00:00 12.0 59.6 0.4 8:00:00 9.1 32.0 0.2
9:00:00 15.2 229.7 0.8 9:00:00 13.4 133.9 0.4 9:00:00 10.4 129.4 0.1
10:00:00 17.0 377.4 0.8 10:00:00 14.6 217.5 0.6 10:00:00 12.2 240.5 0.1
11:00:00 18.7 523.6 0.8 11:00:00 16.1 321.3 0.7 11:00:00 13.6 324.9 0.3
12:00:00 20.0 592.7 1.0 12:00:00 17.4 405.2 0.6 12:00:00 14.9 413.0 0.3
13:00:00 21.1 634.6 0.8 13:00:00 18.3 404.4 0.7 13:00:00 15.8 448.2 0.4
14:00:00 21.6 617.6 0.9 14:00:00 18.7 398.0 0.7 14:00:00 16.5 447.1 0.4
15:00:00 21.8 521.9 0.8 15:00:00 19.2 362.2 0.8 15:00:00 16.4 340.4 0.4
16:00:00 22.0 440.5 0.8 16:00:00 19.4 326.0 0.9 16:00:00 16.4 301.5 0.5
17:00:00 221 363.7 0.7 17:00:00 19.4 233.8 0.8 17:00:00 16.4 214.0 0.4
18:00:00 21.7 237.3 0.6 18:00:00 18.8 145.9 0.3 18:00:00 16.0 1235 0.1
19:00:00 20.6 114.1 0.1 19:00:00 17.8 58.8 0.1 19:00:00 15.0 30.4 0.1
20:00:00 19.2 26.7 0.0 20:00:00 16.3 55 0.1 20:00:00 133 0.4 0.2
21:00:00 17.4 0.7 0.0 21:00:00 14.8 -0.1 0.1 21:00:00 12,5 0.0 0.2
22:00:00 16.1 -0.2 0.0 22:00:00 13.9 0.0 0.1 22:00:00 12.0 0.0 0.2
23:00:00 153 -0.2 0.0 23:00:00 12.9 0.0 0.1 23:00:00 11.7 0.0 0.3
19.4.2 Results

Reference data for the conductivity of silty clay indicates that typical values vary between 1 and 3W/mK. Since
asoil conductivity test was not carried out at this site to determine the exact conductivity, the sensitivity of the
analysis was investigated using two separate CFD simulations adopting a different value for soil conductivity in
each case.

Simulation 1: Using silty clay conductivity of 1.2W/mK

The predicted distribution of temperature with depth in the ground heat store is shown in Figure 19.5 for five
datesin September. The general shape of the profiles resembles that measured and shown in Figure 7.6. Little
change in either measured or predicted temperatures was observed below a depth of 8m as would be expected
because of the limited duration of the heat collection period.

Figure 19.6 shows the simulated cumul ative energy transfer from the collector to the store from the 24™ August
to 30™ September when a value of 1.2 W/mK was used for the conductivity of the clay. A total of 0.74AMWh of
heat istransferred to the store over this period.
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Figure 19.5. Variation of temperaturewith depth in the ground store at selected dates
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Figure 19.6. Predicted heat recovery during August/September 2005 (clay conductivity of 1.2W/mK)

Simulation 2: Using silty clay conductivity of 2W/mK

Very similar distributions of temperature with depth are predicted to those shown in Figure 19.5. Aniillustration
of the small differencesis shown in Figure 19.7 which compares the temperature profiles for the final step in the
sequence (ie. 28" September) when different soil conductivities are used.
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Figure 19.7. Comparison of temperatures predicted on 28" September for different conductivities

The lower soil conductivity leadsto slightly higher peak soil temperatures adjacent to the array pipes, but lower
temperatures at depth. The area contained by the temperature curvesis proportional to the overal energy
transfer into the store and more energy is therefore transferred when assuming the higher conductivity.

The predicted cumulative energy transfer from the collector to the store over the same period from 24™ August
to 30™ September is shown in Figure 19.8. When using the higher conductivity of 2W/mK, 0.85MWh of heat
was estimated as being transferred to the store: this was about 15% more than recovered using the lower value
of conductivity.
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Figure 19.8. Predicted heat recovery during August/September 2005 (clay conductivity of 2W/mK)
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These predicted val ues showed good agreement with the measured cumul ative heat transferred to store 1 of
about 0.85MWh by the end of September (Figure 7.9), particularly when aclay conductivity of 2W/mK was
used in the predictions.

On this basis, the model appeared to be reasonably validated and an attempt was therefore made at predicting
the annua heat collection.

19.5 Predicted annual solar collection

Following the above model validation, a CFD anaysis was undertaken to estimate the annual heat collection
capacity for a system implementing a road winter maintenance protocol only. For this analysis, the conductivity
value of 2W/mK was preferred for the silty clay as this appeared to show better correlation with the measured
data during the summer collection period 2005.

In this simplified scenario, the system collects heat between March 21% — September 22™ and rel eases heat back
to the road during the winter season (September 23 — March 20™). The experimental protocol for heat
collection to take place is for the temperature difference between the road collector and the store to be greater
than 2°C and for heat rejection to occur when the road surface temperature drops below 2°C.

Although the analysis does not simulate precisely the winter maintenance protocol, it provides a means of
rejecting residual heat within the store viathe pavement surface so that the storeis ready for heat collection the
following season.

The system has been run repeatedly for a number of iterationsin order to reach a stable condition, where annual
heat collection equals annual heat rejection. Figure 19.9 shows the solar collection curve (energy transferring
from the collector into the store) as gn. Likewise, g represents the transfer of heat in the opposite direction.
The area contained by each curveis equal, as the annual heat collection equals the annual heat rejection for this
stabilised model.
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Figure 19.9. Heat flow using the stabilised model

The cumulative heat collection curve calculated from the heat flow datais shown in Figure 19.10. On the basis
of this stabilised model, the total annual solar heat transfer calculated is then approximately 4.9MWh/annum.

This prediction can be compared with the measured values of heat energy recovered in summer 2006 and shown
in Figure 9.10. The measurements showed that more heat was generally transferred to store 2 than store 1, i.e.
about 6.5MWh as opposed to 4AMWh respectively. The predicted value of 4.9MWh therefore showed good
agreement with the measurements.
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Figure 19.10. Annual cumulative heat collection using the stabilised model

19.6 Winter maintenance heat output capability

Following the simulation of annual solar heat collection the CFD model was used to simulate the maintenance
of winter road surface temperatures for the prevention of ice and snow formation. In this mode the solar energy
that has been collected in the store over the summer is then recovered and used to warm up the road surface. The
CFD simulation has been carried out by inputting the monitored January 2006 weather datainto the model and
comparing this with the actual performance of the system at site under the same temperature conditions.

At Toddington the experimental protocol is activated when the temperature of the road surface drops below 2°C
using the temperature sensorsin the road surface. The same control sophistication of the site trial cannot be built
into the CFD model. It is more simply simulated as ‘the heat collection systemin reverse', i.e. rejecting the heat
from the store to the collector. This processis hot activated by any temperature control parametersin the model.

The CFD model is aso limited to an analysis of surface temperatures rather than any complex modelling of ice
and snow melting.

Thethermal properties that have been used in the simulation of the winter maintenance protocol are generally
identical to the properties used in the initial summer and annual heat collection simulation exercises. The
exception to thisis the value for the thermal conductivity of the sand layer adjacent to the store pipe arrays. The
assumption is made that some water will accumulate in this layer during the cold and damp winter weather. The
thermal conductivity for damp sand (1.1W/mK) rather than that for dry sand (0.33W/mK) istherefore used in
thisanalysis.

The importance of collector pipe depth in providing effective road surface heating has been assessed using two
different depths:
e 140mm invert depth (asinstalled at Toddington),

*  90mm invert depth.

19.6.1 Weather data

For simplification of the calculation process, the climate data that isinput into the numerical model is averaged
for each fortnightly period (as with the solar collection and storage simulation previously). This enabled input
into the model of aset of daily readings taken from the monitored weather data at Toddington that represents a
typical cold weather snap. In this case a weather pattern was chosen where the air temperature and road surface
temperatures dipped below freezing overnight. The data that have been selected for this purpose are the readings
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from site on the 12th January 2006. This was selected as a cold night during the first fortnight in 2006, when
the simulated performance can be compared to the actual performance.

Table 19.4 shows the air temperatures, solar radiations, and wind speeds which have been used to represent the
first fortnight of westher data.

Table 19.4. Data from 12" January 2006 representing fortnight 1

Air temperature | Solar radiation Wind speed
Time (°C) (W/m?) (m/s)
0:00 0.1 -0.21 0.77
1:00 -0.5 -0.30 0.63
2:00 -1.0 -0.38 0.65
3:00 -1.6 -0.55 0.55
4:00 -1.8 -0.61 0.54
5:00 -1.3 -0.58 0.57
6:00 -0.6 -0.56 0.71
7:00 -0.5 -0.51 0.77
8:00 0.6 0.32 1.17
9:00 1.1 37.01 1.20
10:00 3.1 92.94 1.98
11:00 4.5 172.20 1.89
12:00 4.6 116.44 2.58
13:00 4.6 92.77 2.27
14:00 4.2 43.73 1.88
15:00 3.9 2.50 2.14
16:00 4.0 0.00 2.16
17:00 4.2 0.00 2.01
18:00 4.3 0.00 241
19:00 4.4 0.00 2.76
20:00 3.6 0.00 2.06
21:00 2.7 0.00 1.98
22:00 1.8 0.00 1.96
23:00 0.9 0.00 2.24

19.6.2 Resultswith collector pipeinvertsat 140mm and 90mm

The main variable that has been investigated for the simulated operation of the winter maintenance protocol is
theinitial temperature of the store. At the beginning of the winter season, the temperature of the storein the
region of the store pipes will be highest (at around 19°C), while at the end of the winter maintenance season it
will be at itslowest (at around 5°C).

For thisreason, arange of initial temperatures of 5°C, 10°C, 16°C and 19°C for the store have been simulated in
the analyses. The control and collector surfaces were both exposed to the same weather parameters for each
initial store temperature, although it must be noted that the modelling to achieve these initial store temperatures
is not straightforward and dlightly different thermal histories had to be employed. The effect of these differences
isminimised by considering “temperature uplift” as ameasure of performance.

Theresultsin Figure 19.11 for a collector depth of 140mm are displayed for a 24 hour simulation of the winter
maintenance protocol under the different conditions to give a comparison of the different system performances.
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It should be noted that the store temperature curvesin Figure 19.11 show some fluctuation with minor peaks and
troughs. Thisisaresult of ssimulated stop/start behaviour as the temperature differential between the store and
the collector becomes less than 2°C and pumping stops.

Similar plots are shown in Figure 19.12 for the various temperatures when the collector pipe inverts are at
90mm.
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Figure 19.11. Resultswith a collector depth of 140mm and variousinitial storetemperatures
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Figure 19.12. Resultswith a collector depth of 90mm and variousinitial storetemperatures

Theresultsfrom Figures 19.11 and 19.12 are conveniently summarised in Table 19.5 which gives the peak
uplift temperature differential between the heated and unheated road surfaces. The associated peak heat output is

also given for each case.
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Table 19.5. Summary of temperature and heat output data

Pipeinvert depth 90mm

Initial store temperature (°C) 5 10 16 19
Minimum collector temperature (°C) -2.05 -1.19 -0.14 0.25
Peak uplift temperature during de- 0.89 151 1.92 2.36
icing (°C)

Peak heat output (kW) -5.24 -11.13 -15.68 -19.92
Pipeinvert depth 140mm

Initial store temperature (°C) 5 10 16 19
Minimum collector temperature (°C) -2.54 -1.96 -1.06 -0.84
Peak uplift temperature during de- 0.46 0.87 114 145
icing (°C)

Peak heat output (kW) -4.37 -9.70 -14.06 -18.38

Theresultsin Table 19.5 are represented graphically in Figures 19.13 and 19.14. Figure 19.13 demonstrates that
for the same initial store temperature, an improved temperature uplift of between 0.4°C and 0.9°C occurs when
the collector array is at the shallower depth. The associated peak heat outputs are shown in Figure 19.14 and as
would be expected the outputs are higher when the collector array is shallower.
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Figure 19.13. Relation between initial storetemperature and peak uplift temperature
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Figure 19.14. Relation between initial storetemperature and peak heat output

19.6.3 Summary

The simulation of the winter maintenance protocol reveal s that the performance, (i.e. the heat output and the
ability of the system to raise the temperature of the collector surface relative to the control surface) increases
with the starting temperature of the store and decreases with the depth of the collector pipe beneath the road

surface.

With the initial store temperature at 19°C and at a collector invert depth of 90mm the collector surfaceis
successfully maintained above freezing over the 24 hour period. The heat output under these circumstancesis
approximately 20kW. If theinitial store temperature is 10°C, the collector surface temperature dropsto a
minimum of -1.19°C and remains below zero for two hours. The heat output under these circumstances is

reduced to approximately 11kW.

The simulation shows that a pipe invert depth of 90mm shows an improved heat output relative to a system with

apipeinvert depth of 140mm as given in Table 19.6.

Table 19.6. Improved heat output if collector pipeinvert depth isreduced from 140 to 90mm

Initial storetemperature (°C) Improved heat output (%)
5 19.7
10 14.7
16 115
19 8.4
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It must be noted that the calculated performance from the CFD model ling under-predicts the measured
performance of the road-heating system at Toddington. The measurements given in Section 8 indicate that
generally the heated road surface remained at least 2°C hotter than that in the control area at atime when the
store temperature was at the low end of the modelled range.
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20 Appendix E. Wholelife costing of a highway winter maintenance system

A detailed whole life costing (WL C) of interseasonal heat storage was reported by Carder (2005) in the initial
feasibility study prior to commencing the trial at Toddington and the findings were based on the best estimates
at that time.

Following the tria, the opportunity existed to refine the whole life cost study using real costs, etc. The main
differences from the earlier study are:

e thecurrent WLC study was carried out assuming the installation was solely for a highway winter
maintenance system, no provision was made for re-use of the recovered energy to heat nearby buildings.
Theinclusion of a heat pump or heat exchanger in the system and associated motorised valves was
therefore deemed unnecessary.

» theoperational cost savingsin reduced deployment of salt spreaders was taken into account in two
ways, that is by considering:

o treatment of well-known cold spots on the highway network. These tend to trigger spreading
activity significantly in advance of it being generally needed over most of the network.

o treatment of dip roads and interchanges which necessitate separate journeys by spreaders’.

» thedepth of cover to the collector pipe array below the road surface was 120mm. This allowed for
planing of the road surface to 100mm depth which occurs as part of typical maintenance treatments of
motorways and trunk roads. Installations on less heavily trafficked and local roads may permit
collectorsto beinstalled at shallower depths for improved heat recovery.

In common with the earlier whole life cost study, it was assumed that:

» theinterseasonal heat storage system would be installed only during new construction or major
reconstruction of the highway so that pavement construction costs are not considered.

e some additional costs may be incurred due to the extratime required to install the collector and heat
store during the construction or reconstruction process. These are not quantified as they would be either
site specific or possibly avoidable by careful construction scheduling.

» the heat store would be below the collector within the carriageway. If the alternative of the heat store
adjacent to the highway is required, the site specific costs of the additional land-take would need to be
considered.

20.1 Cost data

Where possible the datain Table 20.1 are actua costs for the Toddington trial where the actively heated section
of the test road was 60m long and 5m wide. It must be noted that because the tria was a prototype and there
were experimental requirements, some costs exceeded those that would be expected in a construction situation
and thisisindicated where applicable.

In Table 20.1 the data are then normalised to two lanes each of width 3.65m and of length 100m to simulate the
treatment of dip roads and cold spots on the highway network. The multiplication factor for normalisation in
most cases was related to the relative area of the heated sections of road (ie. 730/300), although in some cases
the relative lengths (ie. 100/60) were considered more appropriate. For example, when considering insulation to
the side of the road, the same width of insulation is required regardless of the number of traffic lanesanditis
the length of road that isimportant. It has also been arbitrarily assumed that an insulation thickness of 100mm
would be adequate rather than the 200mm thickness used at Toddington.

* Thewhole life costing, if treating significant lengths of motorway or trunk road, would be especially complex in view of
the logigtics in installing pipe arrays and insulation, and programming the operations into the construction progress. A
separate whole life costing, which is considered beyond the scope of this report, would therefore be needed to cover this
eventuality.
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20.2 Performance data

Thetria at Toddington has indicated that the solar heat recovered in the summer is broadly compatible with that
needed to prevent ice and snow formation during the winter period.

The following other issues are also considered in the analysis:
» thecost of the electricity in running the circulating pump(s),
» theservicelife of the pipework and circulating pump(s).

Thewhole life costs are also considered in relation to the main issue of cost savingsin the reduced deployment
of salt spreaders.

20.3 Discount ratedata

In accordance with the current Treasury rules, an annual discount rate of 3.5% has been assumed in the model.

20.4 Operation and maintenance costs
Operation and maintenance costs would be incurred for:
e cost of eectricity to power the pumps,
* routine maintenance and de-airing of the circulating pump system,
* routine electrical testing,
» replacement of circulating pump(s) and any control valves at end of useful life,
» replacement of control system at end of useful life,
» replacement of connecting pipework, cabling and datalink at end of useful life,
» replacement / maintenance of plant room at end of useful life.

These costs have been evaluated for two lanes of 100m length (i.e. they relate to the normalised valuesin Table
20.1.

Electricity for the pumps and control system
The measured electrical power consumptions at Toddington for a heated area of 150m? were as follows:

* Anoveral consumption of 369kWh during the summer hesat recovery in 2006 based on the mean
measurements from pump 4 (collector 1/store 1) and pump 5 (collector 2/store 2). It is anticipated that
refinementsin heat transfer protocols could reduce thisto 200kWh.

» Anoveral consumption of approximately 95kWh during the winter maintenance period (November
2006 to March 2007). Thiswas based on the hours of operation given in Table 10.1, although it should
be noted that these will vary depending on the severity of the winter.

If the summer electricity consumption is costed at 6p/kWh and the winter consumption at an off-peak tariff of
4p/kWh, the cost of running the pumping system at Toddington is calculated as £15.8/annum. Therefore for
100m length of two lane carriageway, this would be equivalent to atotal power consumption of 1.43MWh and a
cost of £77/annum.
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Table 20.1. Construction costs (under-road storefor new construction) based on Toddington data

ELEMENT COMMENTS TRIAL NORMALISED
COSTS(£) COST (£)
5mx60m Two lanesx100m
Design and supervision Allowance for detailed design and daily site supervision of all 10,000 15,000
construction tasks
Civil engineering works
Pump cabinet(s) Supply and install cabinet for pumping system. 2,000 3,000
Extra excavation and Excavate extra 250mm depth for store pipe array and 5,010 12,191
backfilling within insulation; backfill with 150mm depth of sand over store array.
carriageway®
Supply insulation above 100mm thick expanded polystyrene (Fillmaster grade 200) to 1,800 4,380
ground heat store® insulate heat store. Gross volume of 30m° at rate of £60/m°.
Install insulation above Installation of 30m® at rate of £30/m°. This rate takes account 900 2,190
ground hesat store of filling voids with sand to provide even bedding.
Excavate to 1m depth on Excavate 720m® at rate of £10/m®, backfill 648m® with arisings 14,400 24,000
both sides of the heat store | at rate of £10/m®, disposal of 72m® at rate of £10/m°. These
for insulation. Backfill with | rates are higher than given by Spon (2006) to account for the
arisings need to produce a reasonable finish by laser levelling and for
the need to stockpile in a confined space. (Rates at Toddington
were twice as high because of the presence of buried utilitiesin
the construction zone).
Supply insulation to both 100mm thick expanded polystyrene (Fillmaster grade 100) to 3,168 5,280
sides of the heat store insulate 6m width of surrounding ground to both sides of store.
Gross volume of 72m® at rate of £44/m°,
Install insulation to both Installation of 72m® at rate of £30/m”. This rate takes account 2,160 3,600
sides of the heat store of filling voids with sand to provide even bedding.
Electricity supply Contingency for connection of local supply (it is assumed that 1,000 1,667
cable laying is undertaken during the excavation rather than by
separate trenching).
M echanical installation
Supply and install Distribution pipework to be high density polythene. 3,000 5,000
distribution pipes
Supply and install pipe High density cross-linked polyethylene 20,364 49,552
arrays for collector and
store
Supply and install pump Variable speed pump, expansion vessel, automatic air 4,000 6,000
system in cabinet separator, electrical isolator.
Supply and fill systemwith | Ethylene glycol (10% by volume) protects down to -5°C. Given 1,500 3,650
anti-freeze that road heating will be active at sub-zero temperatures, thisis
considered adequate®®.
Supply and install control Temperature sensors in the road surface, collector and store 8,000 11,000
system pipe arrays. Logging and control system with alarm feedback to
Regional Control Centre by either mobile phone or cable link.
Testing and commissioning 2,000 4,867
TOTAL 79,302 151,377

Notes: (1) No additional excavation or backfilling activities are assumed when placing the collector pipes at 120mm depth within the
road structure. Care is needed during construction of the pavement structure to ensure the plastic pipes remain undamaged.

(2) Polystyrene insulation should be protected from possible accidental contact with petroleum or solvents using a suitable
polymer barrier, where necessary.

(3) Anti-freeze based on refined vegetabl e extracts with non-toxic corrosion/scal e inhibitors may be used in future installations.
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Maintenance of heat pumps etc.

It has been assumed that the circulating pumps, control valves, control system etc. would require maintenance
by a heating engineer. The system would also require a check on the de-airing system at the sametime. Itis
anticipated that inspection and any maintenance would require half-day visits by a heating engineer at
approximately three monthly intervals. This cost is estimated at £600 per annum. It has been assumed that the
time taken for maintenance would not have any impact on the heat recovered or used.

It has also been assumed that if fluid levels of the system need topping up, a pre-mixed anti-freeze solution
would be available. A contingency of £20 per annum has been allowed for purchase of the fluid.

Electrical testing

It has been assumed that el ectrical testing is done on an annual basis during the regular maintenance visits
identified above.

Replacing pumping system components

It has been assumed that the circulating pumps would be replaced after 25 years, provided the collector pipes
have not been removed during pavement maintenance. It has been estimated that the time taken to replace the
circulating pump(s) has no significant impact on the heat recovered/used.

It has been assumed that the service life of the heat store pipework and the insulation would be 30 years.
Replacing/maintaining plant room, cabling and data links, control system

It has been assumed that the useful life of the pump cabinet/enclosure would be 100 years, and that no
maintenance would be required during the accounting period.

It has been assumed that the useful life of the control system, cabling and data links would be 60 years and that
no maintenance would be required during the accounting period.

20.5 Decommissioning and salvage

No account has been taken of decommissioning costs at the end-of-use. It has been assumed that individual
components in the ground or road have no significant value and that the only item of value to salvage would the
circulating pump and possibly the pump enclosure. An allowance of £1000 has been made for salvage of these
items. It is assumed that the control system although operational would be obsolete and of no value dueto
technological progress so no account has been taken of this.

The only operation on de-commissioning isto turn off the eectrical power to the installation.

20.6 Results

Thewhole life costing for this particular study has been carried out on a simplistic basis by assuming that there
is no damage and therefore no need to replace the collector pipe array during routine pavement maintenance
treatments. Thisislikely to be true for apipe array installed at a depth of 100mm or greater asisthe case at
Toddington.

It must be noted that a very significant increase in the overall effectiveness of the interseasona heat transfer
system is expected to occur if the collector pipe array is at a shallower depth in the road. However apart from
the effect this would have on the pavement maintenance schedule and the associated cost implicationsin
replacing the collector pipe array if planing occurred to pipe depth, there are concerns about the increased risk
of reflection cracking of the pavement surface. Currently, for thislatter reason aone, it is nhot envisaged that the
depth of cover to the pipes can be reduced below 100mm on UK motorways and trunk roads subjected to heavy
trafficking. The situation is clearly different for local roads, car-parks, etc. where trafficking islighter. In cases
where the collector array isinstalled at shallower depths and its replacement is necessary when maintenance
options of planing to 100mm are unavoidable, more detailed whole life costings are given by Carder (2005).
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Because the system is based on using renewable energy and complex components are not required, the whole
life costs are primarily the capital costs of installing the system as maintenance and operational costs are
relatively low.

Thewhole life costs evaluated using the above factors over a 30 year accounting period was found to be
£164,293 for 100m length and two lanes. Because of the low maintenance and operational costs, this value was
only slightly higher than the capital costs of installation of £151,377 given in Table 20.1. Taking account of the
annual discount rate of 3.5% this means that a saving of £8,631 per annum needs to be made for break even over
the 30 year period for this section of road.

20.7 Comparison of operational costs

The costs of operating under-road heating using the interseasonal heat system as reported in Section 20.4 were
compared both with the cost of salt spreading and also that of running conventional electrical under-road
heating.

20.7.1 Salt spreading

Thewhole life costs can be compared with the approximate costs of salt spreading although, exact data on these
operations and costs are difficult to obtain, the information in Tables 20.2 and 20.3 provides some relevant
information.

Table 20.2. Length of salting runsand salt used

Region Typical length of | Typical timefor Amount of salt used
salting run (km) each (hours) at 10gm/m? (tonne)
Loca Authority 1 59 3 ~5
Loca Authority 2 44 2 n/a
Loca Authority 3 56 3 n/a
HA MAC (i) 60 15 10.8
HA MAC (ii) 51-95 15 13*-6
HA MAC (iii) 35 >2 3.74

* lower value applies where dlip roads and interchanges are treated separately.

Table 20.3. Approximate cost data per salting run and per kilometre

Region Length No. Typica Cost per single | Cost per route | Cost per
of road | sdting length of complete at 10gm/m? kmusing
treated routes each route treatment at typical
(km) (km) 10g/m? length*

Local Authority 2 2,400 54 44 £27,500 £509 £11.6

Local Authority 3 2,480 44 56 £22,000 £500 £8.9

Local Authority 4 - 61 35 £33,208 £544 £15.5

HA MAC (i) 1,248 29 60 £11,000 £379 £6.3

HA MAC (iii) 1,316 38 35 £15,000 £395 £11.3

* Calculated by dividing cost per route by itstypical length.

Theinformation in Tables 20.2 and 20.3 should be treated with some caution as the data are very situation and
process dependent. For example, Local Authority roads will be of different widths to motorways and different
salt spreading procedures will be adopted. On motorways it is common practice to have one spreader running
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the main carriageway, whilst a second does al the slips and junctions. Interchanges are alittle more complex as
an off and on diversion from the main line may not be possible. If the road istwo-lane dual carriageway, one
spreader load will be able to salt about double the length it could do on a motorway. Also, the type of salt and
whether it is pre-wetted, together with the spreader capacity will all have an impact on the costing.

For the purpose of this report it has been assumed that the direct cost of spreading salt is of the order of £10/km
run. This cost does not take into account the support staff, which run the operation from the HA Managing
Agent Contractor (MAC), and also the cost of weather forecasting which would not be needed if aroad heating
operation were adopted as it would be sensor controlled. V ehicle maintenance and depreciation is also not
included asit is difficult to quantify as many vehicles are multi-purpose. A more detailed breakdown of costsis
not readily obtainable from HA MACs as winter maintenance generally forms alump sum activity within the
MAC pushing the onus for efficiency on to the service provider.

There are known cold spots on the highway network such as exposed areas, areas where water seepage onto the
carriageway occurs, and bridge decks which are colder than the surrounding roads. Approaches on the separate
treatment of cold spots vary between regions according to the number of problem areas which exist. Potentialy
some savings in treatment could occur if the coldest spots were treated separately, particularly if they arein
close proximity. However, in many instances, as the majority of the cost isin mobilising plant and labour it can
be argued that afull treatment of that route might as well be carried out.

Information on triggering protocols was also obtained during this part of the study and is of relevance to the
control of interseasonal heat systems. Generally sophisticated weather forecasting relevant to salt spreading is
carried out by service providers using meteorological data and data from local weather stations on the highway
network, some of which incorporate cameras and road surface temperature measuring devices. The primary
trigger is normally low road surface temperatures tempered with humidity considerations. Road surface
temperature trigger points vary by region but are typically when the temperature falls below either 2°C or in
some cases 1°C.

20.7.2 Conventional electrical under-road heating

From winters 2005/06 and 2006/07 it was concluded that at Toddington about 3SMWh heat energy is needed for
the winter maintenance of a section of road 30m long by 5m wide. Although thiswas heat energy, itis
presumed that a near identical amount of eectrical energy would be required if under-road electrical heating®
was employed at the same depth rather than heating using renewabl e energy.

Therefore a 100m length of road (two lanes) would consume about 14.6MWh/annum. This equates at off-peak
electrical tariffs of £40/MWh to an electricity cost of £584/annum for the 100m length.

20.8 Summary of cost implications using different systems

Table 20.4 summarises the known costs of operating a renewable energy system, electrical under-road heating
and salt spreading.

A direct comparison of the costs given in Table 20.4 is difficult to make and the findings must be treated with
extreme caution. At firgt sight, the operating costs of salt spreading are lower than those of an interseasonal heat
transfer system, and both are considerably lower than those of an electrical system as might be expected.
However allowance needs to be made for the fact that operating costs derived for salt spreading take no account
of the time of supervisory staff and weather forecasting. No figures are readily available for these cost items.

All techniques require a significant investment in infrastructure and, for salt spreading, the level of investment
cannot be easily identified, particularly within the HA MACs which mainly operate on alump sum basis.

It must also be noted that no allowance has been made in Table 20.4 for a standby engineer in the event of an
electronic warning of an unexpected failure of a section of under-road heating. It could be argued that a battery-

® |t should be noted that a fluid-filled road-heating system driven from a boiler system islikely to have similar running cost
to that of an electrical system.
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backed “icy road” warning could be automatically activated in the event of either alocalised failure or more
general power interruption on the HA network.

Table 20.4. Cost implications using different systems

Winter 100m x 2 lanes
maintenance
technique Operational cost Wholelife cost of infrastructure Maintenance
over 30 year accounting period
Interseasonal heat £ 77/annum £164,293% £615/annum
system (renewable
energy)
Electrica under- £584/annum Cost of installation of heating cable | Costs are expected
road heating beneath the road and suitable to be less than those
transformation islikely to be similar of arenewable
to that of arenewable energy system. energy system.

Additional costs may however be
incurred in upgrading the HA
electricity network to handle the
heavy power requirement.®

Salt spreading £ 30/annum” Significant investment in salt Vehicle
i spreaders, depot facilities, depreciation and
(base(tju(r)rr: S%O out MAC/Local Authority staff, and mai ntenance costs.’

weather forecasting.

Notes: a Sensorsincorporated into these systems mean that weather forecasting is not required.
b. This cost includes drivers/operators, but not the time of supervisory staff and weather forecasters.
c. More out-turns may be required in the event of a bad winter.

d. These are not readily quantifiable as many salt spreaders are multi-purpose vehicles.

The comparisonsin Table 20.4 with salt spreading costs are not hecessarily definitive for the following reasons:

»  Treatment of well-known cold spots on the highway network may prevent the triggering of a complete
salt treatment run significantly in advance of it being needed. Although generally the contacted
MACs/Local Authorities reported that salt spreading of cold spots did not happen very frequently, when
it does occur thereis an associated cost saving. The cost of salting a cold spot(s) is directly proportional
to the length of dead running of the spreader asthisis the most significant element of the task, the cost
of salt being low. For exampleif arun of 30km was necessary to treat cold spots, asingle run would
cost approximately £300. If the total length of cold spots within this run was less than about 400m, the
operational costsin Table 20.4 suggest that an interseasonal heat system might then be competitive. If
specific cold spot treatment was initiated more than once per winter, the cost benefits clearly increase
pro rata.

» Treatment of dip roads and interchanges which necessitate separate journeys by spreaders are a'so
expensive in terms of salt spreader deployment as once again the length of dead running is the major
cost factor. Installation of an interseasonal heat transfer system on slip roads and interchangers may
therefore be beneficial. For example if the spreader travelled 30km to treat such locations, this would
cost about £300 per run and, based on 30 treatments per winter, about £9,000 per annum. This sum
would permit operation of under-road heating over about 12km of 2 lane carriageway (one direction),
i.e. about onethird of the salting route and probably most if not al of the associated dlip roads and
interchanges.
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Abstract

The use of interseasonal heat transfer systems incorporating solar energy collectors in the
road and shallow insulated heat stores in the ground is currently innovative and at the
forefront of technology. A major instrumented trial of the technique was undertaken on an
access road near Toddington which involved constructing two solar heat collectors (pipe
arrays each 5m wide by 30m long installed at 120mm depth below the road surface) and two
insulated heat stores of similar dimensions but at 875mm depth. One store was beneath the
road and the other beneath the verge to simulate new construction and retrofit installations
respectively. The solar heat recovered from the road surface was used to investigate the
winter maintenance of the road surface and the heating of nearby buildings. The cooling of a
building in the summer was also separately simulated.

This report describes the design, construction, operation and performance of the instrumented
test facility to recover heat from the road surface. The performance was monitored over a two
year period which gave the opportunity for full seasonal assessments of the recovery of solar
heat from the road surface, its re-use for ice-free winter maintenance of the road surface, and
protocols simulating the winter heating and summer cooling of a nearby building. Numerical
modelling and whole life costing of the recovery of heat for winter maintenance of a highway
was included in the study.
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