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Abstract— The anticipated introduction of new forms of 

Intelligent Transport Systems represents a significant opportunity 
for increased cooperative mobility and socio-technical changes 
within the transport system. Although such technologies are 
currently technically feasible, various socio- economic and 
environmental barriers impede their arrival. This paper uses a 
recently developed ITS performance assessment framework,  
known as EnvFUSION (Environmental Fusion) to perform 
dynamic forecasting of the performance for three key ITS 
technologies: Active Traffic Management, Intelligent Speed 
Adaptation and an Automated Highway System using a 
mathematical theory of evidence. A c-LCA (consequential lifecycle 
assessment) is undertaken which forms part of a data fusion 
process using data from various sources. The models forecast 
improvements for the three ITS technologies in-line with social 
acceptability, economic profitability and major carbon reduction 
scenarios up to 2050 on one of the UK's most congested highways. 
Analytical Hierarchy Process and Dempster-Shafer theory are 
used to weight criteria which form part of an Intelligent Transport 
Sustainability Index. Overall performance is then synthesized. 
Results indicate that there will be a substantial increase in socio-
economic and emissions benefits, provided that the policies are in 
place and targets are reached which would otherwise delay their 
realisation. 
 

Index Terms—Intelligent Transport Systems, Environmental 
Factors, Social Factors, Economics, probabilistic model, 
Forecasting 

I. INTRODUCTION 

• ntelligent transport or ITS can be referred to as a 
system of systems working in synergy to improve 

performance. However, not much is understood about the 
environmental consequences of the rapidly accumulating 
technology on the roadside. Although solutions such as car-
sharing may provide a marginal solution to excess demand in 
the short term [1], more radical improvements in technology are 
likely to be needed to  move towards sustainability (i.e. 
environmental, social and economic factors). According to 
Ferreira and D'Orey [2] the transport sector in the EU-27 
accounts for around 25% of CO2 emissions with 70.9% being 
attributed to road transport. Managing emissions reduction in 
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ITS is inherently complex due to the presence of an Information 
Communication Technology (ICT) layer. Whilst this ICT layer 
facilitates in improved monitoring and communication over 
congested stretches of road, the carbon overhead of the roadside 
has also increased through the use of Active Traffic 
Management (ATM) infrastructure. These technologies have 
become a cost effective solution compared to alternatives such 
as road widening in the context of continued increases in traffic 
density. As technology evolves into a more ubiquitous 
configuration it is a reasonable assumption that the installation 
of technology on the roadside due to ATM will recede. 
Assessing environmental and socio-economic performance of 
ITS by focusing on the ICT element and technologies 
themselves has been sparsely represented. 

•  It is predicted that ICT integration will become increasingly 
ubiquitous, embedded at the user oriented level through in-
vehicle and automated driver systems [2-5]. This 
transformation poses many challenges and naturally features 
high degrees of uncertainty the further we forecast into the 
future. While some technologies are identified as having 
'evolutionary' or marginal effects such as ATM [6], other 
systems such as Automated Highway Systems (AHS) are more 
ambitious [7]. This research aims to provide a forecasting 
method to effectively account for these factors, providing a 
decision support tool so that decision makers can prioritise 
areas of improvement and evaluation of ITS schemes using an 
integrated consequential modelling approach. 

•  This paper forecasts emissions reductions and socio-
economic performance for three key technologies of various 
scales for a stretch of UK highway up to 2050. Urban  
implementation is out of scope for the paper. Interviews, the 
opinions of various experts and dynamically weighted targets 
provide input to a decision support model. The originality of the 
EnvFUSION method stems from a priority index which is used 
to ascertain overall sustainability gains and losses and is a key 
component currently missing from ITS appraisal due to the 
limited scope of  current assessment practice [8]. Current ITS 
frameworks only assess service performance based upon a 
single location rather than the whole infrastructure. In addition, 
different actors possess different and sometimes conflicting 
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requirements in terms of performance which will affect their 
perspective of the system. 

A mathematical theory of evidence is therefore used to 
consolidate conflicting opinions of stakeholders to determine 
ITS performance. 
 The paper has five main sections. Firstly, the authors present 
a review of frameworks and studies related to the work. The 
studies aimed to either integrate emissions reduction and socio-
technical issues under the heading of 'sustainability' or focus on 
each individually. Secondly, we provide a methodological 
framework (EnvFUSION) which describes the main 
characteristics of the ITS under investigation, the boundary of 
the study and the performance criteria. Section four describes 
the model behaviour, data collection and how the criteria is 
generated within the framework while section five delivers the 
main results. In section six, details are given of the process to 
apply a mathematical theory of evidence and generate a priority 
index. This reflects how environmental and socio economic 
performance dynamically changes over time with gradual 
introduction of new technology. Finally, the conclusions close 
the paper. 

II. RELATED WORK 

A limited number of studies have been carried out which 
assessed the integrated techno-economic and emissions 
reduction of future ITS rollout within an inter-urban context [9-
10]. Jun and Chunlu [9] proposed a hybrid evaluation 
methodology for ITS deployment. The benefits were seen to be 
the explicit inclusion of travel behaviours in evaluation and 
evaluating the long-term impacts of ITS. Psaraki et al [10] 
assessed the collective impact of in-vehicle technologies under 
the banner of driver assistance systems (DAS). These included 
Adaptive Cruise Control (ACC), Intelligent Speed Adaptation 
(ISA). AHS and Commercial Vehicle Operations (CVO) were 
also assessed within the road network of the EU-27 countries. 
They concluded that AHS was found to be the most promising 
technology for increasing capacity and reducing CO2 emissions 
(by 20%) based on a capacity throughput of 4300 vehicles per 
hour, while commercial vehicle operations was the most 
economically affordable.   
 A comprehensive range of smaller studies have been carried 
out which aim to explore the individual attributes of inter-urban 
ITS. Once again the most consistent findings of past research is 
that AHS offer the most promising benefits in terms of capacity 
improvement and safety which use algorithms and microscopic 
simulations to examine capacity when vehicles are organised 
into platoons [11-15]. Jaworski et al [11] developed a 
microscopic traffic simulation tool which allowed for the 
assessment of different traffic control algorithms. The 
nanoscopic components allowed more detailed observations 
and the measurement of parameters, such as fuel consumption, 
that are not easily obtained in most of existing microscopic 
simulators. Hall and Chin [15] focused on grouping vehicles by 
destination in order to increase the travel distance between 
different platoons and the resulting capacity.  
 In terms of safety and acceptance, Fernandes and Nunez [13] 
proposed new information management techniques to help 
improve the stability of the platoon as well as quicker responses 

to emergencies such as collisions and loss of control. 
Algorithms using anticipatory information from both the 
platoon leader and the followers significantly impacts platoon 
string stability. The simulation results suggested that the effects 
of communication delays may be almost completely cancelled 
out. Lai et al [16] estimated that up to 25% of non fatal accidents 
would be reduced as well as 30% of fatal injuries. Suzuki and 
Matsunaga [17] revealed that macroscopic shockwave 
propagation occurs even at a microscopic car-following level 
and that the speed of shock propagation can be used as an index 
to evaluate the safety of car-following. Bertolazzi et al [18] as 
part of the EU project PReVENT developed an integrated 
system composed mainly of ISA speed restriction and ACC 
technologies. The system only intervenes when a problem has 
been detected in the headway or approaching objects based 
upon speed and distance. The results show that prompt 
reactions and significant speed correction is carried out before 
getting into really dangerous situations with user acceptance 
being high. 
 Emissions reduction using ITS is covered in [16,19-25].  Bell 
assessed quantitatively and qualitatively how vehicle 
technologies and ITS have a role to play in reducing emissions 
and improving health. The paper specifies a set of measures, 
i.e., traffic signal control, demand management, road pricing, 
speed limits, traffic calming and vehicle control systems to 
achieve this goal. Tsugawa and Kato [23] have presented and 
discussed various ITS approaches for significant energy savings 
and emission mitigation demonstrated by field or experimental 
data. The authors have concluded that vehicular 
communications play an essential role not only in safety but in 
energy savings as well. Results from the analysis of ISA by Lai 
et al [16] estimated 16 million tonnes of CO2 could be saved in 
addition to 25.5 billion litres of fuel, although they did not 
include vehicles weighing over 3.5 tonnes due to their speed 
being restricted to 100 km/h. For voluntary ISA (the ability to 
activate speed restriction on command) this related to a saving 
of 3.4% of CO2 and 5.8% when mandatory ISA (permanent 
speed restriction) is active. Khayyam et al [21] developed an 
adaptive cruise control ‘look-ahead’ energy management 
system. The evaluation outcome indicated that the vehicle 
speed was efficiently controlled through the look-ahead 
methodology based upon the driving cycle, and that the average 
fuel consumption was reduced by 3%. In [24] and [25] the 
authors acknowledged the importance of driver behaviour on 
fuel consumption and associated pollutants emissions, 
proposing eco-driving schemes or incentive systems that 
decreased fuel costs and pollutant emissions. 
 Other research has explored the cost of implementing ITS 
[26-27]. Early research such as O'Dea [26] indicated AHS 
without a significant amount of road tolling would not be 
preferred over conventional highway operation. Carsten and 
Tate [27] concluded that implementation of ISA could produce 
benefit/cost ratios over a 60-year period of either 3.4  
(for a market driven future scenario) or 7.4 for a regulatory 
future scenario, based on the Department for Business 
Enterprise and Regulatory Reform Central scenario for fuel 
prices. The costs of deploying ISA tend to be larger in the 
earlier years and the benefits tend to come later when more 
vehicles have ISA. However the payback time is not very long, 
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the benefits would outweigh the costs by 2025 under both 
deployment scenarios. 

 
 
Fig. 1. EnvFUSION forecasting methodology (Source: Author) 

 

III.   ENVFUSION FORECASTING METHODOLOGY 

EnvFUSION is an integrated strategic sustainability framework 
and is the second phase of research conducted in [8]. It consists 
of three main phases including a Consequential Lifecycle 
Assessment (cLCA) together with the priority setting and pair 
wise comparison of the Analytical Hierarchy Process (AHP). 
The proposed methodology is illustrated in Fig.1. The 
Ecoinvent database is used to determine emissions factors of 
materials using a Global Warming Potential (GWP) method 
[28-29] with a fixed time horizon of 100 years. Dempster-
Shafer theory (DST) is used in combination with AHP to form 
a prioritized Intelligent Transport Sustainability Index from 
sustainability criteria using subjective quantitative probability 
assignment. The rationale for integrating AHP and DST is that 
conventional DST does not differentiate the importance of 
different types of evidence [30].  In reality, the decisions to 
proceed with many transport projects are founded on some 
subjectivities, including the prioritization by decision makers 
of various targets which aim to reflect socio-economic and 
environmental objectives. There are therefore advantages in 
deriving a method that can reflect both objective quantitative 
and subjective qualitative data. Current ITS systems are 
assessed using linear fixed data sets but EnvFUSION 
undertakes the dynamic forecasting of environmental and 
socio-economic performance using marginal/variable data 
which allows  the consequences of decisions to be evaluated 
more accurately.  Note that the framework is focused at the 
macroscopic/strategic perspective defined as the level at which 

technologies cooperate as a system, with input from the 
microscopic level (such as  
 
evolutionary improvements in material production and 
resilience etc). 

A. Selected ITS Technologies  

From Fig. 1. three key ITS technologies were selected for 
modelling. Each represents a very different configuration and 
therefore different implementation challenges. The framework 
has been designed so that it can estimate performance of all 
technologies whether currently available or anticipated to 
arrive in the future. 

 
1) Active Traffic Management 

ATM represents the current state-of-the-art in dynamic traffic 
management and is currently being implemented 
internationally [31-33]. It generally uses a combination of road 
infrastructure such as gantries, variable message signs, CCTV 
and signage in order to smooth traffic flow and increase vehicle 
throughput. This type of ITS was first delivered as a cost-
effective alternative to road widening and often extends over a 
few kilometres of highway or more. ATM has several 
advantages, it can increase vehicle throughput via displaying 
digitised messages (including mandatory speed limits) and in 
most cases when traffic is severe, it allows the hard shoulder to 
be opened as an additional running lane [33]. ATM can reduce 
noise and also produce marginal reductions in emissions due to 
smoother traffic flow. 
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 However, there are some issues with ATM. The technology 
relies on fixed roadside infrastructure that incurs high levels of 
embedded emissions during its lifecycle. This is due to the 
manufacturing processes, also requiring substantial levels of 
energy during  production and its eventual operation. 

2) Intelligent Speed Adaptation 

Intelligent Speed Adaptation or ISA is a technology designed 
to restrict the speed limit of a vehicle depending upon the type 
of road and geographical location [34-35]. It is one of the 
technologies under the collective banner of DAS. Three types 
of ISA have been proposed under two main configurations 
which are Passive or Active. Advisory is passive and informs 
the driver if the speed limit is exceeded, Voluntary is active and 
restricts the speed limit at the discretion of the driver, whilst 
Mandatory makes it compulsory for the system to remain active 
via judicial law [36]. 
 ISA offers a number of potential benefits including reducing 
the number of serious and fatal accidents as well as reducing 
emissions on highways. In more recent studies, the ability of 
the vehicle to 'know' the speed limit via GPS technologies as 
opposed to fixed infrastructure will also reduce the need to 
procure road-side equipment which in turn reduces embedded 
emissions. 
  

3) Automated Highway System 

The automated highway system (or AHS) provides services and 
support infrastructure required for vehicles to drive 
autonomously without driver input [12]. This creates improved 
flow efficiency allowing traffic throughput to increase. At the 
core of AHS is Cooperative Vehicle Infrastructure Systems in 
the form of vehicular ad-hoc networks. Vehicular Ad-hoc 
networks allow the continuous exchange of information such 
as speed, acceleration, braking and obstacles. During recent 
trials, integration with cloud computing had enabled vehicles 
to form platoons, creating digital links which reduce the 
distance of vehicles at high speed [37-38]. In the future it is 
expected that AHS could operate independently using Vehicle-
to-Vehicle (V2V) communication, although it is anticipated 
that some form of communication with infrastructure will be 
still necessary. This will be to monitor connectivity and 
perform diagnostics, so that some form of centralisation will 
still be in operation as the infrastructure communicates with a 
regional traffic control center.  

B. System Configuration and Boundary analysis 

The geographical area is focused upon the M42 highway at 
junctions 3a to 7 (Fig.2.). It is one of the most congested 
transport corridors in England with over 120,000 vehicles 
passing through daily, acting as a major artery between the 
north and south of the country as well as serving Birmingham 
international airport and the logistics of the neighbouring 
organisations and the National Exhibition Centre.  Since 2006, 
Active Traffic Management has been installed in order to 
improve rapidly degrading traffic flows. Several benefits have 
been gained from its usage [39-40]. Capacity has increased by 
an average of 7-9% with 7% of users encountering no 
congestion in 2007 compared to 2003. Temporary shoulder 
running has reduced journey times by up to 24% in northbound 
and 9% in the southbound direction and has increased the 

average speed by 5 mph (8 kph). Speed compliance has been 
improved by 94% at 70 mph (113 kph). Safety has improved 
with the number of personal injury accidents per month reduced 
from 5.08 to 1.83. Emissions have been reduced while fuel 
consumption has decreased by 4%. As ITS technologies are 
rolled out over time, it is predicted that the M42 corridor may 
be further improved. However, these improvements are 
uncertain. The paper attempts to predict the impacts of potential 
improvements using a recently developed forecasting 
framework. The time horizon is between 2005 to 2050.  2005 
was selected in order to illustrate eight years of historical 
operation. This allows the models to use existing data which 
can be projected using exogenous scenarios alongside the 
anticipated implementation of the technologies selected for 
study. 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. M42 junction 3a-7 traffic corridor near Birmingham city centre. Note 
the close proximity of Birmingham international airport, neighbouring 
organizations and the National Exhibition Centre. Active Traffic Management 
(in red) has been in operation since 2006 resulting in a 4% reduction in CO2 
emissions.  
 
The intial step in the framework was the selection of criteria for 
assessing the future sustainability of ITS. In practice this 
resulted from a process of literature study, brainstorming and 
peer review. Experts within the academic community and road 
network operators then rated and prioritised the criteria based 
upon which performance group they viewed as the most 
important using an Analytical Hierarchy Process [41-42]. AHP 
enables the user to establish weights for selected impact criteria 
through the use of pair-wise comparisons and is based upon 
three elements: the construction of a hierarchy, priority setting 
and logical consistency [43-45]. According to [46] and [45] 
criteria within Multi-Criteria Analysis (MCA) can be generated 
spontaneously.  
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 There are a total of four forecasting models, each belonging 
to a certain performance group representing a sub-area of 
'sustainability'. A number of criteria are generated from a 
specific model. 
 

TABLE I 
PERFORMANCE CRITERIA 

 
Performance 

Group 
Forecasting 

Models 
Performance Criteria 

Environment 

Road-side 
Infrastructure 

Road-side Infrastructure 
Emissions 

Vehicle Socio-
Environment 

Road User Emissions 

ICT Operations 
kg CO2 equivalency. 

covered by IT Certificates 

ICT Operations 
kg CO2 equivalency per IT 

task or resource 

Energy 

ICT Operations 
Energy used per task or 

resource 

ICT Operations 
Annual DCIE/PUE for data 

center 

Road-side 
Infrastructure 

Road-side Energy 
Consumption 

Socio-Economic 

Vehicle Socio-
Environment 

Scheme Compliance 

Vehicle Socio-
Environment 

Safety 

Cost Scheme Cost 

 
The performance criteria are illustrated in Table 1. The values 
of the criteria are compared with a Distance-to-target (DTT) 
method which allows for pre-defined future targets to be 
compared with the marginal values of the criteria during each 
timestep within the simulation [47]. These targets can be 
determined by local, regional and international government 
bodies and institutions. Whilst DTT was originally an LCA 
method to evaluate and prioritize the different environmental 
impact categories, in this paper it has been expanded to 
incorporate a range of sustainability aspects and modified to 
give an aggregated score, whilst AHP handles prioritization 
between environment, social and economic aspects or even 
specific criteria. The reduction targets can be achieved by 
improvements in technology. Using a modified version of the 
Distance-to-target method used by Lin [48], the weighting and 
percentile of the initial performance state is calculated via: 
ܶܦ  ሺܶ௜௡௜௧௜௔௟ሻ ൌ ሺ௜௡௜௧௜௔௟ሻܤܵܣ െ ܵܨ ሺܶ௜௡௜௧௜௔௟ሻ                            ሺͳሻ 

or if the target should be of a higher value, (1) is inverted. With ܶܦ ሺܶ௧௕௔௦௘ሻ being the distance-to-target value dependent on the 
context of the criteria in focus, ܤܵܣሺ௧௕௔௦௘ሻ the apparent level of 
sustainability burden and ܵܨ ሺܶ௧௕௔௦௘ሻ the future sustainability 
target. We refer to sustainability in this context as a subjective 
value which takes into account all facets of evidence in the form 
of a sustainability index (representing the group of criteria). 
The following equations are used to calculate the performance 
of criterion with negative (2) or positive (3) distance to target 
values.  
 
 

ܴܲሺ௧௬௘௔௥ሻ ൌ ܶܦ ሺܶ௧௬௘௔௥ሻܤܵܣሺ௧௬௘௔௥ሻ  ܺ ͳͲͲ                                                   ሺʹሻ 

ܴܲሺ௧௬௘௔௥ሻ ൌ ܶܦ ሺܶ௧௬௘௔௥ሻܵܨ ሺܶ௧௬௘௔௥ሻ  ܺ ͳͲͲ                                                   ሺ͵ሻ 

C. Key Performance Indexing 

The data (basic probability assignments and mass functions) 
are collected for the criteria (table 1) from various sources 
including experts, IT environmental reports, a cLCA model and 
direct measurements. It should be noted that sources that use 
their own grading system will be able to subjectively rate 
performance using this method. Table 2 illustrates a 
performance ranking in order to assign belief vectors to the 
Basic Probability Assignment (BPA) values depending on the 
result. 

TABLE II  
INDEX NORMALISED PERFORMANCE RANKING 

 

Grade 
BPA 

Ranking 
DTT 

Ranking DTT Value 

No Target (NT) 0 N/A 
0.1 (if value = 

0) 

Very Low (VL) 0.3 100%-81% 0.2 

Low (L) 0.5 80%-61% 0.3 

Medium (M) 0.7 60%-41% 0.6 

High (H) 0.9 40%-21% 0.9 

Very High (VH) 1.0 20%-0% 1.0 

 
Peer experts provided the BPA's either directly or via a pair-
wise questionnaire. These different sources were then 
aggregated using DST.  

IV.  MODEL BEHAVIOUR AND DATA COLLECTION 

As illustrated in Table 1, four models are used to forecast the 
future state of the highway under investigation. Data was 
collected for the performance criteria consisting of the 
infrastructure, vehicles, ICT data center and cost. A number of 
time-series analysis (including several regression models) were 
developed in order to generate the predicted future trends in the 
technologies up to 2050.  

A. Road-side Infrastructure Model 

Projected cradle to grave embedded emissions were produced 
based upon expected technology improvements over time. In 
order to make the cLCA dataset manageable, only the 7 
dominant materials in Inter-Urban ITS systems were used. 
These include aluminium, copper, electrical equipment, 
plastics, reinforced concrete, steel and toughened glass. All 
materials used within the model possess their own stock and 
flow model. Both Primary (Virgin) and Secondary (Recycling) 
processes are modelled and their cumulative share in the 
production process is determined by the average European 
share (UK where available). This data was compiled from 
various sources including the Ecoinvent database [28] industry 
reports and academic literature. For example, for 2011 in 
Europe, aluminium possesses a mean recycling rate of approx 
54%, meaning 54% of the demand is processed from end-of-
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life aluminium scrap (5% energy usage) as opposed to energy 
intensive mining and processing of bauxite ore with further 
gains in landfill reduction and export of raw aluminium [49]. 
Where available, a primary (virgin) and secondary (recycling) 
emissions factor for each process was applied to the materials 
using the global warming potential 
 

 
Fig. 3. Traffic Growth of M42 junction 3a-7. 
 
methodology as stipulated by the Intergovernmental Panel on 
Climate Change's CO2 conversion factors [50]. Each emissions 
factor takes into account the full cradle-to-grave process of all 
greenhouse gas substances including energy and the equipment 
used to convert raw materials into a finished product. The 
advantage of using a Consequential lifecycle approach as 
opposed to Attributional is that the recovery ratios were 
marginal, therefore a series of confidence intervals were 
applied to determine the spread of uncertainty based upon the 
change in contribution of primary and secondary production 
processes. Although the main disadvantage when using cLCA 
is the lack of a standard methodological approach to 
uncertainty, the flexibility of the method allowed for a 
sophisticated analysis of emissions.  

B. Vehicle Socio-Environment Model 

In order to accurately predict vehicle emissions over an 
extended time period (up to 2050), a macroscopic vehicle 
emission model was created using a series of speed emission 
curves that were developed in 2009. The advantages of using a 
macroscopic emissions model is that input data was minimal 
which would allow a more accurate prediction over a longer 
time period. Microscopic traffic models that require copious 
amounts of input data to analyse detailed traffic behaviour such 
as severe congestion and grid lock scenarios were unsuitable 
when projecting over a long time period due to prediction 
accuracy being reduced through complex algorithms having to 
be simplified at some point to fit the data set [51]. This meant 
that we could not analyse more detailed driving patterns such 
as severe congestion. Together with forecasts of national traffic 
levels and vehicle speeds these are used to predict future 
quantities of fuel use and road traffic emissions up to 2050 [52-
53].  

 Data for traffic volume was taken from the UK Department 
for Transport's Average Annual Daily Traffic Flow or AADF 
(based on the average vehicles per day) for the length of 
highway. AADF's were created from a number of manual 
traffic count points. The raw data were then combined from a 
network of automatic traffic counters (ATC) to calculate a 
series of AADF's (Annual Average Daily Flows) for each count 
point (4). To calculate traffic volume, AADF's were combined 
with the link length and multiplied by the number 
 of days in the year. 
஼௉݂݂ܿ݅ܽݎܶ  ൌ ஼௉ܨܦܣܣ ൈ ௟௜௡௞݄ݐ݃݊݁ܮ ൈ ͵͸ͷ                          ሺͶሻ  
 
Traffic growth is projected via the percentage of expected new 
vehicle registrations within the west midlands region. Figure 3 
illustrates the traffic growth up to 2050 which is currently in-
line with national highway traffic growth.  
 Emission curves were taken from the Transport Research 
Laboratory and are available in [54]. Raw test data were 
grouped into a number of vehicle categories, plotting them 
against the average speed of the test cycle and fitted to a 
common polynomial expression of the form: 
ቂ ܨܧ  ݃݇݉ ቃ ൌ ݔ݇    ܽ ൅ ෍ ௜଺ߚ

௜ୀଵ  ௜                                               ሺͷሻݔ

where a is a constant and ߚ௜, represents the i’th coefficient of 
x, the speed in kph for a particular Euro standard. The factors 
are given for a range of different vehicle classes, sizes and fuel 
types and for each legislative Euro standard from pre-Euro up 
to Euro 6/VI. For simplification purposes, all factors given are 
normalised to 50,000km accumulated mileage, although in 
some cases, scaling factors for emission degradation and fuel 
quality effects were applied on selected vehicle types (refer to 
Boulter [52,54]) 
 A further weighting is required to derive a single expression 
for all vehicles in years according to the mix of vehicle size of 
a given type in the fleet. Emission Factors were recorded based 
upon regulated pollutants including CO (Carbon Monoxide), 
NOx (Nitrogen Oxide), HC (Hydro-carbons), PM (Particulate 
Matter) and uCO2 (Ultimate Carbon dioxide emissions based 
upon direct fuel consumption). For EnvFUSION, all emissions 
were characterised into CO2 equivalency using the Global 
Warming Potential methodology as described earlier in the 
paper. Note that other vehicle technologies such as hybrid, bio-
diesel and electric are not included in the results due to very 
limited market data. However, by 2040 it is assumed that these 
vehicles will begin to play a more dominant role as the Euro 6 
standard will decline in market share when applied to 
conventional technologies.  
 The acceptance of future schemes in the context of this study 
are based upon the road users compliance with the rules and 
regulations that are invoked by the ITS service. Inter-urban 
schemes such as ATM determine their acceptance rate as a 
percentile depending on whether vehicles do not exceed the 
variable speed limit that is in place during times of peak traffic 
congestion. Assessing the future acceptance of different ITS 
technologies therefore presents some challenges. For example, 
fully autonomous vehicle technology takes much control away 
from the road user, including speed, direction and acceleration, 
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therefore scheme compliance is dependent on a number of 
factors based upon what the service is attempting to achieve. 
Safety is measured primarily on the killed and seriously injured 

ratio for a specific section of highway where the ITS scheme is 
currently operating.    

TABLE III  
UNIT COSTS OF ITS EQUIPMENT AND MAINTENANCE 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C. ICT Operations 

In order to estimate the emissions of ICT technology within 
current and future ITS systems, the data center was analysed 
based upon a number of criteria. To calculate the operational 
emissions of the ICT data links, various energy efficiency 
metrics and indicators were adopted from the literature. The 
four main criteria for assessing the performance of ICT 
operational emissions are kg of CO2 equivalency covered by 
renewable energy certificates, kg of CO2 equivalency per IT 
task or resource focuses on the GHG emissions at the software 
level (or hardware if data not available), Energy used per task 
or resource indicates the shared resources towards managing 
the ITS technology on the highway and is measured in kW/h 
and finally, the annual Power Usage Effectiveness or Data 
center infrastructure efficiency [55].  
 Regardless of technology and the year that is concerned, 
some form of centralised data center will exist along with road-
side infrastructure. For example, Vehicle-to-Vehicle is a form 
of communication within the Vehicular Network field. The 
vehicle sends data to other vehicles which can be used to 
manage safety and inform other road users of oncoming traffic 
as well as the current capacity of the traffic network [56-59]. 
However, the communication is handled between road-side 
infrastructure as well as the vehicles on-board systems which 
in turn are powered by their battery. For the purposes of this 
study, in-vehicle systems will become standardized by around 
2030 making the ATM road-side technology obsolete and it 
will be removed from the network. 

D. Cost Model 

Scheme cost is based upon the economic procurement of 
infrastructure and systems to operate the ITS scheme. To 
determine the cost of ATM, the total capital costs per KM  
of highway were used. For ISA and AHS this includes the 
cost to procure in-vehicle equipment. For ISA, technology  
 
 
 
 
depreciation is illustrated to show the reduction of costs over 
time as the technology becomes standardised although this is 
not available for AHS due to the forecast only being available  
over 15 years which we consider too short to determine in terms 
of market impact. Table 3 illustrates the breakdown of costs 
used to procure the equipment and operational running of the 
three technologies as disseminated by the literature [10,36].  

V. MAIN RESULTS  

The results and analysis presented here are based upon the 
methodology outlined in Section 3 and model behaviour in 
Section 4. The results consist of the impact assessment 
allocated to the environmental, energy and socio-economic 
performance groups.  

A. Study Analysis 

In order to deliver the impact assessment of the three 
technologies, various assumptions were made. Firstly, it was 
estimated by the Highways Agency that the ATM infrastructure 
would possess a lifespan of approximately 25 years, meaning 
that all systems related to ATM will cease by 2030 as well as 
the removal of its road-side infrastructure. However, additional 
infrastructure will be built in order to accommodate V2I 

ITS Technology & 
Components 

New 
Vehicle 

Retrofit  New Vehicle 
Lower 
Bound 

New Vehicle 
Upper 
Bound 
 

Retrofit 
Lower 
Bound 

Retrofit 
Upper 
Bound 
 

Maintenance 

ISA Technology Procurement (€/vehicle) including technology depreciation/inflation (2010-2050). [36] 

Advisory 105-70 289-445 88-53 123-88 264-427 306-462 0 

Voluntary/Mandatory 234-158 418-532 216-140 252-158 400-515 435-550 10 

TOTAL 339-228 710-980 304-193 375-246 664-942 741-1012 10 

AHS Technology Procurement (€/vehicle). [10]   

Communication 
equipment 

190 0 130 260 0 0 5 

GIS software 120 0 100 140 0 0 0 

Sensors for lateral 
control 

350 0 290 410 0 0 10 

Sensors for 
longitudinal control 

190 0 140 240 0 0 5 

Advanced steering 
control 

200 0 180 220 0 0 5 

TOTAL 1050 0 840 1270 0 0 25 
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b) Road-side Energy Emissions
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d) Embedded Infrastructure Emissions

communication and the ICT data connections from the local 
traffic control centre will remain. ISA is simulated based upon 
the type of system architecture and three different modes of 
operation (Advisory, Voluntary and Mandatory). According to 
[27] initial proposals of ISA were to develop roadside DSRC 
(Dedicated Short Range Communication) beacons to assist 

vehicles in identifying areas where the correct speed limit is 
applied. However, the literature dictates that a more 
autonomous system where vehicles use satellite positioning to 
identify location with on board digital mapping software was 
preferred. This means that 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Environmental performance results featuring the four criteria: a) IT Emissions from Data Center, b) Road-side Energy Emissions, c) Road User Emissions, 
d) Embedded Infrastructure Emissions. The expected introduction of the ITS technologies are displayed as well as the expected end date of Active Traffic 
Management. Upper and lower data boundaries are displayed in red (worse) and green (best).
 
additional ITS roadside infrastructure can be negated (the 
approach adopted in this study). The market forecasts were 
based upon an authority driven scenario in [60] where full 
market penetration of 'Advisory' Intelligent Speed Adaptation 
is expected to be delivered in 2020 with gradual penetration of 
'Voluntary' thereafter. By 2045, this scenario forecasts that the 
'Mandatory' function will be required by law. These three 
modes have influenced not only emissions but also safety and 
cost elements of the model under investigation. 
 AHS, although in theory possessing rich environmental and 
socio-economic benefits are more difficult to quantify in terms 
of market penetration due to uncertainty in technological and 
policy issues, although numerous studies have been performed 
[10]. AHS was simulated with the assumption of one car only 
lane being allocated to platooning in 2035. This is due in part 
to high performance degradation when mixing different types 
of vehicles [61]. Infrastructure is built to accommodate V2I 
communication. As there is a great deal of uncertainty linked 
to the embedded emissions due in part to a lack of working 
infrastructure, we believe the emissions to be minimal 

compared to ATM due to no longer requiring visual display 
equipment, we therefore did not take such emissions into 
account. According to [62] in the UK, highways are designed 
to carry between 1100 vehicles (rural) and 1900 vehicles 
(urban) per hour per lane (veh/h/l) for both 
directions, although [10] indicates that this figure may 
  
actually vary from 1800-2400 veh/h/l depending upon the 
behaviour of the driver. It is expected that platooning will allow 
maximum throughput capacity of the highway to increase to a 
mean of 4300 vehicles per lane per hour.  

B. Environmental Results 

As new technology standards evolve, the emissions of vehicles 
reduce over time and is based upon the department for 
transports National Transport Model. There is a sharp decline 
in road user emissions at 2008 within the historical data set. 
This is assumed to be a combination of the introduction of the 
Euro 5 emissions standard being introduced alongside the 
initial onset of the economic recession as the number of freight 
vehicles witnessed a sharp decline. The green line in Figure 6 
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C) Road User Emissions
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a) IT Emissions from Data Center

End of ATM 

ISA AHS 

End of ATM 

ISA AHS 

ISA AHS 

ITS Impact 

 

Without ITS 

ISA AHS 

End of ATM 

End of ATM 

Best scenario 

 

Worst Scenario 

Best scenario 

 

Worst Scenario 
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indicates the impact of the ITS systems on emissions while the 
blue line represents the emissions trend without the assistance 
of technology.  
 ATM (4% GWP reduction according to Sultan [20]) saves a 
total of 99 kilo-tonnes of CO2 equivalency over its lifespan. 
ISA is expected to have an impact of 90 kilo-tonnes of CO2 

equivalency saved, although this figure is lower than ATM due 
to market share not having a significant impact until 2022. As 
predicted, there is a significant level of emissions reduction 
when AHS is active with a total saving of 280 kilo-tonnes of 
CO2 equivalency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Scheme Cost of ISA (a) and AHS (b) technologies 
 
 IT emissions (Fig. 4a.) and road-side energy consumption 
(Fig. 4b.) were simulated based upon the gradual de-
carbonisation of the energy grid. For this study it was not 
possible to obtain sufficient data to determine the KG of GWP 
per IT task or resource for a sufficient forecast. This would 
require new metrics and measuring systems for assessing 
energy consumption at the software level which at this moment 
in time is unavailable. 
 Roadside infrastructure emissions (Fig.4d.) shows the 
residual embedded emissions from the manufacturing and 
installation process of ATM. In addition, the maintenance of 
the electronic equipment is undertaken in 2015 and 2025 where 
the expected failure of electronic units are replaced like for like. 
It was assumed that after 2030 the emissions are zero due to the 
removal of the ATM infrastructure and will remain so due to 
the full deployment of DAS and in-vehicle communication 
offering the same level of reduction as ATM. 

C. Socio-Economic Results 

The results concerning socio-economic performance included 
criteria based upon forecasted scheme compliance, safety and 
the cost of the ITS technologies.  
 In order to estimate the cost of the future technologies, 
statistics on the number of licensed vehicles within the West 
Midlands region were collected as well as the rate of new 
vehicles per annum. The expected traffic growth was multiplied 
against the procurement and operational costs as illustrated in 
Table 4. The results can be seen in Fig. 7. Upper and lower data 
boundaries were applied to ISA in Fig.5a. to determine the 
spread of possible costs with the assumption that the 
voluntary/mandatory technologies would gradually become 

more expensive depending upon the market share and/or supply 
of the electronic components required to produce the on-board 
equipment. There was insufficient data available on AHS 
systems to apply these assumptions, due to  
a lack of technological maturity in the final product.  
 For ISA according to the 'authority scenario' proposed by Lai 
et al [36] a total of between 1-1.4 billion Euros would be spent 
on the rollout of initially 'Advisory' technologies hitting a peak 
of 92% market share in 2021 with over 220 million Euros 
invested in technology procurement. During this period 
'Voluntary' technologies are expected to possess a market share 
of 8%. By 2045, 'Mandatory' technologies would be 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
enforced by government legislation. The investment for AHS 
would be 2.6-3 billion Euros overall from a start date of 2035. 
For the purposes of this study, it was assumed that an initial 
trial run of AHS technology would take place on the M42 
stretch of highway, with the technology in some manufactured 
vehicles from 2032. This assumption is displayed visually in 
Fig.5b.  
 The overall safety for the M42 is expected to improve 
substantially (Table 4). The number of slight accidents is 
expected to halve due to better compliance with the speed limit 
and the rollout of advisory ISA technologies. Serious incidents 
will reduce substantially following increased automation of 
vehicles and enhanced warning systems. The fatality rate is 
expected to remain as a zero value although this does not 
remove the chance of a potentially very serious incident should 
one of the technologies (i.e. platooning) fail as the systems are 
not expected to be infallible. 
 

TABLE IV 
PROJECTED SAFETY RECORD (PER PERSON) 

   
Year Slight Serious Fatal Total KSI Ratio 

2012 15 1 0 16 0.0625 

2020 7 1 0 8 0.125 

2030 2 0 0 2 0 

2050 1 0 0 0 0 

VI.  PERFORMANCE INDEXING 

Performance indexing is used here to normalise the results of 
the models to produce a performance value over time. Although 
the targets are constants, values of the apparent sustainable 
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burden/benefit will evolve over time and therefore performance 
will improve or decline at 5 year intervals, based upon the 

results in Section 5. Decision making in practice (whether in 
the Transport sector or other sectors) relies on data that can be 
subject to considerable uncertainties. An indexing method is 
therefore proposed here that incorporates and combines the 

subjective opinions of transport experts, governmental 
stakeholders and academics using DST. DST is based on a 

mathematical theory of evidence and uses Basic Probability 
Assignments to determine overall system performance, 
prioritizing areas needing attention and thus 
supporting the initial decision making process. 

TABLE V 
DISTANCE TO TARGET PERFORMANCE WEIGHTING FOR M42 JUNCTION 3A-7 

 
 

A. Estimating performance from future targets 

A set of interim targets based upon regional and national 
forecasting scenarios were added to cover key milestones 
which are 2020, 2030 and 2050 time points. Table 5 illustrates 
the distance to target method which was used in order to 
develop a set of weights based on how far each criterion is from 
its desired target. The DTT weights originate from the 
percentage of target remaining from 2012-2050 as described in 
Table 2 based upon three interim targets This is calculated via 
first subtracting the target value from the apparent 
sustainability burden as time moves forward. It has also been 
assumed that functions delivered by the traffic management 
services of ATM will be delivered by in-vehicle systems and a 
reduced level of road-side infrastructure in 2030, therefore a 
DTT value of 1.0 (i.e. the maximum possible value) has been 
assumed and applied due to the embedded emissions of the 
future infrastructure being minimal compared to ATM based 
infrastructure.  

B. Data combination using DST  

Alongside the DTT targets, the framework also supports an 
estimation of performance based on a combination of 
qualitative and quantitative data from various sources, 
including experts, models, reports and ICT metrics. Dempster-
Shafer theory can handle inconsistencies between data arising 
from different sources, a common issue with transport and 
other kinds of data. Applying D-S theory here, ߆ ൌሼܪଵǡ ଶǡܪ ǥ ǡ  ேሽ is defined as a collectively exhaustive andܪ

mutually exclusive set of hypotheses or propositions. A basic 
probability assignment is then given by a function m: ʹ௵ ՜ሾͲǡͳሿ, known as a mass function, which is conditioned by: 
 ෍ ݉ሺܣሻ ൌ ͳ஺ك ௵                                                                                ሺ͸ሻ ׎ is classified as the empty set, A is any subset of ߆, and ʹ ௵ is 
the power set of Ĭ which consists of all the subsets of ߆, i.e.  
 ʹ௵ ൌ ሼߔǡ ሼܪଵሽǡ ǥ ǡήǡ ሼܪேሽǡ ሼܪଵǡ ଶሽǡܪ ሼܪଵǡ ேሽǡܪ ǥ ǡ  ሽ               ሺ͹ሻ߆
 
m(A) will measure the belief exactly assigned to A and 
represents how strongly the evidence supports A. All assigned 
probabilities are summed to unity and there is no belief in the 
empty set (ߔሻ. The degree of ignorance is where the assigned 
probability is m(߆ሻ. As previously described, the goal is to 
determine the level of belief within the body of evidence (ITS 
performance criteria) using a plausible set of hypotheses. This 
can be described by each subset ك ܣ  so that m(A) > 0  where ߆ 
all elements of m together form the body of evidence. m(A) will 
measure the belief exactly assigned to A and represents how 
strongly the evidence supports A. All assigned probabilities are 
summed to unity and there is no belief in the empty set (ߔሻ. 
The degree of ignorance is where the assigned probability is 
m(߆ሻ. As previously described above, the goal is to determine 
the level of belief within the body of evidence (ITS 
performance criteria) using a plausible set of hypotheses.This 
can be described by each subset ك ܣ  so that m(A) > 0  where ߆ 

Sustainability Criteria 
Apparent 

Sustainability 
Burden/benefit  

2020 
Target 

2030 
Target 

2050 
Target  

Preliminary DTT 
Value 

(2012-2050) 

% of target remaining 
(DTT Weight) -2012-

2050 

Roadside infrastructure emissions 
(tCO2eqv)  

8,716-0 4000 4,000 0 -4,716 to -0 
2012: 54% (0.6)  
2050: 0% (1.0) 

Road User Emissions (KtCO2eqv) 116-64 80 60 35 -36 to -29 
2012: 31% (0.9)  
2050: 45% (0.6) 

GWP Data Center offset (tCO2eqv) 8-25 20 30 40 12 to 15 
2012: 60% (0.6)  
2050:  0% (1.0) 

GWP per IT resource (kgCO2eqv) 125-25 80 60 40 -45 to -28 
2012: 56% (0.6)  
 2050: 0% (1.0) 

Energy used per Resource (mW/h) 27-10 15 10 10 -12 to -17 
2012: 44% (0.6)  
2050: 0% (1.0) 

Annual DCIE/PUE for data center 2.5 1.5 1 1 -2 
2012: 80% (0.3)  
2050: 0% (1.0) 

Roadside Energy Consumption (MW/h) 2,587 1,500 1,000 0 -1,087 to -1587 
2012: 42% (0.2)  
2050: 0% (1.0) 

Scheme Compliance (%) 94-100 94 94 100 6-0 
2012: 6% (1.0)  
2050: 0% (1.0) 

Safety (Killed & Seriously Injured 
Ratio) 

0.0625-0 0 0 0 -0.0625to -0.125 
2012: 0.0625% (1.0) 
2050: 0% (1.0) 

Scheme Cost (Millions/€) 0.89-279 0.70 100 3 -0.19 to -5 
2012: 21% (0.9) 
2050: 65% (0.3) 
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all elements of m together form the body of evidence. Evidence 
from different sources is combined using Dempsters' rule of 
combination [63]. It assumes that each information source is 
fully independent of each other source and uses an orthogonal 
(independent) sum to combine the multiple belief structures. 
 

݉ ൌ ݉ଵ ْ  ݉ଶ  ْ  ݉ଷ  ْ ǥ ْ  ݉௞                                        ሺͺሻ   
 ْ represents the operator of combination. For two belief 
structures ݉ ଵ and ݉ ଶ, formula 17 illustrates Dempsters rule of 
combination. 

TABLE VI 
CALCULATION OF INTELLIGENT TRANSPORT SUSTAINABILITY INDEX 

 
 

ሾ݉ଵ  ْ ݉ଶሿሺܥሻ ൌ  
۔ۖەۖ
ۓ Ͳǡ ܥ ൌ  ߶෍ ݉ଵሺܣሻ݉ଶሺܤሻ஺ ת஻ୀ஼ͳ െ ෍ ݉ଵሺܣሻ݉ଶሺܤሻᇱ஺ת஻ୀ థ

ܥ ് ߶                                   ሺͻሻ 

 
Where A and B are subsets of ߆ and ሾ݉ଵ  ْ  ݉ଶሿሺܥሻ is a basic 
probability assignment (BPA). The denominator, ͳ െ σ ݉ଵሺܣሻ݉ଶሺܤሻ஺ת஻ୀ థ  denoted by K is known as the 
normalisation factor. σ ݉ଵሺܣሻ݉ଶሺܤሻ஺ת஻ୀ థ  is called the 
degree of conflict between the body of evidence and the process 
of dividing by k is called normalisation. The larger k is in value, 
the more sources that are conflicting and therefore the logic in 
their combination is lower. If k = 0, complete compatibility 
between the body of evidence is attained. If 0 < k < 1, partial 
compatibility is achieved. The sources are completely 
contradictory if k = 1, therefore, the orthogonal sum does not 
exist. 

C. Prioritising Key Performance Areas 

Table 6 illustrates the weights for the data fusion, the DTT 
function and the analytical hierarchy process based upon the 
index-normalised performance rankings in table 2. 
 
 
AHP is designed to prioritise criteria based upon a social, 
environmental or economic focus. The weights originate from 
interviews with the road network operator. who gave an equal 
distribution to the criteria therefore all criteria possess equal 
priority. In this study, note that BPA's are only given up to 2030 
on select criteria. This is due to the assumption that the ATM 
scheme is withdrawn from service and the fact it is difficult to 
acquire data for the particular criteria for the future  
technologies. In this instance, it is assumed that the BPA's for 
2050 are set at 'very high' (1.0) to reflect the positive 
changeover in technology from fixed infrastructure to a 
dynamic ad-hoc network (vehicular network).  
 Based upon the Intelligent Transport Sustainability Index 
(ITSI) performance results in Table 6, it is possible to produce 

Performance Criteria 
*BPA's given up to 2030 only 

Intelligent Transport Sustainability Index (2012-2050)  

GPR BPA's 2012 BPA's 2050 DTT weighting AHP ITSI Value 

Roadside infrastructure emissions 
(C1)*  

0.5 X 
0.7 X 
0.9 X 

L = 0.025 
M = 0.947 
H = 0.031 

L = 0.034 
M = 0.931 
H = 0.034 

X 0.6 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.042 
2030 = 0.042 

Road User Emissions (C2) 

0.5 X 
0.7 X 
0.9 X 
1.0 X 

L= 0.016 
M= 0.368 
H= 0.614 
VH=0 

L=0 
M=0 
H=0.029 
VH=0.970 

X 0.9 (2012) 
X 0.9 (2050) 

X 0.100 
2012 = 0.073 
2050 = 0.089 

GWP Data Center offset (C3) 

0.5 X 
0.7 X 
0.9 X 
1.0 X 

L=0.627 
M= 0.348 
H=0.023 
VH=0 

L= 0 
M=0 
H=0 
VH=0.994 

X 0.6 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.034 
2050 = 0.100 

GWP per IT resource (C4) 

0.3 X 
0.5 X 
0.7 X 
0.9 X 

VL = 0 
L = 0.023 
M = 0.974 
H = 0.001 

L =0 
M = 0.015 
H = 0.954 
VH = 0.030 

X 0.6 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.041 
2050 = 0.090 

Energy used per resource (C5) 

0.3 X 
0.5 X 
0.7 X 
0.9 X 

VL = 0 
L= 0 
M= 0.652 
H = 0.347 

L = 0 
M= 0.563 
H = 0.406 
VH= 0.030 

X 0.6 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.046 
2050 = 0.079 

Annual DCIE/PUE for data center (C6) 

0.3 X 
0.5 X 
0.7 X 
0.9 X 

VL = 0 
L = 0.969 
M = 0.028 
H = 0.001 

L =0 
M = 0.352 
H = 0.588 
VH = 0.0588 

X 0.3 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.015 
2050 = 0.083 

Roadside Energy Consumption (C7)* 
0.5 X 
0.7 X 
0.9 X 

L = 0.529 
M = 0.470 
H = 0 

M = 0.173 
H = 0.815 
VH = 0.010 

X 0.6 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.047 
2030 = 0.020 

Scheme Compliance (C8) 
0.7 X 
0.9 X 
1.0 X 

M = 0.454 
H = 0.545 
VH = 0 

M = 0 
H = 0 
VH = 1 

X 0.9 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.072 
2050 = 0.100 

Safety (C9) 
0.9 X 
1.0 X 

H= 0.003 
VH =0.996 

H = 0.020 
VH =0.980 

X 1.0 (2012) 
X 1.0 (2050) 

X 0.100 
2012 = 0.099 
2050 = 0.098 

Scheme Cost (C10) 
0.7 X 
0.9 X 
1.0 X 

M= 0.004 
H=0.993 
VH=0.002 

VL = 0.060 
L=0.900 
M=0.040 

X 0.9 (2012) 
X 0.3 (2050) 

X 0.100 
2012 = 0.080 
2050 = 0.014 
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a 'unified' analysis to reflect which areas of the ITS scheme are 
performing acceptably and which areas can potentially be 
improved. Table 7 below illustrates the priority distribution. In 
2020, from strongest (10) to weakest (1), the highest 
performing criterion (based upon the ITSI performance value) 
is 'Safety'. This is due to both the future target being met and 

also the subjective performance grade being rated as 'very high'. 
It is conjectured that this reflects an increased compliance with 
the speed limit (also highly rated). The lowest performing 
criterion is 'roadside energy consumption'. This is due to 
increasingly stringent targets being set for 

TABLE VII 
PRIORITY DISTRUBUTION OF PERFORMANCE 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
energy conservation. The assumption is made  (for the purposes 
of the case study) that the procurement of new energy efficient 
systems is too costly for the road network operator, hence there 
is no reduction in energy usage. In this scenario there are no 
carbon reduction strategies in place, despite ICT having a major 
influence on the emissions and energy of the Active Traffic 
Management scheme. For 2030 this is reflected by falling 
levels of performance due to the increasing targets and 
reflecting no change concerning the use of carbon reduction 
strategies, although the actual energy consumption is reduced 
due to gradual de-carbonisation of the UK's energy grid. 
 With the correct knowledge and training, the energy 
efficiency of the data center may be improved, for example by 
following the guidelines in the EU Code of Conduct for Data 
Center Energy Efficiency. By 2050 however, the architecture 
of the system is expected to change removing the ATM 
roadside infrastructure although it is assumed that 
infrastructure relating to the management of AHS as well as a 
centralized data center will still be in place This would have a 
direct impact on energy, embedded emissions and the cost of 
the scheme (the worst performer in 2050). 

VII.  CONCLUSIONS 

The rollout of a number of Intelligent Transport Systems is 
already underway in many countries, with new and innovative 
ITS schemes anticipated in both the near term and longer term  

future. What is required now is an improved understanding of 
of such ITS technologies. This paper has considered one future 
scenario in terms of the implementation of new technology, 
although many scenarios are possible to reflect potential 
changes at both the macroscopic level (the services the 
technologies deliver) and the microscopic level (improvements 
in material production, vehicle technology and electrical 
devices etc). Widespread deployment of the new ITS 
applications in practice is, of course, dependent upon a number 
of factors. The macroeconomic landscape and the global 
economic downturn affect R&D investments, which may 
impact on the long-term needs of AHS. Interoperability and 
standardisation issues need to be resolved to achieve large-
scale integration of vehicle and transport infrastructure and 
provision of services over different platforms and countries. In 
particular, in-vehicle systems face the hurdle of requiring 100% 
deployment in motorized vehicles to function. However, this 
penetration problem is a common issue for a variety of other 
V2V or V2I applications. Safety-related applications are a 
particular example that requires high penetration rates for 
effectiveness and must be promoted to communicate their 
advantages. Reaching this level of deployment may require 
legislative action, for example for retro-fitting of existing 
motorized vehicles with appropriate ITS systems. The 
EnvFUSION framework has been designed so that it can be 
applied to urban areas and technologies in addition to 
highways, provided that the data is available and in order to 

Performance Criteria  

Normalized Performance Levels and Priority Distributions 

Apparent 
Performance Grade 
(2012-2050) 

ITSI 
Performance 
Value 

Priority 
(2020) 

Priority 
(2030) 

Priority 
(2050) 

Roadside infrastructure emissions (C1) Medium-V.High 
2012=0.042 
2050=0.100 

6 6 N/A 

Road User Emissions (C2) High-Medium 
2012=0.073 
2050=0.041  

8 5 4 

GWP Data Center offset (C3) Low-V.High 
2012 =0.034 
2050 =0.100 

7 8 7= 

GWP per IT resource (C4) Medium-High 
2012 =0.041 
2050 =0.090 

3 1 5 

Energy used per resource (C5) Medium-Medium 
2012 =0.046 
2050 =0.079 

4 2 2 

Annual DCIE/PUE for data center (C6) Low-High 
2012 =0.015 
2050 =0.083 

2 4 3 

Roadside Energy Consumption (C7) Low-V.High 
2012 =0.047 
2050 =0.100 

1 3 N/A 

Scheme Compliance (C8) High-V.High 
2012 =0.072 
2050 =0.100 

9 9= 7= 

Safety (C9) V. High-V.High 
2012 =0.099 
2050 =0.100 

10 7 6 

Scheme Cost (C10) High-Low 
2012 =0.080 
2050 =0.014 

5 9= 1 

OVERALL PERFORMANCE Medium-High 
2012=0.555 
2050=0.795 
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assist in decision making. The main strength in the framework 
is, however, the ability to take uncertain or conflicting data and 
estimate performance over time using dynamic targets. The 
framework is therefore flexible and can be adapted to the needs 
of the user and the context, whether at the regional, national or 
international level. The results in Fig. 4c. show that ATM will 
offset greenhouse gas emissions by 99 kilo-tonnes of CO2 
equivalency over a 25 year lifespan, whilst AHS is anticipated 
to save 280 kilo-tonnes of CO2 equivalency over 15 years of 
operational usage. However, this   
offset is largely dependent on assumptions such as the level of 
market penetration and traffic growth. Nevertheless, the results 
of the ITSI index indicate a high level of future performance is 
anticipated concerning emissions reduction and in terms of 
safety, energy conservation and the monetary perspective. 
 Future work includes improving the vehicle emission model 
so that more complex vehicle behaviour can be modelled.  
We aim to investigate the energy and GHG savings that arise 
from the implementation of ITS measures for hybrid, electric 
vehicles and bio-diesel, which currently have limited market 
penetration. The cLCA can be improved to take into account 
advances in material production over time, focusing on 
resilience, advances in production technologies and enhanced 
recycling processes. Finally, the development of metrics to 
estimate the level of ICT energy consumption at the software 
level is a high research priority due to the expected increase in 
use of ICT in future transport technologies.  

ACKNOWLEDGMENT 
 
The authors would like to thank several contacts within the 
Highways Agency for their cooperation without whom this 
article would not be possible. Members of the supply 
procurement chain are also gratefully thanked for their 
assistance with data. All views expressed in the paper are 
entirely the authors’ own and should not be taken to reflect the 
views of the Highways Agency or any cooperating parties.  

REFERENCES 
[1]  Martin, E.W. and S.A. Shaheen, Greenhouse Gas Emission Impacts of 

Carsharing in North America. Intelligent Transportation Systems, IEEE 
Transactions on, 2011. 12(4): p. 1074-1086. 

[2]  Ferreira, M. and P.M. d'Orey, On the Impact of Virtual Traffic Lights on 
Carbon Emissions Mitigation. Intelligent Transportation Systems, IEEE 
Transactions on, 2012. 13(1): p. 284-295. 

[3]  Li, L., W. Ding, Z. Nan-Ning, and S. Lin-Cheng, Cognitive Cars: A New 
Frontier for ADAS Research. Intelligent Transportation Systems, IEEE 
Transactions on, 2012. 13(1): p. 395-407. 

[4]  Keqiang, L., C. Tao, L. Yugong, and W. Jianqiang, Intelligent 
Environment-Friendly Vehicles: Concept and Case Studies. Intelligent 
Transportation Systems, IEEE Transactions on, 2012. 13(1): p. 318-328. 

[5]  Caravani, P., S. Elena De, F. Graziosi, and E. Panizzi, Communication 
Control and Driving Assistance to a Platoon of Vehicles in Heavy Traffic 
and Scarce Visibility. Intelligent Transportation Systems, IEEE 
Transactions on, 2006. 7(4): p. 448-460. 

[6]  Bennett, T., H. Dhanda, J. Goddard, and G. Lord. Accelerated delivery of 
Managed Motorways: Birmingham box phase 1. in Road Transport 
Information and Control Conference and the ITS United Kingdom 
Members' Conference (RTIC 2010) - Better transport through technology, 
IET. 2010. 

[7]  Larburu, M. and J. Sanchez. SAFE ROAD TRAINS FOR ENVIRONMENT: 
Human factors’ aspects in dual mode transport systems. in 17th World 
Congress on Intelligent Transport Systems. 2010. Busan, Korea. 

[8]  Kolosz, B., S. Grant-Muller, and K. Djemame, Modelling uncertainty in 
the sustainability of Intelligent Transport Systems for highways using 
probabilistic data fusion. Environmental Modelling & Software, 2013. 
49: p. 78-97. 

[9]  Jun, L. and L. Chunlu. A proposed hybrid evaluation methodology for 
intelligent transport system deployment. in Control Conference, 2004. 5th 
Asian. 2004. 

[10]  Psaraki, V., I. Pagoni, and A. Schafer, Techno-economic assessment of 
the potential of intelligent transport systems to reduce CO2 emissions. 
Intelligent Transport Systems, IET, 2012. 6(4): p. 355-363. 

[11]  Jaworski, P., T. Edwards, K. Burnham, and O. Haas. Microscopic traffic 
simulation tool for Intelligent Transportation Systems. in Intelligent 
Transportation Systems (ITSC), 2012 15th International IEEE 
Conference on. 2012. 

[12]  Michaud, F., P. Lepage, P. Frenette, D. Letourneau, and N. Gaubert, 
Coordinated Maneuvering of Automated Vehicles in Platoons. Intelligent 
Transportation Systems, IEEE Transactions on, 2006. 7(4): p. 437-447. 

[13]  Fernandes, P. and U. Nunes, Platooning With IVC-Enabled Autonomous 
Vehicles: Strategies to Mitigate Communication Delays, Improve Safety 
and Traffic Flow. Intelligent Transportation Systems, IEEE Transactions 
on, 2012. 13(1): p. 91-106. 

[14]  Caravani, P., E. De Santis, F. Graziosi, and E. Panizzi, Communication 
Control and Driving Assistance to a Platoon of Vehicles in Heavy Traffic 
and Scarce Visibility. Intelligent Transportation Systems, IEEE 
Transactions on, 2006. 7(4): p. 448-460. 

[15]  Hall, R. and C. Chin, Vehicle sorting for platoon formation: Impacts on 
highway entry and throughput. Transportation Research Part C: Emerging 
Technologies, 2005. 13(5–6): p. 405-420. 

[16]  Lai, F., O. Carsten, and F. Tate, How much benefit does Intelligent Speed 
Adaptation deliver: An analysis of its potential contribution to safety and 
environment. Accident Analysis & Prevention, 2012. 48(0): p. 63-72. 

[17]  Suzuki, H. and K. Matsunaga. New approach to evaluating macroscopic 
safety of platooned vehicles based on Shockwave theory. in SICE Annual 
Conference 2010, Proceedings of. 2010. 

[18]  Bertolazzi, E., F. Biral, M. Da Lio, A. Saroldi, and F. Tango, Supporting 
Drivers in Keeping Safe Speed and Safe Distance: The SASPENCE 
Subproject Within the European Framework Programme 6 Integrating 
Project PReVENT. Intelligent Transportation Systems, IEEE 
Transactions on, 2009. PP(99): p. 1-14. 

[19]  Carslaw, D.C., P.S. Goodman, F.C.H. Lai, and O.M.J. Carsten, 
Comprehensive analysis of the carbon impacts of vehicle intelligent speed 
control. Atmospheric Environment, 2010. 44(23): p. 2674-2680. 

[20]  Sultan, B., ATM Monitoring and Evaluation: 4 Lane Variable Mandatory 
Speed Limits - 12 Month Report, in ATM Monitoring and Evaluation, H. 
Agency, Editor. 2009, Highways Agency: Bristol. 

[21]  Khayyam, H., S. Nahavandi, and S. Davis, Adaptive cruise control look-
ahead system for energy management of vehicles. Expert Systems with 
Applications, 2012. 39(3): p. 3874-3885. 

[22]  Bell, M.C., Environmental factors in intelligent transport systems. 
Intelligent Transport Systems, IEE Proceedings, 2006. 153(2): p. 113-
128. 

[23]  Tsugawa, S. and S. Kato, Energy ITS: another application of vehicular 
communications. Communications Magazine, IEEE, 2010. 48(11): p. 
120-126. 

[24]  Liimatainen, H., Utilization of Fuel Consumption Data in an Ecodriving 
Incentive System for Heavy-Duty Vehicle Drivers. Intelligent 
Transportation Systems, IEEE Transactions on, 2011. 12(4): p. 1087-
1095. 

[25]  Kamal, M.A.S., M. Mukai, J. Murata, and T. Kawabe, Ecological Vehicle 
Control on Roads With Up-Down Slopes. Intelligent Transportation 
Systems, IEEE Transactions on, 2011. 12(3): p. 783-794. 

[26]  O’Dea, W.P., An economic evaluation of automated highways. Research 
in Transportation Economics, 1999. 5(0): p. 155-179. 

[27]  Carsten, O.M.J. and F.N. Tate, Intelligent speed adaptation: accident 
savings and cost–benefit analysis. Accident Analysis & Prevention, 2005. 
37(3): p. 407-416. 

[28]  Frischknecht, R. and G. Rebitzer, The ecoinvent database system: a 
comprehensive web-based LCA database. Journal of Cleaner Production, 
2005. 13(13-14): p. 1337-1343. 

[29]  Lashof, D.A. and D.R. Ahuja, Relative contributions of greenhouse gas 
emissions to global warming. Nature, 1990. 344(6266): p. 529-531. 

[30]  Ju, Y. and A. Wang, Emergency alternative evaluation under group 
decision makers: A method of incorporating DS/AHP with extended 
TOPSIS. Expert Systems with Applications, 2012. 39(1): p. 1315-1323. 



T-ITS-13-05-0228.R2 14 

[31]  Fehon, K. and T. Klim, Modeling Active Traffic Management with 
Paramics. Intelligent Transportation Systems Magazine, IEEE, 2010. 
2(3): p. 14-18. 

[32]  WSDoT. I-5 - Active Traffic Management - Complete August 2010. 
Agency Projects  2012  [cited 2012 November]. 

[33]  Mirshahi, M., J. Obenberger, C. Fuhs, A, C. Howard, E, R. Krammes, A, 
B. Kuhn, T, R. Mayhew, M, M. Moore, A, K. Sahebjam, C. Stone, J, and 
J. Yung, L, Active Traffic Management: The Next Step in Congestion 
Management, in Active Traffic Management, U.D.o.T.F.H. 
Administration, Editor. 2007, US Department of Transportation Federal 
Highway Administration: Washington. p. 84. 

[34]  Spyropoulou, I. and M.G. Karlaftis, Incorporating intelligent speed 
adaptation systems into microscopic traffic models. Intelligent Transport 
Systems, IET, 2008. 2(4): p. 331-339. 

[35]  Agusdinata, D.B., V.A.W.J. Marchau, and W.E. Walker, Adaptive policy 
approach to implementing intelligent speed adaptation. Intelligent 
Transport Systems, IET, 2007. 1(3): p. 186-198. 

[36]  Lai, F. and O. Carsten, What benefit does Intelligent Speed Adaptation 
deliver: A close examination of its effect on vehicle speeds. Accident 
Analysis & Prevention, 2012. 48(0): p. 4-9. 

[37]  Sok-Ian, S. and O.K. Tonguz, Enhancing VANET Connectivity Through 
Roadside Units on Highways. Vehicular Technology, IEEE Transactions 
on, 2011. 60(8): p. 3586-3602. 

[38]  Hussain, R., S. Junggab, E. Hasoo, K. Sangjin, and O. Heekuck. 
Rethinking Vehicular Communications: Merging VANET with cloud 
computing. in Cloud Computing Technology and Science (CloudCom), 
2012 IEEE 4th International Conference on. 2012. 

[39]  Mott Macdonald, M42 ATM Montoring and Evaluation: Project Summary 
Report, Mott Macdonald, Editor. 2009, Mott Macdonald, : 
Southhamption. 

[40]  Ogawa, M.J., A.J. Poole, A.J. Arlow, D. Cooke, and P. Unwin. Evaluation 
of the Birmingham Box Managed Motorways Phases 1 and 2. in Road 
Transport Information and Control (RTIC 2012), IET and ITS Conference 
on. 2012. 

[41]  Chan, H.K., X. Wang, G.R.T. White, and N. Yip, An Extended Fuzzy-
AHP Approach for the Evaluation of Green Product Designs. Engineering 
Management, IEEE Transactions on, 2013. 60(2): p. 327-339. 

[42]  Bernardon, D.P., M. Sperandio, V.J. Garcia, L.N. Canha, A. da Rosa 
Abaide, and E.F.B. Daza, AHP Decision-Making Algorithm to Allocate 
Remotely Controlled Switches in Distribution Networks. Power Delivery, 
IEEE Transactions on, 2011. 26(3): p. 1884-1892. 

[43]  Sambasivan, M. and N.Y. Fei, Evaluation of critical success factors of 
implementation of ISO 14001 using analytic hierarchy process (AHP): a 
case study from Malaysia. Journal of Cleaner Production, 2008. 16(13): 
p. 1424-1433. 

[44]  Hermann, B.G., C. Kroeze, and W. Jawjit, Assessing environmental 
performance by combining life cycle assessment, multi-criteria analysis 
and environmental performance indicators. Journal of Cleaner 
Production, 2007. 15(18): p. 1787-1796. 

[45]  Saaty, T.L., How to make a decision: The analytic hierarchy process. 
European Journal of Operational Research, 1990. 48(1): p. 9-26. 

[46]  Brucker, K.D., A. Verbeke, and C. Macharis, The Applicability of Multi-
Criteria Analysis to the Evaluation of Intelligent Transport Systems (ITS). 
Research in Transportation Economics, 2004. 8: p. 151-179. 

[47]  Weiss, M., M. Patel, H. Heilmeier, and S. Bringezu, Applying distance-
to-target weighing methodology to evaluate the environmental 
performance of bio-based energy, fuels, and materials. Resources, 
Conservation and Recycling, 2007. 50(3): p. 260-281. 

[48]  Lin, M., S. Zhang, and Y. Chen, Distance-to-Target Weighting in Life 
Cycle Impact Assessment Based on Chinese Environmental Policy for the 
Period 1995-2005 (6 pp). The International Journal of Life Cycle 
Assessment, 2005. 10(6): p. 393-398. 

[49]  European Aluminium Association, Activity Report - 2011, in Activity 
Report, EAA, Editor. 2011, EAA: Brussels. 

[50]  Solomon, S., Climate Change 2007: the physical science basis: 
contribution of Working Group I to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change. 2007: Cambridge Univ Pr. 

[51]  Int Panis, L., S. Broekx, and R. Liu, Modelling instantaneous traffic 
emission and the influence of traffic speed limits. Science of The Total 
Environment, 2006. 371(1–3): p. 270-285. 

[52]  Boulter, P., T. Barlow, I. McCrae, and S. Latham, Emission factors 2009: 
Final Summary Report, TRL, Editor. 2009, TRL. 

[53]  National Atmospheric Emissions Inventory, UK Greenhouse Gas 
Emissions 1990-2011 (provisional), in UK GHG Emissions, NAEI, 
Editor. 2012, NAEI: London. 

[54]  Boulter, P., G, T. Barlow, J, and S. McCrae I, Emission factors 2009: 
Report 3 - exhast emission factors for road vehicles in the United 
Kingdom, TRL, Editor. 2009, Transport Research Laboratory: 
Wokingham, Berkshire. 

[55]  Jaureguialzo, E. PUE: The Green Grid metric for evaluating the energy 
efficiency in DC (Data Center). Measurement method using the power 
demand. in Telecommunications Energy Conference (INTELEC), 2011 
IEEE 33rd International. 2011. 

[56]  Bell, M., Policy issues for the future intelligent road transport 
infrastructure. Centre for Transport Studies, Imperial College London, 
2006. 

[57]  Fuchs, S. and D. Bankosegger, Developing value networks for I2V co-
operative services - An Austrian example. Intelligent Transport Systems, 
IET, 2009. 3(2): p. 216-224. 

[58]  Boukerche, A., H. Oliveira, E. Nakamura, and A. Loureiro, Vehicular ad 
hoc networks: a new challenge for localization-based systems. Computer 
Communications, 2008. 31(12): p. 2838-2849. 

[59]  Hamouda, O., M. Kaaniche, E.M. Moller, J.G. Rasmussen, and H.P. 
Schwefel. Connectivity dynamics in vehicular freeway scenarios. in 
Information Infrastructure Symposium, 2009. GIIS '09. Global. 2009. 

[60]  Lai, F., O. Carsten, and F. Tate, How much benefit does Intelligent Speed 
Adaptation deliver?--An analysis of its potential contribution to safety 
and environment. Accident Analysis & Prevention, 2011. In Press, 
Corrected Proof. 

[61]  Kanaris, A., P. Ioannou, and H. Fu-Sheng. Spacing and capacity 
evaluations for different AHS concepts. in American Control Conference, 
1997. Proceedings of the 1997. 1997. 

[62]  Chase, P. and E. Avineri, Maximizing motorway capacity through hard 
shoulder running: UK perspective. The Open Transportation Journal, 
2008. 2(1): p. 7-18. 

[63]  Dempster, A.P., A generalization of Bayesian inference. Journal of the 
Royal Statistical Society. Series B (Methodological), 1968. 30(2): p. 205-
247. 

 
Ben W. Kolosz received the MSc and BSc (Hons) 
degrees in IT Management and Computing from 
the University of Sunderland, England in 2007 and 
2009 respectively. 
 He is currently a PhD student at the Institute for 
Transport studies, University of Leeds with this 
paper forming part of his thesis. His research 
interests include Intelligent Transport Systems 
and Revolutionary Strategy including highways 
and urban perspectives, Sustainable IT 
management, Low-Carbon Energy Policy for Inter-

Urban Intelligent Transport, smart grids and platooning strategies. 
 Mr Kolosz is certified by BCS (British Computing Society) as practitioner 
of the EU Code of Conduct for Data Center Energy Efficiency and holds 
certificates in IT Sustainability Planning and IT Service Management. 

 
Susan M. Grant-Muller (PhD) is a statistician by 
discipline, with research interests that are focused 
on the interface between new technologies in 
transport (‘intelligent transport’) and low carbon 
futures.  
 She leads a Worldwide Universities Network 
funded project on the role of pervasive technologies 
and social media in transport and is Director of the 
White Rose/CLCF network on Adapting Transport 
Systems: Towards a Low Carbon Future’.  
Dr Grant-Muller is also a member of the steering 

group for the University of Leeds EPSRC funded DTC in ‘Low Carbon 
Technologies’ and is co-investigator for the ‘Centre for Integrated Energy 
Research’ at the University of Leeds. She chairs a Policy Committee on the 
Research, training and social issues of Intelligent Transport Systems under the 
auspices of the International Road Federation. 
 



T-ITS-13-05-0228.R2 15 

Karim Djemame was awarded a PhD at the 
University of Glasgow, UK, in 1999 and is a 
member (M) of IEEE. 
  He is currently holding a senior lecturer position 
at the School of Computing, University of Leeds. 
He sits on a number of international programme 
committees for Grid/Cloud middleware, computer 
networks, and performance evaluation. His main 
research areas focus on Grid/Cloud architectures, 
Quality of Service, and risk management. 
 Dr Djemame is the investigator of several 
Grid/Cloud projects including DAME, 

BROADEN, GridPPT, AssessGrid, STRAPP, and OPTIMIS.  
 


