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Crossrail Design

Tunnel energy liner, 2009-12
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11 km tunnels

Twin tunnels

8 Stations and 5 shafts

Heat extracted from tunnel air and
ground (In July 2008 temperature
in the Tube reached 47°C)
Activated tunnel length 500m from
an access point, one side or 2 sides
Delivery temperature boosted by
heat pump

Heat distributed by district heating
operator



Geology and Tunnel Alignment
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Geology: Molasse Fm
within France-Geneva
Molasse Basin

Tunnel Depth: 124 mbgl




CLIC vs Crossrail

ARUP

Parameters CLIC Crossrail References Comments

Tunnel diameter (ID) 5.6m typical for the main tunnel (up to 8m) 6.2m Ref-7, 8

Segment number NA 7 + keystone

segment thickness (m) 037 0.3

Segment concrete fibre or steel? fibre reinforced

[Tunnel depth (m) 124m (average) 20 to 30m Ref-2

tunnel length (km) 47.7 22 Ref-3

Service tunnel liner SCL? NA info requested
mostly within the Molasse deposit, Swiss

Geology at tunnel level Molasse Basin London Clay, London Basin Ref-2

Lithology conglomerates, mudstone, sandstone, marl overconsolidated clay silt Ref-1 assumed Molasse is saturated

Geothermal Gradient

35C to 40 C/km

Ref-5, Fig 1, No major
aquifer at or above
tunnel depth

Ambient temperature at tunnel 14C to 15C 14.8C assuming CLIC ground temp is 10C at 10m depth
Ground thermal conductivity (W/m-

K) 2.1 1.8 Ref-5, 7,9 weak relevance to site

Ground thermal capacity (J/kg-K) 900 - 1200 1000 Ref-7, 9

Concrete thermal capacity (J/kg-K) 700 700 Ref-7 volumetric Svc = 2300 kJ/m3-K

Tunnel air temperature Constant, 23C and 28C 14C to 30C CERN-1, Table 1

Geothermal heat flow (W/m2) 0.07 0.06

Hydraulic gradient v low v low assumed, ignored

Hydraulic conductivity (m/s) low v low assumed , ignored

Energy sources

surrounding rocks for heating and cooling

surrounding rocks and warmed tunnel

air, for heating only

Ground heat exchanger loop size

20mm ID, 25mm OD

20mm ID, 25mm OD

assumed




CLIC Conceptual design
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Tunnel at 124m depth
Heat exchangers to
connect loop circuitry
in the tunnel and heat
pump at surface
300m length of tunnel
forms one circuit loop
2 or more circuit loop
on one side or 2 sides
at the shaft/borehole
entry point



Pipe arrangement in Pre-cast segment

Crossrail design
DEVELOPED VIEW:
REHAU Absorber Pipe assembled to Mesh.
Standard Segment
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Standard Concrete Segment with REHAU Absorber pipe and Indicative

Y Box Outsection

1 Concrete Cover minS0mm, increas e with Taper of segments
N (Fipe Meshto be centralis ed in segments).

SECTION DRAWING:

Box Out section.
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Circuit loop 1n tunnel (Shaft access)

Crossrail design
¥

Y

<\_><\ Access / Shaft
I

y
Riser (Flow)

Riser
(Return),

Header
(Flow)

Header
(Reverse Return)

Header
(Reverse Return)
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Surface connection by borehole

Crossrail design

- 110 mm flow & return pipes

- 500 mm opening go;gole =
mm

2 x PEXa Pipe
0 110 mm

Tunnel
access

0 500 mm
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Cold Tunnel

Short road tunnel, rail tunnel, cold climate, natural ventilation

| Cold Tunnel
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Warm Tunnel

Metro trunnel, long road tunnel, long rail tunnel, sewer

B 21k
1= cosh™(d/r)

] U, watts/m

d= tunnel depth (m)

r= tunnel radius (m)

k= thermal conductivity of soil and
liner(W/m-K)

U,= temperature diff of tunnel air and
soil (K)

cosh™!(x)= inverse of cosh(x)

Bowden, 2003
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CLIC Tunnel

A Cold or Warm tunnel?

\\
N

Cold Tunnel

Warm tunnel




ARUP

Thermal Tunnel (Cold Tunnel)

Tunnel lining — ground temperatures for 4 scenarios

Heat extraction
and rejection rate:
10 W/m?

Energy from
tunnel air not
considered

Heat rejection
considered

Year | Year 2 Year 3

at 5 m distance from lining

-
----------
- -
------

at interface
tunnel/saoil

|

Temperature: °C

-——-mtr trYr————wewe—— . -
\“
. = = = Constant heat extraction: case |
0 . === |nterval heat extraction: case 2 N
. = |nterval extraction/introduction: case 3
b = = = |nterval extraction/introduction (@ 5 m): case 3
-5 .
0 91 183 274 365 456 548 639 730 82| 913 1004 1095

Time: days

Figure 5. Modelled ground temperature for different operations of the tunnel heat-exchange system

(all at lining—ground interface except where shown)

Norbert Pralle, Jan Niklas Franzius, 2011
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Thermal Tunnel (Warm Tunnel)

Average pipe temperatures, studies for Crossrail design

e Heat extraction
rates:

— 10 W/m?
— 30 W/m?

e Heat from warmed
air considered

* No heat rejection
(1.e. no building
cooling demand)
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Thermal Tunnel — energy output

600m tunnel length

heat extraction for heat extraction for
1200hr/yr. and heat rejection 1200hr/yr. and eat rejection
for 60hr/yr. and warmed for 900hr/yr., plus
tunnel air2 continuously warmed air

heat extraction for heat extraction for 1200hr/yr.

Parameters and heat rejection for 60hr/yr.

1200hr per year and warmed tunnel air

based on LS-DYNA and

i 2]
heat extraction rate W/m 10 15 20 30 FTSC simulations
tunnel diameter| m 5.6 5.6 5.6 5.6 CERN
thermally activated tunnel hydraulic loss and pipe
m 600 .
length pressure rating
total tunnel area at ea.ch m2 10,556
access point
heat output at acce55|t.>le KW 106 158 211 317
point
COP for heating - 3.5 Assumed

heat delivered to buildings kW 148 222 296 443
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Thermal tunnel vs GSHP borehole

How thermal tunnel compares with closed loop boreholes

600m long tunnel, 10 W/m?= 105 kW

Inr 100m deep closed loop borehole = 30 W/m x 100m = 3 kW
1 nr 200m closed loop borehole = 6 kW

Thermal tunnel 600m ~ 35nr 100m deep boreholes

17



SCL thermal tunnel

Other options, SCL tunnel?

Absorber pipes v'&{ere first attq'lched to non-woven
geosynthetics off site, and then placed between
the primary and secondary lining of the tunnel

Fig. 2. Installation of tunnel lining GHEs at Linchang tunnel.

Linchang Tunnel LT22 of the Lainzer tunnel, Adam,
D. & Markiewicz, R. 2009.
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Deep geothermal single well option

DGSW technology to provide district heating

To/ from building
; etc
Iy
= Well head

Submersible
Pump

Insulated Up
Pipe

Steel liner

Rosemanowes Q{'larry DGSW,
England, 400kW of heat with bleed
flow of 3 1/s

Asingle vertical well is drilled to depths of 2 to 3 km and a steel casing
installed over the upper section

A polypropylene pipeline is installed inside the well and extends to near
the base of the well. A submersible pump is installed within this pipeline at a
shallow depth

« A flexible hose is installed inside the vertical well to introduce water
from the surface

*  Groundwater at depth 1s heated by the surrounding geothermal gradient.
e  The heated water within the well 1s drawn-up to the well-head through
the polypropylene pipeline via the submersible pump.

Heat is extracted from the water via a heat exchanger where the heat 1s
then delivered to an end user via an interface unit.

*  Cooled water is returned to the well and sinks down by gravity. The
circulation of water is an efficient process as the cooler water drops and
warmer water rises in a convection current.



Technical Demand
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Open data available for demand analysis

SITG, Swiss Federal Office of Energy and French Environmental Agency
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Demand allocation

A tool to facilitate planning for an evolving design
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Open data available for demand analysis

SITG, Swiss Federal Office of Energy and French Environmental Agency
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Demand allocation

A tool to facilitate planning for an evolving design
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Whole Life Cycle Carbon

Reihaneh Hafizi
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Why be ambitious on CoZ2e reductions?

 Under a new law agreed between member states and the EU Parliament,
the bloc will cut carbon emissions by at least 55% by 2030, compared

with 1990 levels.

* CERN’s immediate target is to reduce direct emissions by 28% by the end
of 2024 (baseline year: 2018).

Reference:
CERN Environment Report 2019-2020
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2 2 2

Whole life cycle carbon assessment

m m m m m tonnes CO,e
Tunnel Asset (including access shafts) internal |, . . invert concrete . 70% GGBS| reductionin
length diameter lining thickness il separation wall deck CEM1 C35/45 C35/45 |embodied carbon
12.1 5.6 0.4 4.8 0 0 60,000 26,000 57% | 34,000
380GeV Drive Beam machine
11. 1 . 15. .54 4, 201,000 85,000 58% 116,000
380 GeV Klystron machine > 0 0.5 >-05 8.5 > °
0,
1 5 TeV machine 29.6 5.6 0.4 4.8 0 0 146,000 62,000 58% | 84,000
. 50.7 5.6 0.4 4.8 0 0 250,000 106,000 | 58% (144,000
3 TeV machine
tunnel shaft no depth (m)
1 135
380 GeV 2 135
3 112
4 125
5 72
3TeV 6 108
7 125
8 88
9 110 References:
10 147 * Project Implementation Plan 20 Dec 2018
11 180 * Conceptual Design Report 10 Oct 2012
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PAS 2080

Carbon Management in Infrastructure

Capital Operational Whole life

User carbon
carbon carbon carbon

PAS 2080:2016

Carbon Management
in Infrastructure

O =

PAS 2080: 2016 Carbon management in infrastructure.
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Components of WLC

In engineering Infrastructure these classifications of GHG emissions are more commonly used:
> Capital carbon, or ‘CapCarb’, refers to emissions associated with the creation
of an asset. Capital carbon 1s being adopted within the infrastructure sector
because 1t accords with the concept of capital cost. (the term “embodied carbon”
will continue to be used at a product-level, whereas capital carbon will have
greater relevance at an asset-level).

> Operational carbon, or ‘OpCarb’, describes emissions associated with the
operation and maintenance of an asset. It 1s analogous to operational cost and 1s
quantified in tCO2e/year.

> End-user carbon, or ‘UseCarb’ describes emissions from the end-users of
infrastructure assets. Although not directly controlled by infrastructure asset
owners, UseCarb can be influenced.

> Whole life carbon, combines the three and 1s analogous to whole life cost. .

HM Treasury

Infrastructure Carbon Review
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Capital carbon investment for operational savings

500 |

400

300

Energy consumption (kWh)

100

B D=8.75m, 400m train

O D=g.75m, 400m train

Om

5

Tunnel length (km)

[ ]
M
Railway Engineering-2017 railwayengineering.com doi: 10.25084/raileng.2017.0124
DESIGNING TUNNELS FOR WHOLE LIFE VALUE
H. Pantelidou, S. Stephenson, J. Alexander, R. Sturt
Capital Operational U b . Whole life
carbon carbon SEECEEO0E I carbon
10
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Components of Carbon management ARUP

1. Quantification of whole — I
eadaers ip . PAS 2080 Cl':iUSE

life GHG emissions e

e Governance

2 . Target Settlng, basellne Carbon Management Process e

setting and monitoring m —
! Contia
infrastructure delivery

-

Continual
improvement

4. Continual improvement

-

-

Quantification of GHG emissions

Challenge the status quo to drive low carbon actions

-

Carbon Reduction

PAS 2080: 2016 Carbon management in infrastructure. Available at
https://shop.bsigroup.com/products/carbon-management-in-infrastructure? ga=2.165334716.2047882221.1633446853-1508464572.1605203277
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Value chain involved

Customers [ Tax
Payers [ Voters

Government [/
Policy Makers

L

Shareholders /

Regulators Investors

Asset Owners [
Sponsors f

Clients

ARUP

&

HM Treasury

Infrastructure Carbon Review




The carbon reduction hierarchy

From PAS 2080

PAS 2080 6
Carbon Management
in Infrastructure

or
L bsi.

ef!l'tly

ARUP

Saves £££

Saves ££

Saves / costs
£

May need
investment £

35
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Ability to influence carbon reduction across the different work stages of infrastructure delivery

Accuracy vs Influence

c
=
=

c

o

[=3
o

Maintenance

Handover
and
Closeout

Construction
and
Commissioning

=
|
o
=
©
(]
-
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Ee
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—
o
1)
B
e
=
L
o
o
[14]
o
)
)
ol
)
|
2




ARUP

WHOLE LIFE
SYSTEMS - THINKING

Shift

Abjy SEQUESTRATION/ OFFSETTING
bt inf Improve ..
Yence h NATURE-BASED SOLUTIONS Build Nothing /
o i
e"%on CLIMATE RESILIENCE Less /

RETROFIT
User Carbon

CapCarb | OpCarb | UseCarb |

Operational Carbon
Capital Carbon



Comparing options and estimating carbon

— Qualitative eg for most “build nothing” options =

— Libraries of typical elements ComposteSee 8 Gonete e o i

894.4igcozeimz
Total A1-5 Carbon Equivalent

— “Back of envelope” volumes x carbon factors
— BIM interfaces

— Commercial tools eg One Click LCA, eTc

by Material

by Element
= e @ ¢ N
Steel Rebar Bitumen Emulsion prec irep
AC33 Ko - = sb () Wa [}
crete Verge —,
Deck Slab o\ \
\.\
\‘\_
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Build nothing e

Build clever

Deleting shafts on a tunnelled rail project Build

Forward Shaft Rear Shaft efficiently

e Combination of

Direction of escape

— Fire Engineering T

Direction of train travel

— Risk and Resilience

Forward Shaft Rear Shaft

— Geotechnical

— Rail Systems

— Tunnelling

to remove the need for eight ventilation and
intervention shafts from over 21km of rail
running tunnel

39



Build less (= “good design”?) T

Build clever

Reducing base slab thickness
Build
efficiently

Underground rail station with large oversite development loads.
Column spacing dictated by platforms.
— Large column loads — high punching shear — thick base slab

— ~20% of the station’s capital carbon

BN
e

40



Build clever

Lower carbon concrete mixes (but GGBS is a finite resource)

Build
efficiently

Alternative material (zee footnote for key)

Property
GGBS | FA

{Carbamatia

1

Tumbiiny

s [Tt |ttt | -4 v |u U
TEF)

‘S_lnmhrﬂiu L G & M M M L L L L L
fan

Availshitity | M M M M G M L L L L L
e O = P B O — | [u |

Alternative material (zee footnote for key)
Property I T T

GBS | FA
Embodiad ¥ e ——
el FRRNS VR PR EVI VIR EVR OOV I B FUZPR FURRY B
Frezl * f

B T N PR P A PYR AN O PR P £ A B

Serength
parul PO VT ¥ S P VA P PYRR VA LA LA EVI [
Serength
possol P S £ S S P £ S % S P ¥ R P P
E-modulus | —+ — — — U u U — u -~ L1} u
Stivkage | ~ti— | ~ti= | T S |u (u |u e |u et U | et
Cresp ~ti= | == | L -, o u U u u =T U u
Thurabdlity

TR SR S S S S I N I S S S N
{Chlondas)
O O e PN PO S £ - PR P S P L

(# Dhfferent technologies wounld have different properties. Indicative affacts only).

Motation:

“—" az Portland cament; “77 zreater than Portland cement; © |7 less than Portland cement,
“~" hefore the arrows mdicates “somewhat™
The colour scale reprezents whera ‘sreatar than” and “less than’ ars beneficial ‘detrimental within typical applications,

grean being bensficial and red being detrimental.

ST, AT, LT and YU are uzed for zood, moderats, low and unknewn, respectively.

Also:
* Ground
improvement
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Build efficiently e

Build
efficiently

* Prefabrication?

* Connect site to the grid
* Electric plant

* Cut and fill balance

* Local sourcing
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Including carbon in decision-making

The power of the estimate

Buildability
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Carbon Management 1n Infrastructure

Arup capabilities

Level of input Product / deliverable

Whole life Carbon measurement of the design as is

Awareness / attendance at progress and design
coordination meetings with the aim of influencing
the design / construction methods;

Full collaboration between all parties in accordance
with PAS2080 to drive carbon down to the greatest
degree and create an exemplar project for CERN
aligning with carbon reduction targets and plans of
the wider jurisdiction and UN accord at COP 21
(Paris) and 26 (Glasgow)

Carbon baseline

Carbon management opportunities report

Carbon management plan, regular carbon update
reports tracking progress and target achieved,
opportunities register and realisation process and
reports
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Q&A

e Cost benefit?
e SCL?
* Delivery?
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