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Welcome to the ninth edition of the Atkins Technical Journal
which features papers covering a wide range of technologies

but with many common themes. A great example of this comes
from our asset management work where our Highways and
Transportation business is leading the way in advising clients on
maintaining availability of highway networks, while the paper on
Skynet 5 shows we are doing the same in our Defence, Aerospace
and Communications business for satellites.

Innovation and thought leadership is evident in all the papers; we have transferred
learning from our Aerospace teams to our Bridge teams to produce Fibre Reinforced
Polymer bridge prototypes and we have led the global sustainability debate in diverse
areas such as the implementation of electric vehicles, environmentally acceptable
waste disposal techniques and biomass combined heat and power technologies. We
are constantly extending and improving current industry practices across all that we
do, informing the next generation of codes of practice. The papers here present
examples from such diverse areas as the treatment of water run-off from highways to
the fatigue of stranded cables under vibration.

| hope you enjoy the selection of technical papers included in this edition. This ninth

Journal, and all previous editions, are available on our external website. We have
introduced an email subscription alert service and if you wish to find out more, please
visit: www.atkinsglobal.com/en/about-us/our-publications/technical-journals;

Chris Hendy
Network Chair for Bridge Engineering
Chair of H&T Technical Leaders’ Group

Atkins
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Abstract

Atkins has accumulated a wealth of practical experience of investigating the
impacts to the water environment from highways and road run-off. Since
2009 we have been applying the guidance for this area using part of the
Design Manual for Roads and Bridges (HD 45/09) and its associated water
quality model Highways Agency Water Risk Assessment Tool (HAWRAT). This
was developed by the Highways Agency (HA) with the Environment Agency
(EA) to meet the European Water Framework Directive (WFD) requirements
for discharges from highways. Using this WFD compliant approach to
assessing the impacts of run-off on surface waters, Atkins has gained practical
experience of refining field data for use in HAWRAT and prioritising possible
mitigation actions (or measures) on a scheme, catchment or even country
scale. However, there are still ambiguities with obtaining and applying
treatment efficiencies for the potential mitigation measures. These are
important as the selection of particular solutions (e.g. swales, balancing ponds

and wetlands) has a financial impact on the scheme design and an absolute

impact on water quality.

In this paper the changes in the DMRB approach to treatment of road
drainage driven by the WFD are considered and the process to reduce the
impacts on the wider water environment is explored.

Introduction

The planning and construction of
new and modified road schemes
have the potential to impact on
surface waters, groundwater and
flood risk. In most cases there would
be a planning requirement for an
assessment to be completed for
highway new build or improvement
schemes. For water, this assessment
has been guided by best practice
and transposed into methodology
in the Design Manual for Roads

and Bridges (DMRB) European
legislation in the form of the Water
Framework Directive (WFD)', adopted
in 2000, has been incorporated
(November, 2009) into the DMRB as
a new Standard HD 45/092. This has
changed the method of assessment,
requirement for data collection and
the type of data collected to assess
the impact of road development on
the water environment.

Not only is there a requirement for
the Highways Agency not knowingly
to pollute the environment, but now
with the WFD and associated River
Basin Management Plans (RBMP)
prevention of diffuse pollution

from highways may become a key
component of reducing impacts from
catchment-wide activities on our
environment.

As long ago as May, 2004, the
Highways Agency identified 5 key
issues relating to implementation
of the WFD that affect the water
environment. These included:

e The identification of key
pollutants and concentration
levels in highway run-off;

e The impact of known soluble
highway run-off on the ecology of
receiving waters;
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e The accumulation and dispersal of
suspended sediments in waters;

e The fate of pollutants found in
the unsaturated zone;

e The performance efficacy of
different pollution treatment
systems.

The first three issues have now been
addressed in part through research
leading to the new Standard and
guidance contained in HD 45/09.
There is ongoing research by Water
Research Council (WRc) into the
fourth issue. As yet, it has not been
possible to address the fifth issue.

lan Barker, Head of Water at the
Environment Agency has reported
“Rivers in England and Wales are at
their healthiest for over a century.
But there are still big challenges.
Pollution from fields and roads needs
to be tackled and the Environment
Agency has plans to revitalise 9,500
miles of waterways between now
and 2015."3

This paper focuses solely on refining
Atkins' method of assessment of
water quality and surface water,
although HD 45/09 covers the wider
aspects of groundwater and flood
risk too. Consideration will be made
of:

e The background to the WFD;

e The key technical points of the
current assessment measure (HD
45/09);

e Issues relating to assessment of
mitigation.

Where appropriate, examples

are used giving experience of the
application of the new guidance.
This includes work that Atkins has
undertaken on the M25 Design
Build Finance and Operate (DBFO)
widening scheme, A21 planning
applications and Priority Outfall
studies in the East of England and
across Wales.

The background of the
WFD

The WED is European legislation

that was enacted to deliver a better
water environment and a consistent
approach to water management
across European Community member
states. It requires planning on a long
term basis, outlining a process to

be implemented over three 6 year
planning cycles up to 2027. As such
its national adoption is undertaken
over a period of tens of years, long
enough to plan large-scale changes.
It is a single, but large and complex
piece of legislation from which

the following key points can be
extracted, relevant to implementation
in the UK, with particular regard to
highways assessment.

1. There is a requirement to
prevent any deterioration of
water quality;

2. Thereis a requirement to meet
“good” ecological status;

3. Thereis a requirement for
catchment scale management.

These three points will be dealt with
below.

No deterioration

Taking the recent M25 DBFO
contract* as an example, it

is common to find there is a
requirement, in contract, for no
worsening of effect with regard to
the water environment. In real terms,
at the time of planning there was a
general trend for increasing traffic

in the National Traffic Forecasts and
consequently the likelihood of higher
pollution loading in the future. If
this holds true for future traffic
forecasting and if contracts require
“no worsening of effects”, it could
be argued that nearly every new
road scheme and most improvement
schemes will be required to include
mitigation, as without it there

would be deterioration in the quality
of road run-off (or worsening of
effect). Implicitly this also suggests a

requirement for assessing the existing
baseline condition for comparison.

If the existing condition is not
accurately assessed there could be

an issue with over-compensation or
under-compensation with mitigation.
Under-compensation could

have a detrimental effect on the
environment and over-compensation
could be questioned in terms of value
for money.

Meeting good ecological
status

Prior to implementation of the WFD,
the EA used River Ecosystem targets
and assessed compliance based on
biological and chemical monitoring
results. Through the WFD there has
been a requirement to consider more
parameters, particularly for biology,
which contribute to an ecological
and a chemical classification for each
body of water. The EA currently has
maps available on its website that
show the existing and proposed
(2015) ecological objective of main
watercourses in the UK. For most
rivers there will be a requirement to
meet “good” ecological status by
20155

The immediate impact of a
requirement to meet an objective

of “good” ecological status on the
assessment method provided in HD
45/09, is that this objective should be
used for the majority of watercourses
which within HD 45/09 would

now be assessed to have a “high”
importance.

Determining the importance of

a water feature is part of a three
step method used to determine
the significance of effects of

a road scheme on the water
environment. The other two steps
include determining the magnitude
of impact of a scheme and then
finally combining steps 1 and 2 to
provide a significance of effect. A
higher importance is likely to result
in greater significance of effects,
most often adverse for a new
development. Taking this a step
further, given that most watercourses
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will now have a high importance
(previously many watercourses

may have been medium or low), a
relatively lower magnitude of impact
(due to road design) will now lead to
adverse significance of effects. If the
designer were to submit the same
road scheme plan post HD 45/09
(that had been submitted before)

it is likely there will be a greater
requirement for mitigation overall
and fewer watercourses that require
no mitigation.

Catchment Scale

The DMRB through HD 45/09
continues the processes developed
in its predecessor, HA 216/06, in
applying the WFD to assessment

of road drainage. These processes
can be applied in a strategic way by
investigating drainage from entire
road networks, thus considering the
catchment scale effects of road run-
off.

During the time that the DMRB
guidance was drafted, the WFD
required the production of River
Basin Management Plans (RBMP)

to consider, among other things,
“catchment” effects of development.
Each of the 10 regions of England
published RBMPs in December 2009.°
As an annex to these plans there

is an Annex C entitled “actions to
deliver objectives”. For most regions,
within these actions or “programme
of measures” there is a requirement
to improve discharge from highways.
In a few areas it is likely that
particular action will be taken on
existing road networks to improve
poor discharge quality. As there is a
deadline of 2015 for watercourses

to meet good ecological status the
HA and Welsh Government (WG)
have been undertaking outfall
prioritisation studies to consider
which outfalls on the highway
network are the worst performing
and which outfalls could be improved
to help meet these standards.

Atkins has had key involvement,
leading the priority outfall assessment
scheme across Wales and within

Figure 1. Review of completed road scheme outfall mitigation on Thorney Bypass A47.
This would now be required to meet “Good"” WFD standards. The reed lined ditch

seen in the background (behind access track) is one example of a treatment type not

covered in HD 45/09

HA Area 6 in the East of England.

A typical method of approaching
catchment assessment is to use
readily available road geometry data
collected by local highways teams to
determine high and low catchment
points. Once these catchments are
determined a high level assessment
can be undertaken using the
principles of HD 45/09 to determine
if a catchment is likely to fail to meet
current water quality standards.

All catchments that pass can be
scoped out. All catchments with the
potential to fail can then be further
assessed using the HAWRAT tool

to provide a prioritisation of most
polluting outfalls in a catchment or
region. This information is shown as
a layer within the Welsh Assembly
Drainage Data Management System
(WADDMS) and the Highways
Agency Drainage Data Management
System (HADDMS) databases
available over the internet for
highways users to interrogate.

It is likely that this information

will be used at a high level for the
Highways Agency to agree with the
Environment Agency on what is the

“real” impact of highway run-off on
a local and catchment scale which
will direct further mitigation.

Key developments of
HD 45/09

Key technical developments in the
new HD 45/09 assessment include:

e A Memorandum of
Understanding (MoU) developed
with the EA;

e The method becoming a Standard
(requiring Departures from
Standard in some instances where
mandatory requirements cannot
reasonably be met);

e Development of the Highways
Agency Water Risk Assessment
Tool (HAWRAT).

One of the key benefits of HD

45/09 is that great effort has

been made to undertake relevant
research applicable to an assessment
methodology alongside the EA who
were involved from the beginning.
This process has culminated in a
refreshed MoU between the HA
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and the EA.” The MoU not only
covers technical water information,
but information exchange. Indeed,
although there may be greater
requirement for scrutiny on highway
schemes, in the long term, as the
process for information exchange
disseminates around the EA and
practice comes into line as agreed,
the MoU should aid consultants in
more efficient assessment (with less
cost in terms of data requests) of
environmental impact.

A key component of Atkins’ work on
improvements to the A21 widening
schemes has been consultation with
the Environment Agency and Natural
England. Most recently this has led to
extended investigations of the impact
of the scheme on groundwater via
monitoring highlighted in initial
scoping studies. This additional
monitoring is providing a solution

to the scheme that will not restrict
the groundwater supply to a
groundwater dependant SSSI.

As HD 45/09 has been produced

as a “Standard” (rather than an
“assessment” or “advice”) there are
now sections of the document that
have to be met or would require a
Departure obtained through the HA,
if the defined mandatory contents of
the standard are not adhered to. The
key standards include:

e No new discharge will be allowed
to any area in Source Protection
Zone 1 (SPZ1) without proving
there would be no effect to
groundwater and source of
abstraction (for example there
are numerous discharges to SPZ1
around the M25 and where
possible these were removed
during the recent widening
scheme);

e Spillage risk from existing outfalls
must not be increased.

The development of HAWRAT is a
key feature of HD 45/09. Prior to its
development the methods that had
been used to assess chronic pollution
from road discharge included simple

dilution calculations and the mass
balance contribution of heavy metals
from routine road run-off. This was
assessed against an Environmental
Quality Standard (EQS) based upon
limits of concentration found in
the Freshwater Fish Directive® for
dissolved copper and total zinc
(the two metals most commonly
associated with road drainage
pollution). Any breach of the
standards is deemed a failure.

The new assessment for chronic
pollution in the DMRB uses Annual
Average Concentrations (AACT)
taken from the WFD, again for
copper and zinc. HAWRAT estimates
the annual concentrations of run-
off from the road surface based on
expected rainfall events and uses this
to estimate the impact on average
concentrations in the watercourse.
Although the levels of zinc and
dissolved copper are more stringent
in the new guidance, which may
lead to a requirement for more
mitigation, the use of annual average
concentrations is less onerous for
road outfalls. As road discharges are
not continuous discharges any short
term impact can be offset during
drier periods at most locations with
regard to AACT. In addition to the
use of AACT to determine chronic
(or long term) pollution a new
measure was developed to consider
acute (short term) pollution. This
measure better reflects the nature
of road pollution often being in
“flashy” loads, which are thought
more generally to build up and be
washed off in a “first flush” effect.
Consideration was made as to how
this short term pollution from roads
might affect organisms through
empirical studies.®

Thresholds developed to consider
short term pollution are known

as Run-off Specific Thresholds
(RSTs). The RSTs are based in part
upon consideration of Probable
Effect Levels (PEL) on ecology from
sediment bound pollution. Although
RSTs consider other pollutants such
as cadmium, total PAH, pyrene and

fluoranthene, again copper and zinc
are taken as representative of the
group of deposited pollutants and in
the majority of cases will be used as
the “critical” contaminant requiring
mitigation. In some instances RSTs
will be exceeded where AACT are not
and in this case the HA still expects
provision of mitigation.

Historically mitigation has included

a wide range of measures including
bypass separators, catch pits,
soakaways, planted ditches and
ponds. These mitigation measures,
which are considered in HA103/06,
could be considered to provide a
pollutant removal treatment efficacy.
The efficacy of mitigation measures
for routine run-off pollution is
applied to HAWRAT by means of

a percentage flow or pollutant
reduction factor. The application of
mitigation with reference to spillage
risk has to be applied via a spillage
reduction factor related to Table 8.1
of HD 45/09, built into a separate
worksheet within HAWRAT. This
removal efficacy is also dependant on
the proportion of catchment run-
off the mitigation is treating. There
are a number of measures that are
not considered (in terms of efficacy)
within HA103/06. Within the recent
M25 widening improvements Atkins
liaised with the Highways Agency
and Environment Agency to agree a
treatment efficacy for a Downstream
Defender vortex separator for
improving removal rates of total zinc
and sediment.

The final component of HAWRAT
includes a consideration for the
ecological effects of sediment in

the water environment. As early

as 1998 the importance of the
environmental effects of sediment
were documented within guidance,™
however until the new Standard, no
definitive test had been produced
for highway assessment. Within the
WED there is an increased onus on
not only assessment of sediment and
its effects on ecology, but also on

its effects on morphology of bodies
of water. Within the DMRB a model
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has been developed considering
sediment input from a highway
catchment area and the receiving
surface water. However, this only
considers the effect of sediment on
ecology by estimating sediment build
up, not the effect on morphology.
The consideration of sediment within
HAWRAT is important enough that
failure of this test alone would lead
to minor adverse magnitudes of
impact on the water environment.
The model considers the extent of
sediment deposition and whether
the watercourse into which there

is discharge could be considered
"accumulating” (a model specific
term referring to the propensity of
sediment to gather at an outfall due
to, for example, low flows or gentle
gradients).

There is little refined information
about sediment loading and so

at present the extent of sediment
accumulation is estimated and
controlled by an arbitrary level set

by the HA. Through practice this is
likely to be refined. With regard to
the sediment test, the current default
parameters (post HD 45/09) for the
test are conservative and include:

e A 1m wide watercourse;

e A 1in 1000 long slope
watercourse gradient;

* A Roughness coefficient -
Manning’s “n" of 0.07 (very
weedy, heavy timber).

Initial evidence is that many
discharges fail the sediment tests
and, if so, HD 45/09 directs the user
to undertake a field survey to obtain
data that can be substituted for the
default settings. Initial indications,
from Atkins' fieldwork on the

A21 project and in Wales are that
receiving watercourses generally have
“better” sediment accumulating
conditions than proposed by
HAWRAT, as the default settings are
very conservative. As an example
recent measurements undertaken

in a watercourse in Wales, see
Figure 2, returned a gradient

of 1in 17, significantly reducing
sediment loading predictions. One
possible solution to assessment of
watercourse gradient could be to
consider the use of topographical
survey data and site photographs
to estimate gradient. On a number
of sites investigated by Atkins,
interpolation of topographical data
has compared favourably with field
investigations.

Figure 2. Measurement of river bed
profile near Port Talbot, Wales leading
to refinement of gradient effecting
sediment deposition in HAWRAT

Within HAWRAT there is also

a consideration to account for
sensitivity of designated sites (i.e.
such as Sites of Special Scientific
Interest, Special Protection Area

or Special Area of Conservation).
The threshold levels for failing

RSTs are halved (internally within
the model) if there is a designated
site within close proximity, making
the test more onerous. Of course,
relevant information provided to
experienced practitioners for the
environmental assessment could
show that there would either be no
effect or no connectivity with such a
designated site, potentially reducing
the requirement for mitigation.
Conversely, in the example of
discharge from the A21 proposed
highway widening project, where

the highway widening may physically
restrict groundwater supply to a
nearby designated conservation site,
highlights that there are still potential
impacts on the water environment
not directly covered by HAWRAT

and other associated tests within HD
45/09.

As with its predecessor guidance, HD
45/09 considers the impact of routine
run-off from outfalls not necessarily
just as an individual outfall but within
a watercourse reach which respects
the whole catchment management
driver of the WFD. It also guides the
user to consider cumulative sediment
impacts. The rules for aggregating
discharges differ slightly between
routine run-off and sediment. For
both assessments consideration
needs to be made for each outfall
individually as well as their combined
effect. A combined assessment
should occur for discharges within

a 1km section of a watercourse for
soluble run-off and within 100m

for sediment. Preference is given

to consideration of higher quality,
more ecologically diverse (and usually
larger) watercourses downstream
rather than the immediate receptor
of highway drainage which in many
cases is often a small roadside or
agricultural ditch.

To reduce the need to repeat
environmental baseline assessments
the HA is beginning to record
previous assessments for stretches
of road subject to new development
schemes on the Highways Agency
Drainage Data Management System
(HADDMS)."" It is now a requirement
of all schemes to submit electronic
versions of tests undertaken for the
water environment assessment to the
HA.
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Planning for
mitigation to meet the
requirements of the
WFD

The final key point of discussion
regarding meeting the more
ambitious standards of the WFD
within the highway assessment
method is consideration of
mitigation.

There has been advancement in the
guidance of the DMRB with respect
to identifying various treatment
efficacies (i.e. percentage removal)
for soluble pollutants for different
treatment methods in routine run-off
between 2000-2012. These have
included empirical studies undertaken
by the HA and EA, published in
2003."2 ¥ Further research was then
undertaken between 2002 and 2009
(with the HA and EA partnering

with WRc) that considered typical
pollutant loading within road run-off
alongside toxicity of substances to
ecology. This research has led toward
the consideration of a “treatment
train” approach to mitigation of
highway run-off, which involves more
than one type of treatment in series
to provide better mitigation. This
type of approach is described further
in the SUDS Manual.™

As part of the process of winning
the tender for the M25 widening
in 2006 a “treatment train” was
proposed linking greater treatment
with greater areas of pollution and
more sensitive water receptors.
This included a combination of
bypass interceptors, “downstream
defenders” and treatment ponds
to protect the most sensitive water
receptors.

The application of suggested
pollutant removal efficacy rates for
particular mitigation methods from
more recent best practice manuals
such as CIRIA c609 were investigated
but were found to be very variable
derived from very small datasets. This
led to the dependence on already

Road Site/Treatment Devies

Filter Drain

%Reduction: Inlet to Outlet

Intial Second Total
form of form of system
treatment treatment treatment

Metals 19

35
Full retenti il tor/
wet balancing pond - ARSI (BT (S0
TSS < 62
Mewls 2739

PAHs

16

Table 1. Source Table 3.2 HA 103/06 that summarises water treatment information to
be used in assessment of highway impact on the water environment

existing HA treatment datasets'
documented in the DMRB as
summarised in Table 1.

However, among practitioners the
use of the data provided by the EA
and HA studies is regarded as not
truly representative of actual efficacy
rates. For example, consideration

of 7% removal efficacy for filter
drains as shown in Table 3.2 of HA
103/06, compared against 80-90%
removal efficacy for filter drains as
noted in CIRIA c609® shows the
widespread difference and that
there is clear evidence that reporting
of treatment efficiencies could be
refined. Unfortunately neither HD
45/09 nor the Sustainable Drainage
System Manual' published in 2007
improved or updated understanding
of treatment efficiencies.

The draft National Standards for
SUDS were released in December
2011 and are applicable to local
authority roads, although not directly
applicable to highways. These
standards do not provide improved
treatment efficacy estimates.
However, there is a requirement for
the number of treatment methods

to be applied to each road. Roads
will be required to include two

or (if discharging to a sensitive
watercourse) even three levels of
treatment as normal. Discharge to
ground will be a preference. One
thing is clear; the use of SUDS or
vegetative treatment systems is likely
to become more prominent within
development schemes associated
with the progression of the Flood and
Water Management Act (FWMA).'8

Without clear guidance on the
efficacy of vegetative treatment
systems one way of improving
accuracy of assessment of the
potential of treatment measures is
through a written “departure” to the
HA. Bespoke mitigation such as straw
bales provided in agricultural areas
(and shown in Figure 3) will provide
levels of mitigation not addressed in
HD 45/09. So far the approach of the
Highways Agency via the DMRB has
been to consider mitigation through
vegetative treatment systems to
some extent, but there is also the
potential for proprietary systems

to replicate natural drainage and
provide treatment.


https://FWMA).18
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Within the M25 widening scheme

a “departure” was submitted

and approved by the HA to

use a Downstream Defender
hydrodynamic'® separator, operating
to remove sediment loading and
sediment bound pollutants as

part of the treatment system.
Understanding of the processes
operating for this treatment
mechanism, combined with
laboratory testing presented by

the manufacturer (which had been
undertaken prior to the project
starting), allowed the drainage

and environment teams to adopt

a suggested 15% removal efficacy
rate for sediment bound metals. Our
judgement was required to consider
operational flow rates that were
outside of the test data provided

by the supplier. Our understanding
of the processes operating within
this particular system led us to
propose that no removal of dissolved
metals could be expected from this
mitigation method which better
reflected the true benefits of the
mitigation on the type of pollutants
requiring assessment.

Figure 3. Use of a straw bale (in rear
of channel) to filter water quality. No
guidance on treatment efficacy exists
for similar methods of water quality
treatment

An understanding of the key
pollutants that may impact the water
environment combined with the
physical treatment processes involved
and greater information from

supplier tests are required to ensure
Atkins provides the best solution

to our clients. This will ensure the
most appropriate treatment type

on Atkins’ future commissions for a
range of different types of treatment.
In turn this will help Atkins improve
its design beyond the guidance
currently existing in the DMRB.

As part of the HD 45/09 assessment
process there is also consideration of
reduction of serious spillage risk. See
Table 2.

Optimum risk
Reduction Factor
R, (%)

System

Passive systems
Grassed Ditch/Swale 0.6 (40%)
0.5 (50%)
0.6 (40%)

Sediment Trap

Active Systems

Penstock/valve 0.4 (60%)

Other Systems

Qil Separator 0.5 (50%)

Table 2. Spillage risk reduction factors
taken from HD 45/09 Table 8.1

The method in HD 45/09 to assess
spillage risk uses measures from

the road design and data on traffic
density and make up to determine
the likelihood of a serious spillage
event happening. This is measured in
the number of years, or return period
of an event. Again professional
judgement needs to be applied to
determine the value and effect of
mitigation. Using the methodology

in HD 45/09, a reduction in spillage
risk of 70% could be achieved by
proposing the design of a vegetated
ditch. However, the performance of
this system for some pollutants such
as milk could be questioned. There is
also scope for using methods outside
the guidance of HD 45/09 to improve
mitigation of serious spillage risk. The

use of telemetry was incorporated
into the M25 design providing
remote alarms for oil in bypass
separators and CCTV to monitor
outfalls. This ensures maintenance
when required and a quick response
to serious spillage risk. There is also
guidance given within the DMRB that
stipulates that mitigation be applied
should serious spillage risk endanger
a protected site or protected
species. Here, consultation with the
appropriate people in environmental
protection agencies is important.

Through experience of working

with a planning authority on A40
improvements in Wales the proximity
of particularly sensitive water, the
Cleddau River, (the type that is
recognised by the ethos of the WFD)
with evidence of otter holts, was
enough to convince the authorities
to provide spillage risk mitigation
even though the risk of occurrence
was very small and well outside the
immediate requirements of the HD
45/09. Given the clear direction of
the WFD to protect ecology in water
and using expert advice, our designs
should practically consider the types
of ecology we are trying to protect
and whether mitigation measures

in addition to those required by

the DMRB could best satisfy client
requirements.

HD 45/09, as influenced by the WFD,
requires more emphasis on mitigation
and there may be more cases where
more than one stage of treatment
will be required. Previously, under HA
216/062° the designer could use a
referenced method in HA 103/06 to
determine a required area of planting
in a balancing/hybrid pond that was
designed to completely treat (given
enough planting area) any polluting
situation.

Until HA 103/06 is updated and

the HA provide further guidance

on treatment efficiencies, there will
be a need for designers to work
alongside manufacturers and apply
best practice guidance to show the
benefits and efficiencies of treatment

measures to meet WFD standards. .
11
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Where vegetative treatment systems
are considered in scheme design,
in addition to guidance within the
DMRB (HA103/06), there will also
be a need to obtain and apply
cross sector research information
on mitigation efficacy rates and
best practice for operation. The
requirement for this information
will be likely to increase with the
greater requirements for use of
SUDS following the FWMA, being
applicable to both local authorities
and the Highways Agency.

In addition to the planning for
mitigation a method to respond to
pollution incidents and to maintain
pollution treatment features should
be a standard provision with Atkins
designed road schemes. At present
there is no requirement within HD
45/09 to provide either a method
for maintenance or a method for
response to a pollution incident.
However, within the design of

the M25 drainage scheme the
incorporation of alarms (within
bypass separators), CCTV and a
central management system for
maintenance all added value to
providing a quick response to

pollution incidents should they occur.

An important consideration for
effective application of treatment
systems includes provision of
adequate maintenance plans and
consideration of maintenance within
the design and consultation process.
Historically drainage systems have
suffered a lack of maintenance

in some regions and resources to
improve maintenance will continue
to be stretched in the near future.
Continued negotiation with the
Environment Agency, Internal
Drainage Boards, local authorities
and other interested parties will
ensure access to mitigation features
will not hinder the effectiveness of
treatment measures.

Summary

The application of the WFD

through relevant guidance has
required highway engineers and
environmental teams to consider
catchment wide, ecological effects of
highway run-off including sediment
discharge and compliance with a
broader range of new water quality
standards that reflect the current
legal framework.

Although the current DMRB goes a
long way to address the requirements
of the WFD, there are still areas
that can be improved in future
iterations. A better understanding
of the influence of sediments and
the need to study the physical
changes to watercourses along with
effectiveness of mitigation are all
areas that will need to be addressed
in the near future.

In considering how to meet the
standards, Atkins will be looking

for opportunities to provide better
treatment solutions for highways
discharges which will allow new
development to enhance our water
environment rather than impact
upon it. At present the existing

driver for improvement of the

water environment has been led

by the Highways Agency, highways
authorities, HD 45/09 and the Priority
Outfall Assessment programme.
However, where urban run-off

from roads may be shown to be
contributing to failure of WFD sample
points, there may be a driver through
River Basin Management Plans for
further improvement of discharge
from our road network.
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Abstract

Atkins

Trams have been in use in the UK for more than a century, 2010 being the
125th anniversary of Blackpool's famous electric trams - one of the very first
in the world and the first in the UK. Many other cities followed Blackpool’s
example, but from the middle of the 20th century, most of these were closed
down and the tracks ripped up for scrap or buried under tarmac. However, in
April 1992, Greater Manchester’s Metrolink opened to passengers. The Bury
and Altrincham lines were the first to open, followed by the Eccles line in July
2000. Many other cities in the UK now have, or are planning, tram systems,
including Nottingham, Edinburgh, plus Dublin LUAS in the Republic of Ireland.
This paper sets down the drainage requirements for this second generation
of UK trams, based on the author’s experiences on a number of these tram

systems.

Introduction

Atkins was appointed to work on the
drainage designs for improvements
to the Manchester Metrolink Phase

1 & 2 works and has been part of
the Engineering Support Services
Team for the GMPTE (now Transport
for Greater Manchester — referred

to as TfGM from here on). This
commission was let to draw upon the
drainage experience of the author,
who had also worked on Nottingham
Express Transit (NET Line 1) and was
the principal drainage designer for
the latest upgrade to the Blackpool
& Fleetwood Tramway. These
second generation tram systems

had the same drainage problems

to solve as their forerunners had
overcome. Some of the tracks will
be on former railway lines, so similar
drainage techniques to Network Rail
standards for ballasted track can be
used and are not discussed further

in this paper. Interesting drainage
techniques to relearn relate to the
urban realm, when groove rails are
usually to be found, either on a
segregated section of highway or in
pedestrian areas, sometimes referred
to as a trambahn, or on carriageways
fully integrated with vehicular traffic,
with the tram given priority at traffic
lights and junctions. There are no
new drainage techniques to be
learned; only reapplication of those
known to earlier drainage engineers.

Figure 1 shows an extract from an

Edgar Allen catalogue ¢.1920, which
clearly shows the two main elements
of point drains and transverse drains.

Drain Box in
position

Truck Drain Box

Figure 1.

Modern products of a similar style
are being used and good practice

is being developed on the second
generation of UK tram systems and
in the recent multi-million pound
refurbishment and upgrade of the
Blackpool Tramway. Some examples
of drainage products used recently
are shown below, at Fleetwood
(Figure 2), Metrolink City Centre
renewals (Figure 3) and Dublin LUAS
(Figure 4).
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Figure 2.

Figure 3.

Figure 4.

At Fleetwood, the existing track
was drained using the Edgar Allen
products from the 1920s or earlier.
A replacement product for the point
drain was recommended by Atkins
to the contractor and this was
adopted and can be seen on the
left of the three images above. The
choice was based on two of the key
elements developed as good practice,
described in more detail below. In
particular, this product allowed for a
150mm groove length and a vertical

outlet to cross drains under the track,
similar to the pipework in the right
hand image.

Little design advice is currently
available as to what can be
considered good practice. The

most authoritative guidance is

given by the Office of the Rail
Regulator (ORR) document “Railway
Safety Publication 2, Guidance on
tramways, November 2006”. Clause
119 states, “Grooved rails should
have suitable drainage provided at
appropriate intervals and locations
(e.g. areas of ponding, bottom of
gradients), and when laid in the
highway, connected to surface
water drainage systems. The drains
should be capable of being easily
cleaned to allow removal of sand
and other debris. The provision of
drainage slots should not render the
rail incapable of providing sufficient
support or guidance for trams. Note:
The effect of the presence of rail
grooves on highway drainage may be
significant”.

Thus the two aspects to be dealt with
are spacing, what is “appropriate”,
and maintenance, how should a
feature be “easily cleaned”?

During 2009, as part of the Metrolink
Phase 3 implementation, a review

of these issues was undertaken by
Atkins on behalf of GMPTE. The
elements of good design that

were thought to be important are
summarised below, from the three
points of view of a tramway drainage
designer, the Asset Manager

for GMPTE and for Stagecoach
Metrolink, which has operated the
tram service and maintained the
network since July 2007.

Elements considered ‘good
practice’

The key points from a designer’s
perspective are:

e Maximum spacing of groove
drains 60m for roads flatter
than 2%

Exceptionally increase to
100m

For roads steeper than 2%,
review the above criteria and
perhaps allow greater spacing

Outlet orientation vertical
leaving the drainage unit,
with minimum diameter
75mm

Point drainage units on
shared running

Point or transverse drainage
units if segregated

Slot at least 20mm wide by
150mm long

Slot smooth edged and
chamfered

An appropriately sized

silt trap (perhaps a road
gully) should be sited at or
downstream of the groove
drains, to allow easy and
regular maintenance

Owners and operators should
agree funding of adequate
maintenance of drainage
features.

These key lessons were
reinforced by a tramway Asset
Manager to emphasise:

The the geometry of,

and relations between,
the various road and

track surfaces need to be
understood to define the
requirement for transverse
drainage as opposed to a
point drain on its own

Drainage is needed at the
bottom of a “valley”

Drainage is needed to protect
any set of points at the
bottom of a gradient

Intermediate drainage is
needed on a gradient to
catch detritus and prevent a
build up further downhill

Careful specification of the
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four foot, shoulder, six foot
and cess profiles to avoid
ponding.

The key points from an operator/
maintainer perspective are:

e Groove slot machined and
large/wide enough to cope
with the odd leaf or other
detritus. Narrow short slots
no good

e Good drainage in front of all
facing points

e No boxes on curves — risk of
rail fracture

e Drainage solution should
have the necessary volume/
capacity within the point
or transverse drain such
that anything greater than
a shower does not cause it
to back up or require it to
be cleaned out every week
because of sludge build up
within. Ideally a good clean
at start of autumn and again
in the spring with perhaps
attention during winter
as required should be the
frequency that should be
aimed for

e Access to the drainage box
is easy i.e. easy removal of
the lid, and large enough
such that it can be cleaned,
ideally by mechanised means
(qully sucker) to speed up the
maintenance process

e One size/type does not fit
all; the appropriate drainage
solution must be put in
place dependant on the
location and the objective,
be it groove or switch tip
drainage, point or transverse
drainage, segregated or non-
segregated, trafficked or non-
trafficked locations

® The ideal spacing depends on
circumstances at each groove
drain location.

It is clear that good practice is being
developed, though guidelines are not
definitive. Products are still being
trialled and the effectiveness of these
assessed. Manufacturers producing
well used products include ACO,
Hauraton, Riecken, Hanning & Kahl
and Birco. An area currently being
addressed by work in Fleetwood and
Dublin relates to the better cutting
of the slots within the grooved

rail. Over the last 20 years, this was
improved from small, poorly cut
grooves (Figure 5); to longer slots
drilled and cut, though still with
unintended irregularities to catch
debris (Figure 6); to a slot milled in
the rail, producing an even slot with
no irregularities (Figure 7).

Figure 5.

Figure 6.

Figure 7.

Problems associated with tram
drainage insufficiency are illustrated
by two Case Studies, “The effects of
poor drainage on a tramway” and
“Difficulty of maintenance affecting
the performance of tramway
operation”. These illustrate how
elements of the developing concepts
of good practice in UK tramways
were put in place to improve

the future maintainability of the
Manchester Metrolink system, using
existing maintenance operations to
bring about necessary changes.

Case Study 1 - The
effects of poor drainage
on a tramway

Introduction

A major interchange between bus,
Park & Ride and Metrolink was
constructed at Shudehill in 2002,

just a 5 minute walk from the
Arndale Centre and located next to
The Printworks, a state of the art
entertainment complex located in the
heart of Manchester City Centre with
a range of restaurants, bars and clubs
alongside a cinema and gym. This
valuable additional asset to GMPTE
was a retrofit to the existing City
Centre tram link joining Victoria and
Piccadilly Main Line stations, which
had opened ten years previously in
1992.

The problem

Three issues combined to make the
trackslab beneath the rails subside.
First, the track was level; secondly,

a significant catchment of tram

and highway drainage fell towards
this flat area; and thirdly, the block
paving between the platforms proved
not robust enough to shed all this
water to the drainage channels and
prevent water percolating through
to the trackslab formation. Plate 1-1
(Figure 8) shows severe degradation
of the track and the surrounding
surfaces. The trackslab had sunk

in places, giving rise to uneven ride
quality through the tramstop. This
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failure had occurred in less than 8
years use of the new tramstop. The
City Centre track had already been
scheduled for entire renewal in 2009,
so the opportunity was taken to
investigate the problem thoroughly
and propose a more robust solution.

Plates 1-2 (Figure 9) and 1-3 (Figure
10) show how cores were taken of
the existing trackslab. These led to
the conclusion that the trackslab

had failed to the extent that this
would require total replacement. In
addition, surveys were made of the
catchments contributing surface
water to the tramstop area.

Drainage survey

This was a simple visual survey of
the area, assessing the position of
existing road gullies, falls on the
highways and tramway towards the
tramstop and consideration of the
highway drainage as it would have
been prior to construction of the
tramway. It was determined that
Shudehill itself, several hundred
metres of tramway and the tramstop
itself all contributed surface water
runoff, which congregated on

the flat track area between the
platforms. The tram movements
and water led to failure of the block
paving and generated sand and silt at
ground level that blocked the linear
drainage channels at the foot of the
platform walls. This led to more
water being retained in the tramstop
area and the cycle of degradation
continued. A study of As Built
records demonstrated that adequate
outfalls had been provided for the
tramstop drainage, connecting

to public combined sewers, but
highway drainage on Shudehill had
not been installed upstream of the
tramway. The tramway created a
new pathway for the highway runoff,
rather than the water continuing on
to gullies downstream of the route
of the tramway, which would have
happened pre Metrolink.

Figure 8. Plate 1-1: Shudehill tramstop in Manchester, showing distressed tracks and

surfacing

Figure 9. Plate 1-2: Ground investigation set up

Maintenance

Regular maintenance of the drainage
systems at the tramstop was not
considered a priority, leading to total
failure of the linear drainage system.
Highway drainage maintenance was
effective, but only of gullies already
installed.

Improvements

Drainage to the formation was
installed, the complete trackslab

was replaced and drainage of the
grooved rail was introduced. The
existing outfalls from the tramstop
drainage were utilised, but additional
chambers and rodding points were
included on the formation drainage,
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Figure 10. Plate 1-3: Recovery of cores

Figure 11. Plate 1-4: Groove drainage upstream of Shudehill ...

to allow better maintenance facilities
for the future. As well as improving
the foundations for the trackslab, the
formation drains provided outfalls for
other drainage features introduced
at the tramstop. This included
transverse drains as shown in plates
1-4 (Figure 11) and 1-5 (Figure 12),
a replacement of the linear drainage

channels at the foot of the platform
walls and rodding accesses. Though
it would have been preferable to
increase the size of the channels,
this proved impossible due to other
tramway infrastructure, namely
communication and power ducting,
being located immediately below
the channels. Thus like for like

Figure 12. Plate 1-5: ... and at tramstop

replacement took place. The final
improvement, not driven by the
drainage needs, was the change

of finished surface between and
around the new grooved rails, from
conventionally laid block paving on
a sand bed to exposed aggregate
concrete. This choice, driven by
experience of the failure of the
surfacing at Shudehill and other
locations also reduced substantially
the likelihood of further drainage
failures. The work was completed
between April and November

2009, when the cross city tramway
was closed for renewal, and it is
anticipated that such a renewal

will not be necessary again for
perhaps another 20 years. It was
also recommended that Manchester
City Council should install additional
gullies on Shudehill to catch more of
the highway runoff before it reached
the tramway.

Conclusions

Detailing of drainage features at
initial design can have implications
on the life of transport infrastructure.
In the case of a tramway, it is

well known that rails wear out,
particularly when sharp radii are
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necessary to negotiate an existing
city street layout. A need to renew
the rails after a seventeen year life
was not considered by Metrolink as
unreasonable, but for the trackslab
to have needed replacement as well
can be considered an avoidable
expense. Drainage failures were not
the whole cause of the problem,

but were certainly a contributing
factor. Drainage improvements
were introduced throughout the City
Centre as part of the latest track
renewals at locations identified as
problematic. Surface finishes also
changed, to improve the Manchester
streetscape. A combination of these
features is shown in Plate 1-6 (Figure
13), on Mosley Street, outside the
City Art Gallery. The general area is
shown as Plate 1-7 (Figure 14).

Case Study 2 - Difficulty
of maintenance
affecting the
performance of
tramway operation

Introduction

Metrolink carries nearly 20 million
passengers every year, on three lines
from Altrincham, Bury and Eccles into
Manchester city centre. The Bury
and Altrincham lines opened in 1992
and the Eccles line in 2000, creating
a network of 37 stops covering 37
km (23 miles), served by a fleet of 32
trams. By 2012 four new lines will
nearly double the size of the tram
network with 20 miles of new track
and 27 new stops. The new lines

will go to Oldham and Rochdale,
Chorlton, Droylsden and Media

City. At Media City, an existing track
crossover on the Eccles line needs to
be brought into continuous use to
allow the trams to access the new
stop.

The problem

Though drainage of the grooved
rail had been introduced for the
Eccles extension of Metrolink, the

Figure 13. Plate 1-6: Groove drainage at Mosley Street

Figure 14. Plate 1-7: ...by the City Art Gallery

drainage feature used could not be
readily maintained. This allowed
water from the road to the north
of the Broadway tramstop to flow
down the rail grooves. Water that
falls on the four foot (between the
rails) and the six foot (between the
tracks) flows along the groove until
the groove is full before it overflows
to the roadway surface and flows
to the kerbline to be collected by
the highway drains. So, a relatively

light shower of rain produces a
significant flow of water in the
grooves, which flows through the
tramstop, collecting grit all the
time, then discharges close to the
points mechanism which forms the
crossover. The build up of grit and
debris makes the operation of the
points unreliable.

Plates 2-1 (Figure 15) to 2-4 (Figure
16) illustrate the elements of the
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Figure 15. Plate 2-1: New Media City
extension

Figure 16. Plate 2-2: Broadway stop, no
groove drainage

problem; the new track to Media
City under construction; the existing
Broadway tramstop, some 200m
long with no groove drainage; the
crossover to be brought into constant
service; and the points mechanism
adjacent to the grooved rail end. A
light summer storm of about fifteen
minutes duration filled the groove
and brought silt down to the points
mechanism. The build up of debris
can be seen adjacent to the rail.
This is illustrated above in Plates 2-5
(Figure 19) & 2-6 (Figure 20).

Maintenance

The road leading to Broadway
tramstop (South Langworthy Road)
has a wide six foot (the space
between the two tram tracks)
marked as a ghost island with
pedestrian refuges. It is a busy urban
road, as can be seen in Plates 2-7
(Figure 21) and 2-8 (Figure 22).
The groove rail point drains can be
seen within the four foot (the space
between the two rails of a single
tram track). The tops of these are
secured by two Allen screws and
there is a 50mm horizontal outlet.

Figure 17. Plate 2-4: The points
mechanism

Figure 18. Plate 2-3: The crossover

To clean these, traffic management
would be needed to run traffic

on the six foot. This can only be
achieved during a night time closure
of the lane. On a site inspection

to review the problem described, it
was observed that most of the slots
and the boxes below appeared to
be silted up, which suggested that
maintenance is problematic. This

is clearly not an easily maintained
feature.

Figure 21. Plate 2-7: Groove drainage
upstream of Broadway

Figure 19. Plate 2-5: A light summer
storm

Figure 20. Plate 2-6: The effect!

Figure 22. Plate 2-8: ... extending for a
kilometre

Asset management

GMPTE has appointed an asset
manager to assist the processes as
necessary. Day to day operation and
maintenance are the responsibility of
the Operating Company, at the time
of writing Stagecoach Metrolink. The
maintainer used its term contractor
to inspect one of these features in
detail. First the sewer was surveyed
and a 150mm connection was
located, this being constructed as
part of the sewer diversion works for
the tram. Then, using an endoscope
it was shown that the track drainage
box has a 50mm corrugated pipe on
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its outlet. This pipe is approx 400mm
in length and then connects into the
150mm plastic drainage pipe which
then runs into the 525mm main
sewer. The box lifted was on the cess
rail (nearer the kerbline) and thus it
can reasonably be assumed that the
150mm pipe spans the four foot.

Improvements

An improvement to the drainage was
proposed. The style of groove drain
box used for the Metrolink Eccles
extension is no longer favoured, with
an irregular cut in the groove and
only a 50mm horizontal outlet for
water and silt. A point drain product,
shown in Plate 2-10 (Figure 24), had
recently been installed in Fleetwood,
as part of the Blackpool and
Fleetwood Tramway Improvements,
with a well machined slot and

a 100mm vertical outlet. It was
recommended that one or more of
the existing groove drains on South
Langworthy Road should be changed
for a more easily maintained feature.
Other improvements recommended
were for a variety of transverse track
crossings by several manufacturers,
to give the opportunity to trial
products, regularly used in Europe,
for the first time in the UK.

Within the tramstop area and in
other areas of segregated tramways
running on grooved rails, it is more
usual to use a transverse drain.

Two manufacturers’ products

were recommended for trial at

the Broadway tramstop. One of
these is heavy duty and is claimed
by the manufacturer as suitable

for use in shared carriageway as
well as on segregated areas. This
manufacturer also offers a lighter
duty "hinged’ product that is more
easily opened. Examples of these
are shown in Plates 2-11 (Figure 25)
& 2-12 (Figure 26), both of which
have vertical 100mm outlets through
the trackslab to a bend and outfall
pipe below. An alternative, with a
horizontal pipe beneath the track,
was also considered for trial (Plates
2-13 (Figure 27) & 2-14 (Figure 28)).

Figure 23. Plate 2-9: Groove drainage
upstream of Broadway

Figure 24. Plate 2-10: ... and at
Fleetwood

Figure 25. Plate 2-11: Transverse drain in
a trafficked area

Figure 26. Plate 2-12: ... and a
segregated track

Figure 27. Plate 2-13: Transverse drain

Figure 28. Plate 2-14: ... details of
undertrack drain

These recommendations were

left with TFGM, who would have

to determine an appropriate
procurement strategy for the works
and assess the timing so that the
works would complement the

first of the new Metrolink Phase 3
extensions opened, to Media City in
September 2010. TfGM determined
that it would be impractical to
replace any of the defective point
drains on South Langworthy Road,
but two transverse installations were
completed, a narrower one at the
inbound end and a wider one at
the outbound end of the Broadway
tramstop area. These were both
supplied by the first of the two
manufacturers suggested by Atkins.
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These were photographed in August
2012 after they had been operating
for twelve months and were
observed to be successful. The tram
service to Media City service operates
as a shuttle during the daytime; every
other tram terminating at Media
City, the others travelling to Eccles,
but in the evenings and at weekends
all trams run via Media City. Thus,
the formerly unreliable points are
now operating on a daily basis and
are no longer a maintenance issue.
The completed installations are
illustrated below in Plates 2-15 to
2-18 (Figures 29-32). Atkins offered
the client an understanding of the
nature of the problem, a range of
options to provide a solution and
support for TFGM to procure this
based on knowledge of the various
manufacturers’ products and contact
details for pricing and supply.

Figure 29. Plate 2-15: Wide transverse
drain Outbound ...

Figure 30. Plate 2-16: ... and narrow
Inbound

Figure 31. Plate 2-17: The points able to
function well

Figure 32. with clean trackbed
downstream of drains

Stakeholder engagement

Tramways are being delivered using
Design & Build forms of contract.
Extensions or improvements to
existing systems in the UK and the
complete creation of a new system
have been commonplace for the last
20 years. The owners of the assets
created will generally be a local
authority or a Passenger Transport
Executive. This body will have a long
term responsibility for maintenance,
such as the 125 years that Blackpool
Borough Council and its preceding
bodies have been successfully
running a tram system in Blackpool
and Fleetwood. The operator

may change, perhaps as further
extensions are added. TfGM is
working with its third operator since
it opened in 1992. Designers for
the drainage of trams can work for
any of the above stakeholders. The
parameters for the design cannot be
too prescriptive and each stakeholder
can have a slightly different emphasis
on the outcome of the design. All
parties need to engage in these
issues from preliminary design
through to construction.

Conclusions

From this case study, specific to

tram drainage but of interest to

all drainage construction, the
elements of the need for designing
with maintenance in mind are well
illustrated. It is not easy to predict
how the future needs of a transport
system will change. In this case, an
operational feature (the crossover)
will change from occasional to hourly
use. The cost of failure of the asset
(the points) will be on the operational
efficiency of the tram system.
Inbound trams would be unable to
call at the highly prestigious Media
City tramstop. As this will be the
heart of the BBC, the ensuing poor
publicity could, literally, be broadcast
far and wide! Thus the failure of a
simple drainage feature, or the poor
choice of a product for reasons of
economy, expedience or availability,
has far reaching conclusions.
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A model for identifying conservation and restoration targets in the Peace
Creek watershed was developed in response to the Sustainable Water
Resource Management Plan completed for the City of Winter Haven,
Florida (Singleton 2011") and is presented here. A GIS button tool was
developed to automate scenarios of various combinations and rankings of
water resource functions (e.g. surface and ground water) and subsequently
identify conservation and restoration targets in the watershed. These targets
provide a mechanism for selecting locations for conceptual design projects
and feasibility studies, identifying opportunities for trade-offs between
development and resource benefits, quantifying loss of ecosystem services,
and mitigating for that loss. The resource targets provide a context to guide
land use ordinances, development regulations, and develop incentives for
protecting water resources.

Identifying areas for future restoration and conservation is critical to planning
efforts in the Peace Creek watershed. Conservation and restoration targets
are based on available watershed-level data so that potential projects may be
ranked relative to each other and displayed as maps. Once targets become
part of the planning process, specific projects can be selected based on site-

specific feasibility criteria and development can be directed consistent with the

restoration and conservation targets.

Animated and pdf versions of the Plan can be obtained at:
http://northamerica.atkinsglobal.com/WHSP

Introduction

The Winter Haven City Commission
approved the Sustainable Water
Resource Management Plan in
2010, establishing a new direction
for managing water resources

in Winter Haven and the Peace
Creek Watershed (Atkins 2010?).
The Sustainability Plan outlines an
approach for managing watershed
resources that relies on existing
natural infrastructure, thereby
reducing costs to the public and
providing multiple benefits with
respect to water quality, water
supply, flood protection, and natural
systems.

Impervious urban land uses and
conversion of wetlands to developed
land uses degrade watershed

functions, which in turn contribute
to flooding, soil erosion, water
(and water supply) pollution,

and loss of recreational uses of
waters. Integrating ecosystem
benefits or services into land use
planning has only recently become
part of a sustainable planning
approach (Collins et al. 20073). The
Development of Conservation and
Restoration Targets for Sustainable
Water Resource Management

(or Resource Targets) further
develops the concepts presented

in the Sustainable Water Resource
Management Plan by presenting a
model for identifying conservation
and restoration target areas for the
watershed.
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The purpose of the project was to
develop conservation and restoration
targets that can be used to support
future land use decisions in the City
of Winter Haven and surrounding
Peace Creek watershed. To
accomplish this, available data were
screened for relevance and scale
appropriateness and a Geographic
Information System (GIS) platform
was used to create GIS layers

that represent five water resource
functions: surface water quantity,
surface water quality, groundwater
guantity, groundwater quality, and
habitat. Data intercepts representing
the links between resource functions
(e.g. surface water quantity) and
benefits (e.g. water supply) were
used to develop the resource
function layers (Figure 1). Analysis
of pre-developed (or un-impacted)
conditions of resources provided the
basis for target areas: those with the
least (or no) difference with respect
to undeveloped (e.g. circa 1940s)
conditions are referred to here as
conservation targets, while areas that
exhibit greater changes are referred
to as restoration targets.

The product is a map of water
resource management “target
areas”, represented by water
resource data layers, in the
watershed. In addition to spatial
extent of targets, this study
documented an estimated loss of
20,815 acre-feet of surface water
storage loss since the 1940s as a
result of the loss of wetlands and
reduced lake levels.

Methods

Five resource functions were defined
to characterize the hydrologic and
ecological character of the Peace
Creek watershed: groundwater
guantity, groundwater quality,
surface water quantity, surface water
quality, and habitat. A resource
benefits matrix (Table 1) summarizes
the links between the resource
functions (GIS layers) and resource
benefits. For example, groundwater

Figure 1. Example of integration of data layers used to evaluate resources and develop

resource conservation and restoration targets

recharge is a water resource function
and a measureable attribute (i.e.
recharge potential), that translates

to resource benefits, including water
supply, water quality, fish and wildlife
habitat, etc. The approach relied on
four primary components (outlined
below).

e Conservation and restoration
targets were developed at a scale
consistent with that of available,
relevant data. For example, land
cover data are available for the
entire watershed and illustrate
differences between the more
developed northern and less
developed southern watershed

e Data were acquired for these
analyses and, in later steps, were
ranked as a means of evaluating
the landscape, both temporally
(historic vs. existing) and spatially
(across the watershed). This
precludes the use of data that
are not available for the entire
watershed

e Data were ranked as a means of
scoring and comparing data that
have different units of measure

e A GIS button was developed
that allowed the user to evaluate
changes in resource functions in
various combinations (e.g. with
and without habitat data)

e Data were integrated to provide
composite water resource data
layers

e Locally-specific data were added
to the watershed-scale data
to refine areas for which more
specific data were available.

Ninety-six available data sources
were reviewed for data relevant to
resource functions and benefits.
Available data that were insufficient
in areal extent to cover the
watershed, characterized by limited
or no relationship to evaluating the
resource benefit, or unquantifiable,
were excluded from further analyses.
Fifteen individual data layers were
subsequently retained to characterize
the resource function layers.

Data were first evaluated for
relevance to particular resource
function, such as surface water,
groundwater, or habitat (surface

and groundwater were further
segregated into surface water quality
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and quantity and groundwater
quality and quantity). Some data
were then combined with a second
data layer to produce the appropriate
data field for analysis. For example,
land use was used in combination
with recharge data to identify high
vs. low recharge areas. Integrated
(or composite) data layers for a
resource function were developed
from the individual data layers by
summing and averaging data for
each location across the watershed,
thereby integrating GIS data layers
into a composite resource function
(e.g. surface water quality) data
layer. The composite layer is the
equivalent of the resource function
layer (Figure 1). For example, the
habitat function is a composite of
listed species data, habitat type,
land use, and adjacent land use, and
also addresses connectivity among
habitats that typically reflect streams
and wetlands. The process of data
compilation, evaluation integration
into GIS, and ranking and evaluation
throughout the watershed is
summarized in Figure 2. The more
detailed data and ranking process are
outlined in Table 2.

In the same way that non-parametric
statistics rely on ranked data when
conventional parametric analyses

are inappropriate, data were

ranked as a means of allowing
comparisons across resources with
different characteristics and units of
measure. Altered conditions were
assigned a value = "-5" (representing
restoration), while relatively pristine
conditions were assigned a value =
“+5" (representing conservation)
with respect to a particular resource
function (e.qg. surface water storage).
Values of “0" were assigned to

data if a restoration or conservation
condition could not be established.
Therefore, areas in which the
potentiometric surface has declined
were ranked “-5" while areas where
it has not declined were ranked
“+5". Similarly, undeveloped high
and moderate infiltration soils would
be considered conservation potential,
while developed high and moderate

Water Resource Benefits (Targets)

Data Attribute

Water Resource . i
Functions (d;TH;Ed below \ater Water Flood Fish and Eicl’zif;lon/
table i i adli
Supply Quality  Protection  Wildlife ResoUrces
Groundwater
Potentiometric
Storage X X
surface
Discharge (to NA " " "
surface water)
Recharge Recharge X X X
Hydraulic :
conductivity sl % %
Quality RCRA, SWAA
Surface Water
Nutrient
transport/ Impairment X X
mediation
Sediment
stabilization i % % %
Water levels
Storage (natural X X X X
wetlands
Discharge (to
surface and Recharge* X X X X
ground water)
Water transport Connectivity* X X X
Quality Impairment
Habitat
Cl|mate_s NA .
regulation
NuFrlelnt. NA X X X
assimilation
Groupdwater Groundwater* X X X
mediation
Sun‘gce_ water Surface water* X X X
mediation
Soil formation Soils* X X X
Connectivity SHCA X X X X
Effect on
other resource FLUCFCS X X X X
functions**

*Data layers included under a previous resource function. FLUCFCS = Florida Land Use Cover and
Forms Classification System, used in combination with other resource function data layers as a

measure of urbanization impacts. NA=not

Table 1. Resource benefit function matrix: indicates relationships between resource
functions and benefits (x indicates relationship)

infiltration soils were identified for

restoration.

Final composite water resource
data layers and the water resource
management target areas were
based on scenarios in which various
resource function layers were
assigned different priorities (e.g. 1

for surface water quantity and 2 for
groundwater quantity). A location
for which averaged ranks among the
five resource function layers indicated
relatively pristine water quality
conditions, unaltered groundwater
and surface water conditions, and
“natural” fish and wildlife habitat
also represented a location with
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Figure 2. General approach to developing conceptual conservation and restoration resource targets

a high conservation potential. In
contrast, a location in which all
these resources are altered would be
assigned a high value for potential
restoration.

Although the process described here
was carried out for all five water
resource functions, a single example
(surface water quantity) is presented
to illustrate the development of a
potential water resource target.

Surface water quantity

The surface water quantity resource
function represents the change

in surface water storage between
historic (1940s) and current
conditions. Restoration is a measure
of lost water storage, but not the
overall quality of, for example, a

wetland that still has storage but
has been impacted by agricultural
practices for decades. Therefore,
this resource function represents
potentially recoverable water
storage in the case of restoration
targets and opportunities for water
storage management in the case of
conservation targets. Connectivity

is difficult to measure, but is
important when considering the
historic surface water connections.
While connectivity is not measured
for surface water, it can be
superimposed on the targets map to
examine its influence. Connectivity is
a measure of habitat, however, and
is typically consistent with surface
water connections.

The areal extent of the surface
water quantity data layer includes

historical and current wetlands and
lakes, including wetlands associated
with water conveyances such as
streams and creeks, floodplain
wetlands, isolated wetlands, and
National Wetlands Inventory (NWI)
wetlands (which include seasonally
inundated wetlands). Federal
Emergency Management Agency
(FEMA) floodplains are designated
for flood risk and insurance purposes
(based on the one percent annual
flood occurrence or “100-year
floodplain”) and are not, therefore,
included in the analysis. In the Peace
Creek watershed, however, historic
wetlands closely follow the FEMA
100 year floodplain.

Data layers used to develop the
surface water quantity resource
function layer are listed and
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Data Addi_tions/ Rank Value
Combinations
] 2
Data Layers Resource 5 ‘3 c Data Fields
Y Function - £ )
= o % -5 0 5
5 =
g Zgt 2=
8 8 a wn Sa
Developed/ Undeveloped/
Floridan recharge X § Recharge Recharge Recharge 1 ;Jndeveloped/
c echarge > 10
5 P >10 t0 10
= ©
’é’ Pre-development  Groundwater 2
& potentiometric Quantity X < Change - Change=0 NA Change <> 0 2
g surface © g ., g
2 £ 2 5 Developed Undeveloped/ & &
2 : 5 — +  Develope: ndevelope T @
g Soils g X é‘ Infiltration .‘g" A B C, D, B/D A B c g
21 ° 5 2 £ ©
® Source Water [} I @ . ) c =
Groundwater ¥ = © Inside Outside <
2 Assessment Quallity g & [BO0-EBufer 5 fooo & buffer | [500-ft buffer | [NV 2 5
S Areas (SWA) B = £ g %
5 8 " ¢ ©
g Resource 2 g ] § 2
= Conservation Groundwater T o 2 Inside Outside o 2
% and Recovery Quiality g :; SO LA S 500-ft buffer ~ 500-ft buffer NA ; =
& Act Faclities S z 2 '§ %
o] v 2 -~ 5
H L - &= < Gain /No ~. 2
S Historical land I~ ] G Loss of : = @
T o
o use (wetlands) Surface Water S % Al PRE LTSS : Storage Change in E 2
§ Quantity 2 b A Storage 3 S
o '
§ 2009 land use = &  FLUCFCSCODE S = g
.. = n
= Ridge/valley X M v Impacted : Developed/ Insufficient Undeveloped/ '§
g lakes E P Impacted data Not Impacted =
[~4
e Significant Surface Water o . A €] -
< surface water Quantity &:‘ Priority NA 0 Priority 1 -7
m
Water quality . ) Insufficient .
status X Impaired Impaired data Not Impaired
Strategic Habitat
Conservation Priority NA NA Priority 1 -5
Areas (SHCA)
Historical land Habitat PRE_FLUCFCS NA NA C‘ypress, Sand
use Pine
Residential, Cypress,
2009 land use FLUCFCSCODE Tree Crops NA Pine Flatwoods
Table 2. Data layer compilation, ranking, and mapping for conservation and restoration targets development (left to right)
descnbed in Table 3 and rankings are Data Layer Description Source, Date
listed in Table 4 The process Of daffa Historic Land Use  Tistoric land use against which to  Atkins, as developed for Peace River
selection, ranking, and application is measure changes in land use Cumulative Impacts Study
summarized in Table 5. For example, ; m
the change in surface water storage e gl e chﬁ‘trﬁeﬂﬁt'ﬁﬁf |:f%f35recompanson Sl 2uer 2
was calculated from a comparison of it e A b o ra )
hydrologic conditions (hydroperiods it S
y 9 _ ( yarop Myaliclasy communities to evaluate changes [y i 1 19867 3
- see below) under historic and in surface water storage between =
current land use/land use using et s TSl e, S
GIS and follows the approach used Table 3. Data representing surface water quantity resource functions
for the Natural Systems Model the ﬁ
SQUt_h Florida Water Management Attribute Used in Ranking Rank C
District uses to model pre-drainage Chante in surface water storage A
conditions in the Everglades (SFWMD 9 9 %.
20104 and refined as presented Loss/gain in hydroperiod -5 oY)
for the Collier County Watershed No change in hydroperiod 5 =
=
<

Management Plan (Atkins 2010°). , , o ,
Table 4. Ranking scale used to assign priority for the surface water quantity resource

function
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Hydrology scoring is the functional
value of a land parcel based on the
persistence of historical hydrologic
reference conditions. Hydroperiods
are estimated based on the typical
range of depth (inches) and duration
(days) of inundation of the vegetation
community. No change from historic
conditions would result in a score of
“+5", while total loss of hydrology
(e.g. a cell dominated by a historic
condition wetland or open water
body but which now experiences no
inundation) would result in a score
of “-5". The hydrology score was
applied on a 750 feet x 750 feet cell
basis.

The hydrology score for a cell/parcel
is based on the ratio of the existing
depth and duration in comparison to
the historic condition, adjusted to a
scale of “-5” to “+5". For instance,
a site that historically had an average
hydroperiod of six months and an
average inundation of 12 inches, but
which currently is inundated for only
two months at an average depth

of four inches (i.e. the site currently
experiences one-third of the depth
and duration of the historic condition
for that site), would have a hydrology
score of "-1.67". More simply, a
cypress swamp that was converted
to an urban land use would be
represented by a loss of storage and
have a rank of “-5", while a cypress
swamp that retained its hydrology
would have a rank of “+5".

Surface water quantity restoration
and conservation targets are mapped
in Figure 3 (the footprint of a
locally proposed road, the Central
Polk Parkway, is displayed in maps
throughout this document as for
reference). The most conspicuous
feature is the pattern of ridge lakes
(along the Winter Haven Ridge)
designated as predominantly
restoration (brown) lakes and the
“valley” lakes (on the adjacent,
lower, Polk Upland) designated as
predominantly conservation (green)
lakes. This is consistent with the
result of previous studies of the
Winter Haven Lakes that point to

Historic Wetland and Lakes Land Cover
Gass " o Mo Hammock foreer Lokes Tota
Agriculture -90 91 0 -344 -101 -626
Cypress 0 0 0 -39 -2 -41
K;Izm"ater 555 0 0 -936 -4,156  -4,537
Current | Golf Course -60 -37 0 -258 -62 417
bi':/’ Mesic Flatwood ~ -136 -128 0 -108 -20 392
ti"‘l‘: ) h/l:r;ifnock 331 -37 0 517 77 -962
Zif)tj;z& Bare ;742 1,18 0 5811  -319  -10,061
Swamp Forest 936 39 0 0 -187 788
Urban 618 -421 0 21,915 -1,460 -4,414
Lakes 859 839 0 930 0 2,628
Wet Prairie -497 291 0 21,782 211 -2,781
Total 2,124 -1,315 0 -10,780 -6,596 -20,815

Table 5. Calculated changes in surface water storage from historic to current land use/

land cover conditions (acre-feet)

the groundwater dependence of
the ridge lakes and the changes

in these lakes as a consequence

of the declining aquifer. The valley
lakes have a greater surface water
influence, which is also reflected in
the more elongate shapes compared
with the round ridge lakes.

The shift from native uplands to
urban development represents a
change in surface water storage in
the watershed, although the urban
areas actually had greater storage.
Consequently, urban areas that
were formerly native uplands were
assigned a value of “0” to avoid
the appearance that “restoration”
was recommended solely based on
a gain in surface water storage. In
addition to mapping the changes
in surface water from historic to
current conditions, the loss of
storage represented by the changes
was calculated. For example, a
conversion from wetlands such as
cypress swamp and wet prairie to
agriculture and urban land uses
represents a particular loss of surface
water storage that may be restored,
although restoration of agricultural
lands is more likely than restoration
of urban lands.

A total of 2,124 acre-feet (Table

4) of historic water storage in
cypress swamp has been lost due

to conversion to many different

land uses (e.g. 90 acre-feet of
storage to agriculture, 60 acre-

feet to golf course, 618 acre-feet

to urban development). Similarly,
6,596 acre-feet of former lake/open
water storage have been converted
to other land covers/uses (e.g. 101
acre-feet of historic lakes converted
to agriculture). Overall, this indicates
an estimated 20,815 acre-feet of
surface water storage have been
lost, primarily due to a conversion

of wetlands and lakes to developed
(urban, agriculture, and golf courses)
land uses (Table 5). These losses
were due primarily to loss in forested
wetlands (cypress swamp and swamp
forest, 12,904 acre-feet) and open
water/lakes (6,596 acre-feet).

In terms of restoration opportunities,
some of the conversions may
represent opportunities to regain
water storage. For example, a total of
10,061 acre-feet of former wetlands
and open water were lost due to
conversions to pasture and bare
ground (Table 5) and represent a

loss of the same amount of storage
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Figure 3. Composite surface water quantity resource function layer

that may be seen as a restoration
opportunity.

Numerous lakes are mapped as
restoration (brown) due to storage
loss, while some are mapped as
conservation (green) due to gains.
Losses and gains are based on
comparisons between historic and
existing land use cover (i.e. areal
extent of lakes) and typical changes
in depth associated with changes
in land use. For example, a loss of
10 acres of a lake due to a change
from open water to urban would
be a greater loss than a shift to a
marsh or forested wetland because

of the differences in water depths.
Although changes in lake levels

have not been evaluated for many
lakes, a previous study (Atkins 2009)
documented an average decline of

5 feet in lake levels in the Winter
Haven Chain of Lakes. Although data
are available that estimate 1850s
land cover using 1927 soils maps, the
soils maps are not pre-development
and differences between the 1927
and 1940s land cover maps appear
negligible. Consequently, the existing
historic (circa 1940s) and current
(2009) data are considered the best
data available for this project.

Conservation and
restoration resource
target scenarios

The five individual resource function
layers (groundwater quality,
groundwater quantity, surface water
quality, surface water quantity, and
habitat) were merged to generate a
conservation and restoration resource
target map that identifies areas for
restoration or conservation, based on
a comparison of historic and existing
conditions (e.g. historic and existing
water storage) or the presence/
absence of historical attributes (e.g.
permeable land surface). The five
resource layers were, metaphorically
speaking, “stacked” together, and
the data in each of the five layers
were averaged together for each
pixel location across all five resource
layers (refer back to Figure 2) to
produce a single map. Conservation
and restoration resource targets
have been developed at a scale
appropriate to the available data.
Because the land use regulatory
system operates at different political
and legal scales than the natural
scales of ecosystems (Arnold

20078), however, individual projects
developed as part of future efforts
will have to be examined at the
appropriate scale.

The GIS button tool was developed
to automate scenario development
of the resource target map (outlined
previously in Figure 1). Using

the tool, different scenarios are
developed by assigning different
weights to resource function layers
(Figure 4). A scenario would be
based on the relative importance of
each resource function layer and the
footprint of the proposed project
and the current or future land use,
i.e. the user could examine the total
impact of a proposed project on the
five resource layers combined and/
or one or more layers at a time.

If the surface water quality and
quantity functions were considered
adequate for a particular purpose,
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such as evaluating potential National
Pollutant Discharge Elimination
System (NPDES) permitting, the
other layers could be omitted. One
example is presented here.

An alternate scenario, Scenario 1,
can be generated if more importance
to the surface water quantity
resource function layer is preferred
when compared to the other
resource function layers. Assigning
the surface water quantity layer a
weight of “3” results in a scenario
in which surface water quantity has
three times more influence than the
other four resource function layers
(Figure 5). Similar to Scenario 1, the
restoration targets are predominantly
in the heavily developed City of
Winter Haven. However, weighting
the surface water quantity resource
function more than the other
resource layers results in a shift to
include many more of the green
conservation areas (e.g. in the
northern portion of the watershed).

Figure 4. Scenario 1: example of GIS
button tool for surface water quantity
weight="3" and remaining resource
function layers are assigned weight = "1

Composite water
resource data layers and
resource targets

Combining resource function layers
into composite data maps provides
a means of identifying areas with
restoration and conservation
potential with respect to more
than one layer. Surface water and

groundwater quantity resource
function layers had the most
comprehensive data of the five
resource function layers and are

of particular interest at both state
and local levels. To further focus

on restoration and conservation
targets with higher priority, the

30th percentile for groundwater
target areas and 100 percent of

the potential surface water storage
were retained for displaying water
resource data layers and targets. In
addition, “noise” was removed from
the final map by omitting contiguous

areas greater than 20 acres in size
(100 percent of the target areas are
retained in the project GIS layers

to ensure data integrity). The color
scheme was changed to include the
two different resource layers in this
case (blue for surface water and
green for groundwater). These two
data layers were combined and are
mapped in Figure 6 and illustrate
the concentration of groundwater
targets in the northern portion of
the watershed and surface water
targets in the southern portion of the
watershed.

Figure 5. Scenario 2: conservation and restoration resource target map when surface
water quantity weight = “3"” and remaining resource function layers have weights ="1"
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Figure 6. Composite water resource data layers for the Peace Creek Watershed
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In some cases, discrepancies were
noted in the water resource data
map/model due to false historic
wetland signatures. In one case,
land use/land cover data classify a
lake (Lake Lulu) as restoration and
conservation. The conservation
designation is a result of the
persistence of the wetland forest
despite lower water levels, i.e., the
wetland tree species are long-lived
and will persist for years and the
area therefore exhibits no change
from historic to current. Similarly, a
piece of property identified as wet
prairie because of a “wet” signature
is in pasture, but the wetland
signature remains and the property is
designated as potential conservation.
To address these issues, project-
specific data/studies can be used

to make cosmetic revisions without
altering the raw data.

Conclusions: water
resource targets

Conservation and resource targets
provide a mechanism for the City of
Winter Haven to select locations for
conceptual projects and feasibility
studies, identify opportunities for
trade-offs between development
and ecosystem benefits, quantify a
loss of services, and mitigate for that
loss. For example, opportunities to
mitigate for impacts to groundwater
elsewhere in the watershed can

be readily identified. The resource
targets provide a context for land use
measures to guide revisions to land
use ordinances and development
regulations and to develop incentives
for protecting water resources.

Identification of areas for future
restoration and conservation is even
more important from a planning
perspective. The resource targets
developed for the Peace Creek
watershed provide locations for
restoration and conservation in

the watershed, based on available
watershed-level data. Once these
targets become part of the planning
process, specific restoration and

conservation projects can be located
appropriately throughout the
watershed, while development can
be directed in a way that is consistent
with the restoration and conservation
targets.

Local governments face challenges
to using land use planning to protect
water resources and associated
community benefits. Therefore,

to the extent that restoration and
conservation of priority locations
cannot be accomplished through
land planning and other non-
structural controls, engineering

and other structural controls

will need to be identified. These
controls are less effective and more
costly to implement than non-
structural controls and, therefore,
local governments should consider
leveraging its land planning
authorities, including using incentives
to protect water resources, to

the greatest extent possible. The

City of Winter Haven may choose

to implement monitoring and

other feedback mechanisms for
adaptive management of water
resources. Identifying the resource
targets allows the implementation

of strategies to examine specific
projects, options for land use
planning, and private sector concepts
such as mitigation banking and
regional stormwater ponds. Some
communities have established goals
that target tree canopy increases in
recognition of air and water benefits,
while others have imposed regulatory
jurisdiction over land use to prevent
development because the costs
associated with land use regulation
and land acquisition were less than
the costs of building additional water
treatment facilities that would be
necessary if the development was
permitted.

The City of Winter Haven may, as
another example, choose to restore
a portion of an estimated 20,815
acres of surface water storage lost
to conversions to other land uses
(primarily urban and agriculture).
Or, stakeholders may choose to

focus restoration efforts on only
restorable (non-urban) areas, or

any combination of these efforts.
Estimates of loss of water storage
were consistent with previous
patterns identified for water quantity
and reflect differences in ridge
(Winter Haven Ridge) and valley (Polk
Uplands) geology that dominate the
watershed. Water storage restoration
targets included predominantly the
ridge lakes in the Southern Chain

of Lakes, while lakes identified for
conservation included mostly valley
lakes in the Northern and Interior
Chain of Lakes (consistent with
results of the recently completed
study of the Interior Chain of

Lakes). Another practical option

is restoration of storage that can

be recovered without impacting
adjacent land owners. In contrast,
areas of water storage that remain
unchanged (or with little change)
are identified as conservation targets
and include Lakes Hamilton, Henry,
Haines, Rochelle, and Smart in the
Northern Chain of Lakes.

The resource targets developed for
this project provide a model for
revising the City's ordinances and
developing incentives to protect
water resources in the watershed.
These mechanisms will be developed
as part of the next step in carrying
out the Sustainability Plan. This
report presents the resource targets
that can be used to evaluate, direct,
and support land use decisions

that contribute to sustainability in
the entire watershed, including the
portion of the watershed that forms
the Sapphire Necklace, which was
the focus of the Sustainability Plan.
The resource targets are presented
as conservation and restoration maps
that provide the watershed context in
which to focus and develop a range
of water management alternatives.
These alternatives, as well as the
rules, ordinances, and other planning
mechanisms to implement them, will
be accomplished as part of future
planning and design charrettes with
City staff.
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Landfills vs. incinerators:
identification and comparison
of the hazards posed by the
toxic emissions associated with
the disposal of municipal solid
waste in Puerto Rico

Abstract

Hazardous Air Pollutants (HAPs) emitted by landfills and incinerators were
estimated and compared. The USEPA quantified one Puerto Rico (PR) landfill’s
emissions using LandGEM Version 3.02, and those results were extrapolated
for PR’s land-filled municipal solid waste (MSW) stream. The USEPA Emission
Factors (1995) were utilized to estimate HAP emissions from the incineration
of this MSW. Results are that PR landfills emitted 106.2 tons per year (tpy) of
26 HAPs during 2008: All are Volatile Organic Compounds, eight are known
carcinogens (11.4 tpy) and seven are possible or potential carcinogens (17.1
tpy). Incinerators would emit 394.2 tpy of eight HAPs: 98.8% would be
hydrochloric acid (389.5 tpy), five known carcinogens (0.6 tpy) and one is a
potential carcinogen (0.1 tpy). HAPs were also estimated using data from five
operating incinerators (range: 39.4 - 1,245.8 tpy, average: 493.3 tpy), the
worst performer would emit fewer known/possible/potential carcinogens (13.3
tpy) than landfills do (28.5 tpy).

Introduction

Approximately 9,860 tons of
municipal solid wastes (MSW) are
generated in Puerto Rico (the Island,
see Figure 1) every day (ADSPR,
2003). Approximately 15.3% of

this mass is presently segregated

for recycling (ADSPR, 2008). The
remaining 8,351 tons per day (tpd)

is disposed-off in landfills. During
the 100 or so years since we became
a throw-away society (Life, 1955;

as cited in Rathje & Murphy, 2001),
the MSW stream in Puerto Rico has
resulted in approximately 2,000 acres
(8,093,745 square meters) of opened
or closed landfills (ADSPR, 2003), for
an average rate of twenty new acres
(404,687 mZ) of landfill per year. Figure 1. Location map
Seven out the nineteen (36.8%)
sites listed as the most polluted in
Puerto Rico by the USEPA (2011) are
former landfills. See Figure 2 for
the location of the 31 landfills still in
operation in 2007.
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Figure 3 illustrates two Island
landfills.

Landfills and incinerators pose
hazards to public health and the
environment, but which one
poses fewer hazards? This study
investigates the toxic emissions
for existing, modern incinerators,
and compares them with the toxic
emissions presently emitted from
landfills in the Island.

Sanitary landfills

The sanitary landfill is the most
widely utilized disposal method for
solid wastes (UNEP, 2002) and is the
least expensive alternative when
land is not in short supply. Landfills
generate no visible emissions, except
during fire events, and require very
little manpower and equipment.
However, MSW buried in a landfill
remains there for hundreds or
thousands of years (Rathje & Murphy,
2001). The following are notable
exceptions:

1. Methane (CH,) and Carbon
Dioxide (CO,) will result from
the biological decomposition of
the organic matter, according to
the following formula:

Organic substances + microbial
activity = heat + CH, + CO, +
contaminants

This “landfill gas” will invisibly
ventilate out of crevices, the
landfill surface, or a system
designed for this purpose
(Elias-Castells, 2005). CH, and
CO, are important greenhouse
gasses; however, CO, is
removed from the atmosphere
by photosynthetic organisms
(algae and plants), whereas CH,
is not, and is a greenhouse gas
21 times more potent than CO,
(USEPA, 1998c and 2005b).
The methane fraction of this
“landfill gas” is sometimes used
as fuel (USEPA; 1998b, 2002).
Landfill gas generation peaks
approximately 30 years after

Figure 2. Location of Puerto Rico Landfills

Figure 3. Examples of Puerto Rico Landfills

MSW has been deposited in

the landfill, and its generation
continues for decades or even
hundreds of years (E.A., 1997,
ATSDR, 2001; Ferry, 2002,
USEPA, 1998c¢, 2002 and 2005a;
Durmusoglu, Yavuz & Tuncay,
2005).

2. Volatile and semi-volatile gases
can be present in the MSW
stream deposited in landfills.
These are also formed during

the biochemical reactions that
occur within landfills, and they
are emitted to the atmosphere
in the landfill gas stream (Elias-
Castells, 2005). Table 1 shows
the typical landfill contaminants.
These gasses range in impact
from nuisance odors to toxicity
(USEPA, 1999; Chian & DeWalle,
1979).

The liquids deposited in the
landfill will find their way to the
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landfill bottom. Precipitation
will percolate through the layers
of MSW deposited, fuelling
microbial as well as chemical
decomposition of the MSW.
Liquids moving within the
landfill dissolve organic and
inorganic contaminants. Landfill
leachate is normally toxic
(Jones-Lee, 1993; Elias-Castells,
2005), has a high biochemical
oxygen demand, a low pH, and
is contaminated with heavy

Figure 4. Landfill Schematic

metals and soluble organic Pollutant ppmv Pollutant ppmv
species (Elias-Castells, 2005). 1,1,1-Trichloroethane (methyl 048 Dichlorodifluoromethane 15.7
The modern practice is to collect | | cloroform) Dichlorofluoromethane 2.62
it throughout the bottom of the 1,1,2,2-Tetrachloroethane? LU Dichloromethane (methylene |, o
landfill and re-apply it at the top 1,1-Dichloroethane (ethylidene 235 chloride)? '
with or without some treatment. | | dichloride): Dimethy! sulfide (methy! %
Even when a bottom liner is 1,1-Dichloroethene (vinylidene 0.20 sulfide) :
present, there is always seepage | | chloride)® Ethane 889.0
through seams or cracks (USEPA, QZZBllquzlfJ)Zoethane (ethylene 041 P —— 27.20
2001). This impact decreases LEILCNICS _
once an impermeable cap is 1,2-Dichloropropane (propylene 018 Ethyl mercaptan (ethanethiol) - 2.28
placed over a landfill during its sl Ethylbenzene 4.61
proper closure, but it is present 2-Propanol (isopropyl alcohol) 50.10 Fluorotrichloromethane 0.76
during its entire active life. Acetone 7.01 Hexanea 6.57
Landfill closures under current Lol 633 Hydrogen sulfide 35.5
regulations require at least three Benzene 1.91 Mercury (total)> 0.000292
monitoring wells to determine Bromodichloromethane 3.13 Methy! ethyl ketone® 7.09
Whether lar?dﬁl! leaIChatle _ Butane 5.03 Methyl isobutyl ketone? 1.87
contgmmat'lon IS mlgratlng Qut5|de Carbon disulfide® 058 Methyl mercaptan 549
the site, a final grading to divert Carb = 410
. aroon monoxiae . - I
runoff away, a gas collection and — gg”mmit:g'zgscﬁffa?;) 595.0
recovery system, and a final capping Carbon tetrachloride® LU
to keep precipitation off the buried Carbony! sulfide® 0.49 Fentane .29
waste. The duration required of Chlorobenzene? 0.25 Ii(e;chlmoeth;t/:fr?e ) 373
these measures, indicative of their T ———— 13 (Pe rachloroethylene) .
; ropane .
impact, can be as short as 30 years Chloroethane (ethyl chloride) 1.25 ;
and as long as 100 years. t-1,2-dichloroethene 2.84
Chloroform? 0.03 -
Trichloroethylene 582
Chloromethane 1.21 it loroetnenes: .
Dichlorobenzene® 0.21 Vinyl chlorides 734
Table 1. Typical contaminants of landfill Xylenes? 12.10
gas (USEPA 1995)
USEPA NOTES:

This is not an all-inclusive list of potential landfill gas constituents, only those for which test data
were available at multiple sites.

@ Hazardous Air Pollutant listed in Title Ill of the 1990 Clean Air Act Amendments.

® Carbon monoxide is not a typical constituent of LFG, but does exist in instances involving landfill
(underground) combustion. Therefore, this default value should be used with caution. Of 18 sites
where CO was measured, only 2 showed detectable levels of CO.

¢Source tests did not indicate whether this compound was the para- or ortho- isomer. The
para-isomer is a Title lll-listed HAP.

9 No data were available to speciate total Hg into the elemental and organic forms.

A11|IgeUIRISNS 19 1USWIUOIIAUT

ppmv = parts per million based on volume of landfill gas.
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Incinerators as
alternative

The controlled burning of MSW was
developed to reduce the volume

of MSW to be disposed, convert
the caloric output into energy, and
recover materials that survive the
process:

Organic substances + O, = heat +
CO, + H,0 + contaminants

The USEPA (1995) has compiled a list
of typical emissions that come out
of the smokestack for the various
types of incinerators under different
scenarios of emissions control, see
Table 2.

The more efficient the combustion
process, fewer contaminants are
generated (Elias-Castells, 2005).
However, heavy metals and the un-
combusted organic substances that
remain in the ash residues, including
those formed during incomplete
combustion can make incinerator ash
disposal a problem (USEPA, 1998a).
These “incinerator solid wastes”
occupy a small fraction of the volume
of the original MSW, reducing the
required landfill capacity needs by
85% (Renova, 2000). Significantly
reducing the volume of the material
to be disposed in landfills significantly
reduces the disposal problem.

Just like the decomposers in the
biosphere, incinerators return energy
and materials for anthropogenic
(human) consumption (Husar, 1994):
Energy (approximate rate of 0.029
megawatts per ton of MSW), steam,
construction aggregate (91.6 kg/
ton of MSW), ferrous (38.1 kg/ton of
MSW) and non-ferrous (3.6 kg/ton)
metals (Renova, 2000), as illustrated
in Figure 5?

Modern incinerator technologies
include the processing of the fly-

ash to trap the contaminants it
contains and make them unavailable
to the environment. For instance,
incinerator ash containing 7.5% lead
and 0.2% cadmium, encapsulated

in a sulphur polymer with additives

Emissions Control Technology

Pollutant Uncontrolled Emissions
(kg/Mg)

Arsenic® 0.00214

Cadmium® 0.00545

CDD/CDF¢ 0.000000835

Co, 985

cod 0.232

Cromium® 0.00449

HCle 3.20

Mercury® 0.0028

Nickel® 0.00393

NOxd 1.83

Lead® 0.107

50, 1.73

Spray Drier/ Fabric Filter Emissions
(kg/Mg)

0.0000212
0.0000136
0.0000000331

*
*
0.0000150
0.106
0.0011
0.0000258

*

0.000131

0.0311

0.277

Table 2. Typical Emissions for incinerators with and without emissions control

USEPA NOTES:

CO, emitted from incinerators may not increase total atmospheric CO, because emissions may be

offset by the uptake of CO, by regrowing biomass.

Emission factors should be used for estimating long-term, not short-term emission levels. This
particularly applies to pollutants measured with a continuous emission monitoring system (e.g.,

50,).

kg/Mg = kg of emissions per Megagram (1,000,000 grams or 1.0 metric tons) of solid waste

combusted.

* = Same as “uncontrolled” for these pollutants.

2 PM = Filterable particulate matter, as measured with EPA Reference Method 5.

5 Hazardous air pollutants listed in the Clean Air Act.

¢ CDD/CDF = total tetra- through octa-chlorinated dibenzo-p-dioxin/chlorinated dibenzofurans.
2,3,7,8-tetrachlorodibenzo-p-dioxin, and dibenzofurans are hazardous air pollutants listed in 1990

Clean Air Act.

4 Control of NOx and CO is not tied to traditional acid gas/PM control devices.
¢ Calculated assuming a dry carbon content of 26.8% for feed refuse.

results in leachable levels below
allowable concentrations (USEPA,
1996). The technology to turn ash
residues into stable cement-like
substances (Keck and Seitz, 2002;
Buckley and Pflughoeft-Hassett,
2006) has found many constructive
applications (NYT, 1919, USDOE,
2000; USDQOT, 2000). At a minimum,
these stabilization technologies allow
the solid residue to be disposed in
landfills with minimal potential for
generation of toxic leachate and
occupying a small fraction of the
landfill space when compared with
the original MSW.

Not in my backyard

A basic comparison between

these technologies indicates that
the incinerators fare much better
than landfills in the following
categories: Emission of greenhouse
gasses (Solano et al., 2002; USEPA,
2006a), discharge of toxic leachate
(Jones-Lee, 1993; USEPA, 1996;
USDOE, 2000; USDOT, 2000;

Keck and Seitz, 2002; Buckley and
Pflughoeft-Hassett, 2006), duration
of the impact (Elias-Castells, 2005),
materials recovered (landfills have
none), power generation (USEPA,
2006a), jobs creation (USDOT, 2000;
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RWB, 2001; CEPA, 2003) and land
consumption (Renova, 2000). Public
perception, however, is an area
where incinerators fare far worse
than landfills, even though landfills
also suffer from the not in my back
yard (NIMBY) syndrome (ANL, 1994;
McCarthy, 2004).

The most consistent argument in
opposition to the incinerators is their
toxic emissions (McCarthy, 2004).
Earlier versions of the incinerator
sparked this reputation: Incomplete
combustion, inappropriate or non-
existent emissions controls, and
other factors yielded large quantities
of toxic contaminants in their
atmospheric emissions (NYT, 1919;
USEPA, 1995 and 1998a). Many

of the reports attacking incinerator
emissions refer to the Harrisburg,
Pennsylvania Incinerator, which
began operations in 1972 (USEPA,
1985) and emitted at least two
orders of magnitude more dioxins
than the average U.S. incinerator of
its time (USEPA, 1997a). Others refer
to the Columbus, Ohio Incinerator,
which operated between 1983 and
1994, during which time it emitted a
full one third of the dioxin emissions
in the U.S. (Lorber et al., 1998).

Do modern incinerators contaminate
as much? And, how do their
emissions compare

The Experiment

The Arecibo landfill was used as

a sample of the Hazardous Air
Pollutants (HAP) emissions generated
from the disposal of MSW in Puerto
Rico landfills. It serves the sixth
largest municipality in the Island

and receives its fourth largest waste
stream. A study by the ADSPR
(2003) reported the weight in tons
per year (tpy) and volume of MSW
disposed in all 31 Island landfills for
one week each during 2003, and the
waste composition at 12 selected
landfills and two transfer stations.
Some stations, including the Arecibo
landfill, were re-sampled to measure

7.7% to
Landfill
Floor Boilers 95% | Boiler
1000ton 86% Sold
MSW 99% 1 Ferrous
Enters o 10
Process Shredders / Metal
Recovery 14% used
in-house
Ferrous
Metals . Overall
2.0% Bottom Ash 12% To Energy: 76.6%
Recovered: 13.7%
0.7% Bulky and Landfilled: 9.6%
hazardous objects Non-
Boiler Ferrous  Ferrous
Aggregate™ 0.4% 2.1%
9.8%

Figure 5. Incinerator schematic for a 910 tpd facility

Figure 6. Example of a 2,700 tpd incinerator

the impact of the holiday MSW
stream and other fluctuations.

The HAPs, those listed in Subchapter
[, Part A, § 7412 of the U.S. Clean
Air Act, were quantified for the
hypothetical emissions of MSW
management in Puerto Rico using
incinerators. HAP emissions data
(waste processed and emissions) from
five incinerators were also obtained
from existing United States facilities
through available U.S. Environmental
Protection Agency (EPA) databases.
The emissions data obtained from
these incinerators were scaled for
8,301 tpd, in accordance with the
following equation:

Emissions from all Puerto Rico MSW
incinerated = Results for
incinerator Y X 8,301 tpd
tpd MSW
incinerator Y

Landfill HAP emissions data are

not so readily available. Until
recently (USEPA, 1997b) there

was no requirement for landfill

gas monitoring. Even the 1997
regulation, which imposed gas
monitoring to active landfills, was
limited to the largest 5% of landfills
(greater than 2.5 million metric ton
capacity). Therefore, existing data
needed to compare toxic releases
from landfills are limited. However,

-
-
=.
=
@)
S
3
®
S
=)
Q0
wn
c
(92]
=)
&
S
D
o
E

<




42

the USEPA has compiled a list of
Emission Factors, which consist of
averages of the available data of
acceptable quality, obtained from
hundreds of actual test results
performed on actual emission
sources, and are representative of
long-term averages for each type of
facility (USEPA, 1995 and 2008).

This study utilized the USEPA's Landfill
Gas Emissions Model (LandGEM,
Version 3.02) (USEPA, 2005a),
prepared for the Arecibo Landfill
by the USEPA Region 2. The data
collected by the USEPA (2009) in
support of their emissions model
of the Arecibo Landfill covered a
total of 33 years, from 1973, the
year it opened, through 2006. The
LandGEM estimates emission rates
for all landfill gases, including:
methane, carbon dioxide, non-
methane organic compounds,

and individual air pollutants, and

is based on the following first-
order decomposition rate equation
to quantify emissions from the
decomposition of MSW in landfills:

n 1 M
Qcn, = Z Z KL, e'“ii

t=1 j=0.1
Where:

Q,,, = annual methane generation in
the year of the calculation (m3/year)

i = 1 year time increment

n = (year of the calculation) - (initial
year of waste acceptance)

j = 0.1 year time increment
k = methane generation rate (year™)

L, = potential methane generation
capacity in cubic meters per mega-
gram (m3*/Mg) of MSW.

M, = mass of waste accepted in the
ith year in Mg

t, = age of the i section of waste
mass Mi accepted in the it" year
(decimal years, e.g., 3.2 years)

The results obtained for the Arecibo
Landfill, which accepts an average
of 541 tpd, or 6.5% of the 8,301

tpd deposited in Puerto Rico landfills
daily, were extrapolated by this study
for the entire Island through the
following equation:

Emissions Estimate for all MSW
deposited in Puerto Rico landfills =
LandGEM Results, Arecibo Landfill

X 8,301 tpd
541 tpd

The results from the previous
exercise, namely the landfill gas
emissions estimate, were used to
estimate the toxic contaminants
emitted to the atmosphere from
landfills in Puerto Rico using the
Emission Factors compiled by the
USEPA (1995). In the case of landfill
emissions, these are expressed as

a ratio of a pollutant emitted per
volume of landfill gas (i.e. mg/m3).

To estimate emissions of non-
methane organic contaminants from
landfills, the following equation is
used by LandGEM:

Q = 182Q.,, + Cp+(1x106)
where:

Q, = Emission rate of pollutant P, m¥/
yr

Q... = CH, generation rate, m?yr,
from LandGEM results (above)

C, = Concentration of P in landfill gas
(Emission Factor, ppmv)

1.82 = Multiplication factor, assumes
that approximately 55% of landfill
gasis CH, and 45% is CO,, N,, and
other constituents

The Emission Factors (USEPA, 1995)
for MWCs were used to estimate the
Island’s emissions if all MSW land-
filled in Puerto Rico were processed
with incinerators.

simple reason: The amount of a toxic
substance is always the numerator
in the risk factors, such as dose (mg/
Kg or milligrams of contaminant per
kilogram of body mass) or exposure
(mg/m?3, milligrams of contaminant
per air volume). Take away the mass
of the contaminant and the risk
goes to zero. Increase the mass of a
contaminant available for exposure
and the risk increases accordingly.

Results: landfill
emissions in Puerto Rico

Mass of toxics as a
surrogate for risk

The mass of HAPs emitted should
be a strong indication of the overall
risk that landfills and incinerators
pose. Mass is the most important
factor in risk assessment for one

There are 46 non-methane organic
contaminants in landfill gas, of which
26 belong to the HAP category. A
total of 106.2 tpy of HAPS were
emitted at ground level from open
and closed landfills throughout the
Island in 2008, including 248,686 tpy
of carbon dioxide and 90,637 tpy of
methane, for a total of 2,152,063 tpy
of greenhouse gas CO,-equivalents;
(USEPA, 2005b). Table 3 shows the
resulting emissions for the sample
and for the Island.

Of the 26 HAPs in Puerto Rico landfill
gas, seven are known carcinogens
(Vinyl Chloride with 5.2 tpy,
Acrylonitrile with 3.8 tpy, Benzene
with 1.7 tpy, Ethylene Dichloride with
0.5 tpy, Propylene Dichloride with
0.2 tpy, Chloroform with 0.04 tpy,
Carbon tetrachloride with 0.007 tpy,
and Ethylene dibromide with 0.002
tpy) and a further seven are possible
carcinogens or potential occupational
carcinogens (Tetrachloroethylene with
6.9 tpy, Trichloroethylene with 4.2
tpy, Ethylidene Dichloride with 2.7
tpy, 1,1,2,2-Tetrachloroethane with
2.1 tpy, Methyl chloride with 0.7 tpy,
1,4-Dichlorobenzene(p) with 0.3 tpy,
and Vinylidene Chloride with 0.2
tpy), for a total of 11.4 tpy of known
carcinogenic HAP emissions and

17.1 tpy of potentially or possible
occupational carcinogenic HAP
emission.

With the exception of a minute
amount (0.001 tpy) of mercury,
most of the 106.15 tpy of HAPs
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in landfill gas consist of volatile ] Arecibo ]
organic compounds (VOCs), some CAS Number Chemical Name Landfill Puerto Rico
hglogenated, with a heavier—than- 74-82-8 Methane 6,430 90,637
air vapour (mean vapour density = 124-38-9 Carbon Dioxide 17,643 248,686
3.8, range = 1.7 = 6.5). Their high
density keeps these contaminants 79-34-5 1,1,2,2-Tetrachloroethane 0.1 2.1
close to the ground, available to 106-46-7 1,4-Dichlorobenzene(p) 0.02 0.3
human receptors and the food 107-13-1 Acrylonitrile 0.3 3.8
chain. VO.CS also participate of the 71-43-2 E—— 0.1 17
atmosphelrlc phqto;hemlcal reactions 75150 Carbon disulfide 004 05
and contribute significantly to the .
formation of ground-level ozone and 56-23-5 Carbon tetrachloride 0.0005 0.007
smog (Elias-Castells, 2005) 463-58-1 Carbonyl sulfide 0.02 0.3
108-90-7 Chlorobenzene 0.02 0.3
Results- incinerator 67-66-3 Chloroform 0.003 0.04
C— 100-41-4 Ethyl benzene 04 5.5
emissions
75-00-3 Ethyl chloride (Chloroethane) 0.07 0.9
Should the five incinerators sampled 106-93-4 Ethylene dibromide (Dibromoethane) 0.0002 0.002
process all of the Island’s MSW, they 107-06-2 Ethylene dichloride (1,2-Dichloroethane) 0.03 0.5
would generate anywhere from 39.4 | | 75.34-3 Ethylidene dichloride 0.2 2.7
to 1'245'? Zpgy3o3f HAPs, WI':t_h an . 110-54-3 Hexane 0.5 6.4
average o -3 1py, see Figure 7. 7439-97-6 Mercury Compounds 0.00005 0.0007
The 5'”9'? |argef5t H'A}P prgsgnt mn 74-87-3 Methy! chloride (Chloromethane) 0.05 0.7
the emISSIC.)nS of the Iv.e lnc.meratqrs 71-55-6 Methyl chloroform 0.05 0.7
evaluated is hydrochloric acid, which
contributed anywhere from 99.0% 78-93-3 Methyl ethyl ketone (2-Butanone) 0.4 5.8
t0 99.8% of the HAP mass, with 108-10-1 Methyl isobutyl ketone (Hexone) 0.2 22
an average of 99.3%. Lead is the 78-87-5 Propylene dichloride 0.02 0.2
next most important component 127-18-4 Tetrachloroethylene (Perchloroethylene) 0.5 6.9
of the _mcmerator HAP eT(I)SS(I)%%So'/ 108-88-3 Toluene 29 406
cqmprlsmg an qverage oro. o 79-01-6 Trichloroethylene 0.3 4.2
with mass ranging from 0.04 to . _
13.07 tpy (average = 2.73). Mercury | [ 72014 Vinyl chloride 04 22
Compounds followed in order 75-35-4 Vinylidene chloride 0.02 0.2
of concentration, comprising an 1330-20-7 Xylenes (isomers and mixture) 1.0 14.4
average of 0.054% of the emissions Total HAP emissions: 7.5 106.2

for all five incinerators. Mercury
emission estimates using the various
incinerators as models would range

Table 3. Landfill gas and hazardous air pollutant (HAP) estimates for the Arecibo
Landfill and for Puerto Rico based upon the 2008 MSW deposit rate

from 0.009 to 1.1 (average =0.3) All emissions figures in tons per year (tpy). Significant digits were removed for clarity. 5'_'
tpy. Cadmium is the fourth most 1400 — ues s é
important component of the HAP 1200 o ,::melr:tors g
emissions, comprising an average of 1000 — 3
0.011%, with a mass ranging from 800 [— 7619 )
0.00 to 0.24 (average = 0.06) tpy. 46188 — 3043 =
Another estimate of HAP emissions 200 — 106.2 — 394 164.9 o
from incinerators was obtained 0 : — 8
from the USEPA’s Emissions Factors Landfills MWC-A MWC-B MWC-C MWC-D MWC-E E;r;lsi(l)or:s r'-
(USEPA, 1995 and 2003), which Figure 7. Comparison (in tpy) of HAP emissions in Puerto Rico: Landfills v. incinerators %
provide five technology scenarios: oY)
No emissions controls, electrostatic O
precipitators, spray dryer/electrostatic E

precipitator, duct sorbent injection/
fabric filter, and spray dryer/fabric
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filter. Each set of emissions control are trapped, forming a “cake” in 0.05 tpy (0.013%), and dioxins &

technologies has its strengths and the surface of the fabric filters, furans with 0.0001 tpy (0.00003%,).
its weaknesses (Elias-Castells, 2005), which further provides filtering and These are the only HAPs listed in the
and may be installed in series for adsorption (Elias-Castells, 2005; Emissions Factors (USEPA, 1995) for

additional removal of contaminants. and USEPA, 1998a, b, 2008). Spray incinerators.

?rryer/fizrlc flltder Irsnﬁlsicc))r?;ic:?w?rsél Out of the eight HAPs that would
equertly used emiss be emitted by incinerators, five are

technology for incinerators in the . .
. known carcinogens (Lead with 0.5
United States (USEPA, 2003). tpy, Arsenic with 0.08 tpy, Chromium

The spray dryer/fabric filter
technology was selected mainly due
to the simplicity and effectiveness
of this process: Water or partially

treated wastewater (for re-use) Total HAP emissions estimate using with 0.06 tpy, Cadmium with 0.005
is sprayed into the emissions, the Emissions Factors was 394.3 tpy. tpy, and Dioxins & Furans with

often with additives such as lime The single largest HAP present in the | 0.0001tpy) and one is a potential
(CaCO,) or caustic soda (NaOH) for emissions, based on this national occupational carcinogen (Nickel with
pH adjustment and contaminant average is, again, hydrochloric 0.09 tpy), for a total of 0.6 tpy of
adsorption. The spray lowers the acid. It comprised 98.8% of the known carcinogen emissions and
emissions temperature to below the HAP mass (389.5 tpy), followed by 0.09 tpy of potentially carcinogenic

temperature of formation for dioxins | Mercury with 4.0 tpy (1.03%), Lead emission.
and other organic pollutants (Lorber with 0.5 tpy (0.038%), Nickel with
et. al., 1998; USEPA, 1997a, 19983, 0.09 tpy (0.024%), Arsenic with
and 2006b). As water evaporates to 0.08 tpy (0.020%), Chromium with
steam, the solids that are left behind 0.06 tpy (0.014%), Cadmium with

Incinerator emissions are discharged
through a smokestack designed to
the height necessary to ensure that
emissions do not result in excessive

Emission
MWC-A MWC-B MWC-C MWC-D MWC-E Factors
100375 602250 281780 220825 102930
MWC - PR MSW 2.7% 16.4% 7.7% 6.0% 2.8%
_ _ _ 664 —
MWC PR
Lead Compounds 0.001 .02 3.1 0.003 .
Mercury Compounds 0.005 0.2 0.3 0.001  0.01 0.07 11 0.0003 0.009 4.0
0001 003 - 001 00008 001 001 02
Manganese Compounds 0.004 0.1
1 {7 7 ]
Formaldehyde 0.0002 0.007
1,3-Butadiene 0.00002 0.0007
0000020 00007
Beryllium Compounds 0.00006 0.0004
00000002 0000006 0000004 00001
Naphthalene 0.000002 0.00008
Chromium Compounds  0.00000001  0.0000004 0.06
Total 20.8 761.9 41.7 2543 3.0 394 749 1,2458 4.6 164.9 3943

Table 4. HAP Emissions from Incinerators: Sampled Incinerators, and USEPA's Emission factors. Extrapolated for all MSW Landfilled in
Puerto rico in 2008

All Emissions and MSW figures in tons peryear. Emission factors in kilograms per megagram of MSW.

Estimates based upon the estimated 3,674,611 tpy MSW land-filled in the island (see Table 1).

Decimal places rediced to the first non-zero to illustrate order of magnitude. Calculations with all significant figures.
MSW= Municipal Solid Waste, MWC = Municipal Waste Combustor or incinerator, PR = Puerto Rico
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concentrations of air pollutants in the
immediate vicinity of the source as

a result of atmospheric downwash,
eddies, and wakes which may be
created by the source itself, nearby
structures or nearby terrain obstacles.
Contaminants remain suspended as
particles in the emissions, and are
deposit by gravitational settling over
time.

Assessment conclusion

Unless otherwise specified below,
the following conclusions draw
upon the USEPA's Emission Factors
estimate and not from the individual
incinerators sampled. The former is
representative of long-term average
emissions from all incinerators in the
United States.

e The community that hosts a
landfill has the long-term liability
of the underground storage
of slowly decomposing refuse
with the ensuing emissions
(greenhouse gasses and non-
methane organic compounds,
including HAPs) and leachate
discharges to the ground and
groundwater. Once an incinerator
is shut down its impacts cease

e Landfill emissions occur at ground
level, where they are close to
the human population, cattle
and other links to exposure
pathways, increasing the potential
exposure to the HAP emissions.
Incinerator emissions are required
to be at a height that minimizes
concentrations of air pollutants
in the immediate vicinity of
the source and that maximize
dispersion of potential pollutants

e Incinerators would emit 3.7 times
more HAPs than landfills; 394.3
tpy for incinerators v. 106.2 tpy
for landfills (presently), or 288.1
additional tpy than Puerto Rico’s
present method of solid waste
disposal. However, 98.8% of
the HAPs in incinerator emissions
consist of Hydrochloric Acid. In
contrast 99.2% of the landfill

emissions (105.4 tpy) consist
of a blend of organic solvents
and degreasers, four of which
are known carcinogens, and six
of which are possible/potential
carcinogens

e Incinerators would emit 18
times fewer known carcinogen
HAPs than landfills do; 0.6 tpy
for incinerators v. 11.4 tpy for
landfills, or 10.8 fewer tpy than
Puerto Rico’s present method of
solid waste disposal, see Figure
8. This finding would contradict
the general knowledge that
incinerator emissions are worse
than landfills

e Incinerators would emit 190
times fewer possible carcinogen
or potential occupational
carcinogenic HAPs than landfills
do; 0.09 tpy for incinerators v.
17.1 tpy for landfills, or 17.0
fewer tpy than Puerto Rico’s
present method of solid waste
disposal

e Actual operating facilities can
achieve far greater reductions of
HAP emissions than the national
US averages in the Emission
Factors. That is the case of

0.08 0.2

MWC-C. If its combustion and
emissions-control technologies
were utilized in the management
of all MSW presently land-filled
in Puerto Rico, incinerators would
emit 37% fewer (67 tpy) HAP
emissions than landfills presently
do (106.2 tpy), see Figure 7

The proportion of Hydrochloric
Acid (HCI) to the total HAP
emissions was consistent between
the estimates from the USEPA
Emissions Factors (98.8% HCI)
and the estimates from the five
incinerators sampled (range =
98.8% t0 99.8% HCI). HCI
deserves particular consideration.
Acute effects stem from its
corrosivity to the eyes, skin, and
mucous membranes. Drinking it
causes corrosion of the mucous
membranes, esophagus, and
stomach, with nausea, vomiting,
and diarrhea. However, HCI

"is a natural physiological fluid
present as a dilute solution in the
stomachs of humans” (Manahan,
1994, p. 679). HCL is a mineral
acid with unlimited solubility

in water, which reacts readily
with carbonates (CO32-) in soil
dissolving them, resulting mainly

133

Landfills

Incinerators

0.1 0.6

Landfills MWC-A MWC-B MWC-C

Figure 8. Comparison (in tpy) of known carcinogenic HAP emissions in Puerto Rico:

Landfills v. incinerators
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Figure 9. Comparison (in tpy) of potential/possible carcinogenic HAP emissions in

Puerto Rico: Landfills v. incinerators
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in calcium chloride (CaCl2),
potassium chloride (KCl) or
sodium chloride (NaCl); carbon
dioxide and water, in accordance
with the following equations
(from Kolthoff, Sandell, Meehan
and Buckenstein; 1969, p. 1101):

CaCO, + 2HCI CaCl, + CO, + H,0
K,CO, + 2HCl 2KCl+CO, + H,0

Na,CO, + 2HCl 2NaCl + CO, + H,0
Calcium chloride is commonly
used as an electrolyte in sports
drinks. Potassium chloride is
consumed as asodium-free
substitute for table salt (sodium
chloride)

e The combined emissions of

carcinogens and possible

or potential occupational
carcinogens would also be much
lower if all of the MSW presently
land-filled in Puerto Rico were
processed using MWC-C (0.8 tpy)
instead of Puerto Rico’s present
method of solid waste disposal
(28.5 tpy): 27.7 tpy (97% fewer).
See Figure 10

e Actual operating facilities can

emit far more HAPs than the
USEPA (1995) averages. If the
combustion and emissions-control
technology used by MWC-D were
utilized in the management of

all MSW presently land-filled in
Puerto Rico, incinerators would
emit 1,073% more (1,140 tpy)
HAP emissions than landfills
presently do (106.2 tpy). See
Figure 7

e Even the worst performer in terms

of total HAP emissions, out of the
incinerators sampled, MWC-D,
would emit approximately one
half of the carcinogenic and
possible or potential carcinogenic
HAPs (13.3 tpy) than landfills
presently do (28.5 tpy). See
Figure 10.

Discussion

Although it is impractical to discuss cancer mortality rates (Torres-Cintrén

here the health effects of all etal, 2010)

contaminants emitted by landfills Cancer is the second leading cause
or incinerators, one that deserves of death in Puerto Rico after heart
particular consideration is Vinyl disease, and accounted for 16.6%
Chloride (VC). 5.2 tpy of it are of all deaths in 2004 (Torres-Cintrén,
emitted in Puerto Rico’s landfill gas etal., 2010). Out of 8,953 deaths
(see Table 3, Table 4). VCisa due to all causes in 2004, of which
known human carcinogen by the 1,515 deaths were due to cancer,
inhalation route of exposure, and breast cancer leads with 209 deaths,
by analogy, through the oral route followed by liver/hepatic cancer with
of exposure; and a likely human 191 deaths (Ortiz-Ortiz et al., 2010).
carcinogen by the dermal route. A Many of the contaminants from
1-in-10,000 increase in the risk of both landfills and incinerators have
cancer is expected for continuous the liver or kidneys as target organs.
lifetime exposure to 23 pg/m? of VC However, there are no incinerators in
during adulthood (USEPA, 2010). operation in Puerto Rico to date, but

there are approximately 2,000 acres
of open and closed landfills emitting
these gases.

Kielhorn, Melber and Wahnschaffe
(2000) conducted a study of MSW
landfills, and found up to 200

mg/m3 of VC in landfill gas up The results of this research project
to 10 mg/L and in groundwater are but the tip of the iceberg:
contaminated with landfill leachate. though they lack smokestacks,
These investigators combined municipal solid waste landfills emit
relevant epidemiologic studies copious amounts of hazardous air
from several European countries, pollutants at ground level, including
and documented an excess (45 tons of carcinogens per year—even
times the average) of liver cancer in some where the effects are latent
populations near landfills, primarily for decades. Landfill emissions of
due to angiosarcoma, the type of these gases peak once the waste
cancer associated with VC. These sits in them for about 30 years,
investigators, as well as the USEPA and continue emitting them for
(2000), demonstrate a statistically a century. They consume land
significant elevated risk of liver at a ferocious rate for an island
cancer, primarily angiosarcomas setting, contaminating land and the
in the liver, from exposure to groundwater beneath it. They are
VC. The average latency for liver also one of the largest anthropogenic

angiosarcoma due to VC is 22 years sources of atmospheric methane,
(Kielhorn et al., 2000), yet it has been | a greenhouse gas 21 times more
documented to be as long as 51 potent than CO,. Incinerators, on
years (Bolt, 2009). 28% of the most | the other hand, reduce by up to 85%
contaminated sites in Puerto Rico are | the volume of solid waste that must

located in municipalities with high be disposed of, producing power and
30 — 28.5
25 — Landfills
20 — Incinerators
15 — 13.3
10 —
5 —

0.08 0.2 03 0.1 0.7

Landfills MWC-A MWC-B MWC-C MWC-D MWC-E Emissions
Factors

Figure 10. Comparison (in tpy) of known potential/possible carcinogenic HAP
emissions in Puerto Rico: Landfills v. incinerators
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steam even from the mayonnaise left
in a jar and its label, and recovering
the glass and steel cap once 1,000°C
of thermal oxidation has stripped

the rest. Incinerator impact lasts
while they operate and when
properly designed and operated,
generate far fewer HAPs—especially
carcinogens—than landfills.
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Abstract

This paper reports on the findings of a report prepared by Atkins, Electric
Vehicles: Driving the change (April 2011)" and used to inform WWF Scotland’s
recent report, Powering Ahead: how to put electric cars on Scotland’s roads

(Dec 2011).

It provides a brief description of the different types of electric vehicles and
identifies and ranks the barriers to greater electric vehicle use in Scotland. It
then describes the range of policy measures which could be used to address
these barriers and identifies the top priorities for the Scottish Government,
local authorities and the rest of the public sector. It concludes by discussing

recent developments in Scotland.

The study involved input from the Energy Savings Trust, the Institute of
Advanced Motorists, Axeon (Europe’s largest independent supplier of lithium-
ion battery systems), Scottish and Southern Energy, Arup, One North East,

ITS UK, Cenex and Dundee City Council. The final report was reviewed by
Scottish Power, Allied Vehicles, and Axeon.

Introduction

The Climate Change (Scotland) Act
2009 introduced a legally binding
target of at least an 80% reduction
in greenhouse gas emissions across
all sectors of the Scottish economy by
2050 (compared with 1990 levels).

In order for this target to be met, the
Scottish Government has recognised
the need for ‘almost complete
decarbonisation of road transport

by 2050 with significant progress by
2030 through wholesale adoption

of electric cars and vans (EVs), and
significant decarbonisation of rail by
2050".

The Scottish Government has
committed to establishing a mature
market for low carbon cars by 2020,
and an electric vehicle charging
infrastructure in Scottish cities®. To
achieve this transformation, the
Scottish Government and local
authorities across Scotland need to
act now. Although there are sizeable
barriers to the mass use of electric
cars, the Scottish Government has
many of the necessary powers to

address these and, with the right
policies in place, could put Scotland
at the forefront of a revolution in
road transport.

Electric vehicles

There are currently 4 types of electric
vehicle (EV) on the market:

e Parallel Hybrid — Powered by
a conventional petrol or diesel
engine with regenerative braking
technology that captures the
energy generated under braking.
This energy is converted into
electricity which is usually used to
power the vehicle at low speeds
or boost the engine to improve
fuel economy. The Toyota
Prius and the Toyota and Lexus
Hybrid SUVs use Parallel Hybrid
technology

e Series Hybrid — Powered entirely
by an electric engine but with a
small conventional engine used to
keep the vehicle battery charged.
The Vauxhall Ampera E-REV,
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with a 50 mile electric range, is
expected to go on sale in the UK
in 2012; and is currently on sale
as the Chevrolet Volt in the US

Plug-in Hybrid — Capable

of running on a rechargeable
battery or a conventional petrol
or diesel engine. Although there
are currently very few real world
examples of PHEVs, they are the
subject of increasing attention
by car manufacturers, with
Toyota, Ford, General Motors,
Volkswagen and Hyundai all
developing models. The Toyota
Prius PHEV, with a 12.5 mile
electric range, has been leased
to public organisations, police
and businesses since 2007 and is
expected to be on general sale in
2012

Battery Electric — Electric
engine only, powered by a
rechargeable battery pack. To
date, pure EVs have been have
been limited to demonstration
models, after market conversions,
and quadricycles such as the
G-Wiz which are mass and
power limited and are subject to
different regulations. However,
a number of high quality EVs
have been publicly launched in
the UK in 2011 and 2012. Most
are small family cars (e.g. the
Mitsubishi-iMiev, the Nissan
Leaf, the Peugeot iON/Citroén
CZero, and the Tata Indica Vista
EV) or micro cars (e.g. the Smart
Fourtwo electric drive). Their
maximum range on one battery
charge typically varies from 80
to 110 miles. The time taken to
fully charge the battery varies
from 6 to 8 hours, although
batteries can be recharged to
80% capacity in 30 minutes. The
Mitsubishi i-Miev and the Nissan
Leaf are retailing at £23,990 and
£25,990 respectively® (after a
£5,000 Plug-in Car Grant from
the Government®); while Peugeot
iON/Citroén CZero is being
offered on a four-year, 40,000
mile lease for £416 per month,

which includes full maintenance
and servicing, but excludes
electricity costs.

Barriers to electric
vehicle uptake

Barriers to EV uptake can be
viewed as those limiting demand
from consumers and those relating
to supply in terms of availability

of vehicles and supporting
infrastructure. These barriers are
of varying scale and importance,
and demand different levels of
government response.

A summary of the main barriers to EV
uptake, and their relative importance,
is presented in Table 1. The list
reflects views from key stakeholders
and experts, and evidence from an
extensive literature review.

Three barriers emerge as being
highly significant: high purchase
cost, limited range, and lack of
sufficient charging infrastructure.
Other significant barriers relate to
uncertainty regarding resale value
and limited supply of vehicles.

The research has identified that
many of the identified barriers are
equally applicable to private, public
and corporate fleets. However, there
are a number of differences worth
highlighting:

e Local authority fleets are
expected to be least affected by
the identified barriers, due to
a need to show leadership by
demonstrating support for the
technology required to meet CO2
reduction targets. Company car
users are expected to be most
affected due to the high mileage
they typically undertake and a
general preference for larger, high
performing models

e High purchase price could
be expected to be less of a
concern in the context of public
and corporate fleets given the
strong buying powers of the
organisations concerned and a
greater appreciation of whole
life costs. However, public
sector fleet managers have
reported that they are unlikely
to buy EVs for their fleets unless

Barrier
High purchase price
Limited range of EVs and range anxiety issues

Lack of recharging infrastructure and issues relating to

implementation and operation of infrastructure

Overall ranking

Very high significance
Very high significance
Very high significance

Uncertainty about future resale values, due to uncertainty High significance

about the life expectancy of the battery
Limited supply of EVs

Lack of public awareness and knowledge about EVs

Limited performance and limited choice of vehicles

Aversion to new technology

Weak image association

Limited value placed on environmental benefits by

consumers

Uncertainty about future energy costs

Limited environmental benefits associated with current

models

Lack of support network (e.g. garages with appropriate

skills and equipment)

Lack of engineering skills

High significance
High significance
High significance
High significance
High significance

High significance

High significance

Moderate significance
Moderate significance

Moderate significance

Table 1. Ranking of barriers to EV uptake
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incentivised to do so by the
Government, because the overall
cost is currently seen as being
uncompetitive’

e The limited range of EVs and
lack of recharging infrastructure
is likely to be less of a concern
for corporate utility and public
sector fleets where daily mileage
is predictable and less than the
maximum range of a single
battery charge, and where
infrastructure can be provided
in a depot to allow overnight
charging. Scheduling tools may
be required to manage charging,
and the electricity supply
may need to be upgraded, as
historically, many premises were
built with limited provision of
power for the building and car
park.

The collective impact of the barriers
identified in Table 1 and the scale of
the challenge is summed up by the
fact that by the summer of 2011 only
2,500 of the 28 million cars in the
UK were electric, just 0.008% of the
fleet®. Although there are already far
more EV models available now, and
more to come, their share of new
car sales must increase to be close

to 20% by 2020. Although this is a
significant acceleration, it is backed
by car manufacturers leading the EV
charge. For instance, GM, maker of
the Volt, has said that “by the end of
the decade, 20% of all car sales will
be electric” °.

The scale of transformation required
is significant and will require targeted
intervention by both national and
local government to kick start the
market and establish the right
regulatory framework to protect
consumers and ensure EVs fit with
within a sustainable transport future.
Car manufacturers are already
carefully targeting the roll out of

EVs to those countries and cities
that have taken the steps needed

to support the shift to this new
transport technology. For instance,
the battery swap company, Better

Place is prioritising work in Denmark
because of the tax incentives for EVs,
and, in the US, Ford has identified
the 25 most electric vehicle-ready
cities and is now working with them
to deliver its Focus electric car and
other models'.

Policy instruments for
overcoming barriers to
electric vehicle uptake

A range of potential policy measures
is available, which can be categorised
into six generic types (see Table 2).

Measures combine ‘sticks’ to
discourage purchase of conventional
internal combustion engine vehicles,
and ‘carrots’ to encourage electric
vehicle uptake. It is assumed

that strong incentives will be

needed throughout the period

to 2020. Technology aversion is
generally a barrier to uptake of new
technologies until market penetration
has reached at least 15%, suggesting
the need for strong incentives until
2020 and beyond.

Many of the measures identified are
either already being implemented
elsewhere in the world (e.g.
scrappage scheme in Italy; Peugeot’s
‘Mu’ initiative in France — see below),
are the subject of previous research
and evidence (e.g work place parking
levy), or reflect initial intentions

of the Scottish Government (e.qg.
proposed target of 100% of the
public sector fleet be alternatively
powered by 2020'").

Market model for charging
infrastructure in the Netherlands™

In the Netherlands, EnergieNed, the Dutch
organisation for energy producers, traders
and suppliers, and Netbeheer Nederland,
the Dutch organization of grid operators,
commissioned a study to design the market
model for EV recharging infrastructure.
Within the preferred market model, the
charging point operator is responsible

for operating the recharging point, for
settlement, and for granting access to the
recharging station. The electricity provider
in turn is (as in the telecommunications
industry) responsible for the customer. The
provider has a contract with the customer
offering full access to recharging spots, and
is responsible for cost settlement with both

the customer and the operator.

Peugeot'’s ‘Mu’ initiative'?

The scheme allows users to exchange credits
(or ‘points’) for hire of a range of vehicles
and accessories (including scooters, bikes,
roof boxes and child seats) available from
Peugeot dealerships. Following trials in

a number of French cities, and in Berlin,
Milan and Madrid, it launched in the UK

in 2010 at two dealerships in London and
Bristol. Users pay a membership fee of £10.
Purchasers of the Peugeot iOn electric car
will automatically become members of Mu
and are then expected to receive credits that
can be used to rent vehicles through Mu
meaning they have full access to a range of
transport modes.

All measures are considered to be
realistic proposals for encouraging
EV uptake. However, a minority
relate to matters which are currently
reserved to the UK Parliament, and
require the Scottish Government to
lobby for change at a UK level or
request additional devolved powers
in order to make changes in Scotland
alone.
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Action for Action for
A - Infrastructure and support services measures Scottish
local gov
Gov
A1 - EV Infrastructure Strategy for Scotland (as part of a broader EV Strategy and Action Plan for Scotland, see F4). X
A3 - Government action to agree market model for recharging infrastructure X
A5 — Incentives for workplace recharging infrastructure X X
A7 - Planning guidance on the provision of recharging bays and infrastructure X X
A9 - Battery swap feasibility study X X
A11 - Qualifications for garage mechanics and quality insurance scheme for garages servicing, undertaking MOTs, and X
repairing EVs
B - Alternative ownership models
B1 - Car club schemes X X
C - Fiscal measures and subsidies — vehicle purchase incentives
C2 - Scrappage scheme designed to increase sales of EVs X
C4 - Registration tax (increase ‘first year rates’) X
C6 - Tax credits X
D - Fiscal measures and pricing policies to reduce running costs
D1 - Road pricing (congestion charging schemes, low emissions zones, road tolling) X X
D3 - On-street parking charge policies X X
D5 - Fuel tax X
E - Awareness, information and training measures
E1 - Demonstration projects X X
E3 - Customer information about EVs and where to charge them X X
E5 - Eco-driving training X X
F - Other Government leadership measures
F2 - Government research X X
F4 - A high profile EV Strategy and Action Plan for Scotland, setting out a clear vision supported by targets or milestones X
F6 - Government action to encourage private sector to convert to EVs X X
Table 2. Summary of measures considered
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Figure 1. Tesla Model S full-sized electric four-door sedan, produced by Tesla Motors. On show in Santa Monica, California (Nov

2012)

Assessment of potential
measures

A high level assessment of the
identified measures was undertaken
against a range of criteria
(effectiveness, impact on wider policy
areas including sustainable transport
and social inclusion, deliverability,
public acceptability and affordability)
to identify “priority areas’ for action.

The assessment indicates that there
is a hierarchy of measures in terms of
effectiveness.

Alternative ownership models (Type
B) and fiscal measures and subsidies
relating to the purchase price of
vehicles (Type C) are most effective
because they directly address

the "high purchase price’ barrier,
identified as being of ‘very high
significance’. Infrastructure measures
and support services (Type A) also

score highly as effective measures in
their own right, because they address
the "very high significance’ barriers
relating to ‘range anxiety’ and ‘lack
of infrastructure’. These measures
need to be prioritised first.

Fiscal measures and pricing policies
relating to running costs (Type

D) provide an indirect means of
addressing the ‘high purchase

price’ barrier, providing consumers
are willing to offset some of the
purchase price against long term
running cost savings. While there

is some evidence that fuel price
increases (for example) have resulted
in a shift towards more fuel efficient
cars, there is also evidence that
private consumers tend to heavily
discount future running cost when
deciding which car to purchase (Arup
and Cenex, 2008)'.

Measures relating to awareness,
information and training (Type E)

are unlikely to be effective measures
in their own right. They should be
seen as secondary, support measures
which will be important in growing
the EV market, once barriers relating
to "high purchase price’, ‘range
anxiety’, and ‘lack of infrastructure’
have been addressed. This does

not mean that there is not a case
for implementing or continuing to
implement some of them now, as
part of a strategy to shift mindsets,
but it needs to be recognised that
these measures on their own will not
achieve significant uptake of electric
vehicles.

Similarly some measures categorised
as other Government leadership
measures (Type F), tend not to
address the ‘very high significance
barriers’ directly, and are unlikely to
be effective measures in their own
right.
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16

No.

Measures to increase uptake of electric vehicles

Publish a high profile EV Strategy and Action Plan for Scotland, setting out a clear
vision supported by targets for 2020 and beyond. This should be supported by an
EV Infrastructure Strategy for Scotland, for the provision and roll out of appropriate
recharging infrastructure, and describing how drivers will use the infrastructure.

Work with relevant stakeholders in Scotland, the rest of the UK, and across Europe,
to set technical standards, specifications and regulations for implementing recharging
infrastructure.

Commission a review of market models for recharging infrastructure in Scotland and
implement the recommendations of the review. This would involve taking into account
the UK Plug-In Infrastructure Strategy'®, working with energy providers, electricity
retailers, EV manufacturers, private infrastructure providers and the public sector, to
ensure consistent and appropriate pricing and payment approaches.

Scottish Government and local authorities provide funding for publicly accessible
recharging points.

Encourage manufacturers to offer alternative ownership models to consumers in
Scotland by promoting Scotland as an attractive market for manufacturers, and engaging
with manufacturers to understand and influence their decisions about where to focus
their sales strategy. Scottish Government or other public sector bodies work with
manufacturers to ‘trial” alternative ownership models amongst employees or as part of
the vehicle procurement process, and publicise benefits.

Scottish Government provides a £10,000 subsidy* for the first 25,000 EVs sold in
Scotland (as recommended by the UK CCC), to ‘kickstart’ early uptake of EVs, £5,000 for
the second 25,000 EVs in Scotland, and reducing for subsequent 25,000 EV milestones.

*£5,000 assumed to come from the UK Plug-In Grant for the first EVs in Scotland.

Scottish Government introduces a scrappage scheme to encourage consumers to
purchase EVs, with subsidies reducing as EV uptake increases.

Scottish Government provides grants for purchasing secondhand EVs from specified
dealers with subsidies reducing as EV uptake increases.

National and local government work together to incentivise businesses to install
recharging points. This would involve engaging directly with the largest businesses with
employee car parks to highlight the benefits of encouraging use of EVs rather than
conventional vehicles; by providing free advice; and by providing match funding to
‘innovator” and ‘early adopter’ businesses wishing to install recharging points in existing
parking spaces. These measures would be most effective if linked to exemption from a
Workplace Parking Levy.

Publish advice for residents on home recharging and guidance for electricians on the
type of facilities needed (including issues to be considered in communal parking areas).
Local authorities to disseminate information.

Publish national planning guidance on the provision of recharging bays and infrastructure
as part of a parking strategy which supports wider sustainable transport objectives.

Update building regulations to set out minimum requirements regarding the provision of
electrical infrastructure and recharging points in all new buildings.

Set up a Working Group co-chaired by the Transport and Energy Ministers of
stakeholders from the energy and transport sectors and including consumer groups,
tasked with addressing the electricity generation and distribution requirements for EVs.

Local authorities work with existing car club operators to introduce EVs into fleets and
introduce EV-based car clubs in other cities.

Scottish Government, local authorities and other public sector organisations support
an earlier than average switch to low carbon emissions vehicles for public sector fleet
vehicles (cars and vans) through procurement policies (e.g. extending funding for the
Low Carbon Vehicle Procurement Support Scheme); and a 2020 target for 100% of
public sector fleets to be electric, where appropriate.

Scottish Government should lobby the EU to tighten the EU target for the emissions
intensity of new cars and vans produced by manufacturers.

Priority measures

Table 3. Priority measures designed to tackle the most significant barriers and increase
electric vehicle uptake in Scotland

The assessment process described
above was used to prioritise the
measures into three groups — top
priorities, secondary priorities, and
tertiary priorities.

The top priorities are those measures
which have been identified as being
most effective in addressing the ‘very
high significance’ barriers relating to
'high purchase cost’, ‘limited range
of EVs’, and ‘lack of recharging
infrastructure’. These measures need
to be implemented as a matter of
urgency, if the target of 300,000 EVs
on Scotland’s roads by 2020 is to

be met. They include infrastructure
and support measures, alternative
ownership models, vehicle purchase
incentives, and other Government
leadership measures (procurement
policies and lobbying to increase the
EU target for the emissions intensity
of new cars and vans produced by
manufacturers.

Secondary priorities are those
measures that have been shown to
be most effective at addressing the
‘high significance barriers’. These
measures will be important in driving
EV uptake across the ‘early adopter
market’, and will need to follow the
implementation of the top priority
measures.

Tertiary priorities are those measures
which may be needed to expand EV
uptake to the mass market, or are
areas where Government action may
be required if the private sector does
not succeed in addressing barriers
identified as being of ‘moderate
significance’.

The top priorities identified through
the assessment process are presented
in Table 3. They represent a
powerful package of measures, and
if successfully implemented would
ensure that Scotland is well placed to
decarbonise road transport, reduce
dependency on oil, maintain good
mobility levels, and grow the Scottish
economy.
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Figure 2. Tesla Model S full-sized electric four-door sedan, produced by Tesla Motors. On show in Santa Monica, California (Nov

2012)

The overall propriety is to put in
place an EV Strategy and Action
Plan for Scotland to provide clarity
on policy priorities, describe support
mechanisms, define the intended
market model, identify R&D support
and set out the route map for an
established charging infrastructure
(Measure 1).

Significant progress has been made
on this front since the publication
of the Atkins and WWF Reports.
On 28 March 2012, Keith Brown
MSP, Minister for Transport and
Infrastructure, announced a new
collaboration between government,
industry, WWF Scotland and

other key stakeholders to advance
wholesale adoption of electric
vehicles (EVs) in Scotland'®'”.
E-cosse (www.e-cosse.net) has
been jointly initiated by Transport

Scotland and WWF Scotland, and
aims to establish Scotland as an EV
pioneer, maximising the economic,
environmental and social benefits
of EVs as an integral part of a
sustainable transport system and a
smart energy grid.

A key focus is the delivery of three
key activities, which will commence
from April 2012:

e Establishment of an EV Strategy
Board: a high-level forum of
leaders from government and
industry to promote policies and
programmes that advance EV
adoption and maximise economic
opportunities for Scotland

e Preparation of an EV Roadmap:

expert stakeholders will work with

Transport Scotland to develop
a shared vision and set future

priorities and actions to advance
wholesale adoption of EVs

e EV Readiness Initiative: work to
establish a portfolio of projects
to advance EV adoption and
implement the recommendations
of the roadmap.

By engaging a range of stakeholders
in this process, E-cosse will create
shared commitments across
government and industry. The
initiative has been established

with the support of experts from

a number of leading organisations
which will continue to play a crucial
role. These include: Allied Vehicles,
Axeon, Dundee City Council, EVAS,
IBI Group, Nissan, Scottish Power,
Serco, Siemens and SSE.
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Other organisations will also be
encouraged to join this initiative and
provide support in realising the full
potential of EVs to contribute to the
economic, environmental and social
transformation of Scotland.
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Summary and
conclusions

Notes

The Climate Change (Scotland) Act
2009 requires the almost complete
decarbonisation of the transport
sector. This means that alongside

a massive shift in investment away
from roads and towards active
travel, public transport and smarter
measures'®, Scotland must replace
its fossil fuelled cars with low
carbon vehicles. In order to achieve
this, the embryonic electric vehicle
market needs to be supported and
encouraged by effective government
interventions. This paper presents

a powerful package of measures
that, if adopted by national and
local government, would ensure
Scotland is at the forefront of the EV
revolution.

While the scale of the challenge is
significant, electric vehicles offer an
exciting and substantial opportunity
to decarbonise road transport in
Scotland, reduce dependency on oil,
maintain good mobility levels, and
grow the Scottish economy.

1.

N o Uk

10.

11.
12.
13.

14.

15.

16.

17.

Atkins (2011) Electric Vehicles: Driving the change. The full report
provides detailed descriptions of each barrier and its relative impact on
the public, corporate and private car fleets before setting out detailed
policy analysis of the most effective policy measures to overcome these
and increase the uptake of EVs. The full report can be found at http:/
scotland.wwf.org.uk/what_we_do/tackling_climate_change/electric_
vehicles/

WWEF Scotland (2011) Powering Ahead: how to put electric cars on
Scotland’s roads. See assets.wwf.org.uk/downloads/powering_ahead_
web.pdf

Scottish Government (2009) Meeting Scotland’s Statutory Climate
Change Target

See http://ww.scotland.gov.uk/Resource/Doc/346760/0115345.pdf
www.mitsubishi-cars.co.uk; www.nissan.co.uk
See http://www.dft.gov.uk/pgr/sustainable/olev/grant1/

Based on feedback provided at a seminar for vehicle fleet managers,
jointly hosted by the 2020 Climate Group and Transport Scotland,
to discuss the practicality of adoption of low carbon vehicles at fleet
operational level

See http://www.racfoundation.org/media-centre/98375

See http://Awww.thisismoney.co.uk/money/markets/article-2023141/
General-Motors-forecasts-4m-electric-vehicles-year-built-2020.html Nick
Reilly, boss of Vauxhall Opel said, “| believe that by the end of the decade
20% of all car sales will be electric.”

See http://green.autoblog.com/2011/04/21/ford-25-most-electric-vehicle-
readycities/

See http://www.scotland.gov.uk/Resource/Doc/277292/0083254. pdf
See www.mu.peugeot.co.uk

See http://www.accenture.com/nl-en/Pages/insight-changing-game-plug-
inelectric-vehicle-pilots.aspx for full report from Accenture.

Arup and Cenex (2008) Investigation into the Scope for the Transport
Sector to Switch to Electric Vehicles and Plugin Hybrid Vehicles

See http://www.dft.gov.uk/publications/plug-in-vehicle-infrastructure-
strategy

The EVent: Powering Scotland through Electric Vehicle Technology,
Scotsman Conferences in association with Jewel & Esk College,
Edinburgh, 28 March 2012

See http://assets.wwf.org.uk/downloads/microsoft_word___e_cosse___
stakeholder_briefing___march_2012.pdf


http://assets.wwf.org.uk/downloads/microsoft_word___e_cosse
http://www.dft.gov.uk/publications/plug-in-vehicle-infrastructure
http://www.accenture.com/nl-en/Pages/insight-changing-game-plug
www.mu.peugeot.co.uk
http://www.scotland.gov.uk/Resource/Doc/277292/0083254.pdf
http://green.autoblog.com/2011/04/21/ford-25-most-electric-vehicle
http://www.thisismoney.co.uk/money/markets/article-2023141
http://www.racfoundation.org/media-centre/98375
http://www.dft.gov.uk/pgr/sustainable/olev/grant1
www.nissan.co.uk
www.mitsubishi-cars.co.uk
http://ww.scotland.gov.uk/Resource/Doc/346760/0115345.pdf
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18. Smarter Travel Choices measures include: school and workplace travel plans that encourage the use of ‘greener’
transport modes like walking, cycling and buses, personalised travel planning, promotion of walking, cycling and
public transport, car clubs and car sharing schemes, tele-working, teleconferencing and home shopping.
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commercial glasshouses
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A techno-economic modelling tool has been developed to examine the
feasibility of biomass combined heat and power (CHP) technologies to provide
the energy and CO, demands of commercial horticultural glasshouses. Using
the UK as a case study, energy and CO, demands of candidate glasshouse
installations on an hourly basis are established using both measured and
benchmark datasets. Modelled electrical and thermal generation profiles for
a number of commercially available small-scale biomass CHP systems of rated
outputs of 0.1-5 MW_ are also derived, and the results of their application
within the modelling tool to carry out multi-parametric techno-economic
analyses for various operational scenarios are presented. The impacts of both
capital grant and generation tariff-based support mechanisms upon economic
feasibility are investigated, along with those of variations in feedstock fuel
prices. Net CO, reductions accruing from the implementation of biomass CHP
are also assessed. Finally, technical options, marginal costs and sale tariffs

for CO, recovery and supply are evaluated for specific scenarios. The results
indicate that feasibility is very sensitive to the relationship between specific
biomass CHP power:heat ratios and their match with glasshouse temporal
electrical and thermal energy demand profiles, along with economic factors
such as specific levels of capital and tariff-based support. With the utilisation
of currently available financial support mechanisms, biomass CHP offers
significant promise for realising economically viable significant CO, emission

reductions in this sector.

Introduction

Intensive horticulture is a key
component of the EU’s agricultural
sector, with significant land areas
occupied by glasshouse operations.
In the Netherlands and Spain alone,
around 10,000 Ha and 50,000 Ha
respectively are currently dedicated
to glasshouse operations’. In the

UK, the horticulture sector has a
value of over £2bn and accounts

for around 12% of agricultural
output?. Intensive horticulture is

very energy intensive; combined
energy consumption values for UK
glasshouse operations can exceed
600 kW h/m?/year, resulting in annual
CO, emissions for the sector in excess
of 2 million tonnes®. In financial
terms, for a sector characterised by

a preponderance of small businesses
operating within the context of rising
energy prices, this intensive energy

use represents a significant financial
burden, especially where relatively
low cost fossil fuels (such as natural
gas) are not available and where
higher cost fuels such as kerosene

fuel oil or grid electricity are required.

For commercial glasshouses, heat

is the majority energy requirement,
and is used to maintain internal
temperatures within specified limits
in order to facilitate optimal growth
regimes for up to 12 months of

the year, depending on the specific
contexts*. Electrical energy is used
for pumps, supplementary crop
lighting and environmental systems,
whilst CO, is often utilised to enrich
the glasshouse atmosphere and
increase crop yield®>. Commonly, heat
and CO, are supplied by natural
gas-fired boilers (where available)
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whilst natural gas-fired combined
heat and power (CHP) with flue gas
catalyst cleaning can also be utilised
to additionally provide electricity,
heat and CO,. Due to the daytime
requirement for CO,, in specific
cases, hot water thermal storage can
be used to overcome the mismatch
between night-time heat and
day-time CO, demands, although
this is not commonly utilised in

the UK context®”.With commercial
glasshouse operators coming under
increased pressure to reduce both
operational costs and CO, emissions,
biomass CHP (with CO, recovery
where viable) offers a potential
means to achieve these goals,
especially where grants or enhanced
tariffs for small-scale renewable
electricity and heat generation

are available. A number of small-
scale (0.1-5MW,) biomass CHP
technology platforms are currently
at or near commercial status. In
addition to capital and operational
costs, biomass CHP viability depends
largely on operational efficiency,
thermal/electrical energy generation
characteristics and site-specific
energy demand profiles’s. However,
there has been very little recent
research focussed upon the techno-
economic analysis of biomass

CHP technologies in practical
applications®®, whilst one study has
been carried out for biomass heat-
only applications in a glasshouse
context'. Thus, as biomass CHP
technologies mature towards wider
commercial availability, the need

for evaluation of applications of the
technology within specific sectors
such as glasshouse horticulture
becomes more pressing in order to
inform and educate stakeholders
about the realistic potential of the
technology.

Within this context, the aim of

the present work is to develop a
model suitable for multi-parametric
techno-economic analysis of various
biomass CHP platforms as a source
of electricity, heat and CO, for
commercial glasshouse applications,

using the UK as a case study. Specific
objectives of the work include (a) to
develop a methodology to assess and
model glasshouse demand profiles
for electricity, heat and CO, along
with associated CO, emissions; (b)

to carry out discounted cash flow
net present value (NPV) and CO,
reduction analyses for candidate
biomass CHP technologies and
glasshouse applications and (c) to
assess the potential of CO, recovery
from biomass CHP and evaluate
associated cost scenarios.

Model development
and methodology

A numerical cashflow model

was developed using the Excel
spreadsheet environment in order
to assess the economic performance
of the candidate BCHP platforms,
using both system and demand data
as inputs. Assessment of economic
viability was carried out using a

net present value (NPV) simulation
analysis for each platform (see
Section Economic analysis below).
The model allows the operation

of the system to be adjusted hour
by hour and allows many different
scenarios to be evaluated. Although
only a specific UK glasshouse
application was considered in this
study, the model allows demand
profiles for any particular case to

be analysed if suitable data are
available. Likewise, other base

case assumptions may be adjusted
depending on the specific context in
which the model is applied.

Heat demand analysis

The protected crops sector currently
accounts for around a quarter of the
direct energy use in UK agriculture,
and this is primarily for heating and
humidity control. Heat is required
to temporally maintain crop-specific
temperature regimes within the
internal glasshouse environment,
and typical set points range from
16C to 25C depending upon crop
requirements. Previous empirical

and simulation studies have been
carried out in the UK in order to
model energy consumption profiles
and propose specific energy demand
reduction scenarios*'%'2. Glasshouse
structures typically comprise a

single layer of 3mm thick glass set
in an aluminium framework, and
the majority of heat loss occurs

via conduction and ventilation
mechanisms'3. Conduction losses
depend on the glasshouse material
conductivity (defined by elemental
U-values), whilst ventilation losses
depend on the age, type and
condition of the glasshouse along
with the nature of any active
ventilation system?. A previous
heuristic modelling study, validated
against measured fuel use data™
has quantified glass house heat loss,
and this is the basis for the current
fabric heat loss model, given by the
following equation:

Equation 1

Qti = UA(t -t)-K

where—Qtf— is the rate of heat loss [W],
U is the thermal transmittance of the
material, also known as the U-value
[W m=2 K], A'is the elemental area
[m?] and t, and t, are the internal and
external temperatures respectively
[°C] and K is the net short wave
radiation [W/m?]. K may be inferred
by using sol-air temperature values
given by the following equation:

Equation 2

a-1-AQ,
tsol—air = to ( h )

o

where a is the solar radiation
absortivity of a surface [-], I is the
global solar irradiance [W/m?] and
AQ, is the extra infrared radiation
due to difference between the
external air temperature and the
apparent sky temperature [W/m?]. In
practice, solar radiation estimates can
be made based on meteorological
observations, and sol-air temperature
reference datasets are available for
applications such as this'™.
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The effective U-value of the
glasshouse material also depends
on incident wind speed'®, and this
relationship is given below by the
following equation:

Equation 3
U,=U_+ 0.6336w

where U is the elemental U-value
including wind effects, U_is the
constant U-value of the material

and w the wind speed [m s]. To
determine the heat losses due to
ventilation, a value for the glasshouse
air change rate, expressed as air
changes per hour (ACH) is needed.
This depends on the type and
condition of the glasshouse and the
incident wind speed®. Roof vents

are also used to actively control the
internal temperature during sunny
days and thus the air change rate will
change as the vent position is varied.
Equation 4 gives the ventilation heat
loss rate.

Equation 4
QTv = 0.33NV(t -t)

where% is the heat loss due to
ventilation, N the air change rate per
hour and V the glasshouse volume
[m3]. The total heat loss rate from
the glasshouse can be calculated by
combining the fabric and ventilation
heat loss components as shown in
the following equation:

Equation 5
Q,_Q .Q
Tt

For modelling purposes,

material U-values and measured
meteorological data for the England
Midlands were used to calculate
total hourly annual heat demand,
and subsequently an average daily
demand profile was generated for
each month. Validation was carried
out via comparison with metered
energy demand data from glasshouse
operators along with published
benchmark datasets?.

Electricity demand

Electricity is primarily required to
operate pumps, fans and ancillary
equipment which control the
internal glasshouse environment,
whilst lighting is also often used to
aid continued crop growth during
periods of low lux levels. For the
purposes of this study, electricity
consumption data were obtained
from a number of commercial
glasshouse operators, and this was
used to model an hourly demand
profile to represent a typical

day in each month per square
meter. Validation of modelled

data was subsequently carried

out via correlation with published
benchmark data for UK glasshouse
energy consumption®. Modelled data
for both heat and electricity demand
were then used as a reference and
linearly scaled according to specific
glasshouse floor area parameters.
Such an approach is consistent with
current accepted methodologies
for assessing building energy
consumption using benchmark
data®, and is suitable for use in
heuristic modelling approaches.

Statutory Biomass
limit (ppm)
Sulphur
dioxide [s0] <02 829
Ethylene
0.2-0.4 4-11
[CH,]
Carbon
monoxide 1-5 109-1746
[CO]
Nitrogen
oxide [NOX] 12-34 86-180

Table 1. Glasshouse exhaust gas
contamination limits and typical solid
biomass fuel content®'®

CO, demand and supply
modelling

Carbon dioxide (CO,) is required for
plant photosynthesis, and increased
CO, concentrations of typically
1000 vppm within the glasshouse
atmosphere can lead to improved

crop productivity and fruit yields*'7'8,

The rate of CO, supply required

depends on the type of crop, the rate
of photosynthesis and the ventilation
rate. To determine the hourly
glasshouse CO, demand the supply
rate of CO, kg/h/ha and associated
light intensity for the user’s specific
growing strategy is specified as
model input variables, together with
a daily solar radiation profile for
each month. For the purposes of this
study, the maximum CO, demand
was set at a typical value of 250
kg/h/Ha* and proportionally reduced
when radiation levels fall below 400
W/m?.

The ability to use biomass CHP
exhaust gases as a source of
crop-growth promoting CO, can
potentially add economic benefits
to a scheme provided CO, sales
revenue offset the increased capital
costs. However, as biomass exhaust
gas contaminants significantly
exceed permitted levels (Table

1), feedstock fuel quality control
combined with primary (pre-
combustion) or secondary (post
combustion) gas treatment is
required. In the current study, the
maximum additional capital cost of
CO, recovery equipment acceptable
whilst maintaining at least the
corresponding base-case NPV for
each platform was modelled in order
to assess the feasibility of specific
primary or secondary gas treatment
proposals.

For exhaust gases to be suitable for
glasshouse applications, it must meet
strict purity requirements. As can

be seen from Table 1, untreated
biomass combustion gases are not
appropriate for direct injection into

a greenhouse atmosphere’. Under
complete combustion 1 MWh of
energy provided by cellulose biomass
would typically produce 308 kg CO,,
whilst natural gas produces 184

kg CO,. Therefore biomass has the
potential to provide a greater rate

of CO, per MWh at a competitive
cost provided gas purification can be
carried out economically.
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Biomass CHP system modelling

To model the technical and
economic performance of a number
of current commercial biomass

CHP systems, data were obtained
from both published sources and
manufacturers for systems with

an electrical power output of
0.1-5MW 021 System descriptions,
identifier codes and performance
data are given below and in Table
2, together with equipment cost,
feedstock and energy price data
obtained from communications with
individual manufacturers of each
technology platform and system
integrators, along with reference to
published sources from the EU and
US and communications with utility
companies [10,21a—e].

Solid biomass gasifier with internal
combustion engine (Gas-I1C)

Solid dry biomass is converted into
a combustible gas by heating in

a reduced oxygen environment.

The gas is then cleaned to remove
particulates and other contaminants
before it is combusted in a modified
or specifically designed spark ignition
engine. As for other biomass CHP
platforms, heat can be recovered
from the gas generation plant, from
the engine and the engine exhaust
plant.

Liquid biomass-fuelled compression
ignition engine (Lig-IC)

Virgin vegetable oil or processed
used cooking oil is combusted in

a modified compression ignition
engine. Fuel prices are generally
higher compared to solid biomass
and more susceptible to price
variations. However, capital costs are
typically lower due to the lack of a
dedicated fuel processing sub-system.

Direct solid biomass combustion with
ORC (Sol-ORQ)

Organic Rankine Cycle (ORC)
platforms use solid dry biomass fuel
which is combusted directly and used
to evaporate a secondary organic
fluid which drives a small turbine.
ORC is similar to a traditional steam

turbine system, but the working
fluid has a much lower boiling point
and can therefore achieve higher
efficiencies in smaller systems.

Direct solid biomass combustion with
air turbine (Sol-AT)

Solid biomass is combusted directly
and used to heat air via a heat
exchanger. The heated air is then
expanded through a turbine which is
used to generate electricity.

Combined cycle biomass gasification
CHP (Gas-CCST)

Combined cycle biomass gasification
CHP is a development of standard
biomass gasification technology,
together with an internal combustion
(IC) engine. The exhaust gases pass
through a heat recovery steam
generator, and the steam is then
used to generate further electricity.
Potential benefits include improved
electrical efficiency and enhanced
combustion of CO components.

Economic analysis

Assessment of economic viability was
carried out using a discounted cash
flow net present value (NPV) analysis
for each scenario. NPV is a measure
that expresses the initial capital
investment and all subsequent cash
flows arising from avoided electricity
costs and sales of exported energy
(and CO, where relevant) as an
equivalent amount at time zero. This
approach is particularly appropriate
when the cash flows associated with
a project vary over time, as is the
case with a biomass CHP investment.
The net present value of a cash flow
at time t is given by:

Equation 6
nooA
NPV =t§()m

where A is the project’s cash flow
(revenues minus costs) in time t,
with t taking values from year 0 to
year n and d is the discount rate (an
interest rate used to calculate the
present value of future cash flows).
When the calculated NPV is positive,

the investment results in a rate of
return greater than the minimum
rate d, and in the absence of
alternatives this would be a profitable
investment. However, when the NPV
is negative, the investment would
not give a return at the minimum
rate d, and indicates a non-profitable
investment. To assess candidate
biomass CHP feasibilities, temporal
glasshouse energy and CO, demand
profiles along with CHP performance
and capital/operational cost data
were used to carry out the NPV
analyses for the candidate systems.
The model allows for the selection
of glasshouse size, commodity and
financial costs and CHP operating
regime making the model flexible for
all glasshouse applications and future
use. For the purpose of this study a
40,000 m? glasshouse is considered.
An initial ‘base case’ economic
analysis was carried out, and a
subsequent multi-parametric analysis
was achieved by investigating the
effects of varying fuel price, capital
grants and CO, costs. The effects

of enhanced generation tariffs was
also investigated, in light of current
schemes such as the UK renewable
electricity feed in tariffs (FITs) and
renewable heat incentives (RHI).
Finally, the economics of recovering
CO, from biomass CHP and the
minimum CO, sale price required

to maintain viability were analysed.
Table 3 shows the base case
parameters used in the study'02',

It should be noted that base case

net electricity export prices include
generation benefits available in the
UK renewable energy generation,
including Renewable Obligation
Certificates (ROCs) and Climate
Change Levy Exemption Certificates
(LECs).

In common with other EU states,

to access the financial incentives
available to CHP in the UK the
scheme must meet quality criteria

as set down in the EU CHP
Cogeneration Directive and the UK
CHP Quality Assurance Scheme
(CHPQA)?. The quality score is
dependent on the electrical efficiency
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Name Description
Woodchip fuelled

Gas-IC downdraft gasifier with IC
engine

e Veggtable oil fuelled IC
engine.
Woodchip direct

S0ORC s mbustion ORC
Woodchip combined cycle

Gas-CCST  gasification IC and steam
turbine
Woodchip direct

SOHAT combustion air turbine

Electrical Thermal Electrical  Overall Power:heat Aprox Specific
output output efficiency efficiency i ’ installed  cost
(MW,) MW,) (%) (%) ratio cost(€)  (E/kw)
1.00 1.26 23 58 4.4:6.3 4.90 4900
0.40 0.30 40 85 4:3 0.15 370
1.25 4.00 19 90 1.2:4 5.02 3960
4.00 2.00 40 61 2:1 16.5 4020
0.1 0.2 21 83 2:5 0.52 4770

Table 2. Biomass CHP system details. Economic data are shown in GBP (f). At the time of writing, exchange rates for 1GBP were

1.60USD and 1.18Euros respectively

and the useful heat generated from
the scheme on an annual basis. CHP
performance is optimised in cases
when a relatively constant heat
demand is present throughout the
year; the plant can then be sized
according to this demand and the
CHP operated continuously. However,
glasshouse heat demand is seasonal
and CHP system flexibility is an
important consideration. Compared
to natural gas fuelled technology,
solid biomass-fuelled CHP has lower
operational flexibility, and therefore
any modelling approach needs

to take into account the different
operating regimes and system sizing
needed to maximise returns. Where
beneficial generation tariffs are the
key driver for biomass CHP, this
partly decouples profitability from
the export electricity price alone.

For thermal energy supply, solid

fuel biomass CHP for glasshouse
applications needs to be sized to
meet the base load heat demand,
and therefore minimise any surplus
heat and maintain good quality
CHP status under the UK CHPQA
scheme. Liquid fuel CHP has much
greater flexibility in terms of system
modulation and is comparable to
natural gas fuelled CHP in terms of
flexibility. This enables liquid fuel CHP
to operate in either base load or peak
load mode or indeed any profile in
between.

Parameter

Solid biomass heating value (HHV)

Solid biomass moisture content

Solid biomass heating cost

Liquid biofuel heating value

Liquid biofuel heating cost

Availability

Average electricity base load net export price
Average electricity peak load net export price
Electricity onsite sale price

Electricity import price

Gas import price

Heat sale price

Glasshouse CO, sale price

Waste disposal

Project period

Inflation rate (RPI)

Discount rate

Loan interest rate

Base case value
19 GJ/tonne
10%
50£/0DT

37 GJ/tonne
500£/tonne
90%
145£/MW h
150£/MW h
55£/MW h
68£/MW h
17.4£/MW h
20£/MW h
65f/tonne
£10/tonne
15 Years
3%

10%

9%

Table 3. Base case modelling assumptions

Results and discussion

The results for energy and CO,
demand and supply analyses

along with an economic modelling
appraisal are presented below. It
should be noted at the outset that
these results pertain to a UK specific
scenario in which the model’s
baseline assumptions (especially in
terms of plant costs, energy tariffs
and feedstock prices) may differ

somewhat from those pertaining

to other scenarios. For example,
feedstock prices may be higher or
lower depending on specific market
conditions at a particular time,

and may be influenced by many
variables of too complex a nature for
inclusion in a heuristic model of this
type. However, the scenario-based
results presented here give a useful
indication of the feasibility of BCHP
technologies in other contexts, which
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can be explored in more detail via the
detailed application of the software
which is available from the authors.

Heat and electricity demand
analysis

Electricity, heat and CO, demands for
the 40,000 m? base case glasshouse
are shown in Figure 1. For the

base case scenario, modelled space
heating winter power demand peaks
at 148 W/m?, and is generally higher
during day time due to the higher
internal temperature requirements
for optimal crop growth compared
to night time. Monthly heat energy
consumption ranges from 21 kW
h/m? in the summer to 84 kW h/

m? in winter. The calculated annual
heat demand of 625 kW h/m? is
consistent with accepted benchmarks
for glasshouses in the UK3. For

the baseline analysis, the cost of
supplying heat loads via a gas-fired
boiler operating at 90% nominal
efficiency was calculated.

Electricity demand profiles were
modelled using half hourly
glasshouse electricity consumption
data over a 2 year period to create
typical daily profiles for each month.
Electrical demand varies from a
minimum of 0.5 W/m? in the winter
to a maximum of 2.5 W/m? in

the summer, owing to the added
operation of CO, forwarding fans.
The annual electricity demand was
calculated to be 13.5 kW h/m?.
Again, this is consistent with industry
benchmark data’.

Figure 1. 40,000m? Glasshouse monthly
electricity, heat and CO, demands

CO, demand

CO, requirements increase during
daylight hours and reach a peak
around midday. During the growing
season, CO, demand correlates with
crop growth rates and is greater

in the summer months due to the
higher solar irradiance and longer
daylight hours. CO, is commonly
provided by natural gas-fired boilers,
and in some cases can be utilised

at concentrations of typically 1000
vppm, together with heat storage, to
increase the combined efficiency of
CO, and heat production®. As natural
gas is one of the cleanest fossil fuels,
the CO, produced is suitable for
directly supplying the glasshouse?.
Alternatively, bottled CO, can

also be used for direct glasshouse
enrichment, offering high gas purity
and operational flexibility’, but this
incurs an extra gross cost of typically
£100/tonne CO,,.

Economic analysis

An initial discounted cash flow
simulation analysis was carried out
using typical current UK market base
case parameters shown in Table 3.
The simulation results are shown in
Figure 2, and indicate that feasibility
for all systems is related to the extent
to which glasshouse electrical and
thermal energy requirements match
the generation capabilities of each
candidate biomass CHP system.

For the 40,000m? glasshouse base
case, reductions in NPV as BCHP
module numbers (and therefore
electrical and thermal energy rated
outputs) increase are due to relatively
low CHP overall electrical: thermal
generation ratios, resulting in
increasing amounts of excess heat
being generated for which no value
is received. Base case profitability

is marginal or poor for all systems
except the liquid fuelled IC-based
system, the viability of which is
largely due to the lower equipment
capital cost compared to other
platforms.

Figure 2. Base case economic analysis

Effect of capital grants

Various capital and generation-based
incentives exist across the EU for CHP
and renewable energy equipment?3,
In the UK, the Government’s
Enhanced Capital Allowance

scheme enables businesses to claim
100% first year allowance against
tax for investments in equipment
that meets specific energy-saving
criteria, including good quality CHP.
Therefore, using current (2010) UK
corporate tax rates, the analysis was
repeated assuming a 25% effective
capital grant is available, and the
results are shown in Figure 3. In this
case, assuming base-case variable
costs, all systems are profitable
(showing a positive NPV) up to a
specific number of modules installed,
after which point excess wasted

heat generation rapidly reduces
viability. Improved profitability is
especially marked for systems with
higher specific capital cost due to
the proportionally greater reduction
in up-front investment for these
systems.

Figure 3. Base case economic
performance including 25% capital grant
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Effect of enhanced electrical
generation tariff

A number of EU states currently offer
enhanced generation based tariffs
for renewable electricity generation,
including Germany and Spain?+2.
Although biomass CHP is currently
excluded from UK feed-in tariff

(FIT) support, the technology was
originally included in proposals for
the scheme with a proposed tariff of
£140/MW h for combined generation
and export?®. Therefore, given the UK
government’s ongoing programme
of periodic reviews of the FIT scheme
and eligible technologies, a sensitivity
analysis was carried out to investigate
potential benefits of a FIT for biomass
CHP operators, and evaluate tariff
rates required to maintain profitability
(a positive NPV). The results are
shown in Table 4. As is the case for
capital grants, specific factors such

as electrical:thermal efficiency and
specific capital cost for each platform
have a strong impact on profitability
and minimum required FIT levels.
Furthermore, the range of FITs
required to maintain a positive NPV
for the various technologies under
consideration show that banding of
FITs for different sub-technologies
(such as combustion and gasification)
may be beneficial at a policy level.

Effect of enhanced thermal
generation tariff

The UK Government's renewable
heat generation incentive (RHI)
scheme offers thermal generation-
based support for biomass system
operators at proposed rates

ranging from £10 to £79 per MWh
depending on system scale. In order
to assess the potential value of RHI
incentives, sensitivity analyses were
carried out for all candidate systems,
and the results are shown in Figure
4. It is evident that a significant
positive effect on the NPV for all
systems accrues for an RHI level as
low as £5/MW h. The systems that
benefit most by the RHI are those
that have lower electrical power

to heat ratios, and an RHI value in
the range of £10-15/MW h would

increase NPVs for all candidate
biomass CHP technologies, especially
for those systems with relatively

low electrical:thermal efficiencies.
Furthermore, the availability of a
thermal generation incentive of this
level would also help offset fuel
price sensitivity, and help reduce
risks associated with volatility in
biomass CHP feedstock fuel prices.
Therefore, when combined with
other risk mitigation measures
(including the implementation of
secure long-term supply contracts
within a mature supply chain or the
development of vertically integrated
corporate or cooperative ‘risk/reward
structures which include feedstock
suppliers), the heat generation tariff-
based subsidies can be regarded as
invaluable.

’

Figure 4. NPV sensitivity to level of heat
generation tariff

Fuel price sensitivity

Analysis of the effects of variations
in fuel price on NPV for the base
case scenario show that systems
with higher electrical efficiencies and

power to heat ratios (resulting in
higher revenues from sales of high-
value electrical energy) were found
to be the least sensitive to fuel price
increases. Fuel price sensitivity was
then investigated assuming enhanced
heat generation tariffs of £10 and
£15 respectively are available. In

this case, greater benefits accrue

for those systems with relatively low
power to heat ratios. The maximum
fuel prices that return a positive NPV
are shown in Table 5.

Site CO, reductions

For the base case scenario, the
energy consumption for a 40,000m?
glasshouse with heat provided by
natural gas boilers and grid-derived
electricity results in annual CO,
emissions of approximately 6660
tonnes, based upon current CO,
emission indices for natural gas and
grid-derived electricity respectively.
Against this benchmark, and in
light of current and forthcoming EU
carbon reduction commitments and
compliance targets, CO, emission
reductions for each candidate
biomass CHP system were calculated,
and the results are shown in Figure
5. For the 40,000m? base case,
although CO, reductions increase
with the number of biomass CHP
modules (and hence renewable
energy capacity) installed, in an
operational setting, CO, reductions
must also be considered in light of
economic performance. Without
capital grants or enhanced

Gas-IC
147

Lig-IC
120

System
Tariff (£/MW h)

Sol-ORC
117

Gas-CCST  Sol-AT
135 148

Table 4. Gross generation tariff required for positive NPV

System Base case
Gas-IC £46
Lig-IC £598
Sol-ORC  £51
Gas-CCST  £65
Sol-AT £50
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HGT@£10/MW h HGT@£15/MW h
£59 £65

£628 £643

£83 £90

£71 £74

£65 £72

Table 5. Maximum fuel price for positive NPV with two heat generation tariffs (HGT) £/

MW h,,
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generation tariffs, the analysis
indicates that a 45-60% CO, saving
can be achieved using gasification
and liquid fuelled IC platforms
respectively while maintaining a
marginally positive NPV, whilst the
availability of financial incentives

up to levels currently available or
proposed within the EU''® improves
both financial and CO, reduction
viability for all candidate platforms.

Figure 5. Effect of system type and
number of modules on glasshouse CO,
reduction

Glasshouse CO2 recovery

With an assumed glasshouse

CO, sale price of £35/tonne, The
analysis shows that for CO, recovery
capital costs up to £ 1m/MWe, all
systems exhibit an increase in NPV.
Subsequently, the sensitivity of the
CO, sale price was investigated
assuming a fixed gas recovery capital
cost of £1m/MWe. The results are
shown in Figure 6, and indicate

all systems exhibit profitability for
CO, sale prices ranged from £5

to £35/tonne depending on the
specific biomass CHP platform under
consideration.

It is beyond the scope of this study
to evaluate specific technical routes
for CO, recovery. However, a
previous study?®* posited a polyolefin
membrane gas absorption process
for the capture of carbon dioxide
from flue gases and subsequent
delivery to greenhouses at practical
cost. In specific biomass applications
it may be necessary to precede such
a process by techniques to reduce
particulate emissions in the exhaust
gas. This can be achieved via the use

of filters/cyclones or via scrubbing
using a fine water spray to intercept
the particles?®.

Figure 6. Effects on NPV due to variation
in glasshouse CO, sale price with CO,
recovery equipment investment at £1,000
kMW,

The role of energy storage

Due to the demand mismatch
between heat, electricity and CO,
generation, thermal stores (including
aquifer buffers) offer the potential to
store excess heat generated during
CO, and electricity production, as is
currently utilised in the Netherlands?’.
However, within the UK context,
glasshouse heat storage is much less
commonly utilised, and numerous
commercial and technical barriers
need to be overcome prior to its
widescale implementation in the
UK?8. Therefore, in the current work,
the economic viability of energy
storage technology was not analysed
as a means for utilising wasted heat
generated as a result of energy and
CO, mismatch. However, this is the
focus of current ongoing effort, and
an analysis of the potential viability of
thermal storage will be the subject of
future work.

Financial sensitivities

It should be noted that care in
transferring the results of the current
study to other contexts should be
taken. Given the lack of validated
data on the performance of BCHP
systems in glasshouse applications
(and indeed on the performance
of small scale BCHP installations
in general), the results represent
indicative, rather than definitive,
financial and energy performance

for other contexts. Although care
should be taken when utilising input
data derived from current or future
empirical case studies, these data
would nevertheless represent an
invaluable validation resource.

Specific input parameters such as
equipment and fuel costs, energy sale
and purchase tariffs, biomass heating
value and equipment performance
efficiencies can vary significantly
both temporally and geographically.
Future trajectories for biomass
feedstock prices and availabilities

are by nature highly uncertain.

Fuel supply risk (in terms of both
contracting price uncertainties

and production variation) is a key
issue when projecting the results

of studies of this type. Given

the lack of a mature fuel supply
chain, together with the range of
alternative feedstock uses (such as
the paper or furniture industries) if
prices in alternative markets exceed
viable biomass fuel prices, feedstock
could be sold to these alternative
uses, resulting in an unviable BCHP
plant. However, this barrier is not
insurmountable if measures such as
the use of appropriate long-term
supply contracts are implemented.
Furthermore, as the global biomass
fuel feedstock supply chain matures
(largely driven by the high-volume
and low-cost requirements of the
largescale co-firing community) this
may act to mitigate upward pressure
on future feedstock prices. In specific
terms, a recent study by the US Dept.
of Energy?" projected availability

of biomass feedstock up to 2030
based on three candidate fuel prices,
namely $20, $40, and $80 (£13, £26
and £52 respectively) per dry tonne
for forest biomass and $40, $50, and
$60 per dry tonne for agricultural
biomass. This study indicated that in
the case of the USA, forest resources
are available over a wider price range
than agricultural resources, with
increasing quantities at higher prices,
whilst the resource potential does not
increase significantly over time given
the standing inventory nature of the



140 The feasibility of biomass CHP as an energy and CO, source for

commercial glasshouses

resource and how it is managed.
Given these issues, any future users
of the modelling tool should take
care in verifying the accuracy of input
data. To address uncertainties in such
parameters, future development of
the model would benefit from the
application of probabilistic methods,
such as Monte Carlo modelling or
Bayesian network approaches, and
work to this effect by the research
team is ongoing®.

Conclusions

A modelling tool has been developed
that facilitates the feasibility
assessment of biomass CHP options
for commercial glasshouse operators
world-wide. By varying input
parameters including local climactic
data, energy/CO, consumption
profiles and tariffs, and biomass
CHP cost and performance data,
profitability assessments can be
carried out on a location and
application-specific basis in light of
time and location-specific cost and
energy tariff data along with any
available support subsidies.

For the UK case study presented

in this paper, the use of specific
techno-economic input parameters
shows that careful selection of the
type and scale of BCHP platform

for a specific glasshouse application
is critical in order to realise project
profitability. The majority of solid
BCHP technologies are currently
characterised by relatively high capital
costs, and whilst liquid biofuel IC-
based systems exhibits relatively low
capital cost (and hence the shortest
payback periods for the base case
cost assumptions used in this study)
this technology is also the most
sensitive to fuel price fluctuations
such as pertains at the current time.

For the case study illustrated in this
work, sizing of the biomass CHP
system to meet the average summer
heat demand and electrical base
load provides the most favourable
techno-economic solution. For a
typical 40,000m? glasshouse, the

optimal base-case analysis shows that
approximately 45% of annual heat
demand, 90% of electricity demand
and a 45-60% reduction in site CO,
emissions is achievable.

The analysis also suggests that the
availability of a 25% capital grant
can result in project profitability, due
to offsetting relatively high capital
costs for biomass CHP technology.
An enhanced thermal energy
generation tariff at a minimum price
of £10/MW h provides significant
benefit to biomass CHP viability by
improving overall project profitability
and reducing sensitivity to fuel

price increases, whilst an enhanced
electrical generation tariff of
approximately £140/MW h provides
increased forward economic visibility.
It should be noted that these support
levels are consistent with those
currently being implemented in a
number of EU states and beyond.
Generation-based subsidies are best
placed to contribute to reduced
project risk if guaranteed over the
long term, and are index-linked

to inflation. When combined with
additional strategies designed to help
mitigate fuel price volatility such as
long-term feedstock price contracting
or project ‘joint-venture’ vehicles
that include feedstock suppliers,
overall project risk can be reduced
significantly.

Although biomass CHP exhaust gases
are not directly compatible for use
in glasshouses, it may be feasible

to utilise these for CO, enrichment
purposes with further treatment. By
realising CO, values of around £35/
tonne (either via direct sale on site
of via carbon trading mechanisms)
an additional investment of up to £1
m/MW,_ for CO, recovery equipment
is feasible. Therefore, glasshouse
CO, demand provides a potential
opportunity for the development of
biomass gasification CHP with pre
CO, recovery, and warrants further
investigation.

Glossary

ACH: air changes per hour
CHP: combined heat and power
EU: European union

FIT: feed-in tariff

IC: internal combustion

NPV: net present value

ORC: organic rankine cycle

UK: United Kingdom

IC: internal combustion
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Appendix

Technical considerations

Heat Demand
Glasshouse Air Change Rate

Typical air change rates with roof
vents closed are giving in the Table 1.

Glass Internal Temperature Set-point

The glasshouse internal temperature
set point is changed throughout the
day, a typical set point temperature
profile for tomatoes is given in Table
2 For tomato crops the temperature
is dropped towards the end of the
day around sunset to encourage fruit
size. The figures in Table 2 have been
used in the heat demand model.

Glass Construction ACH
New construction 0.75to 1
Olq construction, good 1010 2.0
maintenance

Olq construction, poor 201040
maintenance

Table 1. Natural Air Changes Per Hour!

Glasshouse Heating System?

Due to the demand mismatch
between heat and CO, generation,
glasshouses use large water tanks
often referred to as buffers to store
the heat generated during CO,
production. The heat storage tank
was developed in the Netherlands

in the 1980's for glasshouse
applications. The buffer systems can
be open or closed; the closed buffer
system was designed to assist CO,
production only compared to the
more modern open buffer system
which can also be used for energy
management. With an open buffer
system it is possible to load and
unload the buffer at the same time;
this is achieved through the control
of pumps with variable speed drives.
A mixing valve at the boiler or CHP
ensures that the return temperature
and hence flow temperature for a
given temperature lift meets the
correct requirement. The temperature
gradient within the buffer is
measured to determine the current
amount of heat storage. An overview
of a typical open buffer system is
shown in Figure1.

Figure 1. Glasshouse Open Buffer System

Relative Time Hrs  Temperature °C
Sunrise -2Hrs 16
Sunrise 18
Sunrise + 2Hrs 20
Other daylight Hrs 23
Sunset -4Hrs 21
Sunset 15
Sunset +4Hrs 17

Table 2. Glasshouse Internal Temperature
Set Point'®

Natural Gas Heating Costs

Boiler efficiency

Gas p/therm n=80% n=85% n=90%
20 8.53 8.03 7.58
30 12.80 12.04 11.37
40 17.06  16.06 15.17
50 2133  20.07 18.96
60 25.59  24.09 22.75
70 29.86  28.10 26.54

Table 3. Cost to Produce TMWh of Heat
form Natural Gas

Heat Demand Profiles

Figure 2. Hourly Heat Demand W/m? for
Each Month

Figure 3. Monthly Heat Demand,
40,000m? Glasshouse

Electricity Demand

Electricity demand profiles

Figure 4. Hourly Electrical Demand W/m?

Figure 5. Monthly Electricity Demand,
40,000m? glasshouse

CO, Demand
Photosynthesis

Photosynthesis is a chemical process
that uses the suns energy to convert
CO, and water into energy such

as glucose. The overall chemical
reaction for glucose synthesis via
photosynthesis is shown below:

6C0, + 6H,0 + Light Energy —
CH,,0, + 60,

6 12

The rate of CO, demand by the
glasshouse crop increases with
increasing PAR, and also increases
with increasing CO, in the glasshouse
atmosphere. Air temperature,

6
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relative humidity and water stress
also contribute to the rate of CO,
demand. The concentration of

CO, within the glasshouse will

also depend on the natural and
forced ventilation. In a well sealed
glasshouse CO, concentration

can drop below outside ambient
levels' Without CO, enrichment,
ventilation can help increase the
CO, concentration closer to ambient
levels but at the cost of losing heat.
With CO, enrichment, the CO,

will be diluted with the outside
atmosphere when the glasshouse
vents are opened to help control
the temperature. A lower CO,
concentration is maintained when
venting is being used to cool the
glasshouse. Table 4 below shows
the estimated rate of CO, required
to maintain set CO, levels in the
glasshouse. These figures assume
high light level conditions and
minimal air changes. This will of
course vary depending on the
glasshouse ACH, light intensity, type

of crop and growing strategy.

CO, level (ppm)  CO, Supply Rate
500 70 to 90 Kg/Ha/Hr
900 170 to 190 Kg/Ha/Hr
1,300 250 to 350 Kg/Ha/Hr

Table 4. Rate of CO, Required to
Maintain Set CO, Levels'

CO, Demand Profiles

Figure 6. Glasshouse Open Buffer System

Figure 7. Monthly CO, Demand,
40,000m? Glasshouse

Sources of CO,

Each MWh of gas burned directly
produces a proportionate amount of
CO,. Under complete combustion,
methane (the main component of
natural gas) produces CO,, water and
heat as shown below:*

CH,+ 20,—CO,+ 2H,0 + Heat

One MWh of natural gas burned
will produce 184kg of CO, based on
the gross calorific value (obtained
from DEFRA June 2009 conversion
factors3). Moisture needs to be
removed from the exhaust gas as it
can cause mould and fungus.

Cost of CO, Produced from Natural
Gas

The typical cost (excluding equipment
cost) per tonne of CO, produced by
boilers with natural gas burners is
shown in Table 5.

Gas p/therm Gas £/MWh CO, £/tonne
20 6.82 37.17

30 10.24 55.76

40 13.65 74.34

50 17.06 92.93

60 20.47 111.52

70 23.88 130.11

Table 5. Cost of CO, Production Using
Boilers with Natural Gas Burners

Natural Gas CHP

Natural gas can also be combusted
in a reciprocating engine to form
part of a CHP plant, although the
exhaust gas produced by the engine
is not suitable for direct supply

to the glasshouse. It must first be

cleaned using Selective Catalytic
Reduction (SCR) with a reducing
agent such as Urea to reduce the
NO, levels and Oxidation Catalyst to
reduce any unburnt hydrocarbons
i.e. Carbon Monoxide and Ethylene.
Ethylene is phytotoxic and CO is toxic
to humans.* A typical natural gas
CHP arrangement with exhaust gas
cleaning for glasshouses is shown

in Figure 8. The use of a catalyst is
possible due to minimal variations
in the natural gas quality and low
particulate emissions. The use of
the condenser on the CHP as well
as reducing the moisture of the
exhaust gas helps to increase the
concentration of CO,/Nm? allowing
a higher concentration of CO,/Nm?
to enter the glasshouse compared to
CO, being supplied by boilers.

Figure 8. Typical Arrangement of Natural
Gas Fired CHP with Exhaust Gas Cleaning

Biomass combustion

The combustion of biomass takes
place in three stages, Drying (O to
200°C), Pyrolysis (200 to 400°C) and
Oxidation (400 to 1000°C).

The complete combustion of biomass
with a chemical composition CH O,
and oxygen is shown below;*

CXHyOZ+(x +y/4-2)0, —
xCO,+ y/2 H,O0+ Energy

Biomass mainly contains cellulose,
hemi cellulose and lignin. Taking
cellulose as a component on its own,
the complete combustion would be
represented as follows: 4

CH,,0.+ 60, — 6CO,+5H,0+Heat

6 1075
It can be seen that under complete
combustion this reaction produces
water, carbon dioxide and heat.
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If cellulose has an energy value of
19GJ/t, using the atomic weights of
each component,

162 + 192 — 264 + 90 + Heat

Under complete combustion TMWh
of energy provided by cellulose
would produce 308kg CO,. Per
MWh of energy released biomass
will provide a higher volume of CO,
compared to natural gas. Under
real conditions however, complete
combustion does not occur, slightly
higher concentrations of CO, and
other elements will be produced
depending on the actual fuel
composition and combustion. Basic
emission data was also obtained
from an compression ignition engine
operating on Soya oil, this data is
shown in Table 6.

Contamination Concentration

Sulphur Dioxide [SO ] 153 ppm
Hydrocarbons [CXHy] unknown
Carbon Monoxide [CO] 873 ppm
Nitrogen Oxide [NO,] 1913 ppm
Particulates 5.3 mg/m3

Table 6. Emissions from Compression
Engine Operating on Soya Oil®

Biomass Gasification

Gasification is a thermal process

of converting dry solid fuels into
gaseous ones under partial oxidation
conditions. The combustible gas
produced is referred to as producer
or synthesis gas (syngas) depending
on the oxidiser used e.g. oxygen

or steam. Gasification has certain
advantages that cannot be achieved
through direct combustion of the
material, the main advantage being
that the gas can be used in an
internal combustion engine to then
produce electricity and heat. Gasifiers
come in many different shapes

and forms, each with their own
advantages and disadvantages for
particular applications.

Air gasification can be expressed in
three stages;

Oxidisation — Pyrolysis — Gasification

The net produce of air gasification is
found to be’
CH,0,+0,—

Ciji— CnHmOy+ CO + H, + Heat
Typically the gas produced will
contain a mixture of different
components and this will depend
on the feedstock and gasifier used.
For heat and power generation

the gas produced is then used in a
spark ignition engine. The typical
basic exhaust gas emission data was
obtained from an operational plant in
Austria and is shown in Table 7.

Component Concentration
NOx ppm 372
CO ppm 2920

Table 7. Exhaust Gas Composition from
Engine Operating on Syngas @ 5%
Oxygen?®

This shows that the emissions levels
as they stand would be unsuitable
for glasshouse applications. Other
unburnt hydrocarbons would also
need investigating.

Conversion Technologies

System 1 - Biomass Gasifier with IC
engine by Alfagy / Enercarb

Solid dry biomass is converted in
to a combustible gas by heating

in a reduced oxygen environment.
Gasifiers can take many different
shapes and forms. The gas needs to
be cleaned to remove particulates
and other contaminants before

it is combusted in a modified or
specifically designed spark ignition
engine. Heat can be recovered
from the gas produced and from
the engine jacket water, oil cooler,
intercooler and exhaust.

Figure 9. Biomass CHP, Gasifier with IC
engine

System 2 - Biofuel (vegetable oil)
using compression ignition engine by
Living Power

Virgin vegetable oil or processed
used cooking oil can be combusted
in a modified compression ignition
engine. The fuel price is higher
compared to biomass and more
susceptible to price variations,
however capital costs are lower
compared to biomass systems. Heat
can be recovered from engine jacket
water, oil cooler, intercooler and
exhaust.

Figure 10. Biofuel CHP using
Compression Ignition Engine

System 3 - Direct Biomass
combustion with ORC by Turboden

Solid biomass is combusted directly
and used to heat a secondary organic
fluid and drive a small turbine. This

is called the Organic Rankine Cycle
and is similar to a traditional steam
turbine system, but the working

fluid has a much lower boiler point
and can therefore achieve higher
efficiencies in smaller systems.

Figure 11. Biofuel CHP using Direct
Combustion with ORC

System 4 - Combined cycle biomass
gasification CHP by Babcock &
Wilcox Volund

The combined cycle biomass
gasification CHP is a further
improvement on the standard
gasification with IC engine and
is specifically being developed by
one manufacturer. The benefits
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are improved electrical efficiency

and improved combustion of CO
components. The tar that has to

be scrubbed out from the gas still
contains energy and is separated and
burnt with at a high stoichiometric
temperature in the exhaust gas of the
IC engine, this ensures that excess
CO from the IC engine is burnt out.
The exhaust gas then passes through
a heat recovery steam generator, the
steam is then used to drive a steam
generator to generate electricity
providing the combined cycle. The
minimum plant size is 4AMWe. The
expected exhaust emission data is
shown in Table 8.

Component Concentration
NOx mg/Nm? 250

SO2 mg/Nm? 10

CO mg/Nm? 150

TOC mg/Nm? 30

to reduce the particulate emissions
in the exhaust gas, this can be via a
wet or dry process. The dry process
involve the use of filters / cyclones,
these can be in the form of bag
filters or electrostatic filters and in
the wet process the exhaust gas is
scrubbed using a fine water spray
to intercept the particles. Scrubbing
also has the advantage of SO,_and
NO, particle removal but there is the
added expense of water treatment.
Deactivation of SCR can be caused
by blinding over of the catalyst

e.g. by particulate emissions, pore
condensation and poisoning.™

Biomass Gasification
Water Gas Shift chemical reaction:
CO+HZO — COZ+ H,

Table 8. Exhaust Gas Composition From
Combined Cycle Gasification CHP?

System 5 - Direct Biomass
combustion with Externally Fired Air
Turbine by Talbots

Solid biomass is combusted directly
and used to heat air via a heat
exchanger, the heated air is then
expanded through a turbine which is
used to generate electricity.

Figure 12. Biofuel CHP using direct
combustion with Externally Fired Air
Turbine

Method of Possible Biomass /
Biofuel CHP CO2 Recovery

Biomass & Biofuel Combustion

Secondary techniques can be used

Economic
considerations

Modelling assumptions

Parameter Base Case
Value
\S/(;:iljieBiomass Heating 19 GJ/Tonne
Solid Biomass Heating Cost  £50/0DT
I\_/i;txjig Biofuel Heating 37 Gl/Tonne
Liquid Biofuel Heating Cost  £500/Tonne
Availability 90%
Elrciecc;ricity Base load Export 45 £/MWh
FE)Ir(ieccécricity Peak load Export 50 £/MWh
Electricity Onsite Sale Price 55 £/MWh
Electricity Import Price 60 £/MWh
Gas Price 47p/Therm
Heat Sale Price 20 £/MWh
Glasshouse CO, Sale Price 35 £/Tonne
CCL Electricity 4.70 £/MWh
CCL Gas 1.64 £/MWh
RO 3.60 £/MWh
ROC 53 £/MWh
LEC 4.70 £/MWh
Triad 22 £/kWh
ROC % Share 95 %
LEC % Share 95 %

Triad % Share 95 %
Waste Disposal £10/Tonne
Project Period 15 Years
Inflation Rate (RPI) 3%
Discount Rate 10 %
Loan interest rate 9 %

Table 9. Baseload Modelling assumptions

Gas and Power prices obtained

from www.heren.com/ on the 6th
August 2009. ROC price obtained
from E-ROC website www.eroc.
co.uk, price correct on 7th July 2009.
Biofuel referred to in the report is
Vegetable oil (Soya oil). The Biofuel
cost was obtained from Living
Power and M.W. Beer in August
20009, the price had increased to
£525 in September 09 indicating
the variations that can occur in
vegetable oil. Biomass referred to

in the report is woodchip, prices
were obtained from Manco Energy
and AHS Energy in August 2009. It
should be noted that vegetable oil is
traded as a commodity and can vary
on a daily basis. Biomass and Biofuel
supply will also be subject to the
site location and the supply should
be investigated before a project is
developed.

Loan Rate Sensitivity

Using the modelling assumptions
with no capital grant, the sensitivity
of the NPV was tested by adjusting
the loan interest rate between 0 to
15%. The results are shown in figure
13. System 2 has the least sensitivity,
still being able to maintain a positive
NPV at a loan interest rate of 15%.
Systems 1,3 & 5 have very similar
sensitivity to loan interest rate and
the NPV becomes negative when
the loan interest rate approaches
the range 7 to 11%. System 4 can
achieve a positive NPV up to a loan
interest rate of 13%.


www.eroc
www.heren.com
https://poisoning.10
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Figure 13. Sensitivity to Loan Interest
Rate

Operating regime with System
2 (Biofuel)

As Biofuel CHP has much greater
flexibility compared to biomass CHP,
it can be operated at base or peak
load. An analysis was performed

to look at the effects of installing a
higher MWe system but operating

a peak profile in the summer and

a baseload profile in the winter to
better match the heat demand and
maintain good quality CHP. Figure
14 shows the typical glasshouse
demands and the generation from
ten system 2 modules operating a
peak profile in months 5 to 9 and a
baseload profile in all other months.

Figure 14. 40,000m? Glasshouse
Demand and Generation from 10x
System 2 (Biofuel) Modules. Operating
a Peak Profile in Months 5 to 9 and
Baseload all Other Months

Operating base load on an annual
basis, this system would only attract
1.5 RCOs/MWh due to a large
amount of heat that would be
dumped in the summer months.
However, if the operating regime is
changed to a peak profile in months
5to 9, the heat generated matches
the demand much better and will
continue to maintain good quality

CHP status attracting 2 ROCs/
MWh. A further example of using
16 modules of system 2 operating

a peak profile in the summer is
shown in Figure 15. In the winter
this closely matches the winter

heat demand meaning there is less
shortfall heat that has to be supplied
from boilers.

Figure 15. 40,000m? Glasshouse
Demand and Generation from 16x
System 2 (Biofuel) Modules. Operating
a Peak Profile in Months 5 to 9 and
Baseload all Other Months. Heat
Generation is Better Matched to Heat
Demand

CHPQA

A CHP scheme must obtain a Quality
Index (Ql) score above 100 under
the UK CHP Quality Assurance
scheme to maximise the benefit
from Levy Exemption Certificates and
Renewable Obligation Certificates.
The CHPQA scheme in the UK has
been operating since 2001. The Ql
score calculation is based on the
electrical efficiency of the CHP and
its useful heat output, therefore to
maximise the QI score there must

be a use of the heat generated.

The QI calculations depend on

the technology and size of system
installed. The formulas are readily
available in the CHPQA guidance
notes at www.chpga.com.

A Climate Change Levy (CCL) is
charged on all fossil fuels in the UK
such as natural gas and electricity.
CCL on electricity is currently £4.70/
MWh. Good Quality CHP has the
benefit of being CCL exempt and a
Levy Exemption Certificate (LEC) is
obtained for every MWh generated
from good quality CHP. LEC's

currently have a value of £4.70/MWh
and can be sold into the market.

Renewable Obligation

The Renewable obligation is a
mechanism in the UK market to
encourage the use of renewable
electricity generation and was
updated in April 2009. Depending
on the technology type, each MWh
of renewable electricity generated
will obtain a number of Renewable
Obligation Certificates (ROCs).

These ROCs have a value and can
then be sold into the market and

/ or used to meet the owners own
renewable obligations. The value of
ROCs can be obtained at www.eroc.
co.uk. Commercial users of electricity
currently have to pay a Renewables
Obligation (RO) on electricity they use
from a non renewable source. The
rate is currently £3.60/MWh which is
used to support the ROC mechanism.
Good quality Biomass / Biofuel CHP
as defined by the UK CHPQA scheme
will obtain 2 ROC’s for each MWh
generated, if a scheme fails to be
good quality due to excess heat not
being used, 1.5 ROC's per MWh
generated will be obtained. Full
details of the Renewables Obligation
Order 2009 can be found at www.
opsi.gov.uk, the direct link is http://
Www.opsi.gov.uk/si/si2009/pdf/
uksi_20090785_en.pdf.
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This paper describes a performance management framework for managing
agent contractors working on the UK Highways Agency trunk road network.
At the core of the framework is a performance hierarchy which links the
operational activities carried out by the managing agent contractors with the
key business outcomes of the Highways Agency. The hierarchy is weighted
to allow the relative importance of hierarchy elements to be accurately
represented, and to avoid the default position whereby everything is
considered equally important. The framework utilises performance flags to
visually represent performance at higher levels in the hierarchy, based on red,
amber and green scores assigned at the lowest level in the hierarchy. The
performance flags have the ability to show the detail behind a performance
score, whereby a proportion of the flag will be green, a proportion amber
and the remainder red depending on the frequency and weightings assigned
to the lower contributing levels in the hierarchy. In an effort to reduce
subjectivity in performance scoring, a scoring guidance document has been
prepared in support of the framework. The performance management and
continual improvement process is carried out on a monthly cycle akin to the
standard improvement cycle of ‘plan, do, check, act’. The main benefits of
implementing this process include reduced subjectivity, thereby allowing
comparability between managing agent contractors, increased visibility,
increased dialogue, targeted evidence-based decision making and auditability
All of the above will help to drive improved effectiveness and efficiency in the
delivery of managing agent contracts.

Introduction

Background

The Highways Agency, an executive
agency of the UK Department for
Transport, is the body responsible
for the operation, maintenance and
improvement of the strategic road
network in England on behalf of the
Secretary of State for Transport. The
strategic road network is made up of
England’s motorways and all-purpose
trunk roads. Valued at over £87
billion, the network carries one-third
of all road traffic in England and
two-thirds of all heavy freight traffic
(www.highways.gov.uk).

Although the scope of the Highways
Agency is national, the country

is divided into seven operational
regions: eastern, east midlands,
north east, north west, south east,

south west and west midlands. Each
operational region is further broken
down into areas, of which there are
12 in total. Highway maintenance
and improvement in each of these
areas is managed by a managing
agent contractor (MAC) under
contract to the Highways Agency.

Performance management

The performance of the MACs is
managed by the Highways Agency
through their area teams following a
standard improvement cycle of ‘plan,
do, check, act’ using measures to
identify levels of performance and
enable benchmarking as a means of
driving improvement in operational
delivery. These performance measures
are set out in the motivating success
toolkit (MST) developed specifically
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for maintenance contracts (Highways
Agency, 2009a), commonly referred
to as the Toolkit.

A number of the performance
indicators in the Toolkit are informed
by area performance indicators
(APIs), as defined in the Area
Performance Indicator Handbook
(Highways Agency, 2007), and other
suggested measures. Although the
Toolkit has the potential to be a
genuinely powerful means by which
to evaluate MAC performance
against the Highways Agency’s key
business outcomes, the vast majority
of the evidence in support of the
performance indicators is agreed
locally between the MACs and the
Highways Agency area teams. In
addition, the performance score
allocated to each performance
indicator, commonly referred to as
an MST score, is by local agreement
based on the evidence provided. This
introduces a considerable degree

of subjectivity into the process

and reduces the opportunity for
comparison between MACs.

The national performance unit (NPU),
part of the central division of the
Highways Agency's network delivery
and development directorate (NDD),
recognised the need for a nationally
consistent approach to performance
management. They also recognised
the need for a performance
management framework to monitor
performance and drive improvement
centrally. To meet this need the
MAC performance management
framework was developed.

This paper describes the newly
developed MAC performance
management framework in detail,
including the performance hierarchy
and performance scoring, and
outlines the MAC performance
management framework cycle
undertaken by the stakeholders on a
monthly basis.

Performance
management
framework

Performance hierarchy

At the core of the MAC performance
management framework is a
performance hierarchy which shows
how the operational activities of a
MAC align with the key business
outcomes of the Highways Agency.

The structure of the hierarchy is
demonstrated schematically in
Figure 1. The outcomes sit at the
top of the hierarchy, a number of
levers contribute to each outcome, a
number of sub-levers contribute to
each lever and, finally, a number of
aspects contribute to each sub-lever.

The Highways Agency’s key business
outcomes form the top tier of the
hierarchy as listed

(@) network best value
b) operational safety
) reduce congestion

d) high-quality customer service

(
(c
(

(e) respect the environment.

The full hierarchy for the reduce
congestion outcome is demonstrated
in Figure 2, as an example. In this
case, three levers contribute to the
reduce congestion outcome, namely

(@) 1.2 Reduce congestion

(b) 1.3 Improve management of
incidents

(©) 2.1 Increase availability on
network.

Focusing on lever 1.2 it can be seen
that two sub-levers contribute to it,
namely

(@ 1.2.1 Develop & implement
programme of congestion easing
schemes

(b) 1.2.2 Develop & implement
effective strategies & plans that
reduce congestion.

Finally, taking sub-lever 1.2.1 as an
example, three aspects contribute

to it, namely 1.2.1.a Programming
schemes, 1.2.1.b Delivering schemes
and 1.2.1.c Monitoring scheme
outcomes.

The descriptions and reference
numbers for each of the levers,
sub-levers and aspects have been
obtained from the latest version

of the Toolkit. Full descriptions of
the aspects are also available in the
Toolkit, abbreviated versions being
used in the performance hierarchy
due to space limitations.

The fully developed performance
hierarchy for MACs, in the form of

a performance hierarchy poster, is
included as supplementary data with
the online version of this paper.

Performance scoring

The scoring of performance in the
MAC performance management
framework is conducted at aspect
level, this being the lowest level of
standardisation in the Toolkit. Every
aspect receives a red, amber or green
score, hereafter referred to as a RAG
score, depending on performance.
Where no data have been submitted
a fourth option is available, which

is represented by the colour white.
This ensures that failure to submit
performance data is clearly evident
and prevents erroneous assumptions
being made about missing data.

Scoring guidance

In an effort to reduce the subjectivity
in performance scoring, as well

as the variability in locally agreed
evidence provided in support

of the performance scores, a

scoring guidance document has

been prepared in support of the
framework (Highways Agency, 2010).

The guidance document provides
detailed scoring guidance for each
and every aspect, grouped by
outcome. The scoring guidance

also details what MACs need to
demonstrate to justify their scores
and lists the associated evidence that
needs to be provided.
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The guidance is aimed at MACs

and area teams to enable them to
agree on consistent, evidence-based
performance scores across all aspects
of the MAC contracts. Scoring MAC
performance consistently will enable
compliance to be demonstrated and
improvement effort to be focused
where it is needed. Scoring should
be conducted and agreed based
upon the specific guidance outlined
in each section but in general green
represents contract compliance
against an aspect whereas amber
and red signify that improvement is
needed. The general principles of the
RAG scoring guidance are detailed in
Table 1 and a detailed example for a
specific aspect is provided in Table 2.

It is intended that the guidance will
be further developed and improved
over time as current thinking moves
forward, priorities change and the
Highways Agency’s understanding

of the MAC contracts and their
impact on the five strategic outcomes
develops.

Weighting the performance
hierarchy

All the outcomes, levers, sub-
levers and aspects within the
performance hierarchy are weighted
to allow the relative importance of
hierarchy elements to be accurately
represented. Their inclusion also
avoids the default position whereby
everything is considered equally
important. Consequently, the
weightings have the potential to be
a powerful tool to direct Highways
Agency priorities through the

MAC performance management
framework.

The weightings were initially

set using the expertise of the

area teams and NPU, and were
subsequently reviewed by the NDD
director. However, as with the
scoring guidance, it is intended that
the weightings are adjusted and
calibrated over time in response to
improved intelligence and changing
priorities.

Figure 1. Schematic of performance hierarchy

The sum of the weightings directly
below any element of the hierarchy
equates to 100%. Hence, all the
levers contributing to an outcome
sum to 100%, all the sub-levers
contributing to a lever sum to

100% and, finally, all the aspects
contributing to a sub-lever sum to
100%. This is clearly demonstrated
in Figure 3, using example
weightings, whereby sub-lever 1.2.1
is weighted at 65% and sub-lever
1.2.2 is weighted at 35%. Both sub-
levers contribute to the 1.2 reduce
congestion lever and the sum of
their weightings equates to 100%.
Similarly, the sum of the aspect
weightings contributing to each of
the two sub-levers equates to 100%.

These weightings are integral to the
reporting and visual representation
of performance at outcome, lever
and sub-lever level, whereby the RAG
scores at aspect level are propagated
up the hierarchy in the form of
performance flags.
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Performance flags

Performance at outcome, lever

and sub-lever level in the hierarchy
is represented in the form of
performance flags, instead of
averaging the performance score
and displaying the resulting red or
amber or green score. An example
performance flag at sub-lever

level is shown in Figure 4 using

the example weightings for the
aspects contributing to sub-lever
1.2.2 obtained from Figure 3. The
performance flag at sub-lever level is
a weighted summary of the aspects
which contribute to it. In this case
the percentage of red, amber, green
and white included in the flag is a
simple summation of the contributing
aspect weightings for each colour,
resulting in a performance flag

with 45% green,15% amber

and 40% red. The 45% green is
obtained from the summation of
the weightings for aspect 1.2.2.a
(30%) and aspect 1.2.2.b (15%).
The 15% amber is obtained from
aspect 1.2.2.c (15%) and the 40%
red is obtained from aspect 1.2.2.d
(40%). The performance flag
contains no white as performance
information was provided for all the
aspects contributing to sub-level
1.2.2. The percentage of each colour
included in a performance flag can
therefore be calculated by Equation
1 whereby the percentage of any
colour in the sub-lever performance
flag is a summation of all the aspects
that were assigned that colour RAG
score.

Equation 1
n

%colour, .= Z aspect weightings,_,
1

The propagation of scores from sub-

lever to lever level and from lever

to outcome level is slightly more

complex. In this case, each of the

lower performance flags will have

a weighting assigned to it which

represents its contribution to the

element, and therefore performance

flag, above it. In addition, each

lower level flag will consist of varying

Figure 2. Hierarchy for reduce congestion outcome

Figure 3. Weighting the performance hierarchy

Figure 4. Example performance flag for sub-lever 1.2.2
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Green

met

Evidence is present

Processes are under control

relevant processes

Targets for any relevant measures are being

Contractual requirements are being met

No non-conformances are present in

Amber

There are some issues with the evidence items

against the aspect

Some non-conformities may be present but do
not have a major impact on the service

the service

Some targets are not being met but plans are
in place to address issues

Some contractual requirements are not being
met but this does not have a major impact on

Red

Targets are not being met

against the aspect

There are major issues with the evidence items

Non-conformities are present which have a major
impact on the service

Contractual requirements are not being met, which
has a major impact on the service

Table 1. General principles of RAG score

Ref. Aspect
1.1.6.c Comprehensive
submissions

prepared for all
approvals and
departures from
standards

Aspect evidence/measures

Scoring of performance should
include considerationof the
following typical evidence/
measures

Demonstrate:

Approvals, including technical
approval, TTROs, price
submissions, are comprehensive

Departures from standards are
being adequately identified

Submissions are accurate,
complete and submitted within
timescales agreed with the
service provider Where innovative
solutions have been proposed,
efficiency savings are claimed

Potentials for departure are
discussed with the approval
authority in advance of the
submission

WebDAS has been used for all
departures

No work progresses until
departure has been agreed

Evidence:

Agreed process for submission of
approvals and departures

\WebDAS records
Minutes of meetings

Internal audits

Green

Process in place and
jointly agreed for
the submission and

approval of all approvals

and departures from
standards

Comprehensive,
accurate submissions
have been made

for all appropriate
approvals prior to work
progressing

Amber

Process in place
for the submission
and approval of

all approvals and
departures from
standards but joint
agreement needed

Approvals and
departures from
standards have been
submitted but further
information has been
requested by the
approving authority

Red

No process in place
for the submission
and approval of

all approvals and
departures from
standards

Approvals and
departures from
standards are not
always identified and
approvals are not
being sought

Work is progressing
before a departure
has been agreed

Table 2. General principles of RAG score
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percentages of red, amber, green and
white. The proportion of each colour
in the higher-level flag is therefore
the sum of the products of the
weightings and percentages. Again,
the resulting sum of the weightings
contributing to any particular
performance flag equates to 100%.

An example performance flag at lever
level is shown in Figure 5, using the
example weightings obtained from
Figure 3. In this case, the resulting
performance flag is 39% green, 28%
amber, 14% red and 19% white.
These are calculated from Equation
2 below, in which percentage of each
colour in the lever flag is calculated
from the sum of the product of the
contributing sublever weightings and
the percentage of the same colour

in the corresponding sub-lever flags,
divided by 100.

Equation 2

%colour,,. =

i(sub-/ever weighting X % colour_ . )
100

1

The 39% green is calculated by
multiplying the weighting for sub-
lever 1.2.1 (65%) by the percentage
of green in the sub-lever 1.2.1 flag
(35%) summed with the product of
the weighting for sub-lever 1.2.2
(35%) by the percentage of green

in the sub-lever 1.2.2 flag (45%),

all divided by 100. The example
calculation for green is clearly
demonstrated in Figure 5. Although
not shown for clarity, the percentage
of the other colours on the lever

1.2 performance flag is calculated
similarly.

Finally, the outcome level
performance flags are similarly
calculated, as detailed in Equation 3
below.

Equation 3

% colour

outcome

i(/ever weighting X % colour,

\ever)
100
1

A performance flag, therefore, has
the ability to show the detail behind
a performance score. For example, a
flag which is part green and part red
indicates that there are some areas of
good performance and some areas
of poor performance in the element
being looked at.

Without the use of flags the
performance at outcome, lever and
sub-lever level in the hierarchy would
be reported as either red or amber
or green. In such a scenario the
detail behind the score is lost. For
example, amber at sub-lever level
could indicate that all the aspects
contributing to that sub-lever are
amber or that half the aspects are
red and half are green. Clearly,
these two scenarios are significantly
different from a performance
perspective, but this information is
lost as performance is propagated
up the hierarchy. Performance flags

therefore provide a transparent view
of performance at lower levels and
prevent important issues against
specific aspects being lost.

Contractual MST scores

The Toolkit requires MST scores to
be assigned to each performance
indicator (sub-lever level) according
to the guidelines set out in Table 3.
It is a contractual requirement that
MACs agree such scores with the
Highways Agency area performance
manager on a monthly or quarterly
basis depending on the measure.

Although not part of the MAC
performance management
framework per se, the MST scores
are calculated for reporting purposes.
The MST scores are calculated
automatically according to a pre-
defined rule set based on the RAG
scores assigned at aspect level and
the weightings assigned to them.

Figure 5. Example performance flag for lever 1.2

Score Satisfaction

10 Totally satisfied

8 Highly satisfied

Requirement

All aspects completed to entire satisfaction.

Most aspects to entire satisfaction but some

aspects were only nearly satisfactory

6 Just satisfied

A few aspects to entire satisfaction but some

aspects were only nearly satisfactory and some
unsatisfactory

Neither satisfied nor dissatisfied

Neutral performance
Most aspects just unsatisfactory

Most aspects unsatisfactory but one or two were

just satisfactory

4 Slightly dissatisfied
Very dissatisfied
0 Totally dissatisfied

All aspects unsatisfactory

Table 3. MST scoring guidance
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Performance cycle

The performance management and
continual improvement process can
be seen as a monthly cycle, split into
six steps, as demonstrated in Figure
6. Each of these steps is outlined
below.

Step 1: scoring and evidence
gathering

Scoring performance

The first stage in the monthly
performance cycle is the selfscoring
of performance by the MACs and
the gathering of associated evidence
to justify their score. The scoring

of performance is conducted at
aspect level only and all relevant
aspects should be scored. Based

on the scoring guidance, each
aspect is given a RAG score or, if no
performance data are provided, then
the no data option is chosen.

To assist with this process, a template
data entry sheet has been provided
to all MACs. The data entry sheet
contains a list of all aspects grouped
by outcome to mirror the layout of
the scoring guidance document.

For each aspect, the data entry sheet
includes a dropdown list with red,
amber, green and no data options
and an associated comments box.
Comments are required for all
aspects to explain the reasoning
behind the allocated score. These
should be instructive and allow the
reader to understand why a particular
score was given and what actions
are required to improve the score, if
possible, for next time.

Evidence gathering

To help justify their self scores,

the MACs should ensure that all
associated evidence is in place in
advance of the scoring agreement
meeting with the Highways Agency
in step 2. The scoring guidance
details what MACs need to
demonstrate to justify their scores
and lists the associated evidence that
needs to be provided.

Step 2: scoring agreement

Agreement on the scoring is reached
monthly between the MACs and
the Highways Agency area teams.
The self-scored data entry sheet

is tabled at the meeting and the
performance score for every aspect
is discussed and agreed, along with
the associated comments. This

has the valuable additional feature
of encouraging a dialogue about
performance between the Highways
Agency and MACs, not just to focus
on the immediate scores but to look
at what needs improving in the
future.

To aid speedy agreement and
approval of the performance scores
the MAC performance manager
should provide the evidence to justify
the self scores. The area performance
manager needs to approve all
performance scores and associated
comments.

Step 3: send area data entry
sheet to NPU

Following the scoring agreement
meeting and by the agreed date each
month the data entry sheet for each
area is emailed to the NPU.

The email is sent by the area
performance manager or a suitable
deputy to the NPU, thereby signing
off the performance scores for that
month. Data entry sheets received
from any other source are not
deemed to be signed off and are not
entered into the database.

Step 4: scores compiled and
reports produced

The NPU is responsible for compiling
the performance scores centrally,
producing the performance reports
and circulating to the area teams and
MACs.

Importing the data entry sheets

Following receipt of the data

entry sheets from the areas

the NPU imports them into the
MAC performance management
framework database. The database

is the central repository for the
performance scores and associated
comments from all 12 areas.
Historical performance scores and
comments are also retained in the
database.

Producing the performance reports

The NPU is also responsible for
producing the performance reports
and sending them back to the

area teams and MACs within the
agreed timescales. The scoring
propagation and development of
performance flags are carried out in
the MAC performance management
framework software.

The reports are focused on providing
information relevant to identifying
problem areas and improving issues
that exist, either at a local area level
or centrally. Typical categories of
reports that can be produced within
the bespoke software include the
following items.

(a) Area performance reports:
detailing performance flags at
outcome, lever and sub-lever
level for any one area for any
one month

(b) Area performance comparison
reports: detailing performance
flags at outcome, lever and
sub-lever level for any number
of areas for any one month. An
example screenshot is included
in Figure 7 at the outcome level
for five hypothetical areas using
a dummy dataset

(c) Area performance trend reports:
detailing performance flags at
outcome, lever and sub-lever
level for any one area over any
number of months

(d) Highest weighted red and
amber reports: detailing the top
10 highest weighted red
and amber aspects. An example
screenshot is included in
Figure 8 for the highest
weighted red report.
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Figure 6. Performance management and continual improvement cycle

Figure 7. Screenshot of example area performance comparison report
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Figure 8. Screenshot of example highest weighted red report

Step 5: review reports and
determine improvement
actions

The area team and MACs determine
targeted improvement actions
informed by the performance
reports, with particular reference to
the highest weighted red and amber
reports. The MACs then develop
action plans to incorporate those
improvement actions.

Step 6: implement
improvement actions

The MACs implement the
improvement actions as incorporated
in the action plans.

Timetable

The performance management and
continual improvement process is
carried out monthly. However, step
6: implement improvement actions
overlaps with steps 1 to 5 of any
number of future monthly cycles
depending on the scale and required

duration of the improvement actions.

Audit and review activities span the
whole performance cycle, and feed
directly into continual improvements
of the process itself.

Audit, review and
change control

Audit and review

The whole process is subject to the
audit requirements for maintenance
contracts (Highways Agency,

2009b) under the performance
audit framework (previously
Network Operations Audit of
Contract Compliance (NOACQ)).

In particular, it comes under the
measure performance and continual
improvement enablers in the MAC
audit matrix.

The process will also be subject to
supplementary audits and reviews by
the NPU to ensure that the process
itself is being applied properly across
the business. In addition, area teams
will perform their own reviews and
checks on evidence presented by the
MACs in support of the performance
scores.

Change control

Based on feedback and further
research, the MAC performance
management framework will itself
be subject to continual improvement.
Changes will be centrally controlled
by the NPU to maintain consistency
and comparability.

It is proposed to use the performance
measurement advisory group (PMAG)
— a consultative body — as the forum
to provide feedback to the NPU on
the process. There will be a formal
change control panel in the NPU
who will assess the impact of any
proposed changes and, having taken
appropriate advice, decide whether
to implement the changes.

Any changes will then be
incorporated into the next planned
release of the MAC performance
management framework.

Responsibilities

Responsibility for performance
management and continual
improvement lies primarily with the
NDD and the MACs. The regions and
areas are responsible for managing
the performance of the MACs and
driving continual improvement.

NDD Central is responsible for
managing the MAC performance
management framework process,
including continual improvement

of the process itself. However, all
participants in the process have a
collective responsibility to ensure
performance reporting is not just for
reporting sake but is done to inform
improvement actions.

Timetable for
implementation

The MAC performance management
framework was trialled in three
areas during the final quarter of the
2009/2010 financial year and was
rolled out to all 12 areas during the
2010/2011 financial year. This was
done on a phased basis with four
areas adopting the new framework
in each of the first three financial
quarters. This phased approach
allowed feedback from the previous
quarter to be incorporated into the
next phase of the rollout, thereby
ensuring continual improvement
during these critical early stages.

Discussion and conclusion

The performance management and
continual improvement process
described herein provides the
Highways Agency with a monthly
‘health check’ of MAC performance
in delivering their contractual
requirements. Critically, it makes no
change to any existing contractual
requirement to report MST scores
but instead complements the process
by providing clear scoring guidance
where only limited guidance existed
previously.
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The main benefits of implementing
this process include the following:

(@) reduced subjectivity of scoring
performance

(b) comparability of performance
across areas

(c) increased visibility of
performance

(d) increased dialogue on
performance and improvement
actions

(e) evidence-based decision making
targeting improvement actions

(f) auditability of performance.

All of the above will help to drive
improved effectiveness and efficiency
in the delivery of MAC contracts.
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The Area 6 MAC approach
to planning and programme
management

Introduction

Highways &
Transportation

Atkins

This paper outlines how Atkins MAC 6 team has transformed its approach to
planning and programme management in order to drive the business forward
and improve contractual performance and service delivery for the Highways
Agency.

It explains why a change of approach was required and the three key areas of
change implemented which were:

e Re-structuring the organisation and office layout to improve
communication and flow of information;

e Development and implementation of a planning and programming solution
which is at the forefront of best practise within the MAC community;

e Embedding a programme focus culture throughout our organisation.

Finally it highlights some of the financial, performance and relationship
benefits for Atkins and the Highways Agency derived from the new approach,
areas of innovation, LEAN working and planned continuous improvement.
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Why was a new
approach to planning
and programme
management required?

Atkins performs both a Managing
Agent and Contractor role on the
MAC 6 contract. The organisational
structure established at start of
contract and roles within that
structure were different from the
typical consultancy design and
contract administration role Atkins
usually undertakes. As the contract
matured and the team increased
its understanding and knowledge,
it became evident that a number
of significant changes in approach
were required in order to improve
contract performance, consistent
service delivery, and commercial
performance. The key issues
identified were:

e Overly complicated quality
processes which in some cases
led to non-conformance and
unwieldy corrective actions;

e An organisation structure
built around the above quality
processes which operated in
silo working with ‘packages’ of
work handed from team to team
and no clear ‘cradle to grave’
ownership across the scheme
delivery process;

e A change in Highways Agency
funding strategies with shorter
term maintenance agenda and
a drive to deliver more for less
whilst requiring the Service
Provider to be flexible and reactive
to budget changes.

e Restructuring the teams to
improve communication and
information flow;

e (Creating a core Project
Management team with ‘cradle to
grave’ overview and ownership;

e Building a planning and
programming solution which
would drive the business forward,;

e Supporting the change through
streamlining the Quality Processes
and supporting documentation
with clarity to Contractual
compliance and requirements;

* leading and embedding a
programme focussed culture
throughout the team through
visual management initiatives,
training, software investment
(and supporting licences) and
benchmarking.

Implementing the
change in approach

Change management
strategy

The Senior Management team
developed a prioritised and
programmed change management
strategy across the business to be
implemented over a six month period
which focussed on:

Restructuring the team

The principle changes to the
organisation structure occurred in
the Schemes and Commercial teams.
A core Project Management team
supported by a MAC 6 Programme
Manager was created in the Schemes
team with direct communication
lines to the Highways Agency Project
Sponsors. Working closely with

the wider team, Project Managers
undertake no design activities but
are responsible for programme

and financial monitoring/reporting
throughout the project lifespan.
They ensure design, commercial

and construction teams maintain
programme and meet budgets and
manage contractual approvals and
hold points.

The Schemes commercial (Quantity
Surveyors), design and construction
teams were re-built under key
managers to deliver as a single
team, those stages of scheme
delivery previously split into
separate parts of the business.

Working in an integrated fashion
they are coordinated by the Project
Management team to deliver the
work in a planned and programmed
approach. To improve and facilitate
communication flow the office layout
was re-designed around the core
Project Management team.

Planning and programme
solution

It is a contractual requirement that
the Service Provider submits to the
Highways Agency for acceptance
an Annual Plan for the Forward
Programme of works before the
start of each financial year. The
Highways Agency submission
format is that of a financial forecast
spreadsheet uploaded onto the
Highways Agency financial system
(SfM). To populate this forecast it is
necessary to prepare a programme
for the funded Forward Programme
of schemes. Previously, this was
done at high level on an Excel
spreadsheet platform and in some
instances supported on Microsoft
Project. There was no requirement to
maintain this basic programme and
it was largely the responsibility of
Team Leaders in the Schemes Team
to apply their experience to manage
resources and deliver the Forward
Programme. Whilst the team never
failed to deliver for the Highways
Agency, it was recognised that there
was no clear central platform which
pulled together detailed scheme
programmes and key milestones,
resource availability and utilisation,
revenue and cost, critical path and
linkage of projects.

Led by the Schemes Manager

and coordinated by the MAC 6
Programme Manager, it was decided
to build and develop a detailed
Forward Programme for all schemes
and lump sum (operational) activities
utilising Asta Powerproject Enterprise
software.

As a starting point, it was necessary
to de-construct the relevant Quality
Processes and build up programme
templates for all scheme types and
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Figure 1. Example of Level 2 programme design activities for a typical scheme

values, incorporating not only design
and target costing activities, but all
contractual timescales, hold points,
approvals, key milestones etc. Each
template is built on two levels. Level
1, programme milestones and main
scheme development activities,

and Level 2, all detailed design

and project management activities
between milestones on Level 1. With
close involvement from design team
leaders, lead engineers, commercial
and construction managers, each
activity on the Level 2 programme
was assigned a duration and generic
resource effort. The resource was
assigned a cost and the template
programme duration and costs,
reality checked and adjusted/
rationalised against out-turn
actualised schemes of similar scope
and complexity.

The next stage was to assign the
relevant programme template to
every scheme in the confirmed
Forward Programme and undertake
the following exercise;

Determine which schemes have
weather susceptible activities

or have specific programme
constraints in relation to when or
how the works are undertaken;

Determine programme for
scheme development and delivery
ensuring 100% utilisation of
available resource pool across the
financial year within the MAC
team

Check and challenge resource
demand in the programme and
re-profile over/under utilisation
of generic resource types as
appropriate;

Determine external resource
requirements and specialist
sub-contracted design or
investigation/survey works and
assign an estimated cost to those
activities as appropriate;

Determine works identified for
delivery through the MAC 6
supply chain or through Atkins

Operations team and assign
estimated costs;

e Logic link the programme
and develop a critical path to
ensure prioritised delivery and
understanding of key milestones.

This was carried out for all work and
activities undertaken in Schemes,
Network and Operations teams.

Application of the programme
to deliver the service

The Programme Manager maintains
and oversees the Forward
Programme in Asta Powerproject
Enterprise. Its utilisation and
accessibility have broadened over the
past 6 months by obtaining multi
access licences across the business
enabling the Project Managers to
update scheme programmes daily
and for the Schemes Manager and
other key managers to view the
programme to any level of detail.
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Figure 2. Example of Level 1 Milestone Metrics data (Baseline vs Actual)

The programme is used to plan and
manage resources and prioritise
workload across the teams. For
schemes delivered by the service
provider, 9 key milestones have been
identified at Level 1 programme.
These are used to drive weekly,
monthly, quarterly priorities and
resource effort. Additionally, they
facilitate integrated working with the
Highways Agency Project Sponsors
to mitigate any delays, identify
opportunities and understand
potential risks to the programme
delivery.

Project Managers closely monitor and
update progress on their assigned
scheme programmes on a weekly
basis. Because the programme is
resource and cost loaded, the Project
Managers can ascertain an indication
of spend versus progress which is
used to inform monthly financial
reporting and checks against actual
costs captured from Atkins financial
systems. Risks to programme delivery
can be jointly managed applying

contractual processes and risk
mitigation meetings and appropriate
outcomes. This brings full visibility
for the Highways Agency Project
Sponsor and assists in prioritising
their workload and understanding of
the scheme status.

Design Team Leaders and Lead
Engineers utilise the programme

to plan and manage the design
team workload and effort. Bespoke
reporting views by team or individual
using ‘code libraries’ of design
activities from Asta, can be created.
By tracking and monitoring progress
within their teams, Lead Engineers
are able to inform the Project
Managers on forecast spend profiles
and factors which may impact the
programme. This informs planning
and risk mitigation discussions and
actions with the Highways Agency
Project Sponsors.

An Operations Programmer has been
appointed to assist the Programme
Manager and focus on maintaining

the Operations programme and
actualising progress on lump sum
activities in the programme to fully
understand cost and value within the
business. The operations programme
is used to prioritise resource effort in
the six depots across the Area.

The Schemes Manager has full
visibility of the Forward Programme
delivery overview. By monitoring

the Level 1 milestone progress on a
weekly basis, higher level reporting
to the Highways Agency Service
Manager and Atkins Contract
Director can be accurately made with
a current and actualised position
ascertained at any given time. This is
used to inform strategy and potential
additional spend opportunities

with the Highways Agency Service
Manager.
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Figure 3. Example of Design Team view (Top Level Summary showing concurrent progression of schemes)

Developing visual
management from the
programme

When fully built and populated,
Asta Powerproject Enterprise can be
utilised to produce bespoke reports
at any level of detail built into the
programme. The Schemes Manager
developed a planning and progress
visual management area which is
updated daily and is used to monitor
the high level priority and actions
required to deliver the programme.
The Programme Manager produces
quarterly, monthly and weekly
reports from Asta and updates

the visual management boards
appropriately. The Schemes manager
utilises the boards in discussion and
meeting with senior managers and
Project Managers in planning and
managing the portfolio in a proactive
way.

Visual management has broadened
across the team driven by the Asta
programme to include:

e Construction team planning
and programming boards for
mobilisation and construction
activities which are used to plan
supervision resource deployment,
efficient utilisation of the supply
chain eg, linking up schemes
in the surfacing programme
to minimise demobilisation of
blacktop gangs and plant;

e Commercial team target cost
tracker which is used to manage
the milestones within the process
for preparing, submitting and
approving target cost estimates
for Provider Works. It is also used
by the Managing QS to balance
workload within the QS team,
facilitate meetings and progress
discussions with the Project
Managers and set weekly and
monthly priorities

e The roads and structures design
teams develop a common visual
management tracker to facilitate
weekly team meetings to discuss

and plan team priorities, targets
and issues. This is fed back
through the Design Team Leaders
and relevant Project managers

e Operations team develop
visual management from the
programme in each of the six
depots to enable the Depot
Agents to improve forward
planning and help facilitate
discussions and engagement with
the operatives on the Lump Sum
activities programme.

Training and support

The Programme Manager was

key to developing the Asta
Powerproject Enterprise planning
and programming solution.
Technical support and training were
engaged from Asta plc to increase
and accelerate knowledge of the
software and its potential for broader
application across the business. As
the MAC 6 expert user and local
champion, the Programme Manager
produced a User Guide for Project
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Managers and rolled out a series of
1-2-1 on the job training sessions. As
experience and competency grew,
training was gradually widened
across the team and resilience added
by creating an Assistant Project
Manager post with responsibilities
which included an overview role for
assisting the Project Management
team to ensure the Provider
Programme was always up to date
on Asta. The most competent IT
literate junior staff were encouraged
to learn Asta and assist in updating
and understanding the programme
and functionality.

A Programme driven culture

A key part of the Senior
Management Team change
management strategy, was to create
an environment and culture of
programme ownership and delivery.
By identifying and implementing
the right structure, right tools, right
people in key roles, and changing
the office layout to encourage

communication, the environment
was created.

To develop the culture it was
necessary to include every member
of the team from trainee technician
to Schemes and Commercial
Manager in ensuring they
understood their contribution to
delivering the Providers Programme
for the Highways Agency and the
importance of taking full ownership
for the role and work they undertake.
The Schemes Manager undertook
workshops with the wider team, key
managers and individuals to embed
the strategic change of approach
and help individuals understand the
changes in roles and responsibilities.
Wide engagement in building the
Annual Plan was encouraged and
facilitated to create ownership and
understanding. Visual management
serves not only to plan and prioritise
within the teams, but to create a
culture of meeting targets that are
openly agreed and monitored.

Figure 4. Example of Operational Depot programme view (Ardliegh Depot)

Benefits to the
Highways Agency

The development of the planning
and programme approach by the
Atkins MAC 6 team has delivered
multiple benefits for the Highways
Agency:

e Contractual compliance:
through visibility on the detailed
programme both parties have
a clearer understanding of
contractual timescales, application
of the contract in respect
of change control and risk
management;

e Highways Agency Project
Sponsors are far more involved
throughout scheme development
and have developed and matured
their understanding of the end
to end process through monthly
progress discussion and ad hoc
‘business as usual’ meetings
centred around the programme
and activities;
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Figure 5. Example of HA Project Sponsor - outstanding key tasks view/report

Area Performance Indicators
(API): time and cost predictability
targets have all been ‘green’ for
18 months;

Highways Agency Performance
Management Framework (PMFv8)
for MAC and ASC contract

— all aspects for measuring
performance on delivery of
Forward Programme have been
‘green’ for 12 months;

Cost savings and efficiencies

in road space utilisation by
identifying opportunities for
combining traffic management
into single sites or programmes
and reducing target cost for
individual schemes;

Potential for the Highways
Agency to re-invest efficiency
savings into the network;

Key information for stakeholders
quickly produced from Asta

Efficiency savings on cost
reimbursable activities by

combining common design
tasks, meetings, site visits etc,
across schemes being developed
concurrently within the design
teams

e Increased confidence in Atkins'
ability to plan, manage and
deliver the Forward Programme
and Lump Sum activities

Better working relationships
between Atkins and the Highways
Agency Area team centred on

an agreed Annual Plan and
Provider Programme with a desire
to work collaboratively and in

an integrated manner to jointly
deliver.

Figure 6. Stakeholder view- Example of forward works programme within county of

Suffolk for Suffolk CC
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The benefits to Atkins

For Atkins many of the benefits

are common in respect of strong
consistent performance measures,
improved working relationships etc.
Other benefits include:

e C(Clearer visibility to plan and
manage resources effectively;

e Confidence in quarterly business
reporting to the board of directors
and ability to deliver business
targets;

e Improved financial forecasting
accuracy and checks on actualised
costs;

e Improved performance and client
feedback in respect of financial
reporting;

e Improved commercial
performance by maximising
revenue potential through being
in a position to discuss, prepare
early designs or deliver additional
work for the Highways Agency;

e Ability to benchmark performance
across the key milestones by parts
of the business, teams, individuals
and discuss improvement plans
and adjustments to timescales etc;

e Significant increase in staff
morale, motivation and general
feeling of being far more in
control of the programme at all
times;

e Individuals understand their
role and how they contribute to
delivering the service and business
targets.

Innovations and LEAN

The programming and planning
solution implemented in MAC 6 is

an innovation over the conventional
programming approach and has been
expanded to include every activity
undertaken in delivering the service
for the Highways Agency. The level
of detail and development built into
the Providers Programme using Asta

Figure 7. 2012/13 Q1 review showing average variance to baseline Annual Plan
(working days) at key Level 1 programme milestones

Powerproject Enterprise is recognised
as best practice in the MAC/ASC
community.

Application of LEAN principles and
identification of efficiencies include:

e Single source of monitoring the
entire Providers Programme with
functionality to bespoke reporting
to any level of detail in a simple
and quick operation;

e (reation of report templates
from the programme to generate
monthly data for incorporation
into PMF, API, Monthly Business
Report and quarterly Business
Reporting which reduces
duplication and time consuming
data analysis;

e |dentification of concurrent
working potential and efficiency
saving on design activities such as
combined site inspection, TRIPS
meetings, TTRO applications etc.
It is estimated that there could
be 15% efficiency saving to the
client of cost reimbursable design
activities during the current
financial year;

e Forward planning resource
utilisation to maximise
productivity and work closely with
the Highways Agency Area team
to take advantage of potential for
early preparation of schemes;

e Early preparation of weather
susceptible schemes enables
more efficient and risk mitigated
delivery.

Continuous
improvement initiatives

The following is currently being
undertaken or is planned for in the
current financial year:

e Quarterly detailed analysis of key
programme milestones (forecast
versus actual) to assess outturn
performance at key scheme
development and delivery stages
and where improvements and
effort should be focussed;

e Building the draft Annual
Plan framework for 2013/14
by reviewing resources and
programme templates against
outturn costs and duration;

e Adopting the same planning and
programming approach from
the start of the Atkins/Skanska
JV ASC Area 2 contract with
potential to implement across
other Local Authority commissions
and Atkins Operational Services
contracts;

e Developing visual management
initiatives across the business
following the Schemes team
approach and sharing across
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Operational Services with an initial
focus in Area 2 ASC

Capturing outturn performance
data for programme and costs
and feeding into the 2013/14
Continuous value management
process and bid submission to
increase accuracy and confidence
in budget allocations at funding.
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Determination of minimum
vessel wall thickness under
design condition loadings

Abstract

During the concept design phase of a series of pressure vessels for nuclear
application, an approach was developed to provide minimum vessel sizing
under dynamic loading conditions. Calculations had been undertaken to
determine an initial tentative vessel wall thickness using ASME Il Subsection
NB, however only a limited assessment of mechanical loading was undertaken.

This paper outlines a static analysis approach for extending the structural
analysis of a pressure vessel shell to include design condition loadings. These
include dynamic loading, support reactions and external piping reactions
which can have a significant influence on the required minimum wall
thickness.

This paper is limited to outlining generic rules and assumptions that can be
applied to the preliminary concept design of pressure vessels. The method
was originally captured to aid knowledge sharing within the design team. It
does not prescribe an exact methodology but rather an interpretation and
application of the design code. The aim is to provide a better defined vessel
geometry upon which to base the detailed finite element stress analyses for
both design and service conditions. The perceived benefit of this approach
is that there will be a lower likelihood of major design changes being made
during the detailed design phase.

Nomenclature

P General primary membrane stress
P Local primary membrane stress

P, Primary bending stress

Sm Allowable stress intensity

S Stress difference

P Internal design pressure

g Acceleration due to gravity
t Tentative pressure thickness
R Internal radius of vessel

AP Increase in internal pressure
p Density

h Height of fluid in the vessel
W, Vertical acceleration

F Force in vertical direction

m Mass of vessel

Component stress

Principal stress
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Introduction

Scope

ASME Il NB rules for tentative
pressure thickness and reinforcement
requirements for openings enable
only a very limited initial vessel sizing
to be undertaken. This assessment
is based on design pressure and
design temperature alone. Design
mechanical loads, such as those
resulting from shock or seismic
effects also require a preliminary
assessment. These dynamic loadings
can have a significant influence on
the required minimum wall thickness.

This paper describes a methodology
for determining the minimum wall
thickness requirement for pressure
vessels subject to high external
dynamic loading. Such loading can
arise potentially on pressure vessels
used in nuclear plant, the offshore
industry and in some military
applications due to earthquake, blast
and external impact.

The methodology extends the
structural analysis of ASME Class 1
pressure vessels to include all design
condition loadings comprising the
combination of design pressure

and temperature, dynamic loading,
support reactions and external piping
reactions on nozzles. The approach
uses well documented hand
calculation techniques to determine
minimum wall thicknesses and nozzle
reinforcement requirements.

The aim of this approach is to provide
an improved defined vessel geometry
upon which to base the detailed
finite element stress analyses for both
design and service condition loadings
at the detailed design phase. The
perceived benefit of the approach
described in this paper is that there
will be a much lower likelihood of
major design changes being required
to be made to the vessel during the
detail phase, which if they occur

can have adverse cost and timescale
implications on the project.

The methods for calculation outlined
here assume that the vessel is
classified as Class 1 and assessed
against stress intensity limits in the
American Society of Mechanical
Engineers Boiler and Pressure Vessel
Design Code Section 3 (ASME IlI)
Division 1 Subsection NB'. The vessel
is cylindrical in shape and contains

a working fluid (See Figure 1). It

is a prerequisite that analyses to
determine the dynamic response of
the pressure vessel on its support
structure have been undertaken

in order to determine the actual
equipment acceleration that is to be
used in the structural analysis.

The calculation uses a static analysis
based on the load cases in Roark's
Formulas for Stress and Strain?

and is intended to be conservative
by nature. Local stresses in the
shell associated with nozzles and
the mounting features are to be
calculated in accordance with
methods contained in Annex G of
PD 5500-2009%. Alternative open
literature calculation methods shall
be used if the mounting geometry
is not suitable to be modelled using
References 2 and 3.

This report is limited to outlining
generic rules and assumptions that
can be applied to ASME Class 1
vessels for calculating minimum
thickness requirements. It does not
prescribe an exact methodology for
specific vessels but rather a general
approach. The guidance given here
is intended to be used to assist in
the hand calculation and assessment
of stresses and minimum wall
thicknesses due to design condition
loadings.

Only general primary membrane,
primary bending and local primary
membrane stresses in the shell of
the vessel will be included in the
assessment. Compliance with
primary stress limits ensures that the
wall thicknesses are adequate to
prevent gross yielding under design

condition loadings. Secondary
stresses in the shell and stresses in
the mounting features and vessel
attachments themselves are not
considered as part of this work.

Assumptions

The assumptions stated below

are considered common to most
cylindrical vessels and relevant to the
approach described in this paper.
Additional specific assumptions for
individual vessels may be required
when the methods outlined here are
put into practice:

a) The vessel is assumed to be full
of the working fluid — this
removes the effects of ‘sloshing
fluid within the vessel;

I

b)  The vessel centre of gravity is at
its geometric centre;

¢)  The vessel is cylindrical and
features spherical heads;

d) The vessel length is much
greater than the radius;

e) Dynamic loading input can be
interpreted as an equivalent
static load acting at the vessel
centre of gravity expressed in
terms of gravitational
acceleration (g);

f)  Vertical (z axis) and horizontal
(x and y axes) dynamic
loadings are considered to be
acting independently of each
other and in isolation;

g) The vessel can be assumed to
be symmetrical about the
vertical axis and the greater of
the two horizontal dynamic
loads (x and y axes) will be used
as the bounding load case
alongside the vertical dynamic
load;

h)  The total stress at each location
will be assessed by summing
the contributions from each
loading condition irrespective
of its sign. This is a conservative
assumption and may be open
to review should it result in
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excessively large wall
thicknesses;

i) The allowable stress intensity
(Sm) is evaluated at the design
temperature of the vessel.

Figure 1. Sketch Of Generic Cylindrical
Vessel

General approach

The approach described in this paper
is intended to provide basic pressure
vessel sizing and optimisation prior
to undertaking a detailed stress
substantiation of the vessel. The
general approach is based on
calculating a tentative thickness for
the vessel shell under design pressure
and temperature conditions. This is
then assessed to establish whether
an increase in thickness is required
from consideration of all design
condition loadings.

This paper focuses on dynamic
loading resulting from shock, vessel
support reactions and pipe loads on
the vessel shell as the key design
mechanical loadings.

The following regions on the vessel
and corresponding load cases are
considered for assessment as part of
this methodology.

Vessel Part/Region

Vessel shell (remote from
discontinuities)

Vessel heads (remote from
discontinuities)

Vessel shell local to nozzles

Vessel shell local to mounting points

Load Case

Internal pressure plus dynamic
loading

Internal pressure plus dynamic
loading

Internal pressure plus dynamic
loading plus external loading from
pipe work

Internal pressure plus dynamic
loading plus external loading from
pipe work

Table 1. Summary of vessel regions being considered and the applicable load cases

Stress Category
Pm

IDI

P.+P,

P+P,

Pure Shear

Maximum Allowable Stress
Intensity

Sm
1.5 Sm

1.5Sm

0.6Sm average primary shear stress
across section

0.8Sm maximum primary shear stress
across section in torsion

Table 2. Limits of stress intensity from ASME Ill Figure NB-3221-1 and NB-3227.2

Calculation sequence

The outline of the approach
described in this paper assumes that
calculations are undertaken in the
following sequence:

e calculation of tentative pressure
thickness for main shell and heads
in line with ASME Il NB-3324"

e assessment of stresses in shell
and heads under design pressure
loading against ASME Ill criteria

e calculation of stresses in main
shell and head remote from
discontinuities under dynamic
loading

e calculation of stresses in vessel
wall adjacent to nozzles and
mounting features under dynamic
loading

e calculation of principal stresses for
each load case

e calculation of stress intensities

e calculation of reserve factors

e repeat calculation if necessary
with an increased wall thickness
until the required reserve factor is
achieved.

Stress Categorisation and
Allowable Stress Intensity

Principal stresses are required to be
calculated for the assessment of
design condition loadings. These
consist of General Primary Membrane
(P ), Local Primary Membrane (P) and
Primary Bending (P,) stress categories.
Figure NB-3221-1 in ASME Il [1]
shows the allowable limits of stress
intensity for Class 1 vessels and is
summarised in Table 2.

As stated in NB-3221.3 of ASME

lll", the allowable value of primary
membrane (general or local) plus
primary bending stress intensity is Sm
multiplied by a shape factor, which
for a solid rectangular section is 1.5
(See Table 2). NB-3221.3 should

be referred to for other geometries.
It should be noted that the shape
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factor shall not exceed the value
calculated for bending only and in no
case shall it exceed 1.5.

Assessment of stress
intensity

In order to assess the vessel shell
thickness for suitability under
design condition loading, it must
be established whether the stress
intensity in the shell exceeds the
specified limits. These limits differ
depending on the category of stress
present in the shell (see Table 2).
The following sections describe the
process by which the stress intensity
is calculated and then compared with
the allowable limits. This procedure
is described in ASME Il NB-3215.

Principal Stresses

At the location on the vessel being
investigated, an orthogonal set of
coordinate axes should be selected.
For many pressure vessels it is
possible for these axes to be chosen
such that the shear stress component
is zero. This helps to simplify the
calculation of principal stresses. For
cylindrical vessels, orthogonal axes in
the radial, tangential and longitudinal
direction are recommended.

At each location calculate the stress
components in each axial direction
for each load case. These stresses
are then assigned an appropriate
category in line with the guidance
set out in ASME Il Table NB-3217-
1. The algebraic sum of the stresses
in each category should then be
found. As specified in NB-3215", the
sum of the stresses in the general
primary membrane stress, local
primary membrane stress, general
primary membrane stress plus
bending stress and local primary
membrane stress plus bending stress
are all assessed separately for each
load case. These stresses are then
translated into principal stresses as
described in Roark’s Formulas for
Stress and Strain?. For thick walled
vessels where the axes have been
selected such that there is no shear

component, the calculated stresses
in each direction translate directly
into three principal stresses. Under
the assumption that the shell is thin
walled, the radial stress component
is negligble, the remaining two are
calculated as follows;

Equation 1

c.=

1 .
= (6, +c)+/(o,-0) +4+7?

Eq Uation 2 Table 2.3, Reference 2

c.=

20 Ay 2
(6, +c)+/(o,-0) + 4

1
p2- )

The principal stress o_, is therefore

zero for the purposes of calculating
the stress differences S12, S23 and
S31.

Stress Intensity

From ASME NB-3215(e) the stress
differences are then calculated as
follows:

Equation 3
5:= Oy~ Op

Equation 4
S23 =6, "0

Equation 5

S31 = Gp3 - Gp1

The stress intensity is the largest
absolute value of the stress
differences calculated above which
can then be compared to the
allowable stress intensities listed in
Table 2.

Where reserve factors are found to
be less than unity, it may be due to
conservatism in the assumptions

and methods used to calculate the
stress intensities. Where appropriate,
assumptions and methods should be
refined to remove pessimism and the
reserve factors recalculated.

If it is deemed that the treatment of
assumptions is independent from
the reserve factors being below
unity, then the calculations should
be repeated with an increased wall
thickness until acceptable reserve
factors are achieved.

In the case of assessing initial
pressure thickness calculated using
NB-3324; where the reserve factor
is less than unity the wall thickness
should be increased in the first
instance.

Appendix 1 outlines an example
calculation concerning a simple
cylindrical shell subject to internal
pressure plus dynamic loading. It
demonstrates the initial vessel
thickness being increased in order
to give an acceptable reserve factor
under dynamic loading.

Tentative pressure
thicknesses and
opening reinforcement

Reserve factors

Assessment of the stress intensity

is achieved by calculating reserve
factors. The reserve factor is equal to
the allowable stress intensity divided
by the calculated stress intensity.
Generally, a reserve factor of unity or
greater indicates that the vessel wall
thickness and area reinforcements
local to openings are adequate for
the design condition loadings.

Initial Design Pressure
Thickness

An initial value for vessel wall
thickness can be calculated using the
formulae given in ASME Il NB-3324.

Equation 6
o PR
Sm-0.5P
Where:
t= Tentative pressure thickness
P = Internal design pressure
R = Internal radius of vessel

Sm = Allowable stress intensity for
the material
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This formula is based on the
assumption that the vessel is thin
walled.

Initially, the thickness of the vessel
heads is assumed to be equal to
that of the main cylinder wall.

The primary stresses in the vessel
shell due to design pressure and
temperature loading can then be
calculated and assessed against the
relevant design criteria.

Nozzle and Opening Area
Reinforcement

Nozzles and openings in the shell
require a minimum level of local
material reinforcement which should
be considered when calculating
the minimum pressure thickness of
the shell. The calculation of this
reinforcement is based on design
pressure and temperature loading
and supplements the minimum
pressure thickness. ASME Il NB-
3332 gives rules for the calculation
of nozzle reinforcement based on
design pressure loading. This can
then be assessed against dynamic
loading from pipe work.

Preliminary stress
assessment of design
condition load cases

Assessment of Static Pressure
Load

Once an initial pressure thickness
has been calculated for the vessel it
requires assessment to ensure that it
can withstand the design condition
pressure loading. The following
paragraphs describe the general
membrane stresses that are present
in the shell under such loading.

Main Cylindrical Body

The main body of the vessel shell is
considered separately from the vessel
heads and is a cylinder with capped
ends. The axial and hoop primary
membrane stresses in the shell under
uniform internal or external pressure,
can be calculated using Case 1cin
Table 13.1 from Roark’s Formulas?.

The radial stresses are assumed to be
negligible in comparison with hoop
and axial stresses.

Vessel Heads

Primary membrane stresses will

also be present in the upper and
lower heads of the vessel. These
are calculated using the appropriate
load case based on the geometry of
the head. This paper only considers
spherical and torispherical head
geometries common on many
pressure vessels. There is not the
scope to consider more complicated
geometries. For a spherical head
under uniform internal pressure,
Roark’s gives formulae for the
meridional and tangential stress<e 3
Table 13.1, Reference 2. The crown region Of
a torispherical head can be assessed
using the same formulae.

Discontinuity stresses resulting from
the changes in section between the
shell and the head are not assessed
in this calculation neither is the
knuckle region of a torispherical
head.

Assessment of Shell Thickness
under Mechanical Design
Condition Loadings

Once the minimum shell pressure
thickness has been established,
further hand calculations can be
undertaken to assess this thickness
for suitability under other design
condition loading. The loads
considered by this paper are vertical
dynamic loading, horizontal dynamic
loading, local loads applied to the
vessel shell by mounting features and
pipe work reactions.

The following section contains
guidance for approximating these
load cases and calculating the
resulting stresses in the shell. These
stresses are then categorised and
assessed against the design criteria
outlined in Table 2. The aim of the
assessment is to provide sufficient
margin in the vessel thickness to
withstand mechanical loadings
before the design is progressed to
the detailed design phase.

Vertical Dynamic Loading

For vertical dynamic loading it will be
assumed that the vessel is accelerated
upwards. The resulting downwards
force will therefore be equal to the
mass of the vessel and contents
multiplied by the acceleration.

Equation 7
F,=m-(W,)

Where the upper and lower head of
the vessel have different geometries,
rather than considering an upwards
and downwards acceleration, the
same dynamic loading will be applied
to both heads.

Axial Stress in Shell

The cylindrical shell will see an
increase in axial load due to the
increase in effective weight of the
fluid in the vessel and similarly due to
the increase in effective weight of the
vessel material.

Mass of Fluid

When the vessel is accelerated
upwards, the mass of the fluid is
effectively acting downwards within
the vessel. This will generate an axial
stress in the vessel shell equal to the
downwards force of the fluid under
acceleration divided by the vessel
shell cross sectional area. In order
to ensure a conservative outcome,
the total mass of the fluid will be
used and the stress analysed at the
thinnest section of the vessel shell.

Mass of Material

The vessel shell loaded by its own
weight will experience an axial
membrane stress. When the vessel
is accelerated upwards, the effective
weight of the vessel material will
increase resulting in additional axial
membrane stress. This load case is
the same as that outlined in Case 1e
of Table 13.1 in Roark’s Formulas?.
The axial stress is calculated by
multiplying the force per unit volume
of the material by the total height
of the cylindrical shell, where the
force per unit volume is equal to
the density of the vessel material
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multiplied by the acceleration.

The increase in load caused by
acceleration of the lower head is also
included in the calculation. In order
to ensure a conservative calculation,
the compressive stress in the shell
above the upper mounting position
caused by acceleration of the upper
head is neglected.

Hoop Stress in the Shell

The vertical acceleration of the vessel
will also result in an increase in

hoop stresses in the shell due to the
increase in the effective weight of
the fluid. This is calculated based on
the total mass of fluid in the vessel.
In order to calculate the hoop stress
in the shell, the increase in effective
fluid weight is treated as an increase
in internal pressure in the vessel. This
allows internal pressure load cases to
be used to calculate the hoop stress.

The hoop stresses in the shell as a
result of internal pressure loading are
found using Case 1cin Table 13.1
from Roark’s Formulas?. In this case
however, the pressure is calculated
from the head of fluid above the
lowest point in the vessel with
acceleration due to gravity replaced
by the acceleration.

Equation 8
AP = p-h-(Wz)

Stresses in the Head

The lower head will see an increase
in axial (meridional) and hoop
stresses due to the increase in
effective weight of the fluid in

the vessel and similarly due to the
increase in effective weight of the
vessel material.

Mass of Fluid

The vertical acceleration of the

vessel will result in an increase in the
stresses in the lower head due to the
increase in the effective weight of
the fluid. Again as with the stresses
in the vessel shell, this is calculated
based on the entire mass of fluid and
is treated as an increase in internal
pressure load acting on the head.

The stresses resulting from the
increase in the effective weight of
the fluid will be calculated using Case
3a, Table 13.1 from Roark’s Formulas
for Stress and Strain?; however, the
hydrostatic pressure will be replaced
by the design pressure plus that
under acceleration as shown in
Equation 8.

If the lower and upper heads
have different geometries, then
the stresses in both heads shall
be analysed, assuming the most
conservative loading on each.

Mass of Material

The vessel head loaded by its own
weight will generate membrane
stresses. In this case both meridional
and hoop stress will occur. The
acceleration will cause the effective
weight of the material in the vessel
head to increase and the resulting
force per unit volume shall be
calculated by multiplying the density
of the material by the acceleration.
The stresses are calculated in line
with the Case 3c given Roark’s
Formulas Table 13.12.

Horizontal Dynamic Loading

Where the horizontal acceleration
has been split into two planes (e.g.
x and y) the greater of the two
accelerations should be used when
calculating the horizontal dynamic
loading. This approach relies on the
assumption that the vessel can be
considered symmetrical about the
vertical axis.

Bending Stress in the Shell due
to Direct Loading

Depending on the way the vessel is
mounted, axial and hoop bending
stresses will be generated in the
vessel shell under horizontal dynamic
loading. The method of calculation
of these bending stresses uses an
approximation of the vessel as

an elastic beam under bending.
Different beam approximations can
be used to most closely represent
the way the vessel is mounted.

For example, in the case of two

mounts at opposite ends of the
vessel, a simply supported beam
approximation may be appropriate.

To ensure a conservative calculation,
the entire mass of the vessel,
including contents, is treated as a
uniformly distributed load applied
along the length of the vessel. The
maximum bending moment can
then be calculated and the simple
theory of bending used to find the
maximum axial bending stress. This
stress is categorised as a membrane
stress, rather than bending stress,
due to the very small stress gradient
created through the wall. See Table
NB-3217-1, ASME III.

Average Shear Stress in the
Shell

Treating the vessel as an elastic
beam, the average shear force can
be found by dividing the total load
on the vessel by the number of
supports assumed under the beam
approximation.

The average shear stress in a hollow
cylindrical beam or shell is calculated
by dividing the shear force by the
cross sectional area of the shell and
assessed against 0.6Sm in accordance
with ASME NB-3227.2(a)".

Hoop Membrane Stress in the
Shell and the Vessel Heads due
to Increase in Effective Weight
of Fluid

The method used in the vertical
loading case for evaluating increased
pressure stresses in the shell due to
the increase in effective weight of
the fluid contents is unsuitable for
the horizontal loading. This is due
to the pressure not being uniform
across the vessel diameter which

will generate distortion and bending
stresses.

However the vertical loading case
considered here involves a much
greater height of fluid than the vessel
internal radius and so is assumed

to provide sufficient margin on

the vessel thickness. Horizontal
pressure stresses should therefore
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be accounted for by applying the
increase in pressure under vertical
acceleration to the horizontal load
case. This will allow a conservative
assessment of the stresses in the
shell under horizontal loading to be
included.

Calculation of stresses
in vessel wall adjacent
to nozzles and
mounting features

Vessel Wall Adjacent to
Nozzles

The applied loads at pipe work
attachments to nozzles are often
not known at the concept design
stage. Therefore the maximum load
(end thrust, bending, shear and
torsion) that can be applied to the
nozzle by the pipe work shall be
calculated based on the assumption
that the stress in the pipe reaches
the maximum value permitted by the
ASME design code for pipe work.
Details of the approach are provided
below.

External Moments Applied to the
Vessel Shell

The reaction of pipe work due to
expansion and dynamic loading will
apply a moment to the vessel shell.
This moment shall be calculated
assuming a maximum bending stress
in the pipe of 1.55m. For most
cylindrical vessels that are intended to
be vertically mounted, the method by
which these moments are calculated
is shown in Subsection 2.3, Annex

G of PD 5500-2009° where vertical
dynamic loading translates to a
longitudinal moment and horizontal
dynamic loading translates to a
circumferential moment. These

will be analysed using Subsection
G.2.3 and suggested working forms
G2 and G1 respectively. PD 5500-
2009 has been selected in this case
because it contains relevant formula
for calculating local component
stresses. The assessment of these
stresses will still be against the criteria

laid out in ASME IIl Subsection NB'
for consistency.

Radial Loads Applied to the Vessel
Shell

Loads on the vessel shell resulting
from pipe work are assessed using a
limit load analysis. Under horizontal
dynamic loading, the reaction of

the pipe work is assumed to create
a radial load on the vessel shell.

This shall be calculated assuming a
maximum direct stress in the pipe
work of 1.55m based on the pipe
work material. The load is then

the maximum stress in the pipe
multiplied by the cross sectional area
of the pipe work attachment. The
corresponding stresses in the vessel
shell are then calculated as outlined
in Subsection G.2.2 in Annex G of PD
5500:2009.

Shear due to Pipe Work

The maximum shear load that can

be applied to the nozzle by the pipe
work shall be calculated based on the
ASME limit of 0.6Sm and the known
cross sectional dimensions of the
pipe work. Note that in this case the
allowable stress intensity value, Sm,

is that for the pipe work material.
Similarly for shear stress as a result

of torsion in the pipe work, the
maximum torsional moment that can
be applied to the nozzle by the pipe
work shall be calculated based on the
ASME limit of 0.85m as defined in
NB-3227.2(b) of ASME III".

Gross Discontinuity Stress
Adjacent to Nozzle Opening

Calculation of Discontinuity Stress

Both primary and secondary
categories of discontinuity stress
exist local to the nozzle opening.
For the purposes of this paper
however, only those categorised as
local primary membrane stresses in
accordance with Table NB-3217-1"
are considered. In order to assess the
total stress in the region adjacent to
the nozzle, the gross discontinuity
stresses are required in addition

to the average membrane stresses
resulting from pressure load.

The discontinuity stresses should be
calculated in accordance with the
methodology outlined in Welding
Research Council (WRC) Bulletin
368°.

Assessment of Discontinuity Stress

These stresses are then added to
those from external loadings to

get the total stresses in the shell
and in the nozzle for comparison
with the ASME Il limits. The
inclusion of discontinuity stresses
as outlined here is intended to give
an indication of the local stresses
prior to the undertaking of detailed
finite element techniques during the
detailed design stage.

Mounting Features

The stresses in the shell resulting
from the mounting features under
dynamic loading are also required.
These stresses shall be calculated
based on the local support loadings
on the vessel shell. The reaction at
the supports due to vessel mass and
external pipe reactions contribute
to the local support loading. The
exact method of assessment will
depend on the nature and number
of mounts, but generally these
loads should be treated as moments
applied to the vessel shell and
calculated in a similar manner to
stresses as a result of pipe work
attachments.

The effects of the pipe work
reactions at the vessel mounts can be
calculated using a moment balance
and represent the additional stress

at each mounting point as a result

of the pipe work attachments under
dynamic loading.

The stresses in the shell as a result
of the reactions at mounting points
shall be calculated using methods
contained in Subsection G.2.3 of
Annex G of PD 5500:2009 where
appropriate. Should the specific
mounting features of the vessel not
be covered in Annex G, alternative
sources of load cases should be
sought.
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Appendix 1 demonstrates part of

the methodology being applied

to a simple cylindrical shell. An

initial tentative pressure thickness is
calculated and then dynamic loading
applied. The calculation shows that
in order to generate adequate reserve
factors under high dynamic loading,
the initial pressure thickness must be
increased.
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Appendix A

Example Calculation of
Vessel Pressure Thickness and
Assessment under Dynamic
Loading

The following calculation
demonstrates the methodology
outlined in the paper. The appendix
is limited to assessing the pressure
thickness and dynamic loading on
a simple cylindrical shell excluding
heads purely as a demonstration of
the theory. The shell is assumed to
be orientated with its longitudinal
axis vertical and filled with an
incompressible working fluid. The
calculation will consider primary
membrane stress and primary
bending stress only.

Inputs

Vessel internal

length L, = 1500 mm

Vessel internal
radius

Density of
working fluid

Design stress
intensity of
vessel material

R =160 mm

Py = 996 kg/m?

Sm = 96 MPa

Density of
vessel material
Dynamic
acceleration
(vertical)
Dynamic
acceleration
(horizontal)

Design pressure

Do = 7800 K/m?

W, = 25¢g

W, = 309

P =100 bar

Calculation of Tentative
Pressure Thickness

The calculation for the tentative
pressure thickness of a cylindrical
shell can be found in paragraph NB-
3324 of Section NB and calculated as
follows:

Equation 9
P-R-,
tent R
Sm - 0.5P
t, . =18mm

tent *

To check the acceptability of this
result, the stresses generated in a
shell of this thickness under both
vertical and horizontal dynamic
loading are calculated and assessed
against the stress acceptance criteria
in ASME IIlI.

Assessment under Vertical
Dynamic Loading

Using the tentative thickness
calculated above, the shell has the
following physical values:

Equation 10

Shell outer radius
R, =R+t
R,=178mm

Equation 11

Total mass of the shell and fluid

mtotal = (Ro2 - Riz) m L psteel + Ri2 T I‘i pﬂuid

m._ = 344kg

total

Under vertical dynamic loading the
effective weight of the entire mass of
the vessel and contents is increased.
This is modelled as a downward force
acting on the vessel and will generate
axial membrane stress in the vessel
shell.

Equation 12

Axial membrane stress in the
shell due to vertical dynamic load

f— m WV

total

o :
o m(R2-RY

o, =441 MPa

The vertical acceleration of the vessel
also results in an increase in the
membrane stresses in the shell due to
an increase in effective weight of the
working fluid within. This is modelled
as an increase in internal pressure

and allows internal load cases to be
used to calculate the hoop stress.
The increase in pressure is calculated
by multiplying the density of the
fluid, by the height of the fluid inside
the vessel and then by the dynamic
acceleration.

Equation 13

Increase in internal pressure
under vertical dynamic loading

AP =p, LW

| v

Equation 14

Total increased internal pressure
due to dynamic loading

Pv.shock = P + AP
The vessel is considered to be thick
walled and therefore Case 1b,

Table 13.5 on page 683 of Roark'’s
Formulas for Stress and Strain is used
to calculate the pressure stresses at
any chosen radius, r. In this case,
the internal pressure is equal to the
design pressure plus the increase

in internal pressure under vertical
dynamic load calculated above.

Equation 15

Axial membrane stress due to
internal pressure

P R2
Gam = R 2 _kRZ
Equation 16

Hoop membrane stress due to
internal pressure

B P RiZ(RO2 +1?)

v.shock

cjhm - I’Z(ROZ . RiZ)

Equation 17

Radial membrane stress due to
internal pressure

P RARZ+-1?)

v.shock

cyrm rz(ROZ - Riz)

The membrane stresses at both the
inner and outer radius are calculated
using equations 14 to 16 and the
mean average taken.
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Mean axial membrane stress

G, , =43.619 MPa

Mean hoop membrane stress
. .=92.421 MPa
Mean radial membrane stress
o =-5.183 MPa

rm.v

(¢

The membrane stresses in each
plane resulting from vertical
dynamic loading are summed before
calculation of the principal stresses.

Equation 18
Axial membrane stresses

G, =, +0,)

m.v1 am.v

Equation 19
Hoop membrane stresses

cSm.vz = Ghm.v

Equation 20
Radial membrane stresses

(¢ (¢

mv3 T Ty

The axes have been chosen such

that the three principal stresses are
taken to equal the stresses calculated
above. The stress differences and
stress intensity can then be calculated
in accordance with paragraph NB-
3215 in ASME Il

Equation 21
Stress differences
S\/12 = Gm‘v1 - Gner

S,,, = 44.392 MPa

Equation 22
S =0 G

V23 mv2  Pmuy3

S, = 97.604 MPa

Equation 23
Sv31
S5 =-53.212 MPa

=0 ()

mv3 | Pmui

The stress intensity is equal to
the stress difference of greatest
magnitude.

Stress intensity
S,=97.604 MPa

The reserve factor is then calculated
against Sm.

Equation 24

Reserve factor

RF :=°M _ 098

v Sv
The reserve factor calculated is less
than 1 which indicates that the shell
pressure thickness will not withstand
vertical dynamic loading conditions
and will need to be increased.

Assessment under Horizontal
Dynamic Loading

Under horizontal dynamic loading
the vessel shell will see a force
acting on it equivalent to the mass
of the vessel shell and its contents
under horizontal dynamic loading
acceleration. This force will be
treated as a uniformly distributed
load acting over the length of the
vessel. The shell is modelled as a
beam of hollow cylindrical cross
section, simply supported by a single
support at both ends. This load will
give rise to a bending moment in
the shell and hence an axial bending
stress. An average shear force across
the shell will also be present. This
will be assessed separately.

Equation 25

The total force per unit length of

vessel
F _ mtotaI-Wh
shellh "~
L

The maximum bending moment will
occur at the centre of the length

of the vessel. The distance to the
neutral axis is taken as the mean
radius. This calculates the average
stress in the wall at the section of
maximum bending moment.

Equation 26

Maximum bending moment
2

M L 'Fshen.h Li
bend " 8

Equation 27

Second moment of area for a
cylindrical section

(R04 - Ri4)
4

=T

Equation 28

Distance from neutral axis
R -R
2

y:=

Equation 29

Resulting maximum bending
stress

y
. Mbend
Op shell= |

c -11.708 MPa

b.shell —

Under horizontal load the increase
in effective weight of the fluid will
again be modelled as an increase
in internal pressure and therefore
induce membrane stresses in the
shell. Since the length of the vessel
is significantly greater than the
diameter, the increase in vessel
internal pressure estimated under
the vertical load case is considered
to provide sufficient margin on the
vessel thickness and can be applied
under horizontal dynamic loading.

The shell stresses resulting from
horizontal loading are then used

to calculate the principal stresses in
the shell. The axial bending stress
across the entire section of the
vessel is considered to be a primary
membrane stress in accordance with
ASME Il Table NB-3217-1 and so is
added to the axial membrane stress
as a result of internal pressure.
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Equation 30
Principal stresses

S + csam.h

mht = Obshell

Equation 31

The stress differences and stress
intensity can then be calculated as
shown previously. The reserve factor
is then found.

Stress intensity under horizontal
dynamic loading

S, = 97.604 MPa
Equation 33

Reserve factor

RF,:= =M = 0.98
Sh

The reserve factor calculated is

less than 1. This indicates that the
shell pressure thickness will not
withstand horizontal dynamic loading
conditions and should be increased.

Assessment of Average Shear

The shear stress acting in the beam
due to bending is assessed separately.
In general the average shear stress

is significantly smaller than the
membrane stresses but has been
assessed to provide a more thorough
assessment. Using general beam
bending theory the shear force acting
on the beam is calculated by dividing
the total load on the vessel by the
number of supports; in this case
assumed to be two. The average
shear stress is calculated by dividing
the shear force by the cross sectional
area on which the shear force acts.

Equation 34

Shear force in the shell
m -Wh

Q . total
shell" ™

2

Equation 35
Shell shear area
A =n (R -R?)

shell.shear

Equation 36

Average shear stress in the shell
_ Qshe\l

shell "~

t

shell.shear

t.,=2.646 MPa

shell

The average shear stress in the shell
is assessed by comparing it to the
allowable stress intensity for pure
shear as defined in ASME Il Section
NB-3227-2.

Equation 37
Reserve factor for average shear
_0.65m

shearh "~

=21.77

shell

Increased Shell Thickness

In order to provide confidence that
the shell is able to withstand dynamic
loading conditions, the vessel wall
thickness is increased until the
reserve factors under both vertical
and horizontal dynamic loading are
greater than 1. The results in this
case are shown below.

Updated shell thickness to
account for dynamic loading

t = 20mm

shell.new

Repeating the calculations using

the new shell thickness gives the
following results for reserve factor.
This demonstrates that the increased
shell thickness now provides
sufficient margin to withstand design
condition dynamic loading in both
vertical and horizontal directions.

Membrane stress under vertical
dynamic loading

RF, = 1.09

Membrane stress under
horizontal dynamic loading

RF, = 1.09

Average shear stress under
horizontal loading

RF =22.6

shear.h
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In this paper, the localised bending fatigue behaviour of pretensioned high
strength steel monostrands is investigated. Furthermore, a new methodology
using an optical photogrammetry system, which can quantify surface
deformations on the strand is presented. The system allows measurement of
the strain distribution in the strand and helps in identifying potential failure
mechanisms along the strand and at the wedge location. Initial analysis of the
deformations shows that the bending fatigue behaviour of the monostrand
may be controlled either by local bending deformations or by relative
displacement (opening/closing and sliding) of the helically wound wires.
Moreover, the results are a step towards understanding the bending fatigue
damage mechanisms of monostrand cables.

Introduction

Increasing bridge stock numbers and
a push for longer cable-supported
span lengths have led to an increased
number of reported incidents of
damage and replacement of bridge
stay cables due to wind and traffic-
induced fatigue and corrosion
(Winkler & Georgakis 2011). Limited
work has been undertaken to assess
thoroughly the fatigue characteristics
of bridge cables subjected to cyclic
transverse deformations as the
cables are in principle not expected
to experience bending. Furthermore,
the commonly applied qualification
tests for the fatigue resistance of
stay cables (fib 2005, PTI 2007) do
not specifically address fatigue issues
related to trans-verse cable vibrations
and therefore do not require testing
for bending. However, recent
bending fatigue tests on grouted and
PE coated monostrands have shown
that monostrands can experience
fatigue failure due to high localised
deformations (Winkler et al. 2011)
and fretting (Wood & Frank 2010).

Cable fatigue failure criteria

The purpose of failure criteria is to
predict or estimate the failure/yield
of structural members. Although

a considerable number of theories

describing the failure criteria for
multilayered strands have been
proposed (Hobbs & Smith 1983,
Hobbs & Raoof 1996), none of these
can be applied to monostrands
composed of one layer of wires. As
the majority of modern stay cables
comprise a number of individual
high-strength steel monostrands,

the understanding of the bending
characteristics and failure mechanism
of the individual monostrand has
become more relevant. It has been
reported that the methods seeking
to evaluate the fatigue life of the
cable should be further developed

to be consistent with observed
fatigue failures of cables subjected to
transverse deformations (Jensen et al.
2007, Laursen et al. 2006).

In this paper, the localised bending
fatigue behaviour of pretensioned
high strength steel monostrands is
investigated. Furthermore, a new
methodology employing an optical
photogrammetry system which

can track coordinates and calculate
deformations and strain is presented.
The system enables measurement of
the strain distribution in the strand
and helps to identify potential failure
mechanisms along the strand and at
the wedge location.
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Cable bending fatigue
analysis

To date, information about local
cable deformations and the
resulting strain are often needed

to evaluate the failure criteria and
have been measured with strain
gauges located in the vicinity of the
cable anchorage (Miki et al. 1992).
However, the critical region of the
strand in terms of fatigue is located
in the vicinity of the fixation point
(wedge) where placement of the
gauges is problematic and the strain
information obtained with gauges is
limited to discrete locations along the
cable (i.e. where the strain gauges
were placed).

Cable hysteresis and strain
gauge measurement

Winkler & Kotas (2011) have
reported that in bending fatigue
tests on PE coated monostrands

a hysteresis was observed in the
load displacement diagram (Figure
1). This was an indication that the
monostrand experienced some
form of friction or internal energy
dissipation mechanism which is
likely to be a result of interwire
movements.

Figure 1. Variation of axial load and
cable hysteresis

Strain gauges placed on each of

the outer wires of the monostrand
monitored the response of the strand
under flexural loading (Figure 2).
This information obtained from

the experiments was limited to a
particular location along the wire
where the gauges were positioned
(5.1Tmm from the wedge).

Figure 2. Variation in wire strains during
dynamic test

As the relative movement between
the individual wires undergoing
bending deformation and the
distribution of the wire strains at

the wedge location was difficult

to deduce from strain gauge
measurements, a new methodology
using image analysis was introduced.

Methodology

Photogrammetry system and
specimen preparation

In order to facilitate measurements
with the photogrammetry system,
adequate contrast in the grayscale
and surface pattern on the specimen
surface is required. This was achieved
using white and black spray paint

to apply a random pattern on the
strand surface (Figure 3).

Figure 3. Strand and computational
mask

The spatter marks were of
sufficiently small size such that
uniquely identifiable grayscales were

contained within each facet of the
computational mask. The system
captures images during the loading
process and then computes the
deformation and the strain of the
documented surface using a post-
processing algorithm.

Correlation analysis: strain
gauge measurement and
photogrammetric data

Prior to the bending test, the
correlation between the strains
obtained with the photogrammetry
system and using strain gauges was
established in an axial loading test.
The set up comprised an axial tensile
force applied to a high strength
steel monostrand instrumented with
strain gauges at the upper anchorage
and the surface prepared for optical
deformation analysis at the lower
anchorage (Figure 4).

Figure 4. Test set up for the correlation
test

The load was applied axially and

the resulting strain was measured
using image analysis and by physical
strain gauges. Figure 5 shows good
agreement between the wire strain
measured using the two different
methods.

The results of the correlation test
provide confidence in the obtained
relationship between applied load in
the strand and the resulting strains
captured with the photogrammetry
system.
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Figure 5. Correlation between strains measured using photo-grammetry and strain

gauges

Experimental
investigation

Test set up and strains due to
pretension load

Full details of the cable specimens
and testing arrangements have
been described elsewhere (Winkler
etal. 2011) and only a summary is
presented herein. The high strength
steel monostrand was stressed to

45% of the ultimate tensile strength.

The transverse deformation was
applied by a hydraulic actuator
attached to a deflection collar at
the strand. With this test set up,
bending stresses were introduced
at the anchorages. Strains due to
pretension load were measured with
strain gauges (Figure 6) whereas
the localised bending behaviour of
the strand was analysed with the
photogrammetric data.

Figure 6. Strain gauges on three bottom
wires of the strand

The average wire strain due to
pretension load was measured to be
0.43%. Figure 7 shows the strain
level of the three bottom wires

that will be used in the analysis

of the localised cable bending
deformations.

Figure 7. Strain level of three bottom
wires due to pretension load

Photogrammetry equipment
and strains due to transverse
displacement

The monostrand cable was
terminated at both ends with

the generic anchorage. The
photogrammetry equipment
comprised of two high resolution
cameras was focused on the vicinity
of the wedge (Figure 8).

Figure 8. Test set up and
photogrammetry equipment

The angular deviation ¢ at the
anchorage was obtained by applying
transverse deformations at mid-span
of the cable. The following four
ranges of angular deviations ¢ were
investigated: 0.5°; 1.0°; 1.5°; 2.0°
(Figure 9).

Figure 9. Cable anchorage region

Figure 10 illustrates the orientation
of the strand with the different
viewing angles used for capturing of
the photogrammetric data.
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Figure 10. Viewing angles of strand
specimen

It was possible to capture the
bending deformations of the strand
within 55mm from the wedge
location. The photogrammetry
system enabled the simultaneous
documentation of the top and the
side of the cable (Figures 11a, b).

a)

b)

Figure 11. a) Side and top view of strand
specimen b) Strand specimen with strain
overlay

Data analysis

The post processing algorithm of the
photogrammetry system involved

a stagewise analysis, in which

each stage consists of one camera
image resulting in a description of
displacements occurring on the
surface of the strand. The system
tracks the surface displacements
throughout the duration of the test.

The optical deformation analysis of
the monostrand bending behaviour
while applying an upward midspan
deflection will be presented in

this paper. Strains shown in the
deformation analysis represent

the change in wire strain due to
increasing angular deviations (strains
from pretension are not captured).

Localised bending
deformations

Photogrammetric data from the
camera placed on the side of the
strand was used to analyse local
bending deformations. Figure

12 illustrates the change in the
compressive and tensile strains in the
strand due to an upward midspan
deflection. Increasing localised
bending stresses correspond to an
increase in angular deviation ¢.

Figure 12. Change in wire strain due to
upward mid-span deflection

The red zones between the individual
wires became more visible at an
angular deviation above 1.0°

and indicate a relative movement
between wires. The interwire
movement is analysed further in
section 4.5.

Moreover, the photogrammetric
data enabled the analysis of the wire
strain distribution in the vicinity of
the wedge (Figure 13).

Figure 13. Strain distribution in vicinity of
the anchor

The diagram in Figure 14 shows
the maximum top, side and bottom
wire strain measured at the wedge
location.

Figure 14. Wire strains measured with
photogrammetry system

Figure 15 illustrates the tensile strain
measured at different locations at the
cable anchorage location.

It can be seen that the monostrand
under applied transverse load is

not behaving like a solid section
since each of the individual wires
experienced different strains due

to bending (Figure 14). As each
single wire remained at a different
strain level, the monostrand behaved
more like a helically wound fourlayer
laminate.
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Measurement of the tensile strains
along the wire strand allowed for

the analysis of the distribution of the
localised bending stresses. The results
show that the high localised tensile
strains on the bottom of the strand
were distributed over a distance of
40mm. Beyond this distance the
strains due to bending are negligible
(Figure 15).

Figure 15. Measurement of tensile
strains at cable anchor

Relative movement of wires

Photogrammetric data from the
camera placed above the strand
were used to analyse the relative
movement of wires. Figure 16
illustrates the distribution of the
compressive strains in the strand
due to applied upward mid-span
deflection. Similar to the previous
analysis, increasing localised bending
stresses correspond to an increase in
angular deviation ¢.

The transverse (T) and longitudinal
(L) movement of the individual wires
was measured at different locations
in the vicinity of the wedge (Figure
17).

Figure 16. Wire strain distribution due to
upward mid-span deflection

Figure 17. Measurement of transverse
(T) and longitudinal (L) movement of
individual wires

The diagrams below show the
longitudinal (Figure 18) and
transverse (Figure 19) movement
of the monostrand wires. It can be
seen that longitudinal sliding and
transverse opening of the wires
increase with increasing distance
from the wedge location.

Figure 18. Longitudinal movement of
monostrand wires

Figure 19. Transverse movement
between monostrand wires

Flexural load and yielding of
steel monostrand cable

The strain level of the bottom wire
(180) due to the combination of

the pretension load and angular
deviation of ¢ = 1.5° was measured
to be 0.83%. The influence of the
strain due to pretension and flexural
load on the overall strain in the
strand is shown on the stress-strain
curve (Figure 20) of the monostrand
provided by the manufacturer.

Figure 20. Stresses due to pretension
and bending in the steel monostrand
cable (¢ = 1.5°)

It can be noticed that the bottom
wire is close to the yielding point that
represents an upper limit of the load
that can be applied to the cable.
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Strains due to bending: strain
gauge measurement vs.
photogrammetric data

The comparison between the
measurement with gauges and
photogrammetric data of the
bottom wire strain due to flexural
load is shown in Figure 23. Strain
information obtained with the gauge
measurement was taken from the
test where gauges were located
5.1mm from the wedge (Figures
21a, b).

Consequently, strain measured at
the same distance (5/180) with the
photogrammetric data was used in
the comparison (Figure 22).

The diagram in Figure 23 shows
that the results obtained with strain
gauges and photogrammetric
measurement are essentially the
same.

The results provide additional
confidence in the presented outcome
of the optical deformation analysis.

a)

b)

Figure 21. a) Wire strain measured with strain gauges. b) Location of strain gauges

Figure 22. Wire strain measured with
photogrammetric data

Figure 23. Wire strains measured 5mm
from wedge with pho-togrammetric data
and strain gauges
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Conclusions

A novel methodology using a non-
contact strain measurement and
optical deformation analysis was
used to study the localised bending
behaviour of high-strength steel
monostrands.

The correlation between the strains
obtained with the photogrammetry
system and using strain gauges was
established and the results provide
confidence in the presented outcome
of the optical deformation analysis.

Photogrammetry equipment
captured both the relative movement
(opening/closing and sliding) of the
individual wires as well as localised
bending strains at the wedge
location.

Localised cable bending deformations
captured with the photogrammetry
system were distributed over a
distance of 40mm from the wedge.

It was shown that the high localised
curvatures due to bending (¢ = 1.5°,
¢ = 2.0°) may cause yielding of the
strand.

The results reported in this paper
show that the bending fatigue life of
the monostrand may be controlled
either by the local bending strains

or by the relative movement of

the helically wound wires. The
results obtained with the new
methodology are a step towards

a better understanding of the
governing fatigue failure criterion for
monostrand cables.
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Abstract

In this paper, the design of a footbridge is discussed, utilising aerospace
materials and processes to offer ultra-lightweight solutions to bridge

design. The approach combines Atkins’ vast experience in the construction
industry, together with its ever expanding expertise in the aerospace industry.
Composites are widely used in aerospace, wind turbines and motorsport.

By taking aspects from each of these, Atkins looks to take benefits into the
bridge industry, potentially offering significant improvements in weight and

maintenance.

The focus is to achieve reduced overall costs, by offering lightweight
solutions, and enabling greater spans to be covered. Aerospace materials
and manufacturing processes are proposed but in a way which aims to keep
component and tooling cost to a minimum. By considered use of moulding,
reduced part count can be achieved, easing installation. With regard to the
manufacture, clever use of adaptive tooling enables many alternative sizes

to be made, hence providing adaptability to meet specific needs yet keeping
cost down. A modular concept is proposed, allowing greater adaptability and
flexibility to meet specific installation requirements. The use of aerospace
grade materials enables lighter weight products because lower volumes of
materials are required, and product quality is also improved through enhanced
material properties. The reduction in defects within the Fibre Reinforced
Polymers (FRP) should also improve in service longevity.

The paper discusses the analysis of a typical footbridge with the above design
approach. Resulting deflections, natural frequencies and overall weight are
explained. As the results show, the approach could easily be advantageous
for a wide range of bridge applications where overall cost and reduced

maintenance are important.

Introduction

Fibre Reinforced Polymers (FRP) have
been widely used in the engineering
and construction sector over the past
10 to 20 years. Additionally, carbon
fibre has been used for over 30 years
in structural applications within
aerospace and motor sport. Typical
applications within the bridges sector
have seen FRP used for structural
strengthening where Carbon Fibre
plate bonding and wrapping have
replaced more traditional techniques
such as steel plate bonding and
conventional strengthening. FRP
strengthening is a very cost effective

solution compared to conventional
methods of strengthening or
‘demolish and rebuild’ solutions.
Initial material outlay costs can be
high. However, these costs can be
minimal when compared to the
potential cost and time savings
resulting from the ease and speed of
application.

Historically the take up of FRP in the

UK has been slower than anticipated.

Quality control was an earlier
concern leading numerous clients,
designers and specifiers to become
somewhat uncomfortable when
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considering work of this nature.
Hence one of the key drivers Atkins
sought to challenge in this study
was perceived quality control issues
through the application of aerospace
methods in the development of an
FRP footbridge. Atkins has expertise
in both Highways and Transportation
and Aerospace industry sectors, and
is therefore able to combine these
skills, taking a different approach to
bridge design.

Significant improvements in material
technology in recent years, coupled
with potential future developments
in this industry will without doubt
push the composites industry into
new emerging markets. An example
of this development in materials
technology is the current research
being carried out into sustainable
bio-composites. Hence composites
will inevitably become a much more
widely used material to the benefit of
the construction sector.

There are many advantages in using
FRP in modern bridges. Typically the
strength to weight ratio is improved,
and the bridges will require
significantly less maintenance. Of
greater importance is the fact that
FRP can provide major buildability
enhancements which can lead to
significant improvements in overall
cost, time and programme.

To date in the UK numerous FRP
bridges have been built using a
combination of pultruded glass fibre
reinforced polymers (GFRP), FRP wet
lay ups using bespoke moulds and
lay ups utilising vacuum bagging
techniques including resin infusion.
Hence some key benefits have
already been recognised. This keeps
component costs low, but may not
always lead to the most overall cost
and structurally-efficient solution.

For this study Atkins has established
a team comprising experienced
bridge engineers and composites
designers with a view to establishing

a team which can provide cross
sector innovation. The objectives
are to develop a bridge solution
bringing design methods, materials
and manufacture processes from
advanced high-tech composites
communities more commonly found
in aerospace, motor sport and wind
turbine industries.

The methods employed are highly
mechanised with exceptionally high
levels of quality control, which is an
aspect Atkins wished to pursue to
reinforce the quality of the composite
offerings to the construction sector.

This paper discusses details of the
current ‘work in progress’, where
Atkins is designing a modular
footbridge capable of spanning 12m
to 36m.

ATL Automated Tape Laying
CFRP
GFRP
ub Unidirectional

Carbon Fibre Reinforced Plastic

Glass Fibre Reinforced Plastic

FEA Finite Elements Analysis
FEM Finite Elements Model
RF Reserve Factor

Table 1. Abbreviations

Figure 1. Realistic boundary conditions

An initial bridge span of 24m and
36m will be considered

Bridge section shall be 12m long
for transportation purposes

Inside dimensions: width to be
2.5m, height 2.5m

Live loading of 5kN/m?
(un-factored) applied

Wind loading of 2.5kN/m?
(un-factored) applied

Deflection criteriad__ =
Span/200.

The FE Model with its constraints is
shown in Figure 1.

A listing of the main material used
in the conceptual design analysis is
shown in Table 2.



145 Optimised design of an FRP bridge using aerospace

technology for ultra-lightweight solutions

Structure optimisation

A number of feasible structural
forms were reviewed, with several
FEMs created and analysed by FEA
(using MSC Nastran). The model
was simplified for a 24m span with
simply supported restraints. Initial
calculations reviewed minimal live
loading, targeting a maximum
deflection of no more than 120mm.

Various design concepts were
evaluated, but a common theme
was a CFRP “U” channel as the main
section. The aim is to manufacture
this section using Automated Tape
Laying (ATL) to produce consistent
aerospace quality laminates ideally
suited to the modular design
approaches chosen. Initial concepts
had no roof, but a semi-structural
roof was found to be efficient
together with stiffening ribs. A
typical ATL machine by M.Torres used
in aerospace applications is shown in
Figure 2.

The ATL process comprises tapes of
CFRP pre-impregnated with resin
rolled onto a mould using a robotic
head. This enables a large quantity
of material to be laid up quickly and
consistently and is ideal for large
relatively simple mould shapes. The
ATL process was intended almost
exclusively for aerospace use,

but recent developments make it
more suitable for a wider range of
applications.

Initial designs of the structure have
achieved maximum deformation
119mm which occurred on the end
of unsupported roof. The structure
has good mass properties about
3450kg. During the optimisation, it
was found that deepening the box
section under the floor to 600mm,
was an efficient way to improve
stiffness. This reduced the maximum
deflection to less than 40mm,
occurring in the middle of the floor
section. The next sections describe
the current design in more detail.

. Density Tensile Strength  Ply Thickness
Material Modulus (MPa) (kg/m?) (MPa) (mm)
E11 = 40,000
GFRP (UD, ATL) £22 = 8,000 1900 1000 0.25
0.5
Aluminium E11 =280
Honeycomb (3/8"”) E22 =140 el Ma 2
Steel EN24T 210,000 7850 850 N/A
Aluminium Alloy
2024 74,000 2780 550 N/A

Table 2. Materials used

Figure 2. An “M.Torres” ATL Machine (copyright M.Torres)

Bridge structure
overview - current
concept

Each 12m section is constructed from
main structural parts listed below,
Figure 3 and Figure 4.

Floor Panels
Joint to the main structure

Floor panels (5) will be bolted by a
single row of countersunk fasteners
M14 to the U section (1) and C
beams 600x75 (6) around its edge.
The initial solution is to join each
floor panel (5) to C beams 600x75 (6)
only by 4 countersunk screws around
its edge. If required for structural
purposes, each floor panel can be
bolted to “C"” beams 600x75 (6), by
up to 80 countersunk fasteners M14
via a typical sandwich insert. This is
similar to that shown in Figure 6.

5

Only

display 1
6 3 4
Only 2 Only
displayed displayed

U section - ATL

Roof - ATL (transparent)

| beam in CFRP — pultruded, or ATL
Frames - ATL

5. 3 Floor panels — Monolithic CFRP ATL or
CFRP Sandwich panels (ATL Skins)

6. Channel sections for stiffening CFRP —
pultruded, or possibly ATL

AN -

Figure 3. Bridge 12m section overview

$2Jn3PNIS




124

Figure 4. Bridge section dimensioning

Figure 5. Floor panel — Main structure
joint

Figure 6. Honeycomb sandwich inserts

Floor panels joint

As position of box, created by
bottom side of U section and floor
panels, is low, it has been expected
and confirmed by FEA that all

boxes will be loaded by tension.
Ideal structure should be one 12m
long floor panel. For maintenance
purposes, floor will be split into 3 or
4 floor panels (5) which have to be
jointed together by C beams 150x75
(6) such joint will described by
Figure 7.

Floor Panel layout

Two possible options can be
considered for floor panel layout,
Figure 8.

Figure 7. Joint - floor panels

Figure 8. Plan view of floor panel layout, two options

a)  Easy to assemble, possibility
to joint 2 12m sections in
tapered angle

b)  Stiffer structure.
Floor Panel Cover

A thin protective cover should be
considered for the whole floor. Such
cover has to protect CFRP sandwich
panels against impact from heels

of shoes and also seal any gaps
between floor panels. Cover must
be anti slip to create a safe and
comfortable surface for pedestrians.

As the overall bridge is covered by
a roof there is no need to solve the
problem of storm water drainage.
However, it is expected to clean

the inside areas by pressure water,
therefore a small drainage gutter
has been considered next to the
floor panel on each side. If the joint
floor panel (U section) is sealed,
then the inside area of the box can

be protected against such cleaning
water.

Figure 9. Drainage

The main purpose of frames is to
support sides of the U section and
roof. Initially, such frames will be
jointed just into the U section via
barrel nut. Joint frame to roof is not
needed as FEA has shown that the
roof deflects downwards. Therefore
is expected that an interface frame
— roof will be just pressure. This
solution can allow relatively simple
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change of damaged roof. Frames
can also be used as fittings for any
useful items such as signage, light or
handrail.

Connections

The current FEA model completed
highlights the forces in the
connection. For the 24m span
bridge (split into two 12m sections),
six connection points have been
simulated as steel bushes with a
diameter of 30mm. The joint forces
were enveloped for calculation of the
typical shear plate used to joint two
12m section together. Such joint is
shown in Figure 10. The 24m span
structure comprising 2 x 12m spans
using connections comprising 30mm
diameter bushes has achieved a
maximum deformation of less than
55mm.

End of U section

Connection Connection

A left A right

End of Roof

Connection Connection

/ B left B right \
N

YT >
Connection Connection
C left C right
/ N\

Figure 10. Simulated connections

In detailing these connections 6
shear plates (thickness 14mm) are
described in Figure 11. The joint has
been calculated from load case - live
load (nominal) and has been sized
for RF > 5 against yield material
characteristics. The drive factor for
joint sizing was the bearing stress

in U section and shear plate drilled
holes. Therefore the U section has a
locally thicker shell thickness set for
20mm.

For the 36m span structure the above
joints will still be used albeit with

all elements upsized accordingly (by
about 125%)

Other joints in the 12m sections are:

Floor panel connection, Figure 7,
used for floor panel layup

Roof connection by seal and L
profile, Figure 12

Connection of C beams 600x75,
has not been detailed at this
stage.

Figure 11. Shear plate

Figure 12. Roof joint

Services

A service duct to accommodate
power for lights can be fitted to each
side of U section just under the joint
U section — roof, Figure 13. Such
duct can be made from any suitable
omega profile on the market.

Any other services such as
communication cables pipes and
power cable can be hidden in the
box underneath the floor.

Figure 13. Duct

Mass prediction

Mass prediction, for the 24m span
bridge based on described design, is
summarised in Table 3. Calculation
is only for primary structure and
excludes following:

Fasteners

Additional deck cover

Sealant

Joints to supporting piers

Any other additional protection.

By comparison a typical steel/
concrete footbridge may expect to
be around 13,500kg. Hence, the FRP
solution can offer a very significant
weight saving.

Connection to piers

One end of the bridge must be
fixed to restrict all 3 translations

in directions X, Y, Z and the other
end must be fixed to restrict two
translations X, Y and allow thermal
expansion in Z direction. Because
the allowable direct bearing stress
of CFRP is not high, it is not possible
to set any bearings directly on CFRP
surface. Therefore the bridge must be
grounded through a saddle, Figure
14 which can be bolted around a
bottom edge of U section.
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Figure 14. Saddle

As already mentioned, the study is
“work in progress” as Atkins looks
to design an FRP footbridge using
more advanced design, materials and
manufacture processes.

The work to date shows very
significant weight savings; around
4.5 tonnes against 13.5 tonnes for a
typical steel/concrete design appear
to be possible. This intern will lead
to much easier installation. It is here
that major benefits are anticipated.
The type of plant required to install
such a bridge will be considerably
reduced, leading to reduced
installation costs. Furthermore, the
design concepts have focussed on 24
to 36m span, thereby negating the
need for central supports. This will
again lead to easier installation and
reduced costs.

It is clear that the unit cost of

a single bridge designed and
manufactured in this way could be
more expensive than the current FRP
bridge design approaches. However,
the modular concept chosen lends
well to manufacture of a range of
bridges of varying span (based upon
a maximum of 12m per section).
Manufacturing in this way using
automated processes such as ATL,
enables realistic unit costs to be
achieved.

The concept has good potential for
future development. Manufacturing
processes can be relatively simple as

Item Items inBridge gne?:tsem kol [Mk;]ss perBridge

U section 2 1,142 2,284

Roof 2 446 892

Frame 5 15 75

C beam 600x75 4 109 436
CFRP Skin 12 32 384
Honeycomb Core 6 11 66

Floor panel

4m x 2.5m Bar 60x20 long 12 13 156
Bar 60x20 short 12 8 96

C beam 150x75 10 3 30

Shear plate 6 24 144

L profile — Roof connection 1 9 9

Total 4,572

Table 3. Mass prediction

there is no need for any complicated
mould. Bridges can cover span range
up to 36m and the width of the
bridge section can vary if U section is
split in bottom flat surface.

This manufacture process allows

the design to be further optimised
by controlled placing of fibres more
efficiently at the best orientation,
allowing for weight reduction in low
stressed areas.

In addition, the use of FRP together
with improved quality, will lead

to significantly reduced long term
maintenance.

In summary, the concepts and
processes assessed in this paper offer
very interesting alternative solutions
to the bridge building industry.

This paper was presented and published in the proceedings of the FRP Bridges
conference, held in London from 13-14 September 2012.
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Drystone retaining structures are found throughout the UK, with many
supporting sections of the country’s transport infrastructure. The majority of
these structures were constructed in the 19th and early 20th centuries, and
are now subject to traffic loads far in excess of those they were originally

designed for. Therefore, it is not uncommon for stretches of drystone retaining

walls to collapse, often with little or no warning.

Following the collapse of a section of a drystone retaining wall supporting

a carriageway in Northleach, Gloucestershire, a unique repair solution was
designed and implemented. This comprised a reinforced earth retaining wall
acting compositely with a rebuilt drystone wall. The design provided a low
carbon, aesthetically pleasing and cost effective solution that allowed the
structure to withstand modern traffic loads with codified factors of safety,

reusing almost all the excavated stone and soil and requiring very little material

to be imported.

The scheme was commissioned by Gloucestershire County Council and
designed and constructed by Atkins, building directly on research carried

out by the author at the University of Bath. This paper discusses design and
construction of the scheme, outlining the advantages of the solution, lessons

learnt and future use.

Keywords: Retaining Walls, Masonry, Reinforced Earth

Introduction

Drystone walling is an ancient
construction form that has been used
historically for free-standing walls,
buildings and retaining structures.

In the UK, much of the country’s
transport infrastructure is still
supported by drystone retaining walls
that were constructed in the 19th
and early 20th centuries (O'Reilly and
Perry, 2009). The stability of such
structures is difficult to ascertain,

and failures may occur in response

to a number of changes, such as
vegetation growth, increased water
pressures, material weathering,
vehicle impacts, excavations by utility
companies or from a combination of
factors. To exacerbate these issues,
modern traffic loads are now many
times in excess of what was originally
anticipated and built for. Despite
this, the majority of these structures
are still stable and able to carry

traffic loads safely, although due to
their bespoke nature it is difficult to
ascertain the exact capacity of any
given drystone structure.

With increasing traffic loading,
combined with the continual
weathering and ageing of the
component stone, it is unsurprising
that some drystone walls will begin
to deform or fail at some point. For
local authorities with large stocks
of drystone walls, these structures
provide a significant challenge, and
it can be difficult to differentiate

a bulged but perfectly stable wall
from a wall on the brink of collapse.
Furthermore, when a wall has been
found to be moving, it is often
assumed that preventing further
movement with pointing or injecting

grout into joints will improve stability.

This can have the opposite effect,
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and either due to a sudden decrease
in ductility, or the presence of a
barrier to water flow, collapse may
be accelerated.

With several local sources of walling
material, Gloucestershire has a
significant number of drystone
retaining walls supporting the local
infrastructure. Typically, these walls
range in height from 1m to 3m,
however there are some structures in
excess of 7m (Claxton et al. 2005).
There is also very little information
available for the majority of these
structures, sometimes the ownership
of the walls is in question. To
complicate matters further, the
majority of the drystone walls in
Gloucestershire are located within
the Cotswolds and the Forest of
Dean, which are designated Areas of
Outstanding Natural Beauty (AONB).
As such, the County Council has

a duty to retain their heritage and
visual appearance where possible,
requiring sympathetic repair
techniques and methodologies.

Each year, a number of the drystone
walls in Gloucestershire collapse or
are identified as being in danger of
collapse, often after several decades
of gradual deterioration. The repairs
and replacements to such walls

are often costly. Gloucestershire
County Council has supported recent
research into the subject to attempt
to gain a better understanding of
these unique structures. This work,
carried out at the University of Bath,
included constructing full-scale walls
in a bespoke laboratory, and testing
them to destruction to examine the
mechanisms that can induce failure
(Figure 1, Mundell et al. 2010).
Through this work, analysis tools
were developed to assist calculations
of any given drystone wall’s stability,
in addition to allowing a much
greater understanding of behaviour
such as bulging and bursting
(Mundell et al. 2009).

Following the completion of this
research, a section of drystone
retaining wall supporting a road in
Gloucestershire partially collapsed.

Figure 1. Full-scale testing at the University of Bath (Mundell et al. 2010)

This provided the opportunity to trial
a scheme which could potentially
provide a structure which is more
sustainable and cost effective than
standard concrete retaining walls,
whilst being quantifiably stable under
codified loading.

The village of Northleach is situated
10 miles to the north of Cirencester,
and being within the Cotswolds is
deemed an AONB. East End Road
runs east out of the village and joins
the A40 heading towards Oxford.
East End Road is constructed on

an embankment that is supported
on both sides by drystone retaining
walls. There is a single lane of traffic
in either direction, with trees and
dense vegetation growing in the
verge adjacent to either side of the
road.

In 2009, two sections of wall
supporting the verge and
carriageway on the south side

of the East End road collapsed,
about 200 metres from the village
border. The two failed sections were

approximately four metres apart,
each measuring roughly four metres
in length and three metres in height
(see Figure 2), although the ends
of the collapsed sections were also
found to be unstable. Examination
of the collapsed wall and the
surrounding location indicated

that the failure was induced by a
combination of water pressure and
vegetation growth; the adjacent
sections of wall all had significant
amounts of vegetation growth on
the supported verges, with root
systems visibly growing out of the
wall faces. In addition, a gully above
the collapsed section was found to
be blocked with debris.

Figure 2 shows the collapsed wall
section. From inspection of the failed
area it was possible to determine
the wall construction, which was
found to be a standard Cotswold
wall structure. There were two faces,
internal and external, with a rubble
infill through the centre. As with
many walls of this type there was
some evidence of ‘through stones’
tying these two faces together,
however the number or spacing of
these could not be determined.
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Design proposals

Atkins’ Highways and Transportation
team in Bristol was engaged

by Gloucestershire Highways (a
partnership between Atkins and
Gloucestershire County Council) to
investigate the failure of the two
sections of retaining wall and provide
design proposals for replacement.
Initial investigations involved the use
of the analysis tools developed at the
University of Bath, which confirmed
the normal usage of the road was
not endangering the stability of the
rest of the wall. However, under a
rigorous design to Highways Agency
loading criteria, a like-for-like rebuild
would not have sufficient factors

of safety to comply with current
standards. A geotechnical inspection
and desk study were carried out,
indicating that the ground conditions
below the wall were stable, and that
a global slip plain was unlikely. There
was also no evidence that the failure
had been related to a bearing failure,
which was later confirmed when

the lower courses of the wall were
unearthed.

Following the initial investigations,

a report was presented to
Gloucestershire County Council
detailing a number of design
proposals. These included a like-for-
like replacement, a mass concrete
gravity wall, a reinforced concrete
retaining wall, a soil nailed wall and a
reinforced earth/drystone composite
design. As discussed earlier, the

site is within an AONB and visible
across the valley for some distance.
Therefore, both concrete walls would
require a masonry facing to blend in
with the adjacent sections.

Of the proposed options, the
concrete solution proposed is the
most common solution for many
collapsed retaining walls of this
size. The design is very simple, and
relies on the concrete to act as a
gravity retaining wall to withstand
sliding and overturning loads. The
disadvantages relate mainly to the

Figure 2. Collapsed Wall at East End, Northleach

Figure 3. Composite Design Sketch

volume of concrete required, giving a
large carbon footprint but also often
necessitating large volumes of the
retained earth to be exported off site.
This solution is also difficult to detail
at the ends of the wall where it ties
in to the existing sections, and due to
the increased stiffness and reduced
permeability of the replaced section,
there may be other detrimental
effects on the adjacent lengths of
wall.

As a recommended option, the
report detailed a composite
reinforced earth wall integrated into
a rebuilt drystone retaining wall,

which was a concept developed by
the research team at the University
of Bath. Reinforced earth walls are
often faced with concrete to allow
the reinforcement anchorage to be
firmly held at the face of the wall,
however it was proposed to replace
the concrete face with a rebuilt
drystone wall (see Figure 3). The
wall would provide the required
anchorage for the reinforcement, but
would also allow some ductility to
account for any settling in and initial
tensioning of the reinforcement. The
system also provides a free draining
facade, and gives additional stability
from the added weight of the stone
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wall. Other advantages include the
potential to reuse most, if not all

of the collapsed wall and as-dug
material, the ability to found the
structure on the original footings
and the elimination of any difficulties
when tying into adjacent wall
sections.

Following discussion with
Gloucestershire County Council,

it was decided that the preferred
solution of the reinforced earth/
drystone wall composite would be
taken forward for detailed design
and construction.

As the scheme was begun in early
2010, the design was carried out

to British Standards rather than
Eurocodes. The soil reinforcement
was designed using the Tensar RE
uniaxial geogrid, spaced vertically at
600mm centres. The reinforcement
lengths were 4m long at the
uppermost layer, reducing near the
base of the structure to minimise the
extent of the excavations necessary,
as well as allowing the backfill to
be benched back to provide a safe
working area.

The critical component for the design
was the connection detail that
anchors the geogrid reinforcement
into the facing. This is normally done
with steel anchors which are secured
into the concrete facing via a resin
fixing. A threaded connection to the
geogrid allows movement to induce
tension in the geogrid once it has
been fixed into position.

For the composite drystone structure,
the standard connection design

was replaced with a hooked bar

to be built into the rear face of the
drystone wall, as shown in Figure 4.
The vertical leg of the bar is seated so
that it rests on the inside face of the
rear masonry skin, providing restraint
against pull out. The vertical weight
of the wall above the connection
ensures that the anchoring stone is
not pulled out of place. For simplicity,

Figure 4. Geogrid Connection Design

the bar is bent to a standard shape
code, and formed of galvanised
steel. Transverse bars, or ‘bodkins’
run parallel to the face of the wall
between adjacent eyes of the
hooked bars, to which the geogrid
is connected. Thus, a full-strength
connection is created between the
wall and the geogrid, providing
sufficient restraint for the soil
reinforcement.

A simpler detail than that shown

by Figure 4 would be to run the
geogrid straight into the wall
between two courses, and pin it
between the stones. However, with
this detail there is the potential for
damage to the geogrid where it is
pinned between stones, in addition
to a potential reduction in joint
friction and the formation of slip
planes within the wall. Initial testing
at the University of Bath confirmed
that there is a reduction in joint
friction, and significant material
damage can occur to the geogrid
(Dixon, 2011). This research also
investigated mitigating these factors
by bedding the geogrid in sand at
the joint to prevent material damage;
however the long-term durability of
such a connection has not yet been
tested.

To carry out the works at East End,
a Gloucestershire Highways/Atkins
labour gang was utilised. This had
significant advantages for this

scheme, allowing Early Contractor

Involvement in the design phase
and close liaison throughout the
construction works. The labourers
involved had substantial experience
of building masonry walls in
Gloucestershire, and made valuable
contributions to improve the
buildability of the final scheme.

The works began with the demolition
of the wall around the collapsed
area. An initial site investigation
found that sections of wall adjacent
to the collapse were unstable,

and would require rebuilding. In
addition, although a section of wall
approximately 4m between the

two collapsed sections was partially
intact, it was not sufficiently stable

to leave in place during the repair
works. In total, a length of wall of
approximately 20m was demolished
and replaced, retaining 2.7m to 3m
of material. The retained fill was
excavated as required, being benched
back up to the carriageway level
(Figure 5).

The walling material was separated
as it was excavated, to be used in
the rebuild of the wall. In addition,
the retained fill was also separated
according to its potential for re-

use. The upper two metres of the
retained fill was generally a stony,
granular material, commonly found
in made ground, and classified in the
Highways Agency Design Manual for
Roads and Bridges (DMRB) as a 6N
material. The bulk of this material
was suitable for re-use within a
reinforced earth structure, after
removing some of the larger stones
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and organic matter. Below this level,
the ground was formed of a sofft,
cohesive clay. This was found to

be unsuitable for re-use within the
retaining structure, but was used
instead to create an embankment
adjacent to the wall to use as a
working platform to avoid the
necessity for scaffolding. The material
was later used in the ground re-
profiling once the construction works
were complete.

As previously discussed, a significant
advantage of rebuilding the drystone
wall is the ability to build off the
existing foundation, providing that
they are of sufficient standard and
the ground bearing pressures are
adequate. In this case, there was

no indication of bearing issues, and
the geotechnical studies concluded
that the original wall failure was

not the result of any such factors.
Furthermore, the exposed courses
of the wall to be used as footings
consisted of large, well-laid stones
in good condition, and ideal for re-
use. This saved a significant amount
of work, as the construction team
did not have to excavate far below
ground level, reducing the volume of
excavated material and the amount
of wall to be rebuilt.

The wall was rebuilt in as similar
manner as possible to the existing
structure. It was approximately
800mm wide at the base, tapering
to 400mm at the top of the retained
height. The construction was a
standard Cotswold construction,
having two faces with a rubble
core. Regular through-stones were
specified at 1m centres along the
length of the wall, spaced at 0.5m
centres vertically. These through-
stone spacings were the standard
specification as used by the masons
during the research at the University
of Bath, who were members of

the Drystone Wallers' Association.
However, for the lower courses of the
rebuilt wall at East End, there was
some difficulty in sourcing adequate
through-stones due to the thickness
of the wall. Therefore, large stones

Figure 5. Extent of Excavations

Figure 6. Through Stones

were brought in and positioned
using slings, and then shaped with
a mechanical breaker to suit the
position (Figure 6). Due to the
large size of these stones, they were
spaced at greater intervals of 2m.

The wall was constructed in tandem
with the retained fill. Generally, the
wall was first built up by 600mm,
and the retained fill placed in layers
and compacted until the same height
was achieved. The anchor bars were
built into the wall, with the eyelets
resting level with the top of the
retained fill. The geogrid was then
positioned and secured to the anchor
bars with the transverse bodkins

and laid out to the required length
on the fill. A Tensar uniaxial geogrid

was used, which was supplied in a
roll 1.3m wide. The edges of the roll
were slightly overlapped, creating

a continual layer of the geogrid
(Figures 7a and 7b). Once placed,
all of the geogrid in the layer were
manually stretched and covered with
fill and compacted. This process was
then repeated until the full retained
height was reached. The completed
wall comprised four layers of geogrid
reinforcement, which extended to a
maximum of 4m behind the rebuilt
drystone retaining wall.

Despite being an inherently free-
draining structure, several drainage
pipes have been installed, bedded in
the retained fill and passing through
the face of the wall. It is likely
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that over time the walls’ joints will
inevitably be filled with vegetation
and soil, and this may prevent or
restrict the passage of water. With
the addition of the weep pipes near
the base of the wall, this should
prevent any future build-up of water
pressures, and further improve the
longevity of the structure.

The scheme was completed within
eight weeks, under a full road
closure on the supported road,
although provision for pedestrians
and emergency vehicles was
maintained. The majority of the
works were carried out by a team

of four labourers, with the use of

a wheeled dump truck and a large
excavator for demolition, earthworks,
and transportation of the material.
To complete the scheme, some
additional walling stone and graded
fill were required; however with the
exception of the excavated area of
carriageway surfacing, no material
was required to be exported from site
at any stage of the project. Figure 8
shows the completed works.

a)

b)

Figure 7. a) Geogrid Anchors; b) Completed Layer of Geogrids

Figure 8. East End, Completed Wall

Using the Environment Agency
carbon calculator (version 2.1), the
embodied energy in the materials
used was determined, and compared
against those of a concrete gravity
wall. The reduction in the carbon
footprint for the composite scheme
largely depends on the amount of
re-use that is possible. Table 1 shows
the relative amounts of embodied
energy used in the scheme for the
different construction methods and
amounts of recycling. The concrete
is assumed to have no recycled
components for these calculations.

Table 1 shows that this scheme can
be substantially more carbon efficient
than a concrete gravity wall. In most
cases, such as East End wall, there

is a significant amount of material
that can be re-used. Scheme Type B
in Table 1 represents East End wall,
and even with the most favourable

Scheme Thickness Grade %

type of Stone  Volume Stone
Facing of Stone  Reused

Required

Reinforced  600mm 1.8m3 100%

Earth (average)

Composite

Reinforced  600mm 1.8m3 50%

Earth (average)

Composite

Reinforced  600mm 1.8m?3 0%

Earth (average)

Composite

Concrete 300mm 0.9m3 100%

Gravity (facade)

Wall

Concrete 300mm 0.9m3 0%

Gravity (facade)

Wall

% Earth  Volume tCO
Imported of
Concrete

Volume
of Earth
Excavated

10.5m? 0% All N/A
backfill

reused

50% Half N/A
reused,

Half

imported

100% N/A
All fill
imported

0% All N/A
backfill
reused

100% N/A
Al Aill
imported

10.4

10.5m?

10.5m? 20.0

7.5m? 36.4

7.5m? 38.0

Table 1. Comparison of Embodied CO,

conditions assumed for its concrete
counterpart, it is still 2.75 times more
carbon efficient than option E. The
majority of the carbon footprint is
embodied in the steel bars and the
estimated plant use over the eight
week scheme duration. Through

more efficient construction methods
and by utilising a non-metallic
connection as discussed in this paper,
the footprint could potentially be
further reduced by a significant
amount.
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The scheme costs to Gloucestershire
County Council were approximately
£70k, including the feasibility study,
detailed design, materials and works.
The majority of the costs were
associated with the plant hire, as

a large excavator was required to
achieve the necessary reach. This cost
gave an approximate cost of £3.5k/m
length of wall, which compares
favourably with other construction
forms used in Gloucestershire
Highways for walls of this height. As
a trial scheme, it is also expected that
with repetition and implementing
more efficient designs, this cost can
be further reduced.

Lessons learnt

As previously discussed, the majority
of the cost was related to the plant
hire for the scheme. Therefore,
increasing the construction time
would be the most efficient way

of providing an increased cost
saving. The most time-consuming
element of the construction of

the retaining structure at East End
was in rebuilding the drystone wall
and laying the through-stones.
Therefore, reducing the thickness of
the wall as much as possible would
reduce the construction time and
the scheme cost. The reduction in
thickness would also allow smaller
through-stones, further saving

time and cost. To account for the
reduced wall thickness, the length
of the geogrids would undoubtedly
increase, however the additional
excavations and time required would
be comparatively minor.

Further time, cost and CO, savings
may be achieved, although some

of the potential improvements
would require additional research
and development. For example, the
connection detail may be simplified
as discussed in previous chapters, or
the wall construction may be reduced
to a single skin of walling. However,
these methods would require
laboratory and full-scale testing
before being validated.

In general, this methodology will
require larger excavations than
alternative designs, so where space
is at a premium it may not be the
optimum solution. Other potentially
unsuitable locations would be where
there are services close behind the
proposed wall location, or where
the structure deterioration is due

to insufficient bearing pressures.
Furthermore, if this system is used,
the potential need for future
excavations for services should be
considered. This may be achieved

by flagging the location as a Site of
Engineering Difficulty (SED), marking
the geogrid with warning tape or
installing spare ducts for future use
within the backfill.

Preventing walls such as these from
collapsing or becoming destabilised
in the first instance would be the
optimum solution for maintaining
authorities. As discussed, a large
number of recorded failures are due
to vegetation growth or failures

of the structure drainage, and
ensuring regular maintenance in
these areas would substantially
reduce the number of failures. One
of the difficulties the maintaining
authorities face in achieving this is
firstly identifying the existing stock
within their jurisdiction, and even if
such records exist, most will not be
regularly inspected. With the current
financial climate, the additional
funding required to achieve

such proactive inspections and
maintenance is difficult to obtain, but
could have substantial benefits.

Conclusion

This system successfully combines
modern technology with a traditional
construction form. The trial proved
that these schemes can be effective
at reducing cost at the same time

as significantly reducing embodied
energy. The inherent flexibility of

the drystone wall allows for any
minor movements that might occur
during the service life of the structure
without any undue damage, and due

to the traditional connection with the
adjacent sections, the new repaired
wall will also provide additional
support for a much longer length.

As discussed, one of the most
restrictive factors that prevents new
drystone retaining walls being built
to support modern infrastructure is
the difficulty in ensuring their stability
under today’s loading standards. This
scheme effectively overcomes this
issue, whilst providing a retaining
structure that blends seamlessly into
the existing historic infrastructure
where modern alternatives may

not. It will not be suitable for every
location, however where the space is
available, and particularly where the
as-dug material is suitable for re-use,
this scheme provides the required
design capacity within a sustainable
and aesthetically pleasing structure.
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Abstract

Shitanxi Bridge, a concrete filled steel tube arch bridge, vibrated significantly
after it opened to traffic. The purpose of this study is to investigate the

cause of such significant vibration. First, a brief description of the bridge

is given, followed by an analytical theory. The bridge free and forced
vibration characteristics, including the accelerations of some key elements are
investigated with both single and multi-trucks traveling over a rough deck at
different vehicle speeds. Then, the stiffness effects of the deck and the arch
ribs are studied. Analytical results show that insufficient deck stiffness is a
main factor causing the severe vibration. Based on the analytical results, two
stronger longitudinal beams were added to the bridge during a recent retrofit.
As a result, bridge vibration due to the dynamic loading of moving vehicles
was considerably reduced to an acceptable level. The research results are
applicable to arch bridge design and rehabilitation.

Keywords: arch bridge; concrete filled steel tube; vehicle model; bridge model;

road surface roughness; vehicle induced vibration, acceleration; impact.

Introduction

During recent decades, many arch
bridges have been built throughout
the world, especially in China. With
the development of new materials
and new types of structures,
designing arch bridges remains a
great challenge for bridge engineers.
Shitanxi Bridge, located in Fujian,
China, vibrated significantly after

it opened to traffic. This bridge

is a concrete filled steel tube arch
bridge with a span length of 136m.
Many light bulbs on the bridge were
broken by bridge vibration soon after
they were installed. Pedestrians on
the bridge felt severe, uncomfortable
vibration.

The dynamic behavior due to moving
vehicles is of major concern in

bridge design. While considerable
efforts have been made to better
understand the dynamic behavior

of highway bridges due to moving
vehicles, most previous research
work in this field is focused on girder
and beam bridges' ', Due to the
inherent complexity of arch bridges,
few papers have been published

on the effects that moving vehicles
have on the dynamic loading of
deck arch bridges. By neglecting

the stiffness effect of spandrel
structures, Li ' investigated the free
and force vibration of arch bridges
and developed an approximate
impact factor equation for predicting
the dynamic loading of railway arch
bridges due to moving trains. In his
study, the moving train was modeled
as a concentrated periodic loading.
In 1973, Li studied pedestrian
induced vibration of a highway steel
arch bridge, observed during the
bridge open ceremony'?. Chatterjee
and Matta'® analyzed the dynamic
behavior of arch bridges under a
moving load, using both lumped and
uniform mass methods. Huang'

1> studied the dynamic and impact
behavior of half-through arch
bridges and proposed a method

for estimating the dynamic loading
of this type of arch bridges. In

his study, both bridge and vehicle
were treated as three dimensional
models. Lacarbonara and Colone'
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studied the dynamic responses of
arch bridges due to high speed trains
using Ritz's energy method.

The purpose of the investigation
presented here is to identify the
cause of such a significant vibration
and develop a possible rehabilitation
method. First, a brief description of
the bridge is given. Then, analytical
theory is presented, including the
vehicle model, bridge model, and
road surface model. Then, the
stiffness effect of the deck and

the arch ribs is studied. Finally,

a comparison of the maximum
accelerations of deck and lights
between existing and retrofitted
bridge was given.

Shitanxi Bridge is a half-through
concrete filled steel tube arch bridge.
Its span length, rise, and rise-to-span
ratio are 136.0m, 27.2m, and 1/5
respectively. The roadway width is
9.0m. The shape of the arch rib is a
second-order parabola. The bridge
consists of two ribs which are hinged
at both ends. The bridge deck is
supported by thirteen stringers of
reinforced concrete T-beams which
are simply supported on seventeen
reinforced concrete floor beams.
The entire bridge deck system is
supported from the arch ribs by
hangers. Each hanger consists of
110 ¢ 5mm structural strands and

is anchored to the end of the floor
beams and attached to the ribs.
There are six 6m high lighting poles
on each of the outsides of the arch

ribs along the edges of the sidewalks.

The diameter of the lighting poles is
220mm at the bottom and 80mm
at the top respectively. The wall
thickness of the lighting poles is
3.5mm. The primary data of the
bridge can be found in Figures 1
and 2 and Table 1.

a)

b)

)

d)

Figure 1. Dimensions of Shitanxi Bridge, (a) Elevation,(b) Deck Plan, (c) Cross-

section,(d) Arch Plan

Items Arch Rib
Area (m?) 1.2446
Ix (Vertical) (m*) 1.7448
ly (Transverse) (m*) 0.3160
Unit Weight (kN/m) 29.069

Table 1. Primary Bridge Data

Floor
Beam

0.7426
0.1566
0.8899
5.,301

Stringer

Exterior Interior
0.262 0.2377
0.056 0.0510
0.1371 0.0153
6.168 5.601

Bracing

0.0201
0.0270
0.0004
1.855
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Figure 2. Cross Section of Arch Rib
(Unit = mm)

Simulation of vehicle

Chinese Design Trucks T-20 and T-40
of two-axle tractor type are chosen
for the bridge dynamic analysis. The
trucks are modeled as a non-linear
vehicle model consisting of three
sprung masses of the tractor, steer
wheel/axle set, and tractor wheel/axle
set (see Figure 3). The displacement
vector of the truck model can be
written as

{8 =y .1Y.0:9,9,,9.,] !

wherey,, andy,_ are vertical
displacements of tractor and wheel/
axle sets respectively. 6, is tractor
rotation about the transverse axis.
¢,, and ¢, are the rotations about
longitudinal axis for tractor and the
wheel/axle sets individually. The
truck suspension force consists of
the linear elastic spring force and
the constant interleaf friction force™.
The tire springs and all dampers

are assumed to be linear. The
equations of motion of the vehicle
can be derived by using Lagrange’s
formulation as follows:

d o 9T v b _,
dt o3} o5y oS} o)

where V = the total potential
energy of the system computed
from the spring stiffnesses, T = the
total kinetic energy of the system
calculated by using the masses and

velocities of the system components,
D= dissipation energy of the system
obtained from the damping forces,
and {3} = the generalization
velocities. The equations of motion
of the vehicle can be written as

MJ{o} + [D] {6} + [K] {8} ={p}
where [K ] = the stiffness matrix

of the vehicle, [D] = the damping
matrix of the vehicle, [M] = the mass
matrix of the vehicle,{p }=general
loading matrix. The basic derivation
procedure and data can be found in
Wang and Huang®'®.

a)

b)

Figure 3. Vehicle Model, (a) Side View,
(b) Front View

Simulation of bridge

Dynamic response of the arch bridges
is analysed by the finite element
method. The bridge is divided into

a series of three-dimensional beam
elements with six degrees of freedom
at each end (Figure 4). The nodal-
displacement parameters of the
element are:

@y =163
in which {8}=[u, v, w, 6, 0, 0,]",
)=lu, v, w,6,6,6,]";u, v and

w = transverse displacements in x-,
y-, and z-directions, respectively; and
0,0, 0 ,=rotational displacements
Jx! Uy Lo

in the x-, y-, and z-directions. The
element stiffness matrix can be
written in the form:

k=k +k,

in which, k and k, are the standard
linear stiffness matrix and geometric
stiffness that represents the effect of
initial axial force P on the bending
stiffness of the element’. The
element consistent mass matrix is
used in the study and can be found
in Wang and Huang®. The equations
of motion of the bridge are:

[M,] {8} + [Dg] {8} + [K,] {8} ={py}
in which [M_]=global mass matrix of
bridge; [K,]=global stiffness matrix of
bridge; [D,]=global damping matrix
of bridge; {5,}, {5,} and {5,} global
nodal displacement, velocity, and
acceleration vectors; and {pg} is the
global nodal loading vector that is
caused by the interaction between
the bridge and the vehicle.

Figure 4. Bridge Model

The following equations of
interaction forces are used to connect
the vehicle and bridge:

FiTB = Ktyi Utbi + Dtyi Utbi (i=1to 4)

in which K, = stiffness of the ith
tire; D, = Jamping coefficient of
the ith tire; and U, = relative vertical
displacement between the ith tire
and the bridge. Also, U, = U,-U,,
-w_.. A dot superscript denotes a
differential with respect to time.
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The bridge deck profile is assumed

to be a realization of a stationary
Gaussian random process that can be
described by a power spectral density
(PSD) function and can be written as
follows:

W _(x) = §\/4S(a)i)chos(wix+6i)

where w_(x) = simulated road
vertical profile; x = longitudinal
location of generated point; 6,
= random number uniformly
distributed from 0 to 2x; and N
= 200 in this study. S(wi) = PSD
function® and can be written as:

S(0) = S(2rg) = A (22

T ¢0
where o, = circular frequency; ¢ =
wave number = 0.005 to 3(cycle/m);
¢, = discontinuity frequency = 1/2n
(cycle/m); A, = roughness coefficient
=5x10-6, 20x10-6 , and 80x10-6
m3/cycle for very good, good, and
average roads respectively; theory
detail can be found in Wang and
Huang' and Liu et al'.

Figure 5 shows the first six vibration
mode shapes of the arch bridge.
From this figure, we can see that the
first and fifth vibration modes are
dominated by arch rib lateral bending
and that the third and sixth vibration
modes are controlled by vertical
bending. The second and fourth
vibration modes are dominated by
torsion and vertical bending. For a
better understanding of the effect
of the stiffness of deck and arch
ribs, Table 2 shows the frequencies
for four different bridge model
cases: Case 1 represents the actual
structure in which Elx represents the
vertical stiffness of deck stringers. In
Cases 2 and 3, the vertical stiffness
of the deck stringers is reduced and
increased by 5 times respectively.

In Case 4, two lateral K-bracings

f1=0.538 Hz f2=1.196 Hz
f3=1.269 Hz f4=1.489 Hz
f5 =2.340 Hz
f6 = 2.366 Hz
Figure 5. Vibration Modes
Frequency No. (Hz)
Cases
1 2 3 4 5 6 7
0.2% | 0.526 1.162 1.18 1.225 2.289 2.291 2.308
oo L Lm V) L L L L
El 0.538 1.196 1.26 1.489 2.340 2.366 2.564
X L Lm (%) m (%) (%) Lm
S| 0.543 1.209 1.45 1.640 2.377 2516  2.670
X L L L V) (%) V) L
Add two 0.832 1.234 1.31 1.659 2.421 2.729  2.953
Bracings (L) (LT V) L L L (L

Table 2. Frequencies

were added to the arch as shown in
Figure 1 (d) in dashed lines. In this
table, “V", “L" and “T" represent
vertical bending, lateral bending, and
torsion individually. From this table,
we can see that deck vertical stiffness
has little effect on the first frequency
and that the additional two arch
lateral bracings significantly increase
the arch lateral stiffness and the first
frequency, which is expected.

Table 3 shows the data of the
Chinese Design Truck T-20. These
values are determined based on
Chinese Specifications and test data
of trucks reported in Huang’ and
Wang and Huang'®. Chinese Design
Truck T-40 has similar configurations
and twice the weight of T-20.

The damping matrix is assumed to be
proportional to mass and stiffness'®.
Based on the test results, three
percent of the critical damping is
taken for the first and second modes.
A time step of 0.001s gives good
accuracy for all types of dynamic
responses.

The bridge decks are assumed to
have “good” roughness®®. The

road profiles are hypothesized to be
the same transversely®. In order to
obtain the initial displacements and
velocities of a vehicle's degrees of
freedom (DOFs) when the vehicle
entered the bridge, it started to move
at a distance of 20m, ie, a five-car
length, away from the left end of
the bridge. The roadway approaches
were assumed to have the same road
surface as the bridge.
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Tractor Mass \‘nV:sesel set gris#)::ss;lon Tire Stiffness :::?:"5- Tire Space  Suspension Friction
(kg-s2/m) (kg-s*/m) I,(m) 1,(m) (kN/cm) (kN/cm) (m) (m) force (kN)
Front Rear Front Rear Front Rear
1744.32 148.25 2.70 1.30 2.56 19.03 8.75 3502 1.12 1.8 5.81 255
Table 3. Primary Data of T-20 Truck
Effect of damping ratios Damping
Location
Tables 4 and 5 show the effect 0 0.01 0.02 0.03 0.05 0.06
of damping ratios on bridge Deck 0.523 0.166 0.153 0.148  0.131 0.124
accelerations and impact factors, Arch 0.262 0.074 0.060 0055 0048  0.046
individually. The impact factor is .
. Light 0.816 0.172 0.160 0.156 0.146  0.140
defined as
Table 4. Effect of Damping Ratio on Acceleration
I (%)= (R, /R_-1)x100% pina
in W‘hlch R, and .Rsm = absqlute cection Internal Damping
maximum dynamic and static Force 0 001 002 003 005 006
responses, respectively. The results il - — 191 - — 5
were obtained based on the Rib End Hal rorce
conditions of 88.5 km/h and two Moment 34,0 A 7.3 3.6 3.9 3.6
trucks side by side, asymmetrical Axial Force 23.9 15.5 13.7 12.6 111 10.8
. L Span Quarter
loading Case 2 (see Figure 6). Moment 15.2 12.1 10.2 9.3 8.4 8.1
From these tables, we can see that Mid-span  AxialForce 216 136 128 121 114 107
completely neglecting the damping , .
effect will significantly overestimate Table 5. Effect of Damping Ratio on Impact Factors
bridge response.
Vertical Acceleration (g)
Member T-20 T-40
One Truck Two Trucks One Truck Two Trucks
Arch Rib 0.0301 0.0553 0.0298 0.0543
Deck 0.0889 0.1184 0.101 0.1432
Light 0.1148 0.1334 0.1139 0.1439

Figure 6. Loading Cases

Effect of number and weight
of moving vehicles

Table 6 shows bridge accelerations
due to different types and number
of loading trucks. The results shown
in this table were obtained based

on a vehicle speed of 88. 5km/h.
From this table, we can see that
increasing the number and weight of
loading trucks tends to increase the
acceleration of the deck and light of
this bridge.

Effect of vehicle speed

Figure 7 shows the variation of
bridge accelerations with vehicle

Table 6. Effect of Number and Weight of Moving Vehicles

speed for different stiffness of deck
stringers. The following conclusions
can be drawn from this Figure: (1)
The vehicle speed slightly affects
the acceleration of the arch rib

and amplitude of the deck; (2)

The acceleration of deck and light
tends to increase with vehicle speed
increasing, especially when the
vertical stiffness of the stringers is
reduced. This can be explained as
follows. The stringers are simply
supported on the floor beams which
are suspended on the hangers and
have comparatively smaller vertical
deflections at the support and larger
deflections at the mid-span. When
the vehicles move over the bridge,
each of the stringers will deflect in

a shape of a half-sine curve and the
static deflection of the deck along
bridge longitudinal direction isin a
wave shape which forces the moving
vehicle up and down quickly, thus
increasing bridge vibration. With
the decreasing of the vertical stiffness
of the stringers, the amplitude of the
wave curve increases and the vehicles
are forced to change direction of
travel from downhill to uphill. This
change in direction causes a sudden
increase in the rate of vehicle spring
deformation, especially for a high
speed, and thus an increase in

the amplitude of the interaction
force and the response level of the
bridge'.
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Figure 7. Variation of Bridge Acceleration with Vehicle Speed, (a) Arch Rib, (b) Deck, (c) Light, (d) Deck

Table 7 presents the variations of
bridge accelerations for different
vertical stiffness of the deck
stringers and arch lateral stiffness.
The results shown in the table
were obtained based on Loading
Case 2 (see Figure 6) and are the
maximum accelerations determined
by changing the vehicle speeds
from 24.1 km/h to 120.6 km/h.
The following can be observed
from this table: (a) The maximum
vertical acceleration of the deck of
the existing bridge exceeds 0.13g
and the corresponding amplitude
closes to 1.3cm which can cause
unpleasant or intolerable vibrations
for pedestrians; (2) The maximum
accelerations of the lights exceed
0.15, 0.13, and 0.12 in vertical,
horizontal, and longitudinal
directions respectively, which may
contribute to the damage to the
lights; (3) The stiffness of stringers
greatly affects the bridge response

and increasing the vertical stiffness of
the stringers can significantly reduce
bridge accelerations; (4) Increasing
arch lateral stiffness has little effect
on the bridge accelerations and
appears to be unnecessary for
reducing bridge vibration.

Based on the aforementioned
analysis, the best way to reduce
bridge vibration is to increase the
vertical stiffness of the deck stringers.
Therefore, during the recent bridge
retrofit work, two continuous
longitudinal steel tube truss beams
(see Figure 8) were added to each
side of the deck system along the
arch ribs'. The accelerations of the
retrofitted bridge are given in Table
8. From this table, we can see: (1)
the maximum vertical acceleration
and amplitude have reduced more
than 30% and (2) the maximum

vertical, horizontal, and longitudinal
accelerations of the lights have
reduced more than 34%, 57%, 51%
respectively.

299x8

Z219x8

110

F'\ |\'\®219x8

Oo—T

50

‘

Figure 8. Cross-section of Steel Tube
Truss Beam (Unit = mm)
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Accelerations (g) Amplitudes (cm)
Case Member : - S : - S
Vertical Horizontal Longitudinal  Vertical Horizontal Longitudinal
Arch Rib 0.0625 0.0082 0.0221 1.236 0.193 0.406
El, Deck 0.1323 0.0083 0.0183 1.273 0.056 0.132
Light 0.1501 0.1355 0.1208 0.871 0.250 0.259
Arch Rib 0.0565 0.0082 0.0229 0.922 0.211 0.465
0.2El, Deck 0.2425 0.0114 0.0171 1.519 0.0838 0.137
Light 0.2681 0.3521 0.2891 1.567 0.133 0.551
Arch Rib 0.0554 0.007 0.0183 0.671 0.149 0.330
SEl, Deck 0.0958 0.005 0.0141 0.991 0.0381 0.094
Light 0.1068 0.0625 0.0665 0.739 0.206 0.143
Arch Rib 0.0621 0.0079 0.0203 1.218 0.186 0.396
ACTRAED [l 0.1301 0.0081 0.0181 1.268 0.053 0.129
Bracings
Light 0.1498 0.1333 0.1199 0.729 0.246 0.238
Table 7. Effect of Deck Vertical and Arch Lateral Stiffness on Accelerations and Amplitudes
. Existin Retrofitted
Conclusions and . o 9 _ , _
. Location  Direction Acceleration  Amplitude Acceleration  Amplitude
recommendations (9) (cm) (9) (cm)
) ) Deck Vertical 0.1323 1.273 0.0913 0.891
This paper presented dynamic Vertical 0.1501 0.871 0.0986 0.705
analytical results for Shitanxi Laht Horbontal 0 1355 050 00583 0189
Concrete Filled Arch Bridge due 9 orizonta ' ' ‘ '
to moving vehicles by using three Longitudinal 0.1208 0.259 0.0591 0.133

dimensional models of both bridge
and moving vehicles. The analytical

Table 8. Response Comparison

results show that the observed severe
bridge vibration is due mostly to
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A SPAR modelling platform case

study: Skynet 5

Abstract

This paper documents a case study into the Availability, Reliability and
Maintainability (AR&M) modelling activity undertaken for the Skynet 5 Beyond
Line Of Sight (BLOS) service programme between January 2006 and July
2011. The AR&M modelling activity was completed using the Monte Carlo
simulation tool SPAR, produced by Clockwork Solutions.

SPAR is a flexible software tool which allowed the development of models
to include the end-to-end core Skynet 5 system, its complex logistic support
network, and the calculation of bespoke Service availability metrics. The
development of this end-to-end type model has provided a number of

benefits, including:

* Highlighting potential areas of weakness in the support solution;

* Understanding the impact on global AR&M performance by varying:

* Mission profiles
e Usage
e Equipment selection

e Sparing levels

* Increased logistics delay times and active repair times

* Validation of consolidated spares recommendations and identification of
areas with insufficient spares, at multiple levels of support (as many as the

user requires)

* The ability to demonstrate the impact of management system downtime;
which would not directly impact the availability of the system, but may
delay the identification (and hence repair time) of a co-incident failure.

An overview of the SPAR Modelling Platform

The following description of the
SPAR modelling platform has been
constructed from the Clockwork-
Solutions website (http:/Avww.
clockwork-solutions.com/tec_
whatmakessparunigue.php).

The SPAR simulation uses Monte
Carlo simulation techniques to model
the life-cycle behaviour of systems.
The SPAR modelling platform
includes a wide range of distributions
(including bathtub and non-
parametric distributions), to represent
the time-dependent behaviour of
failure, repair, shipment, replacement
and other time-dependent
phenomena.

A SPAR model is described using
Reliability Block Diagrams (RBD),
statistical distributions and operation
rules expressed in simple logic code.
SPAR uses the system operating

rules and logic to model the effects
of events (direct effects as well as
cascaded ones) on the behaviour of
the system. SPAR’s logic modelling
capabilities include, among others,
active-passive and standby relations,
cannibalisation of spares, induction
of failures, changing the age and the
load of components, and many other
operations that enable illustrating
any real life phenomena of the
system and its supportive resources.
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An assessment was completed into
the different modelling tools available
at the time. There were a number of
reasons for utilising SPAR, including
the following:

o All other modelling tools assessed
used pictures/flow diagrams/
RBDs to describe the system in
question. Since some elements
of the Skynet network are so
complex in terms of all the
different routing options based
on which equipment had failed,
it was not possible to construct
all the different possibilities
in pictorial form. SPAR uses a
bespoke logic code to describe
what happens when, for
example, components fail, and
based on any number of other
conditions (e.g. which particular
communications services were
effected, if any other components
are failed at the same time, or if
a particular remote terminal was
in the field at the time) the end
effect on Service and Operational
availability can be investigated.

e The SPAR models created were
completely transparent: The
fact that logic code was used
to describe the systems meant
that checks in the code could be
included throughout to ensure
that the models were correct,
and to pull out results at any
point in the model run. This
gave confidence in the results
produced and also enabled the
identification of the point at
which, for example, a particular
component ran out of spares or a
particular communication service
failed. This feature is limited in the
other modelling tools.

*  The modelling tool was required
to calculate the availability of
communications services passing
through the Skynet network. The
Service availability was not equal
to the equipment availability
due to the ability to route
communication services between
network paths with different
switching times (dependent

on the availability of paths and
the bandwidth). Only SPAR
was identified as being able to
perform such calculations.

A brief overview of
Skynet 5

The Skynet 5 programme provides
the UK Armed Forces with secure
BLOS services (henceforth referred
to as Services). Management of the
Services takes place at two Satellite
Ground Stations (SGS) (see Figure
1). The Services are then broadcast
over military hardened Skynet 5
communication satellites (see Figure
2) in orbit, to two types of remote
terminals; SCOT5 Maritime terminals
(see Figure 3) and Reacher ground
mobile terminals (see Figure 4).
Each remote terminal undertakes

a number of missions throughout

its life, with each mission including
defined periods of transmitting and
receiving Services, periods of transit
and periods of maintenance.

Two exam questions were placed on
the Skynet 5 system, to be answered
using the SPAR modelling platform:

1. Calculate the predicted end-
to-end Service availability to
Reacher and Maritime terminals.
This involves calculating the
average availability of Services
passing through an SGS, a
satellite and a remote terminal
(Reacher or Maritime);

2. Calculate the predicted
operational availability for
Reacher and Maritime terminals.

Modelling the Skynet 5
system in SPAR

Construction of the models in SPAR
began through identification of
equipment and systems directly and
indirectly required to support Services
(creating Service paths through the
Skynet 5 system) and to achieve the
operational availability of the remote
terminals.

Figure 1. Satellite Ground Station (SGS)

Figure 2. Skynet 5 Satellite

Figure 3. SCOT5 Maritime Terminal

Figure 4. Reacher Terminal

The equipment within the remote
terminals was divided into two
groups: those responsible for carrying
Services and operational success,

and those just required to achieve
the operational availability. RBDs
were constructed within SPAR for
each remote terminal to represent
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the successful achievement of
operational and service availability.

The SGS and satellites utilise
sophisticated redundancy paths

and routeing options to ensure
minimal downtime in the event of
equipment failure. The complexity of
these systems meant that it was not
possible to construct conventional
RBDs such as those used for the
remote terminals. Instead, logic code
within SPAR was used to model

the in-built redundancy and failure
management systems.

The SPAR models were developed
with no common spares between
the remote terminals and SGSs.
Therefore they could be modelled
separately (with the metrics
combined after each model run)
to simplify the problems and allow
them to be developed, verified and
validated in stages.

Figure 5. Skynet 5 Logistics Network Overview

User-defined data arrays were
employed in the SPAR models to
identify various equipment features
to influence and direct the logic
code. These features include:

e Statistical distribution parameters
representing the time to repair/
replace the equipment and the
time taken to restore Services
carried by each equipment
(the restoration time can also
represent the time taken to re-
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route Services to an alternate path
within the SGS or Satellite);

* The quantity of Services carried
(and therefore affected) if each
equipment type fails;

e For SGSs and Satellites,
parameters identifying the
redundancy configuration of
equipment types, for example
the minimum number of items
required to be operational to carry
Services.

Using equipment failure distributions
input by the user (from manufacturer
data, in-service data, etc.) the SPAR
modelling platform utilises Monte
Carlo simulation techniques to
generate failure events. At each
failure event the logic code randomly
selects (from the Services defined in
the data arrays) the specific Services
affected by the equipment failure.
The time to restore the Services
(taken from the data array) is then
applied to each affected Service and
the average Service availability is then
calculated at the end of the model
run. For remote terminals, the time
to repair/replace the equipment is
also recorded for each Terminal and
the average operational availability is
calculated.

The total time to repair/replace

the equipment is dependent on a
complex logistic support network,
which is also represented in the
SPAR models and logic code. Figure
5 presents a representation of the
Skynet 5 logistic network.

As shown in Figure 5, each Maritime
terminal is supported by its own
on-board spares holdings and by the
spares depot whereas each Reacher
terminal is supported by three spares
holdings:

e On-board spares

* A Forward Spares Pack (FSP)
supplying spares to a number of
Reacher terminals

* A spares depot, supplying the two
SGS's, all Reacher terminals and
all Maritime terminals.

Spares holding are represented in the
SPAR model by ‘Storages’, containing
a user-defined quantity of spares

at the beginning of the model run.

If equipment fails, the logic code
interrogates the Storages in turn to
determine where the closest available
spare is located. The logic code

uses this spare to replace the failed
equipment and the Storage is then
replenished by spares (if available)
from the next holding in line (e.g. as
shown in Figure 5, Reacher terminal
on-board spares are replenished

by the Forward Spares Pack, which

is then replenished by the Spares
Depot).

Upon failure, repairable items are
returned through the support
network to the Repair facility (as
shown in Figure 5). These items
are repaired before re-entering the
support network to act as a spare.
Non-repairable items are removed
from the model upon failure and
replaced with a spare. If all spares
have been used, the system is
defined as failed for the remainder of
the model run.

All timings associated with the
forward supply of spares and return
of failed equipment (shown in Figure
5 as purple and blue dotted lines
respectively) are contained within
another user-defined array and the
logistics delay times for each type of
equipment on each terminal can be
modified individually.

Each remote terminal undertakes

a pre-defined number of missions
throughout its life. These missions
are defined within the SPAR platform
as periods of uptime (i.e. sending/
receiving Services) and downtime (i.e.
undergoing planned maintenance
and transit). Failure events can

occur during periods of uptime or
downtime, however only those
occurring during the period of
uptime contribute to Service and
Terminal availability.

Conclusion

The development of the end-to-end
modelling approach to the Skynet 5
system, including its complex logistic
network, through the flexibility
provided by the SPAR modelling
platform, has allowed the following
validation and scenario modelling
activities to be performed:

e Highlighting areas of weakness
in the current support solution
by updating model inputs
with in-service reliability and
maintainability data

e Varying mission profiles to
model future deployments and
highlight potential problem
areas early to allow for prompt
contingency planning. This
included demonstrating
the impact on Service and
Operational availability of
changing the mission profiles
of remote terminals —i.e. if a
terminal is going to be used for
a longer period, the Service and
Operational availability drops to a
certain level, if the sparing levels
are not replenished

e Validating long-term sparing
recommendations, especially
pertinent with life-time buys
for obsolete equipment where
there will be no opportunity to
replenish supplies in the future.
Spares were recommended for
individual sub-systems in isolation;
the SPAR model was used to
validate that sufficient spares
(in order to meet the Service
and Operational availability
requirements) had been
recommended for the system as
a whole

* Modelling scenarios to aid trade-
off studies

e Investigating the impact of supply
chain issues such as equipment
losses and increased logistics
delay times. The SPAR model was
used to demonstrate the impact
of extending the logic delay
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times on Service and Operational
availability.

By developing this end-to-end type
of modelling, it has been possible to
take a holistic approach to the Skynet
5 system: identify and account

for all the interdependencies and
interactions and show the impact the
above scenario modelling activities
have on each aspect of the system.

The Skynet 5 SPAR model has
increased the confidence in the
system designs and support
solution, forms part of the system
assurance case (by answering the
exam questions), and provides
potential long-term through-life
cost savings. For these reasons,

it is recommended that all large
and complex programmes should
consider developing this end-to-end
style of modelling.

: Skynet 5
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Abstract

Previous studies' of the Copenhagen Suburban Railway show how planning
the most suitable travel speed will increase capacity, but upgrading the
infrastructure to a more advanced train control system is a much more
efficient way to improve capacity and punctuality.

This paper deals with investigations of the effects on operation by
implementing a CBTC train control system, which were carried out for

the Copenhagen Suburban Railway network. This was done by using the
rail traffic simulation software tool RailSys. Two different infrastructure
models have been created, one with the existing HKT (Acronym in Danish
HastighedsKontrol & Togstop — in English SpeedControl & Trainstop) train
control system and the other with the proposed/planned CBTC system. The
models have been stressed by running extra trains.

In addition to the simulations, a headway analysis of the central tube was
carried out according to the UIC 406 method’, for both the model with the
existing signalling system and for the model with the new CBTC signalling

system.

Keywords: Railway capacity, CBTC, Simulation, Headway analysis, Suburban

railway.

Introduction

In 2009 the Danish Government
decided to invest heavily in renewal
and improvements of the Danish
Railway Infrastructure to ensure an
efficient future national railway,
which supports the European vision
of an interoperable railway. As the
first European country Denmark
decided to change all signals and
interlocking systems in order to
follow European Railway Traffic
Management System (ERTMS)
standards by implementing European
Train Control System (ETCS) level

2 on all national lines/stations
except the Copenhagen suburban
lines, which will be equipped with
Communication-Based Train Control
(CBTQ).

This paper will consist of the analysed
impact of the introduction of a CBTC
system on the suburban network in

Copenhagen, which has been carried

out by Atkins in cooperation with Rail
Net Denmark.

CBTC impacts the service on the
railway in two different ways:

1. A CBTC system has a higher
capacity than the current train
control system and allows a
tighter headway in the timetable

2. Renewal of the current
signalling system gives better
reliability which allows the
planners to use less free space
or free channels for recovery.

The analyses have been performed
with the simulation tool RailSys

in combination with estimating
minimum headway in different
scenarios.
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Analysis

The suburban railway infrastructure
(S-bane) in Copenhagen consists
of three lines in the south and
three lines in the north connected
through a bottleneck called the
“tube” through the central part of
Copenhagen between the stations
Kgbenhavn H (Copenhagen Cetral
Station) and Svanemagallen.

The current Suburban Railway
timetable is based on a 10 minute
service on all lines and 5 minute
service on the lines with most
passengers. This leads to 30 trains
per hour in each direction in the
“tube”. Beside the “tube” lines an
outer “circle” line (yellow line F) is
operated with a 10 minute service.

Figure 2 illustrates the service on the
network.

The existing HKT signal
system

The current signalling system on the
Copenhagen Suburban Railway is

a fixed block system with HKT train
control (speed control and train stop)
on most of the sections. Much of
the HKT system is from the seventies
but upgraded several times to date.
HKT keeps the trains’ speed under
surveillance and makes sure that the
trains stop at stop signals.

Figure 3 shows how the HKT blocks
are implemented between Valby

and Dybbglsbro Stations. The figure
shows how the line section is divided
in several “HKT" block sections. Each
section can send different speed
information to the train, taking into
account the available length of clear
track in front of the train.

The current block number 2128:

* A hatch square means that the
block is occupied

e "Sv"” is stop information from the
line section to the train. The train
is allowed to proceed to the mark

Figure 1. Track layout of the central tube Kgbenhavn H (Kh) - Svanemgllen (Sam)

Figure 2. Copenhagen S-train Network

at the end of the block and stop
there

e "30", "60" or "80" are speed
information [km/h] from the line
section to the train. If a train
enters the block at a higher
speed than the speed information
indicates, then the train must
lower the speed to the current
speed information and proceed
at that speed until the speed
information changes.

Figure 4 shows the HKT
implementation in RailSys. The grey
train in the graphical timetable must
stop at Enghave (Av), and the train
follows a stepwise slow down from
90 km/t to stop according to the
information given to the train from
the line sections.
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The future CBTC system

The future signalling system is a

train control system based on radio
communication instead of fixed
signals at the side of the tracks as for
existing signals.

CBTC uses moving block instead of
fixed block as the existing HKT. The
size of the moving block separating
two trains takes into account their
relative location and individual
performance. Therefore, headway
is minimised as compared to fixed
blocks. It leads to an optimal use
of the infrastructure by shortening
headways, which is suitable for

an urban rail system with a high
frequency. The integrated CBTC
system knows the position of

each train very accurately. It can
control the behaviour of the train
at all times and, in response to
changing conditions, can modify
behaviour to ensure the safety of
the trains while offering maximum
service with a minimum number of
failures. It can adapt its algorithms
to take advantage of individual train
behaviour, and change parameters
to ensure optimum use of resources,
such as platform availability and
traction power. (e.g. Thales®).

The CBTC system will have moving
blocks at all sections except point
areas. The safety parameters for the
new CBTC signal system used in this
analysis are as follows:

Safety distance: 50 metres
Block lengths: 100 metres
Point setting time: 7 sec

CBTC signalling systems have been
installed at numerous urban railway
transit systems around the world
both in brand new systems and
lines, and as an upgrade of existing
lines with old signalling systems to
a new CBTC signalling system. For
example in New York City on the
Carnesie Line in the subway network
there has been an upgrade of an
existing interlocking to CBTC. It

has been in revenue service since

Figure 3. HKT step diagram from Valby (Val) passing Enghave (Av) to Dybbglsbro (Dbt)
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Figure 4. HKT implementation in RailSys (Upper graph: Speed profile — Lower graph:
Graphic timetable)
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January 2006 (e.g. Siemens®). As
seen in Figure 5 it relies on a wireless
radio communication system. This
makes the installation of equipment
dedicated to data transmission easier
as there is no continuous medium on
the track and equipment is mostly
installed in stations.

Simulation tool

The simulations were carried

out in the simulation software
RailSys. RailSys is a timetable and
infrastructure management software
system for analysis, planning

and optimisation of operational
procedures and facilities in rail traffic
networks of any size. Operational
procedures are displayed on desktop
computers and the investigation

of whole systems is as easily
accomplished as the processing of
specific, local problems. RailSys is a
widely accepted software tool used
by companies and universities over
the world.

Headway

In the Copenhagen S-train network
all lines except Line F, the ring

line, run through the central

tube between Kgbenhavn H and
Svanemgillen. This section has one
track allocated for traffic in each
direction. The scheduled headway
at this section is the shortest in the
network with scheduled distance
between the trains at 120 seconds in
the current timetable.

Headway examination is made

in RailSys by moving the trains in

the graphical timetable with block
occupation shown, as close as
possible without conflicts between
the trains. This is illustrated in

Figure 6 with the black arrow
demonstrating how the graph can be
compressed. The method is a part of
the UIC 406 capacity method.

First the model of the existing
network with HKT signal system
is investigated by the minimum

Figure 5. The principal elements of a CBTC moving block system (lllustration from
Siemens®)

Figure 6. Block occupation with existing signals at @sterport station (Kk)
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technical headway in the central tube
of 110 sec and a scheduled headway
of 115 seconds.

By using the new CBTC system, the
minimum technical headway at the
central tube is reduced to 75 sec and
a scheduled headway of 78 seconds.
By comparing Figure 7 and Figure 8,
it is clear that reductions in headway
are mainly caused by a shorter

length of clear track in front of the
train, and this is most noticeable at
stations.

Ninety seconds
headway in the central
tube

Based on previous headway analysis
a timetable which has 90 seconds
headway through the central tube
has been evaluated.

Figure 9 shows a graphical timetable
with 90 second headway, through
the central tube on the infrastructure
with the new CBTC signalling system
(with block occupation around the
trains). The station dwell times are
the same as in the current timetable.
The Figure shows there are no
conflicts, with a buffer time between
the trains.

The same timetable in the existing
HKT signalling system in Figure

10 shows a timetable with many
conflicts and no buffer time
indicating 90 second headway in the
current HKT system is not possible.

Only the headway in the central tube
with the existing scheduled dwell
times is analysed in this scenario.
Where the trains are headed, where
they will turn around and the trains’
stopping pattern outside the central
tube are not analysed in this scenario.

The new CBTC signal system will
make it possible to operate a
timetable with 90 second headway
in the central tube, though the
punctuality of a timetable with

this headway will be lower than a
scenario with the current timetable
implemented.

Figure 7. Minimum headway with the existing signals and scheduled running time in
central tube at the bottleneck Vesterport Station (Vpt)

Figure 8. Minimum headway with CBTC signals and scheduled running time in the
central tube at the bottleneck @sterport station (Kk)
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Figure 9. Scenario with a 90 second headway timetable in the central tube with CBTC signals
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Figure 10. Scenario with 90 second headway timetable in the central tube with

existing signals

Delays

A train on the Copenhagen
Suburban Railway is, according to the
operator DSB and Rail Net Denmark,
defined as delayed if the train is more
than 2%2 minute late. Therefore,

this minimum delay is used in the
punctuality analyses.

Today signalling failures are the cause
of many train delays at most rail
sections in Denmark. Many of those

delays are due to the old signalling
system.

The model for the delay data will

be based on data from Rail Net
Denmark. Delay data for 2008 were
analysed and used in this model.
These are divided into three different
causes of the delayed train.

The new CBTC system will mainly
remove the delays caused by signal
failures. The delays are implemented
in the RailSys model for the existing
network and the model is calibrated

. Signals

. Operator and external

Tracks

Figure 11. Amount of delays related to
different groups

to reach the same punctuality as the
punctuality from the delay statistics.

The delay function in RailSys is
implemented as an exponential
distribution. The delay function uses
at each station two parameters:

1. Percentages of delayed trains
at the current stations with
and without signal failures. The
percentages of trains affected by
an initial delay at all station are
taken from the Banedanmark
RDS data

2. Average delay was set to 1.2
minutes after calibration and
maximum delay was set to 6.0
minutes after calibration, The
average lateness and maximum
lateness were calibrated to reach
around the 96.7 % punctuality
from 2008.

In the RailSys model punctuality for
all stations on the Suburban Railway
Network was 96.6%, which was
close to the 96.7% real observed
punctuality from the RDS data.

Multiple simulations

Both the current network and the
network when a CBTC system is
implemented have been simulated.
The current train control system
allows 100 seconds minimum
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headway in the tube and planned
120 seconds headway. It is expected
that the CBTC system will result in a
75 second minimum headway, but
the results of the simulations show
that the implementation of CBTC will
result in much higher punctuality.
The lower number of failures in the
signalling system and the improved
headway will together result in a
much better performance.

The better performance of a

CBTC system can be exploited to
give a higher punctuality (B), a
higher frequency (C) or both (D) as
illustrated in Figure 12.

The question now is how close can
we get to the capacity limit, when
the current signalling system has
changed to a modern CBTC system?

To show the impact of some different
ways to increase the traffic in the
network some different scenarios
have been simulated and compared,
where:

* As a reference the current
suburban railway network with
the current traffic was simulated

e The current situation plus a new
line running through the tube and
continues on a new single track
line to the end station

e The current situation plus a new
line running through the tube and
continues on a new double track
line to the end station.

All these cases result in a much

lower punctuality compared with the
current situation independent of the

number of new tracks. Therefore, the
traffic in the tube was isolated in the
next phases of the simulations.

For this phase the scenario was based
on the current traffic and then added
a line, 3 extra trains per hour in each
direction, which were only running

in the tube and cut off at the end of
the tube. The impact of the added
line to the punctuality was nearly as
big as the impact of the complete
line as simulated before.

Figure 12. lllustration of capacity and punctuality

Calibration of
model to reach real
punctuality

New CBTC signal
system

Delay CBTC system
Data from without signal
statistics failures

Removing Removing

signal failures signal failures

from input from input

delay data delay data

Existing HKT

signals without
signal failures

Figure 13. Simulation overview
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100.0 -
99.5 -
99.0 -
98.5 -
98.0 -
97.5
97.0
96.5 -
96.0 -
955
95.0

Percent of trains at time

All Failures

B RDs Data

. Existing system model

Future CBTC model

Without signal failures

Delay statistics
Model of existing network
Model of future network with CBTC

With all failures Without signal failures
96.7 %

96.5 % 97.7%

99.0 % 99.2%

Figure 14. Results of the simulation

Roll out plan for the
implementation of the
CBTC signal system

According to Rail Network Denmark
the implementation of the new
CBTC signal system should be

fully implemented in 2020 (e.qg.
Banedanmark?).

The signal programme will initially
be provided by one supplier. The
same supplier should thus provide
and install the new signal system
on the S-Bane - including the signal
equipment to be installed inside the
rolling stock.

The Remote System must be clear, so
it can control train traffic when the
new signal system is used on the first
line. It kept open the tender for the
supplier, whether to establish a new
remote control system in a newly
built centre, or whether the existing

remote control system can be reused.
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Figure 15. Roll out plan for the Signal Programme on the Copenhagen S-Bane network
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The rollout of the new signalling
takes place in four phases from the
time the policy decision is taken:

e Tender
» Design of the new signaling

* Deploying and testing on the first
section (Early Deployment)

¢ Rollout of the other lines.

The roll out on the S-Bane, will

be in sections. First roll out (Early
Deployment Project) will take place
at the section between Hillerad and
Jaegersborg in 2014, where the new
CBTC will be rigorously tested before
being rolled out on other sections.
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