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Abstract: In a drive to achieve net zero emissions, U.K. transport decarbonisation policies are

predominantly focussed on measures to promote the uptake and use of electric vehicles (EVs). This

is re�ected in the COP26 Transport Declaration signed by 38 national governments, alongside city

region governments, vehicle manufacturers and investors. However, emerging evidence suggests

that EVs present multiple challenges for air quality, mobility and health, including risks from

non-exhaust emissions (NEEs) and increasing reliance on vehicles for short trips. Understanding

the interconnected links between electric mobility, human health and the environment, including

synergies and trade-offs, requires a whole systems approach to transport policymaking. In the present

paper, we describe the use of Participatory Systems Mapping (PSM) in which a diverse group of

stakeholders collaboratively constructed a causal model of the U.K. surface transport system through

a series of interactive online workshops. We present the map and its analysis, with our �ndings

illustrating how unintended consequences of EV-focussed transport policies may have an impact on

air quality, human health and important social functions of the transport system. We conclude by

considering how online participatory causal modelling techniques could be effectively integrated

with empirical metrics to facilitate effective policy design and appraisal in the transport sector.

Keywords: participatory systems mapping; decarbonisation; air quality; public health; electric

vehicle; road transport; public transport; mobility equity; non-exhaust emissions; net zero

1. Introduction

Private vehicle ownership has greatly expanded in recent decades, with total annual
U.K. vehicle miles increasing from 124.6 to 356.5 billion from 1970 to 2019 [1]. The transport
sector remains the largest contributor to U.K. domestic greenhouse gas (GHG) emissions,
responsible for 34% of carbon dioxide (CO2) in 2019, the majority due to private vehicle
usage. The achievement of rapid and accelerated transport sector decarbonisation towards
legally binding net zero targets is a key national government priority, with the Net Zero
Strategy setting a goal of ending the sale of new petrol and diesel cars and vans by 2030 and
a requirement that all vehicles will have zero tailpipe emissions by 2035 [ 2]. Yet, achieving
an emissions reduction in the transport sector presents a complex global public policy
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challenge, with bene�ts of technological advances offset by an increasing population and
economic growth, and a rising demand for the movement of people, goods, and services [ 3].

Private vehicle dependency is also widely recognised to cause signi�cant health harms
at individual, community, and national levels. Compared to other modes of transport, these
include increased direct risks of physical injury and death, and exposure to air and noise
pollution, as well as in�uences on physical inactivity, community severance and wider
environmental and socio-economic consequences of their effects on climate change [4].
Replacing car travel with walking and cycling (active travel) could signi�cantly reduce
risks of premature mortality and morbidity from cardiovascular disease, obesity, diabetes,
osteoporosis and lung cancer [5]. Traf�c congestion, generated during periods in which
traf�c volume exceeds road capacity, is also consistently linked to poor mental health
outcomes, including risks of depression, stress, anxiety, and lack of family cohesion [ 6].

It is also increasingly recognised that transport, air quality, climate change and health
have complex related linkages, enacted over short- and long-term time horizons. Failure
to adequately identify these links can lead to unintended public policy consequences in
the longer term. Climate mitigation initiatives enacted to address climate change in the
early 2000s, including promotion of fuel-ef�cient diesel vehicles, subsequently contributed
to increased health risks arising from nitrogen dioxide (NO 2) exposure in urban areas [7].
Although the planned phasing out of petrol and diesel (Internal Combustion Engine—
ICE) vehicles results in clear bene�ts by reducing NO 2 exposure, non-exhaust emissions
(NEEs), including particulate matter (PM), continue to pose signi�cant health risks and
additional mitigation efforts are required [ 8]. Targeted place-based emissions control
policies, e.g., Clean Air Zones, are intended to reduce ambient NO 2 concentrations and
achieve legal compliance with U.K. air quality objectives; however, broader impacts on
PM concentrations, travel behaviours and public health outcomes remain uncertain. It
is therefore critical that transport decarbonisation policies are holistic and synergistic,
optimising co-bene�ts and avoiding trade-offs for both air quality and public health.
For this to be possible, potential paths of causal interaction between policy and broader
outcomes must be understood and account in policy making.

Transport systems are embedded in and interact with social, economic, political,
environmental, and physical systems composed of multiple interacting factors. The impacts
of policy initiatives on health and air quality cannot therefore be considered separately
to their physical, geographical, social, cultural, political, and economic contexts. Such
complex, socio-technical systems are highly interconnected and interdependent systems
with multiple interactions and feedbacks between their components. There are frequently
unanticipated indirect effects on other parts of such systems when policies or interventions
are applied to them [ 9]. If we wish to understand these effects at the policy formulation and
appraisal stage, we need to identify these links and interdependencies, to enable bene�cial
outcomes to be optimised and unintended negative consequences to be mitigated.

Characterising these multiple outcomes requires a methodological approach, which
provides a broader whole-systems picture of surface transport systems [ 10]. Understanding
probable causal connections between `system factors' (i.e., anything that is considered to
be important in how the system behaves) allows us to trace possible indirect impacts of
transport policy intervention or change, such as those that incentivise an increased uptake
and/or usage of electric vehicles (EVs) in preference to ICE vehicles. Practical knowledge
of these connections is often distributed amongst diverse stakeholders, including those
with operational, on the ground knowledge, such as transport operators and users, as well
as those who would not typically be directly engaged with policymakers. This means that
a complete picture of the system complexity is not typically brought to bear on decision
making processes. To capture this knowledge, we use a qualitative participatory modelling
approach to work with stakeholders in creating a shared formalised representation of their
system [11,12]. Speci�cally, Participatory Mapping (PSM), which provides us with a means
to capture and integrate these diverse types of systems knowledge, to provide a fuller
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whole systems picture of factors and their interconnections that can be analysed to support
the policymaking process.

Adopting such a whole systems approach also provides an opportunity to assess
or `stress test' policies at an early stage, therefore avoiding potentially harmful or costly
negative consequences occurring at implementation or beyond. This approach is also
particularly suitable for those settings in which empirical or quantitative data to validate
or parameterise causal connections are not available, are inaccessible, or relate to param-
eters that are believed to be important, but are challenging to quantify, and in which
expert domain knowledge exists that may be utilised for system characterisation. The
rapid consolidation and integration of diverse knowledge also enables the complexity
and interconnectedness of a system to be explored by policymakers using an accessible
visual format.

Our primary aim is to create a participatory systems map of the existing U.K. per-
sonal surface transportation system that integrates knowledge from a diverse range of
stakeholders to generate a fuller `whole systems' picture. Ultimately, we seek to iden-
tify potential unanticipated consequences or indirect effects of contemporary transport
decarbonisation policies, including negative outcomes for air quality and health. The
rationale for this research, and PSM as the selected approach, is the central importance of
the transport system in achieving U.K. net zero targets, alongside the recognition of the
system's complexity and potential to deliver multiple social, economic, and public health
bene�ts. In addition, many important social, behavioural and on-the-ground aspects of
the system's function are not currently captured in empirical models or incorporated into
policy thinking, due to both a lack of available data, but also simply a narrow focus in
decision making. PSM has been successfully used in the U.K. government in a number
of policy domains, which share similar properties of complexity, multiple interconnected
domains and lack of empirical data or focus on important parts of the system, and in which
trade-offs between different outcomes or stakeholder interests may need to be negotiated,
for example, agriculture and environmental land management, energy security and carbon
emissions, mobility as a service, the local management of marine resources and water
catchment governance [13–18].

We present initial �ndings from this novel PSM application, visually characterising
linkages within the U.K. surface transport system. Map construction allowed us to fo-
cus on capturing the interactions and trade-offs between carbon emissions, air quality,
health impacts and inequalities. Map analysis, by a combination of causal tracing and
network centrality analysis, allowed us to selectively identify the potential indirect effects
of EV-focussed transport policies, including how these might impact on air quality, health,
community severance and liveability, and the suggested causal pathways by which they
do so. We also consider the potential negative implications of these changes for physical
and mental health and the broader implications for public transport �nancial viability
due to increased traf�c congestion in the long term. Finally, we discuss the potentially
disproportionate distribution of policy impacts across vulnerable population sub-groups
and the effect on health inequity in the U.K.

2. Materials and Methods
2.1. Participatory Systems Mapping

PSM is a participatory modelling methodology in which a diverse group of stakehold-
ers collaboratively construct an illustrative causal model or `map' of a speci�ed system, its
components, drivers and causal interconnections, within a workshop setting (see [ 19] for a
detailed and practical introduction). Models can be produced rapidly and covering a wide
scope, without a requirement for empirical data. Instead the map is constructed based on
stakeholders' knowledge of and experience within the system. These illustrative causal
maps can contain important factors and interconnections from any domain, including both
those that are qualitative as well as those that can be quanti�ed and are therefore useful in
producing an integrated picture of how indirect effects and unanticipated consequences of
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interventions could play out in a system. By connecting different stakeholders' knowledge
of different parts of the system into one model, we can uncover potential long causal chains
and indirect effects that span completely different parts of the system that no one person
might have predicted, and would thus often not be anticipated in policy or intervention
design or appraisal processes. In this case study, we applied a PSM approach modi�ed for
delivery in an online format [ 14,18,19] to build a simple illustrative causal model of the
U.K. personal surface transportation system and the social, economic, policy, geographical
and environmental factors within which it is embedded.

PSM sits in a wider family of participatory causal mapping approaches, including
causal loop diagrams (CLDs) and system dynamics [20], Bayesian Belief Networks [21],
and Fuzzy Cognitive Mapping (FCM) [ 22,23]. Our PSM method was created through
adaptation of a Fuzzy Cognitive Mapping (FCM) approach. It is important to emphasise
that the PSM process is a qualitative modelling approach. Unlike some other systems
mapping methods, no quantitative information on the relative size, probability or strength
of either factors or links is collected; only stakeholders' perceptions of what factors exist and
what the causal links between them are. These maps are representations of stakeholder's
combined mental models of the systems concerned. Qualitative mapping approaches,
such as PSM and CLD, are currently being widely taken up in policy contexts, to aid in
decision making in complex systems or so-called `wicked problem' domains [ 24–26]. In
complex and rapidly developing policy areas that span multiple domains, consolidating
and understanding different actors' perspectives on what a focal system's components and
interconnections are, and using systems models as thinking tools, has been considered more
useful than producing predictive or empirically validated models of necessarily narrower
scope (see discussion in [27,28]), and we believe similar issues justify the use of a qualitative
approach here.

Thus, rather than using the system map as the basis of a quantitative model and
generating insights for stakeholders this way, PSM treats system maps as `directed graphs'
and analyses them using methods from network analysis [ 14,29]. This analysis choice
means that system dynamics cannot be explored and that the map does not produce
any relative quanti�cation of changes in factor values in response to different scenarios.
However, it allows us a much freer choice to include factors and relationships that are
considered important by stakeholders, but for which we do not have empirical data
or a clear mathematical formulation of their interaction. It also avoids artefacts in the
results created by the choice of model parameters, which can be problematic in `semi-
quantitative' approaches, such as FCM [30,31], and instead uses only the structure of the
map created by stakeholders to generate new insights and questions. Maps consist of
a system's key components, from any domain, and the causal interconnections between
them. System components, or `factors', in the map can be anything that is considered to
be important in how the system behaves, whether it is quantitative or qualitative, as long
as it can be represented as a variable (i.e., something that can meaningfully increase or
decrease). Causal links should represent describable causal mechanisms rather than simply
correlations between change in factors. Links can be positive, negative, or complex. Positive
means that factors change in the same direction (if A in�uences B, then if A increases or
decreases, B increases or decreases), negative that they change in the opposite direction (if
A increases or decreases, then B decreases or increases), and complex that the relationship
is non-monotonic or conditional.

System maps can be analysed in many ways and analysis types can be combined
in different ways to answer questions. However, map analysis in PSM predominantly
involves pulling out submaps, that is, smaller sections of the map focusing on particular
factors, or groups of factors, which were identi�ed as interesting by stakeholders or through
numerical analysis of the network. Extracting smaller submaps in particular targeted ways
to inform particular questions allows the complexity of the whole map, which is often very
large, to be rendered more tractable and interpretable.

Map analysis can be used to address several broad types of questions:
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- What are the direct in�uences on key system functions/outcomes?
- What might be the impacts on the system of changes? Either external or made by those in

the system.
- What interactions, trade-offs, or synergies may exist between important functions?
- What might be a vulnerability in the system?
- What might be an opportunity for effective intervention, a `lever'?

Analysis falls into one of two types: stakeholder-suggested, starting from factors or
functions suggested by participants; system-suggested, starting from factors or functions
identi�ed as being structurally important in the map by network centrality analysis.

A summary table of general analysis questions and corresponding methods is pre-
sented in Table 1.

Table 1. PSM analysis questions and methods.

Analysis Question Measure/Method Meaning

Which factors most directly in�uence a given
outcome/function?

Upstream analysis All in�uences on a factor from a few steps back

Which factors does an
intervention/change in�uence?

Downstream analysis All factors in�uenced within a few steps forward

Which factors is a factor directly related to?
Do these act as trade-offs or synergies?

Ego Network
All factors and connections to or from a factor
within one or two steps and their
interconnections

Which are the most in�uential factors within
the system?

Out-degree Number of direct outgoing connections

Which are the most important factors? Degree Total number of direct connections

Which factors have many different drivers? In-degree Number of direct incoming connections

Which factors in�uence many causal paths? Betweenness Centrality
Number of paths between other factors that a
given factor lies on

Systems maps are usually constructed starting from factors representing system out-
comes or functions important to stakeholders, and usually also include possible interven-
tions (e.g., suggested policies) or changes. From this starting point, a standard �rst-pass
analysis is performed on a map to observe the general questions in Table 1. It also usually
involves analysis tailored to the particular questions or interests of stakeholders or the
intended map audiences. Factor information and different types of network and causal �ow
analysis can be �exibly combined to answer speci�c questions. For example, in a policy
context, these might be about the unexpected indirect effects of proposed interventions or
interactions between policies, risks to a programme from external change or policy `levers',
and factors that could be used to in�uence multiple desired outcomes and that are in the
control of policy makers.

The analysis and the submaps created are not intended to provide de�nitive pre-
dictions or represent a veri�ed model of a system. Rather, they are a way to enhance
the system map's usefulness as a thinking tool. Analysis allows the exploration of par-
ticular questions by making visually explicit some speci�c implications of the collective
understanding of the system that has been brought together in a map. The system map
produced in participatory mapping exercise is an `intersubjective object' [ 11] rather than an
objectively veri�ed model. However, map construction and analysis can be highly effective
at generating novel insights and new questions, helping participants to visualise, think
through and interrogate the implications of their system context and generate new more
complexity-informed questions. It allows the exploration of aspects of system complexity,
which are relevant and usable in context, a so-called `actionable complexity' approach [ 32].

The co-development of bespoke analyses and questions, which are meaningful in
context, should happen in an iterative fashion with stakeholders. The �exibility and
capacity to design bespoke analyses is one of the strengths of this method, but requires
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commitment to a continuing interactive (co-production) process from both researchers
and stakeholders.

2.2. Workshop Design and Process

The PSM process follows a general form that can be modi�ed to suit the particular
purpose and circumstances of mapping. Mapping typically involves the stages described
in Table 2 (see [19] for an in-depth description of mapping).

Table 2. A standard participatory systems mapping process.

Mapping Stage Process

1. Select a focal problem or system, de�ne the scope, e.g., spatial or temporal setting.

2. Identify and invite stakeholders with expertise, including all the important aspects of the system.

3.
Choose focal factors representing the key outcomes or functions of the system. This stage is used to steer the
scope of the mapping and whole systems perspective, for example, by making sure the breadth of what
matters to all stakeholders, or cross domain system impacts, is covered.

4. Brainstorm general factors that in�uence or are in�uenced by any of the focal factors.

5.
Discuss, clarify and consolidate factors . Ensure factors are clearly de�ned and expressed as variables (that
is, they can increase or decrease quantitatively). Decide which factors are the most important.

6.

Undertake collective mapping . In a group start connecting factors with links, starting from the focal factors
and bringing general factors in. These can be either positive, i.e., A and B change in the same direction;
negative, i.e., A drives B in the opposite direction; or complex, that is, they are strongly non-linear or
represent conditions or options. This mapping stage is the most time consuming and the most important,
usually generating rich discussion and surface different perspectives and understandings. All links should
be discussed and agreed before adding.

7.

Check the map structure (and connections). As the map is being built, facilitate to avoid common problems
and ensure a good map structure. For example, if some areas of the map have few connections whilst others
have many, steer the conversation towards the less connected areas and check whether over-connected areas
include too many weak links and represent bias. If obviously important factors are not included, direct
participants to consider their inclusion and connections. Notice if there is bias towards positive links (often
the case) and ask whether negative links exist. Check that indirect and direct connections are not duplicating
each other, that is, check whether the real causal connection is indirect.

8.

Collect factor and link information . Depending on the analysis that you wish to perform, additional
information on factors can be gathered, for example, how controllable they are and by who, and whether
they are vulnerable to particular changes. Information on relative strength of causal connections or whether
they are contested can also be gathered. The information gathered depends on the system that you are
mapping and the purpose of your analysis.

9.

Veri�cation . Maps produced in workshop settings always require veri�cation, both in terms of general sense
checking and re�ection on what additional knowledge or coverage should be included. An examination of
the map, keeping the questions in (7) in mind, as well as looking for counter-intuitive or seemingly missing
connections, should be performed by the facilitation team, as well as a copy of the map and any questions
being shared with all participants for their feedback and suggestions. Workshops often reveal gaps in map
coverage and mapping is seldom `�nished' at this stage. Key areas of the problem domain have emerged in
conversation, with additional expertise required to add them to the map, or it has become clear that certain
areas need further elaboration from the participant team. One-to-one meetings, drop-in surgeries, or
requests for feedback on the map from new participants are common at this stage.

10.

Map analysis . There are various forms of standard analysis that can be performed, such as looking at the
`downstream' causal impacts of interventions or expected changes in a system, what is causally `upstream' of
and hence in�uencing outcomes that matter, and network analysis to detect structurally in�uential factors
(see Table1 and [19] for a more detailed overview). Standard analysis is often helpful within the veri�cation
process as, by pulling out smaller sections of a map, it can make missing connections or inconsistencies
easier to spot. Further map analysis and scenarios are performed after feedback from participants and map
updating. This includes repeating standard analysis, as above, but also usually involves analysis that is
tailored to the particular questions or interests of stakeholders involved or intended map audiences.
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In this paper, we present a case study in progress, providing an overview of what can
be explored through the map. Subsequent stages of map interrogation, co-design of analysis
and speci�c connection to policy contexts are performed with mapping participants and
additional stakeholders. Useful insights about the system emerged and are reported in
this article.

2.3. Data Collection: Mapping the U.K. Surface Transport System

The particular instantiation of the general process described above for the U.K. surface
transportation system is described below. In addition to modi�cations designed to tailor the
work and outputs to the speci�c context and questions of the U.K. transportation system
and transport policies, all workshops had to be administered online due to COVID-19-
related restrictions. This involved substantial modi�cations to the standard PSM workshop
process, as described. Running the workshops and performing analysis became an active
learning process about how best to carry out PSM online. Our observations and lessons on
online participatory mapping are detailed in the discussion section.

2.3.1. System De�nition

As a starting point, the system to be mapped was de�ned as the current personal
surface transportation system in the U.K. (i.e., road, bus, rail, tram, micro-mobility services,
walking and cycling, but excluding freight, shipping and aviation). The exercise was framed
as focusing particularly on the interactions and trade-offs between carbon emissions, air
quality, health impacts and inequalities, including the consideration of a broad range of
key environmental and social outcomes.

2.3.2. Workshop Participants

We invited thirteen participants (eight male, �ve female) with specialist, yet diverse
knowledge, operational experience and theoretical expertise to undertake the workshop
activities (Table 3). Participants were individually selected from those known to the
researchers to include transport industry representatives, academics, local authority practi-
tioners and industry consultants with knowledge of key aspects of the transport system,
including public transport and active travel, planning processes and social and behavioural
aspects, with consideration given to inclusivity and diversity. The group size was chosen
to provide suf�cient diversity of knowledge and coverage of the system, whilst still allow-
ing good quality group discussions and a collective mapping process to which all could
contribute in an online format. Participants were convened online for the sessions and
provided access to the browser-based system mapping tool used for creating the maps. Of
the thirteen invited participants, eight attended both workshops and the majority actively
engaged in follow-up meetings and related correspondence.

Workshops were jointly hosted by the Natural Environmental Research Council
(NERC) funded U.K. Clean Air Programme's TRANSITION Clean Air Network `Opti-
mising the Health and Air Quality Bene�ts of U.K. Transport Decarbonisation' and AN-
TICIPATE `Actively anticipating the unintended consequences of public policy upon air
quality' projects, led by researchers at the University of Birmingham and University of
Surrey, respectively.

2.3.3. Workshop Structure and Format

We convened 2 core online workshops (each of a 3 h duration) held on 11 February
and 4 March 2021, followed by one-to-one and small group meetings (each of a 1–2 h
duration) over the following 10-month period. Workshops were administered online using
Zoom (v. 5.8.1,Zoom Video Communications, Inc. San Jose, CA, USA), with participants
in separate remote locations. We used an online systems mapping environment PRSM
(version 1.8 available at https://prsm.uk , accessed on 28 January 2022), created by Nigel
Gilbert, which allows multiple individuals to collaborate on creating causal maps via a
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browser-based interface. Team members access a shared map via a weblink and are able to
simultaneously observe and edit the map as it develops.

Table 3. Characteristics of the PSM workshop participants.

Participant Number Gender Role Sector

Participant A Female External communications
Commercial operator

(bus/coach)
Participant B Male Environmental of�cer Public local authority
Participant C Male Policy advisor Public local authority
Participant D Male Consultant transport Commercial SME *
Participant E Female Academic expert Higher education
Participant F Male Consultant strategy Commercial SME
Participant G Male Consultant planning Commercial SME
Participant H Female Director Charitable organisation
Participant I Male Transport planner Public local authority
Participant J Female Academic expert Higher education

Participant H Male Environmental of�cer
Public (regulated
monopoly) rail

Participant I Male Policy lead
Commercial operator

(bus/rail)
Participant J Female Partnership manager Charitable organisation

* SME = Small and medium-sized enterprise.

To facilitate online interaction, we modi�ed the traditional PSM process to run in
2 half-day workshop sessions (3 h), as whole day workshops were felt to be too tiring
online. In addition, smaller breakout groups were used in an attempt to overcome the
barriers to participation in an online environment and to achieve a broad balance of
specialist domain knowledge within each sub-group. Time was allocated at the beginning
of the workshop for participants to familiarise themselves with the PRSM software via
an ice-breaker exercise and dedicated technical support was provided. We also used a
higher-than-standard facilitator-to-participant ratio, to ensure that we could suf�ciently
encourage participation and capture input across both verbal and chat function channels
whilst using unfamiliar software.

Working in parallel breakout groups meant that different maps of the same system
were created simultaneously. Since we aimed to combine these maps after the sessions,
we designed the process so that each breakout group would be working with the same
system factors by generating and clarifying these in the whole group before splitting into
subgroups (see brainstorming factors below). After factor generation, participants split
into 2 (pre-allocated) parallel groups of 4–6 participants, each with 2 facilitators and a note
taker (members of the study team), to begin the mapping process. Participants spent ~1 h
on mapping in groups before each group presented their preliminary map in a plenary
session (see collaborative mapping below). Gaps and areas that needed further elaboration
were then identi�ed.

After the initial workshop, the two maps were merged by the project team to create a
single version. A number of drop-in meetings focusing on speci�c themes suggested by
participants were also held between the workshops, with further additions to the merged
map captured. The resulting map was presented at the beginning of the second workshop
with opportunities for discussion and clari�cation, as well as the identi�cation of the
remaining gaps. The participants were then split again into breakout groups to continue
mapping for a further 2 h session, with facilitators focussed on ensuring that the process
covered the breadth of the system outcomes and identi�ed gaps. Maps were again shared
and discussed within the whole group and the participants willing to continue mapping on
speci�c areas were identi�ed. A further series of one-to-one and small group meetings were
held over the next 10 months to reach a version of the map ready for this initial analysis.
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2.3.4. Map Construction: Pre-Selection of Focal Factors or `Outcomes'

Prior to the �rst workshop, those with domain knowledge within the study team pre-
selected a number of `outcome factors', that is, important functions that the transportation
system provides as well as the desired policy outcomes, to serve as prompts for the mapping
process. This was to ensure that the mapping process would cover a suf�cient breadth
of the functions of the surface transportation system as a societal good, rather than just,
for example, focussing on infrastructural or technical aspects. A number of factors that
represented particular themes within the U.K. Government Transport Decarbonisation
Plan [2] were also pre-de�ned to facilitate the connection to policy interests. These `focal
factors' are listed in Table 4. An online mapping space was created and pre-populated with
these factors. We also created and added general factors to represent the number of trips
and distance travelled for a range of modes in public transport, private vehicles and active
travel. Again, this approach was adopted to save time during the workshops themselves.

Table 4. Pre-de�ned factors used to initiate mapping: outcomes and functions of the U.K. surface
transportation system and factors relevant to the U.K. Transport Decarbonisation Plan.

Pre-De�ned Outcome Factors Pre-De�ned Outcome Factors
Transport Decarbonisation Plan Factors

(Emissions) (Socio-Economic)

Exhaust emissions Physical health Amount of transport sharing
Non-exhaust emissions Mental health Purchase of new vehicle types
Emissions CO2 Physical activity Private vehicle purchase
Emissions NO2 Neighbourhood self-suf�ciency Modal shift: car to public transport
Emissions PM Urban connectivity Modal shift: car to active travel
Indoor exposure NO 2/PM Rural connectivity Modal shift: public transport to car
Outdoor exposure NO 2/PM Socio-demographic mobility equity Modal shift: public transport to active travel
Air quality Geographical mobility equity

The list of suggested outcome factors was distributed to participants in advance of the
workshop to invite their comments. Participants were also provided with written materials,
including an overview of the PSM mapping process with simple example maps, our study
aims and the description of our system de�nition for mapping purposes. A link to an
example map in an online PRSM mapping space was provided to allow participants to
try the software in advance. Participants were also asked to spend some time thinking
about what general factors, from any domain, in�uenced or were in�uenced by these
outcome factors.

2.3.5. Brainstorming and Consolidating General Factors

As a whole group (8–11 participants) working in the same PRSM space, we introduced
and explained the outcome factors that we had chosen and asked for feedback or clari�-
cation on these as well as whether any key factors were missing. We then introduced the
general factors, which we had already added, again asking for feedback and suggested
modi�cations or additions.

We asked all participants to individually brainstorm three general system factors,
which either in�uenced or were in�uenced by one of the key outcomes. Participants
were asked to think broadly, with factors from any social, economic, political, technical,
geographic, or environmental domain, with the only constraints being that the factor had
an important impact in the system and that it could be expressed as a variable. As a
group, working via a facilitator and a scribe, we asked participants to suggest and de�ne
their factors and then added them to the map workspace. Other participants with similar
factors were then asked to add their suggestions and a process of factor consolidation
and agreement on the factor de�nition was carried out in this way as factors were added.
The facilitator steered the conversation so that a broad range of factors were obtained
covering different aspects of the system. Participants were then asked to suggest which of
the generated factors were the most important, so that we had an agreed starting set. This
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process of factor generation, de�nition, consolidation, and agreement can often take half a
day in a standard, in person, PSM workshop process and was substantially constrained in
the present study (to a 40 min session). However, it was important to start with a common
factor set and for all participants to be working with the same understanding of factor
de�nitions to allow mapping work to proceed in parallel.

2.3.6. Collaborative Mapping and Map Merging

After the generation of the common set of factors, copies of the PRSM workspace
containing these factors were created for each group and participants and facilitators
split into separate break-out groups. Each group worked on their own map for an hour.
Participants were all provided with a link to their group's online mapping space and were
able to edit the map collaboratively. In practice, however, many participants had technical
problems editing the map and so groups defaulted to a few individuals editing the map to
capture the group discussion.

Mapping began by groups choosing an outcome factor or factors to start with and
bringing them onto the mapping space. Facilitators suggested starting factors if the groups
were stuck. As a group, participants were encouraged to discuss and start to add the factors
that directly in�uenced these outcomes either positively or negatively. Participants were
asked to explain what they meant by the causal connections as they added them. This
was to ensure that links were correctly added, but equally to encourage group discussion
and foster an understanding of different perspectives among the participants. All links
had to be discussed and agreed by the group before they were added. Green links were
used for positive connections, red for negative and black if the group was unsure of the
form of the in�uence. Any discussion regarding thresholds or other complex or non-linear
forms of interaction was noted. Regular sense checking was performed by facilitators to
ensure that positive and negative links were used in a mathematical, not normative sense.
More and more outcomes and general factors were added to the map as the discussion
progressed, with facilitators steering the conversation to ensure that the breadth of the
different aspects of the system, its outcomes and factors, were covered. As mapping
progressed, participants were encouraged to start to draw connections between the factors
as well as simply connecting general factors to outcomes, thus facilitating the building of
causal chains and then networks.

Participants were also encouraged to think not just about what in�uences outcomes,
but what the outcomes themselves might in�uence. This helped to capture system feed-
backs. Participants were allowed to add any additional factors they thought necessary
throughout the process, but were asked not to change factors agreed by the group.

Between the two mapping workshops, the two separate maps were merged to create a
single whole-team map. This involved using the software to combine the sets of factors in
each map into one larger set, removing duplicates, to combine the sets of links on factors in
common between both maps and to add additional factors and links only present on one
map. Manual veri�cation and editing were required after this as many new factors were
added by both groups, which were not identi�ed as being duplicates by the automated
process. In some cases, links were added by the groups that directly contradicted each
other, and the decisions on how to resolve this or preserve disagreements were taken using
the notes of the discussion to clarify meanings.

At the second workshop, an introduction was provided to the merged map, the results
of drop-in sessions (see below), structural decisions that had been made and key gaps
that were identi�ed by participants and the project team. Participants, again in breakout
groups, spent an additional two hours continuing mapping. The sessions were facilitated
to try to ensure good coverage of the whole system. Facilitators actively encouraged full
and equitable coverage of factors and map connections across the multiple domains of the
map and across the different areas of knowledge of participants by steering participants to
different map areas. Particular focus was given to areas that were sparsely connected and
areas of participant expertise that had not been covered in the �rst session.
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2.3.7. Veri�cation and Additional One-to-One Mapping Sessions

After the �rst mapping session, each group fed back to the entire workshop. Particular
areas of the transportation system were identi�ed as missing or requiring elaboration and
several drop-in mapping sessions were organised to collect additional information on
these themes. Themes covered were the role of local authorities and further elaboration
of how EVs in�uenced the system. Participants were also all sent links to online versions
of the systems map and invited to feedback any thoughts on incorrect links or additional
connections and factors needed. Apart from a small number of individuals, however,
feedback from the veri�cation exercise was mostly concentrated in the drop-in surgeries.

After the second workshop, email feedback on the map was again sought from partic-
ipants, with several detailed contributions provided. A further series of one-to-one and
small group sessions were again organised over the next few months to cover the remaining
gaps. These covered rail emissions, road-based public transport, spatial planning and the
social and community impacts of road transportation.

Substantial work was also undertaken within the project team to rationalise the map
and ensure consistency between how the causal links relating to different modes and
emission types were captured in order to reach a version of the map ready for analysis.

3. Results
3.1. The Surface Transport Systems Map

Figure 1 shows the full systems map generated as of 28 January 2022. The complete map
may be accessed online at:https://www.prsm.uk/prsm.html?room=OIH-PEX-URN-LFV
(accessed on 28 January 2022). The factors are colour coded: the important system functions
or outcomes are orange, general factors are green, factors relevant to the government's
Transport Decarbonisation Plan are red, factors that relate to policy, regulation or local
authority in�uences are blue, and COVID-19-impacted factors are purple. Factors are
connected by causal links (arrows) indicating a mechanism connecting them. The direction
of the arrows indicates the causal �ow. Green indicates a positive relationship; if one factor
increases or decreases, then so does the other. Red indicates a negative relationship; if one
factor increases, then the other decreases and vice versa. Black arrows indicate connections
that were felt to be either uncertain or complex, for example, with thresholds contingent
on other circumstances. Links here for the most part only show that a causal connection
exists. However, the effects that were felt to be particularly strong are highlighted with
thicker lines. Activities, technologies or modes that produce an emission of some kind
are represented as having a positive causal link to that emission. This re�ects the fact that
emissions are considered in this paper in absolute rather than relative terms. A lower,
but non-zero, emissions technology does not decrease emissions, but increases them to a
lesser extent.

3.2. Map Analysis: Overview

As described in Section 2.1, a full PSM analysis involves the �exible combination of
network centrality and causal �ow information combined with stakeholder information
on factors in order to answer context-speci�c questions. This bespoke analysis ideally
forms part of an ongoing collaborative process with stakeholders, in which we iteratively
develop analysis tools and questions for the intersection between what is possible, what
they want to explore in their system and what sorts of insights would be most usable in
practice (for example, in a policy context). For this paper, we are presenting the results of a
�rst-pass analysis, which has not yet been presented to stakeholders. However, this still
allows us to explore important themes in the systems map, which address the interests of
the Special Issue.

Drawing from the typology presented in Table 1, we used downstream analysis to
explore the potential indirect effects of changes to the system that the current EV policy aims
to promote: an increased number of electric cars and an increase in the distance travelled
by EVs. We then identi�ed the key potential impacts of increased EV use from these
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downstream maps. Additionally, using the maps as a tool for system exploration, we began
to follow the causal �ows downstream from these factors, digging deeper into the potential
effects. In the present study, we examine congestion and discuss its potential impacts.

Figure 1. Full systems map of the U.K. surface transport system generated within the case study.

Then, switching direction, we used upstream analysis to examine what might be the
in�uencing key outcomes in the system that are not the direct focus of the decarbonisation
policy, but, nevertheless, are important societal outcomes connected to the transportation
system. We pull out and discuss the potential in�uences on physical health, PM emissions
and socio-demographic mobility equity. Although we believe that the map has some
structural biases due to the nature of the online process, we also performed a preliminary
network centrality analysis to determine what factors are most structurally important in
the map as it stands.

A staged causal �ow and network structure analysis of this map illustrates well the
power of this method, and of interactive mapping tools. That is, to allow the exploration
of a system and the progressive uncovering of new directions for map exploration as
one `travels' through the map along causal pathways, how a broader system context and
implications of that can be made visible to stakeholders, and, ultimately, how this allows us
to generate new questions for investigation, highlight where we have knowledge gaps and
re�ect on how we might need to reframe our approaches and thinking for a systems context.
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The analysis and discussion below and the subsequent suggestions of new questions that
could be addressed through the mapping, or in other further work, illustrate a stage in this
exploratory process rather than providing de�nitive predictions or answers.

The key considerations when exploring a map include:

� Are the factors that matter in a path or paths downstream from a change and, hence, can they
be impacted?

� Are these factors likely to be driven up or down by expected change, following the signs of the
whole path?

� Are multiple important factors affected and are they driven in the same or opposing directions?
� Are there unexpected impacts of change?
� Looking upstream from an important factor, look at what in�uences it and how it is likely to

be driven. Is it being pushed in opposing directions by different drivers? Are its in�uences
supported or vulnerable to change? Who controls its different in�uences? Is it impacted by
unexpected factors?

� For all analyses, check to see whether feedback loops are present. Are these reinforcing change
(positive overall) or suppressing change (negative overall)?

� Are there hub factors through which many paths of in�uence travel? Are these controllable or
subject to change? Who controls them? Are they vulnerabilities or potential levers to use? Are
they being driven in multiple different directions or supported by many inputs pushing in the
same direction?

For this case study, we considered a series of selected individual sub-maps produced
from each analysis. The sub-maps are shown in Figures2–8 with colour coding as described
for Figure 1. A detailed description is provided for each of these sub-maps below.

Figure 2. Electric Vehicles-total distance travelled: downstream 3 steps.
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Figure 3. Number of electric cars: downstream 3 steps.

3.3. Downstream Map Analysis: What Do Interventions or System Changes In�uence?
3.3.1. Downstream Map Analysis: Electric Vehicles—Total Distance Travelled

We explored the downstream linkages of EV distance travelled to generate insights into
the potential impacts of policies that incentivise the increased uptake and/or usage of EVs
in the U.K., as presented in Figure 2. Looking at direct connections, we observe a mixture
of factors that would be in�uenced by any mode, although potentially weighted differently,
and those that are speci�c to EVs. An increase in EV distance travelled has a strong positive
in�uence on NEEs and, as for any mode, potentially increases indoor exposure to NO 2 and
PM pollution (although note the uncertainty around this point discussed below) and road
traf�c injuries. Impacts speci�c to EVs are emissions from electricity generation, a decrease
in ICE vehicle distance-travelled cars, and decreases in public transport and active travel
distance travelled, as people switch to using their EVs.

The complex interplay between NO 2 emissions from ICE vehicles and PM emissions
from EVs is already visible here. Although we can observe a strong positive in�uence
on NEEs, and a potential increase in indoor exposure to NO 2 and PM pollution (due to
increased time spent in vehicles) as EV travel increases, the map shows a simultaneous
overall negative effect on exhaust emissions as ICE car travel decreases. However, our con-
sideration of air quality co- and dis-bene�ts should not be con�ned to pollutant emissions
arising directly from EV operation, but should include those throughout the whole life
cycle, including electricity-generation processes. This is highlighted by the direct causal
connection to emissions from electricity generation.
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Figure 4. Congestion: downstream 3 steps.

We also observe a direct relationship with an increased risk of road traf�c injuries,
again not speci�c to EV-powered vehicle technology (it also exists for ICE vehicles). There
is limited empirical data about the relative risks of EVs, given the differences in driving
characteristics and the potential risks to vulnerable road users (e.g., pedestrians, pedal
cyclists, and horse riders) due to lesser vehicle noise, despite noise policy mitigation
measures, such as EV warning sounds [33].

More complex indirect impacts of EVs on physical and mental health are also identi�ed,
due to the reductions in physical activity levels as a result of fewer miles travelled by active
modes (e.g., walking and cycling). These changes in travel behaviours increase chronic
disease risks (e.g., cardiovascular morbidity and mortality) alongside negative impacts
upon mental health due to the reduced time spent in outdoor environments [ 34]. Although
the map shows a reduction in outdoor exposure to emissions and thus potential health
bene�ts from reduced active travel, evidence suggests that exposure to both NO 2 and
�ne/coarse particles is higher for car users compared to active travel commuters, due to an
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increased proximity to traf�c and high air interchange [ 35]. Physical activity bene�ts arising
from active commuting also exceed any dis-bene�t arising from an increased inhaled dose
of �ne particles in most settings [ 36]. Further, evidence suggests those who travel to work
by active and public modes of transport have a signi�cantly lower BMI and body fat than
counterparts using private transport [ 37]. Increased EV mileage, notably if arising from
a modal shift to EV (car) travel from active and public transport modes, therefore has
negative impacts on physical activity and obesity at a population level. More broadly, it is
also apparent from the downstream map that increased EV vehicle mileage contributes to
wider impacts on social networks and connectivity, including the reduced liveability and
walkability in local areas, and a decreased use of public spaces, with negative implications
for community cohesion, physical and mental wellbeing.

Figure 5. Public transport feedback loops extracted from the map.

3.3.2. Downstream Map Analysis: Number of Electric Cars

Moving to explore the downstream impacts of the total number of EVs (Figure 3),
it is clear that there is a direct effect on increasing the number of trips made by private
vehicles and therefore traf�c congestion. We can observe that NEEs are thus increased by
EVs in two ways. We expect increased PM emissions from EVs themselves due to their
higher weight and greater tyre and brake wear, and also indirectly via a greater number of
private vehicles and thus increased congestion. Although this trend of increasing numbers
of private vehicles is not con�ned to EVs (1.7 million new cars were registered in the U.K. in
2021), EV sales continue to increase at a more rapid rate than ICE vehicles and now account
for 1 in 6 new registrations [ 38]. On the basis of this upward trend, total vehicle numbers
are likely to further increase in the U.K., another unintended consequence of EV technology.
Traf�c congestion also contributes to both increased NEEs (due to increased frequency of
acceleration/deceleration) and reduced pollutant dispersion, notably in urban areas [ 39].
Further, traf�c congestion also in�uence in-vehicle pollutant exposure due to the increased
proximity of vehicles and time duration spent in stationary (or slow moving) vehicles [ 40].
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Figure 6. Physical health: upstream 3 steps.

Alongside a modal shift away from active travel and public transport (as observed for
EV distance travelled), an increase in EV numbers has wider negative repercussions for
public transport services, due to reduced service reliability (arising from traf�c congestion)
and therefore an increased risk to the economic viability of service provision. In addition,
the conditions generated by increased vehicle congestion exert negative social impacts,
necessitating the additional allocation of public space for road and parking schemes,
contributing to community severance and unfavourable conditions for active travel. This
negative feedback loop may in turn lead to reduced investment in active travel schemes
in those areas with a high number of EVs, reinforcing a negative feedback loop with net
dis-bene�ts for physical and mental health. Such changes will also in�uence housing
demand and quality, and therefore wellbeing (e.g.,increased addictive behaviours, crime,
and depression as is well known from the literature on community severance) [ 41].
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Figure 7. PM emissions: upstream 3 steps.

3.3.3. Downstream Map Analysis: Traf�c Congestion

In the previous sections, we identi�ed traf�c congestion as a key impact of EV-focussed
policies. As shown in Figure 4, 13 important system outcomes arise within 3 steps of this
single factor (coloured orange) and 75 system factors arise in total, showing that this factor
is strikingly in�uential in the system as mapped.

As is clearly visible in the submap, congestion exerts multiple negative impacts on
air quality and health, in both the short and longer term. The immediate effects include
those arising from limited pollutant dispersion and a closer proximity between vulnerable
receptors and emissions sources (e.g., in traf�c jams or at roadside). Further ripple effects
include reduced public transport attractiveness (due to uncertain journey times) and
reduced service revenue, and therefore �nancial viability (not shown on this map). In turn,
these changes will contribute to reduced public transport patronage and increase private
vehicle use generating a reinforcing feedback loop for public transport services in the long
term. With regard to air quality impacts, in addition to direct effects, reduced �nancial
viability reduces the ability of transport operators to invest in cleaner �eets (including EV
technology). This, in turn, jeopardises efforts to achieve incremental gains in improving
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air quality in the context of the recently updated WHO health-based Global Air Quality
Guidelines [ 42].

Figure 8. Socio-demographic mobility equity: upstream 3 steps.

A detailed map showing some of these public transport feedback loops is presented
in Figure 5. The main, positive, reinforcing feedback loop is from the number of trips in
private cars via their negative impacts on public transport through increased congestion
and is highlighted with bold links. Increased private car use is shown to reduce availability
of public transport and thus further increase the number of car trips, through increased
public transport journey times, increased variability and thus decreased attractiveness and
perceived value for money of public transport, leading to fewer trips taken and decreased
revenue and withdrawal of services. The positive feedback is further strengthened by an
additional positive feedback loop: as the number of trips decrease, revenue and availability
of public transport decrease, leading to even fewer trips and yet further reduced revenue,
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meaning that we would expect this effect to be very powerfully reinforced. Although the
loop is initiated by number of trips in private vehicles, and the same results would be
expected for any type of vehicle, an increasing number of EVs, although not on the main
loop, can be seen to be the initiator for what becomes a `death spiral'. It is also noticeable
that a balancing, negative, feedback loop might also be present, with reduced mobility
equity, potentially reducing income and the ability for new cars to be purchased. Whether
such a feedback loop would come into play to ameliorate the situation would depend on
the price of EVs as well as the total number of vehicles in the �eet.

Returning to the congestion map, Figure 4, we can see that high levels of traf�c
congestion also negatively impacts on neighbourhood liveability, the aesthetic quality of
neighbourhoods and attractiveness of walking and cycling, thus further reducing physical
activity. Severance of communities (due to impacts upon neighbourhood connectivity and
walkability) also fragments social networks, and reduces community cohesion, independent
mobility, physical and mental health. These effects are caused by the presence of vehicles
(as opposed to vehicle emissions) and encompass a range of negative (yet unintended)
public health outcomes arising from EV-focused decarbonisation policies [ 41].

3.4. Upstream Map Analysis: What In�uences the Outcomes That We Care About?

In order to investigate what in�uences some of the key systems outcomes that might
be impacted by a transition towards EVs, we extracted two upstream causal maps showing
the factors from the broader system that in�uence both physical health and PM emissions
(Figures 6 and 7). We also extracted an upstream sub-map of a key social outcome, which a
functioning transport system should provide: socio-demographic mobility equity (Figure 8).
These upstream causal maps allow us to examine the in�uences on factors that matter to
system stakeholders, which may be outside of the `eyeline' of what is normally considered
in policy or intervention design.

3.4.1. Upstream Map Analysis: Physical Health

The map of causal in�uences three steps upstream from physical health (Figure 6)
makes it clear that health is a product of a complex system and must be considered
as such. There are 107 factors spanning many domains within the 3 steps upstream of
physical health.

Looking at the direct inputs on health in the �rst step upstream, we see not just
emission factors, but also income, access to services, goods and people, size and strength of
social networks, perceived safety and physical activity and mental health. These factors
span economic, geographical, and social in�uences as well as those that we might expect to
be more straightforwardly connected. Further upstream, we identify the very broad array
of factors that we need to put emissions in perspective when considering interventions,
which are focussed on optimising health outcomes.

Many factors in�uencing physical health are also familiar from previous downstream
maps, including the negative in�uences of EVs on physical activity as a consequence of
increased car use in preference to active travel modes, which ultimately in�uences acute
and chronic disease health outcomes. In addition, there are links with exposure to poor
air quality, including increased indoor and ambient NEE exposure because of EV use. It
is therefore evident that a more holistic investigation and characterisation of the health
impacts arising from an increasingly EV-dominated transport system are required, which
may be achieved by scenario analysis and health impact assessment methods [43].

Many of the factors in the second tier describe the interconnected aspects of place
and physical locality in local areas, again featuring the liveability and walkability of
neighbourhoods, but also the use of streets as social spaces, spatiality of social networks,
perceived safety and the impacts of all of these on physical activity, social networks and
mental and physical health. Greater equity with respect to mobility is also visible as an
impact on health, both via increasing the equity of accessibility to goods, services and
people, and via income and the availability of opportunities. An increased penetration of
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EVs will reduce transport choices available to vulnerable and low-income groups, further
widening existing inequity by reducing access to vital services.

Several `hubs'—factors through which multiple incoming in�uences are routed—are
also visible in the upstream health map (Figure 6). These include all the main types
of air pollutant emission sources and indoor and outdoor exposure. These are, in turn,
in�uenced by multiple types of vehicle technology in both public and private transport
contexts, and traf�c �ow, speed and volume (PM emissions are explored in detail in the
next submap). Other hubs include the multiple in�uences of active travel and the nature
of places, infrastructure and services, which facilitate movement by foot and bike. Active
travel is itself also in�uenced by many factors, including the effects of infrastructure
provision and the attractiveness and accessibility of walking and cycling. It is well known
that physical activity has a major bene�cial impact on health and therefore the impact on
active travel ought to be considered in EV policy development.

Local economic ef�ciency is another hub mediating multiple in�uences concerning the
operational ef�ciency of the transport system. It is decreased by congestion, but increased
by access to jobs, and feeds into income, which is an important wider determinant of health.
All these in�uences may also be moderated by the distribution of mobility bene�ts among
different population sub-groups (socio-demographic mobility equity), because adverse
household and community level impacts are most likely to occur for poor and marginalised
groups. This is also shown in the EV downstream map (Figure 3), with the mobility bene�ts
of EV access being greatest among the most economically advantaged, and those with
already limited mobility options (including the 40% of households in the lowest income
decile with no car access) [44], potentially experiencing a net mobility dis-bene�t because of
both the public transport `death spiral' and reduced active travel provision. To summarise,
physical health is affected by many factors that are in�uenced by EV-focused policies,
both directly and by exerting wider changes in the social and structural ecosystems in
which people live, work and travel. Key hubs identi�ed in the sub-map, including air
pollutant emission sources and changes in the relative contribution of indoor and outdoor
exposure (including in-vehicle exposure), should be an important focus for future health
and economic impact assessment studies.

3.4.2. Upstream Map Analysis: PM Emissions

The direct upstream in�uences on PM emissions (Figure 7) are emission sources, such
as vehicle exhaust and NEEs, and electricity generation, with traf�c speed also being an
in�uence. Looking one step back, however, we observe an explosion of factors driving
these emission sources and pushing them in different directions.

The factors divide into a number of categories: �rstly, in�uences on traf�c volume,
�ow and speed, such as the network capacity, space allocation, congestion and restric-
tions such as traf�c calming, speed limits and availability of parking; secondly, vehicle
power technologies across private vehicles; and thirdly, public transport, including buses
and trains.

As previously discussed, PM emissions could be driven in multiple ways by different
modal shares and types of traf�c movement. The map shows strong in�uences on both
exhaust and NEEs from older ICE vehicles, and from congestion and total distance trav-
elled. The magnitude of impacts from emissions from electricity generation, and thus how
different modes might impact via this route are as yet uncertain as they depend strongly
on the means used for power generation. However, primary PM emissions for power
generation are likely to be released at a location more distant from receptors (e.g., people),
in comparison to PM emissions generated by traf�c at the roadside. In addition, there are
important differences in the size and composition of particles, the respective contributions
of primary and secondary PM sources, and the demographic distribution of exposure, all
of which are relevant to impacts upon human health.

Although well-known drivers of PM emissions are clearly visible in the map, the map
also highlights how the interplay between changes in private vehicle use and associated
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traveller behaviour affects the viability and cost effectiveness of public transport, and thus
the ability of operators to invest in cleaner �eet technology to reduce exhaust emissions.
Investment in cleaner public transport �eets, and the amount of money available and
incentives to do so, is a key factor determining whether and which speci�c cleaner bus
technologies are adopted in �eet renewal cycles. Inputs into this investment decision
are the level of enforcement, expected revenue and operational ef�ciency (not shown on
this map but discussed previously). In a possible future scenario, highlighted in the set
of downstream maps above, increased congestion due to increased numbers of private
(electric) vehicles and the consequent decrease in public transport journeys, could result
in decreased revenue and �nancial viability of public transport, decreased operational
ef�ciency, and thus a decreased availability to invest in cleaner �eets. There exists a risk that
increasingly cash strapped public transport may not therefore be upgraded (or retro�tted)
with cleaner engine technology (requiring substantive capital investment) in the context of
declining passenger numbers, necessitating increased fares to generate adequate revenue
for operative costs. This presents a reinforcing vicious cycle with decreasingly accessible
and attractive public transport options, leading to more car trips, more congestion and
increased NEEs from EVs. This is in contrast with a more effective overall emissions
reduction strategy arising from investment in cleaner, reliable and more affordable public
transport services, which could delivery universal mobility bene�ts and therefore public
health gains.

3.4.3. Upstream Map Analysis: Socio-Demographic Mobility Equity

Socio-demographic mobility equity is a key function of a transportation system, al-
lowing equitable access to jobs, people, goods and services and thus supporting local
economic ef�ciency, strong social networks, physical and mental health and well-being and
a variety of other desirable social outcomes). Any changes to the U.K.'s transport system
ought to maintain the ability of the whole population to access and use the system for their
needs [44].

Looking upstream from socio-demographic mobility equity (Figure 8), it is noticeable
how many blue (policy or regulatory) factors are involved. Many factors also appear in
previous EV-related maps, implying that a synergistic approach to optimising them all
should be taken.

One step upstream are those factors that in�uence transport modal choice, such as
differential cost of modes, affordability, the availability and accessibility of public transport
and the provision of infrastructure to allow safe and accessible active travel. Many of
these are, in turn, in�uenced by local authorities and spatial planning decisions, alongside
community liveability.

However, the accessibility and affordability of public transport is at risk from an
increased number of EVs, if steps are not taken to provide appropriate structural and eco-
nomic support mechanisms. This has been discussed above in the context of the upstream
and downstream maps. However, the differential affordability of modes is explicitly visible
here as a key input. EV prices are currently relatively high (compared to ICE vehicles), with
even the entry level models out of the reach of many U.K. citizens [ 45]. If their potential
negative impacts on public transportation are realised and EV prices do not suf�ciently
drop to make them accessible to all, including children and those with speci�c disabilities
or lifestyle choices who do not hold a driving licence, then a proportion of the population
will remain excluded from this transport mode. This risks a further reduction in inclusiv-
ity, accessibility and the remediation of existing inequalities in U.K. mobility, with lower
levels of car ownership among more deprived households, those with female household
heads, children, younger/older people, black and minority ethnic (BAME) demographic
groups, people with disabilities and other groups that are more likely to be reliant upon
public transport and active travel by necessity rather than by choice [ 44]. Further, the
wider constraints on modal choice and negative community liveability aspects of a high
traf�c, congested, private vehicle-dominated transportation system remain problematic for
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underprivileged and marginalised population sub-groups [ 41]. The societal implications of
this scenario are unappealing.

A question that remains to be answered with regard to EVs in the transportation
system is therefore whether reinforcing feedbacks might come into play, in which mobility
equity is driven increasingly downwards by the reinforcing negative impacts of EV-centred
polices on public transport and active travel.

Figure 8 also shows that these upstream in�uences span wider social factors, with
pro-sustainable transport opinion, social pressure, and social norms also visible. These also
impact on the likelihood of traf�c restrictions and provision of infrastructure for active
travel, and thus community liveability, perceived safety and mobility equity, for example,
by differential engagement in consultation processes and competitive funding mechanisms
for cycling infrastructure improvements. Existing levels of walking and cycling are strongly
patterned by area-level socio-demographic characteristics, with the highest prevalence of
cycling at least once a week in Cambridge (55%) and Oxford (40%), and the lowest rate
in Barking and Dagenham (3%) in 2019 [46]. Areas with a relatively high cycling rate are
also likely to have more organised advocacy, campaigning and pressure groups, which
strengthens political pressure to allocate a higher proportion of funding to active travel
compared to the U.K. average. Increasing the proportion of those walking and cycling may
also reinforce positive social trends towards wider acceptability of active travel, thereby
generating a positive feedback loop.

A key question arising is how we should reframe the transport problem to facilitate
synergies between these multiple outcomes, reinforce positive feedback links to support
a modal shift towards more inclusive transport modes (e.g., walking and cycling) and
advancing access to mobility services across the socio-demographic population spectrum.

3.5. Network Centrality Analysis: What Factors Are Structurally Signi�cant in the Map?

Although the map has some structural biases due to the nature of the online mapping
process and follow-up small group interactions (see the discussion below), a network
centrality analysis is nevertheless informative. Although the network is a subjective
model and strongly in�uenced by what participants believed to be most interesting and
important, network centrality results present us with an indication of the factors that
are most in�uenced or in�uential, most important, or most causally central in the map
as constructed.

In Table 5, we show the results of performing four basic forms of network centrality
analysis on the map: in-degree—the total number of incoming connections of all factors;
out-degree—the total number of outgoing connections of all factors; total degree—total
number of connections for all factors (the sum of in-degree and out-degree); and between-
ness centrality—a measure of what proportion of all the shortest paths through a network
(between all pairs of nodes), any given factor is on. In-degree is often used as a basic mea-
sure of the extent to which factors are in�uenced by others; out-degree of how in�uential
individual factors are; total degree of factors' overall importance and connectivity within
the network; and betweenness centrality of factors' importance in the causal �ow through
the network. Our network analysis shows that the number of trips made using the various
modes, public transport, private cars and active travel, are highly connected, with high
degree, and therefore potentially in�uential in our map. Traf�c volume, which is related to
those factors, is also highly connected. Traf�c volume, and the numbers of trips by public
transport and private car also have a high betweenness centrality, that is, they play a role in
many chains that connect other factors across different areas of the map, again suggesting
their importance in mediating causal �ows in this system. While not unexpected, this
suggests that it is not the technology that is used to move around that is most important,
but the mode of transport. Increased or even maintained levels of private car use could
present a real threat to many of the aims of the government regarding cleaner air, levelling
up, increased active travel, liveable neighbourhoods and a healthier population.
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Table 5. Network centrality analysis results for the systems map showing the 6 highest-scoring map
factors for 4 network measures. Values of each centrality measure for the factors listed are shown
in parentheses.

In-Degree Out-Degree Total Degree Betweenness Centrality

Private car: no. of trips (23) Municipality pro-sustainable
travel (15) Private car: no. of trips Housing affordability (7510)

Public transport: no. of trips (22) Perceived safety (13) Public transport: no. of trips Pro-sustainable travel public
opinion (5210)

Active travel: no. of trips (22) Traf�c volume (12) Active travel: no. of trips Public transport: no. of
trips (4480)

Non-exhaust emissions (22) Traf�c speed (12) Non-exhaust emissions Outdoor exposure
NO2/PM (4320)

Exhaust emissions (18) Community severance (10) Traf�c volume Private car: no. of trips (4220)

Housing affordability (14) Congestion, social norms, area
deprivation (9)

Housing affordability, exhaust
emissions Traf�c volume (3870)

It is notable that housing affordability also emerges as a highly connected factor
in the system. It not only has a high total degree, but is both highly in�uenced (in-
degree), in�uential (out-degree) and has a high betweenness centrality, meaning that it
bridges multiple parts of the network. The closely related factor of area deprivation is
also highly in�uential. Examining the direct connections of this factor, it can be seen that
affordability has been used as an analogue for house prices and in turn socio-economic
level and desirability of an area. The multiple connections represent the in�uences of
high emissions, traf�c volume and speed, and a lack of active travel infrastructure and
other facilities in keeping house prices low, but also that poorer areas tend to experience
higher volumes of traf�c and worse air quality, as well as an increased likelihood of
poor health outcomes, including those promoted by physical activity and active travel.
The factors are embedded in several reinforcing feedback loops in the map, including
many via public opinion, which represent the well-known dynamics of more wealthy
and educated communities pushing for and obtaining traf�c restrictions and active travel
infrastructure (as touched on above in the discussion of socio-demographic mobility equity).
The high connectedness and betweenness of this factor, meaning that it mediates multiple
effects in the map, suggests how important the role of heterogeneity of places is in how
the experiences and impacts of negative outcomes of the traf�c system are unequally
distributed across the population between poor polluted, unhealthy areas, and wealthy,
clean and healthy ones. The reinforcing feedback loops emphasise the entrenched nature of
this effect. Understanding these dynamics on the ground and disrupting the local `vicious
cycles' is crucial in making a policy that has equitable impacts.

Municipality pro-sustainable travel was also perceived as being highly in�uential.
In the map, it in�uences many factors pertaining to the provision of infrastructure for
active travel, support for public transport and measures, such as traf�c restrictions, which
implement modal shares. These factors are known to be in�uential in achieving a modal
shift. It is also a direct in�uence on spatial planning, with many important knock-on effects
on demand for transport and modal shares. This suggests that changing the opinions
of local authorities would be a signi�cant leverage point in achieving modal shift. It is
important to consider whether, in reality, the local authority perspective is as in�uential
as stakeholders perceived it to be. Local authorities are of course operating under the
constraints of national policy and regulation, but also in the context of larger economic and
societal processes, which might reduce their freedom to act.

4. Discussion
4.1. Policy Challenges for Transport Decarbonisation, Air Quality and Public Health

In this case study, we applied an online PSM process to characterise the U.K. surface
transport system, integrating knowledge from diverse stakeholders to generate illustrative
maps to explore the impacts of EV-focused decarbonisation policies on a broad range of
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social, environmental, and behavioural outcomes. The PSM process, associated analysis
and interpretation enabled the identi�cation of highly in�uential factors and both positively
and negatively reinforcing feedback loops, thereby highlighting the importance of adopting
a whole systems approach to policymaking in the transport sector. Feedback loops include
critical `death spirals' generated by unintended consequences of EV focused policies, which
ultimately risk widening unfair and unjust differences in health and the quality of life
among groups of people in the U.K.

In contrast, the Government Transport Decarbonisation Plan [ 2] outlines a vision that
moving to EVs with no tailpipe emissions and less noise will `support levelling-up and help
re-invent the high streets as enjoyable places to live, work, visit and spend leisure time'.
However, those policies that seek to encourage as many people as possible to purchase
and use EVs could lead to multiple and wide-ranging undesirable impacts occurring at
individual and systems levels. Incentivising increased EV uptake to achieve ambitious
net zero targets risks rebound effects, whereby savings from more ef�cient operation are
overcompensated by changes in individual behaviours arising from complex interactions
between consumer preferences and policy initiatives [ 47]. Vehicle mileage may increase
further due to the attractiveness of EVs, perceptions of reduced environmental impacts
and reduced per-mile driving costs, with implications for levels of physical inactivity and
PM exposure. At a community level, adverse effects of increased (EV) traf�c volume
include traf�c congestion, reduced neighbourhood liveability and reduced uptake of active
travel, thereby further reinforcing social norms of private car travel. A failure to achieve
signi�cant modal shift away from private cars also jeopardises the �nancial viability of
public transport in the longer term. Further evidence regarding the behavioural response
of consumers to EV ownership is urgently required. A panel study undertaken in Germany
suggested decreased household EV usage resulting from households' desire to reduce
environmental impacts [ 48]. On the other hand, MOT data in Great Britain indicates a
higher average annual mileage for EVs compared to petrol vehicles, although lower than
diesel counterparts [49].

Many, if not all, these negative outcomes will have the greatest impact on more
deprived and marginalised communities who already experience a disproportionately high
burden of disease arising from road transport emissions [ 50], and who are most likely
to be reliant on public transport and active travel for essential mobility needs. There are
then further chains and cascades of impacts from those initial responses that in�uence
wider determinants of health, such as access to green spaces, leisure opportunities and
fragmentation of social networks. In a policy context, it is essential to consider such broad
and diverse outcomes (including unintended effects) alongside the bene�ts of EVs, such
as a reduction in noise pollution, tailpipe emissions and (although beyond the scope of
this case study) employment opportunities associated with manufacturing, distribution,
and sales.

Regarding air quality, we identi�ed multiple complex relationships, including poten-
tial synergies and trade-offs. Although there are clear bene�ts of EVs in reducing NOx
emissions and achieving compliance with legal limit values (if considered on a vehicle for
vehicle replacement basis), uncertainties prevail regarding overall air quality impacts due
to the relatively greater magnitude contribution of EVs to NEEs because of increased kerb
weight (and therefore tyre and road wear friction) for a journey of the same distance. There
is, however, limited knowledge about the speci�c toxicological effects of particulates arising
from exhaust, compared to non-exhaust sources [8]. A shift in vehicle usage (and driving
styles) will also in�uence the duration of exposure to pollutants in speci�c microenviron-
ments, including outdoor spaces and in-vehicles, with exposure magnitude potentially of
greater intensity in a high EV scenario due to increased congestion and stationary traf�c. We
can seek to understand and quantify these air quality trade-offs associated with increased
EV penetration by developing EV-speci�c emissions factors (including a consideration of
regenerative braking) and improving our understanding of behavioural impacts to enable
a quantitative scenario evaluation [ 51].
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It is also important to consider the whole life cycle of EV emissions within the context
of a `net zero' policy-making processes. Whilst in this case study we did not attempt
to capture offshore emissions (focussing only on domestic U.K. road transport), power
plant emissions will be greater as EVs become more common, with the air quality impacts
highly dependent upon the energy source. Battery and fuel production for an EV typically
generate higher per-vehicle manufacturing emissions than for an ICE counterpart. However,
over a vehicle's lifetime, this cost is offset by reduced-per-mile CO 2 emissions in settings
where a substantive proportion of energy production is from renewable sources [ 52].
Therefore, when considering lifetime climate impacts, there exists a trade-off between
the increased energy intensity of vehicle production (compared to ICE vehicles), and
the environmental bene�ts of usage, with the greatest lifetime bene�t achieved by fewer
vehicles each being used for travelling a greater distance. Greater mileage also increases
power source emissions, although the health impacts arising from electricity generation are
typically more distant from areas of high population density, and therefore have a lesser
health burden compared to roadside exposures.

Despite the potential existence of the feedback loops and vicious cycles identi�ed
here, which may ultimately lead to ever-increasing car dependency, catastrophic decline of
public transport services and widened health inequity, there currently exist no structural
policy mechanisms or �scal incentives to encourage cooperation between the private and
public transport sectors to achieve a system that optimizes the bene�ts for climate, air
quality and public health. Indeed, there are several structural issues that discourage
cooperation. Firstly, public transport services in the U.K. are operated by private providers
(outside London) and therefore services must be pro�table, which, in the context of reduced
patronage, may only be achieved by increasing fares, service costs or provision. Secondly,
replacing existing ICE vehicles with EVs delivers economic bene�ts, including support for
vehicle and battery manufacturing, notably including generating jobs in areas of high socio-
economic deprivation and strongly re�ecting the U.K. government's `levelling up' agenda
and economic strategy in the short-to-medium term. Thirdly, it is well recognised that
physical and mental health costs arising due to the direct and indirect effects of pollutant
emissions are normally incurred by the NHS and social services (aside from productivity
costs), typically over longer time horizons (e.g., 20–30 years), and therefore are of limited
economic bene�t to those organisations required to fund policy intervention measures,
including bus operators and local authorities.

This highlights the important point that changes in individual behaviours cannot
be relied upon to solve system problems. System-level optimisation, which here would
require a balance of modes to produce optimal outcomes, cannot be achieved through
relying on individual behaviours, especially when these individual behaviours produce
self-perpetuating positive feedback loop effects on a single mode. It is inevitable that if
such self-reinforcing dynamics are set into motion, then without the addition of negative
feedbacks (which should be provided by higher level policy), the self-reinforcing mode
will `out-compete' the others. Individual level interactions will self-organise to produce
higher-level outcomes, but, as is well known in ecology, there is no reason why these
emergent outcomes should be optimal for the whole system or optimise multiple outcomes.
Systems mapping can help us to uncover where such feedback loops are present and how
they interact, thus highlighting where such disconnects between optimisation at different
levels may occur. The challenge remains, however, to produce a system-level policy when
intervention through individual behaviour is culturally strongly preferred.

4.2. How Participatory Systems Mapping Can Best Be Used to Support System Approaches to
Policy Making for the Transport System

When using participatory systems maps, it is crucial to understand what they are
and what they are not. Participatory systems maps are not models that produce de�nitive
results via a standard analysis process. Rather, they are thinking tools for generating
new questions, enhancing collective understanding and aiding participants or users in
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reframing or reorienting their thinking towards a more system-appropriate views. Rather
than producing for example a quantitative prediction of impacts on the selected outcomes of
interest, they present a qualitative indication of what might be impacted by an intervention,
including the wide array of impacts that were not previously thought of. They show us
what we do not know, but also help us to identify how we might understand more and
re�ect on where our current thinking is constrained. They also allow us to understand
how, that is, by which causal paths, these impacts might occur, and what sort of system
dynamics might be at work through an understanding of probable system causal structure.
For example, they can show how an intervention might set feedback loops in motion
that magnify detrimental effects or cascading change in a system. Conversely, they can
help to identify possible points in a system, which could produce synergies or policy
co-bene�ts if interventions were targeted there. Or, indeed, whether reinforcing feedback
loops leading to bene�cial change, virtuous cycles, can be identi�ed and supported or even
created. None of these insights has the empirical status of a validated model or experiment,
but they provide a usable map for complex system territories. Complex socio-technical
or socio-economic systems, including all real-world policy domains, and of course the
transportation system, are characterised by long causal chains combined with uncertainty
about what impacts what, sparseness of empirical or quantitative data for important parts
of the system and constant change. This makes systems maps particularly suitable for use
in policy contexts where decision making must take place rapidly, under uncertainty and
where siloed thinking, driven by organisational structure or a narrow focus on where data
is available, is rife.

Some of the most striking messages from our analysis presented above concern the
breadth and importance of the whole-systems context, which must be taken into account
when considering the potential impacts of EVs on air quality, health and important societal
outcomes. By simply showing the number of different sorts of factors across different
domains that changes in EV use could in�uence, we can already show the need for a
broader perspective in policy making. The system does not contain simple, straightforward
pathways from intervention to single desired outcome, but rather a myriad of unfolding
effects. Many of these connect to other policy outcomes (some from different government
departments) or other issues, which matter to stakeholders. The visualisation of this
complexity is a sharp wake-up call in its own right. It is particularly powerful when policy
makers have been involved in constructing the maps themselves, but is still impactful
when presented as the outcome of a mapping process with expert stakeholders having
speci�c domain knowledge. It clearly shows that we need to step out of narrow silos
when making policies in complex domains. It also presents a signpost to the sorts of
factors, which could be indirectly affected and the paths by which this might happen.
In the transport domain, we noted the potential indirect effects on health, community
liveability and mobility equity, via decreased physical activity, increased congestion and
community severance and potential profoundly negative effects on public transport. This
understanding of potential causal paths allows a consideration of how to buffer or mitigate
against unexpected indirect effects, or how to co-opt them to make system-sensitive policy.
It also allows for the identi�cation of evidence and knowledge gaps, shows where extra
monitoring is required and, crucially, signals who needs to be brought into policy-making
processes to both understand what is happening on the ground and to form coalitions that
can enact change. These collaborators could involve other government departments, to
match policy thinking to system structure, as well as external stakeholders.

Conversely, when working from the perspective of what in�uences societally desirable
outcomes, such as physical health, it is clearly visible how broad and how interlinked
the set of in�uences are, including, for example, not just emissions, but liveable places,
strong social networks, safety, economic security and access to goods, services and people,
as well as other more tangible factors, such as physical activity and traf�c noise. This
demonstrates the need to set desired policy outcomes, such as health, in a systems context.
It also demonstrates the need in this case to put emissions from transport in perspective
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with regard to other social, economic and infrastructural issues when considering health
outcomes. Again, this shows us the need to broaden our thinking on what we target
and how we design health interventions. There are multiple pathways simultaneously
affecting what matters in the system and multiple interactions between them. Attempting
to isolate single in�uences and target them to produce change is unlikely to be suf�cient.
The interconnectedness of these outcomes and the fact that many outcomes appear as
upstream in�uences of others indicates that a synergistic policy approach must be taken to
address these factors effectively.

The multiple feedback loops identi�ed in this system have implications for policy
making. Although recent U.K. government work used systems maps to look at feedbacks
involving the economics of EV uptake, the coverage of those maps is highly constrained.
By uncovering feedbacks which, although triggered by EVs, span different modes, and
affect communities and even social equity, we can demonstrate that the dynamics set in
motion by a policy can have broad and self-reinforcing impacts. Consideration can then be
given to how to disrupt vicious cycles or even how to create virtuous ones.

Often in an exploratory participatory analysis, we work by stepping through a map to
further investigate factors which emerge as important. We emulated this here by following
downstream investigations of EV impacts, extracting a submap for congestion. This
allowed us to travel through causal chains and networks, which can quickly become
overwhelmingly large, in a tractable and understandable way. This sort of dynamic
investigation, particularly in interactive map interfaces, such as PRSM, which can be driven
by what participants �nd intriguing or is most important to them, is a powerful tool to
generate understanding of complex systems structure. It allows users to investigate what
matters to them. It is useful both in policy and in other contexts in which expert research or
models do not address what matters to stakeholders. Of course, the usefulness depends on
the contents of the map. It is crucial to design the mapping process so that the map captures
and expresses what matters and provides access points via factors relevant to users. It
is also important that the users have suf�cient breadth of knowledge to be able to make
unexpected connections to other parts of the system. In many policy contexts, a reluctance
to speak freely with stakeholders can hamper collaborative mapping, and hence the value
of a map in challenging assumptions. Strategies must be devised to overcome this. The
inclusion of policy relevant factors, such as TDP priorities and EV uptake, in a map built
without policy makers, can help bridge the gap between policy and stakeholder groups.

In participatory mapping, in which the map produced consists of what stakeholders
prioritise, involving a diversity of stakeholders, with different knowledge, experience or
perspectives on a system, is a vital part of producing a quality output. Participants are
thus speci�cally invited so as to try to prevent systematic blind spots. As well as domain
expertise, this includes issues, such as gender (role) or disability-related mobility needs,
which are likely to be prioritised by stakeholders from these groups. In the present study,
we attempted to maintain coverage of the required role expertise, whilst also enhancing
representations as far as we were able. However, our participants broadly re�ected the
U.K. transport sector, where only 20% of the workforce are female, and minority ethnic
groups are recognised to be underrepresented [53]. Other forms of diversity are equally
important for producing an in-depth picture of the transportation system in use in society.
Maps, such as this one, which are created by `expert' groups, tend to be more acceptable to
policy makers and are particularly useful for providing high-level overviews of a system.
The inclusion of `non-expert' citizen stakeholders affected by the transport system are,
however, important for any future PSM work on policy impacts on different groups and
for local policy development. Representative participatory processes, including citizens,
are particularly important in place-based approaches in which peoples' decision making
and impacts on the ground in local contexts strongly affect outcomes. Including those from
disadvantaged socio-economic backgrounds who are often disproportionately affected
by these policies in a non-tokenistic fashion remains a challenge. This would need to
be taken into account in any follow-up participatory work on local policy or strategy
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development and appraisal. And, ideally, it should be integrated into systems mapping for
policy more generally.

4.3. Learning from Online PSM Implementation

As described in the Methods section, the mapping workshops was originally been
planned as an in-person event. However, restrictions due to COVID-19 meant that all work
had to be moved online. This meant both that an online mapping interface had to be used,
and also that the workshop process had to be redesigned substantially to take account of
the very different group dynamics and affordances presented by online meetings. Although
challenging, this presented a useful opportunity for learning. Some of our modi�cations
and key learning points are presented here.

To facilitate online interactions, we modi�ed the traditional PSM process to run in
much shorter workshop sessions, as whole day workshops were felt to be too tiring
online. We split the larger group into smaller breakout groups in an attempt to overcome
the barriers to participation that an online environment can create. We worked with a
larger number of facilitators than usual, using three facilitators/observers per breakout
group of six people, plus additional technical support. This high ratio was to ensure that
group dynamics were monitored, participants' issues with the mapping software could
be addressed and that the developing map, the factors and causal connections and their
meanings, and any gaps or issues could be monitored and brought to the attention of the
group. We also had to be prepared to adapt the workshop process dynamically during the
workshop itself in response to issues which arose. This high facilitator-to-participant ratio
was found to be both necessary and effective. Although it was still noticeable that some
participants felt inhibited from contributing, this remained more dif�cult to spot and deal
with effectively in an online context (although it is likely that this would be less of an issue
with groups who already knew each other). To overcome this, participants were invited to
meet with us again after the group workshops for one-to-one or small group sessions to
present their input. This was effective in gathering information. However, it did mean that
the mapping focussed more on smaller areas of interest to particular stakeholders.

Working in smaller parallel groups required that we design the process so that each
breakout group would be working with the same system factors, so that the different maps
that they created could be meaningfully combined. The process of factor generation, de�ni-
tion, consolidation, and agreement can often take half a day in a standard, in person, PSM
workshop process and was substantially constrained here to a 40 min session. Although a
shared factor set was produced, it was found that groups created many more additional
factors when mapping themselves. This meant that maps were more dif�cult to merge, and
that some very similar, but differently expressed, factors were duplicated in parallel groups
leading to disconnections between the related map areas. A solution might have been to
advise participants more strongly against adding new factors, although this might have
been frustrating and too constraining. Alternatively, we might have allowed more time for
agreeing factors in the larger group, although this is dif�cult in a short workshop. Another
possibility would have been to have shorter mapping periods with agreed �xed factors,
asking the small groups to bring new factors back to everyone for agreement at intervals.
In highly engaged groups, factor generation can be performed of�ine in advance, although
this was a challenge for us due to the limited availability of our stakeholders.

We made further design decisions to shorten the time in the workshops by sending
out introductory materials and soliciting impact in advance. We provided participants with
an overview of the PSM mapping process with simple example maps, our aims, the system
de�nition and a list of outcome factors for the surface transportation system. We also asked
for feedback on the factors we had chosen. Several participants suggested that we had sent
out too much academic information and that they found it dif�cult to understand. It was
thus not an effective way to save time.

Engaging the attention and support of stakeholders is usually achieved by making
a convincing case for the value of a PSM process at physical meetings, preliminary work-
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shops and personal contact. When working purely online, achieving engagement remains
a challenge and depends on prior stakeholder relationships. It is vitally important to
create buy-in early in the process, by demonstrating how it could be useful and building
enthusiasm to increase the probability of stakeholders contributing their limited time. What
is valuable to them and when is an appropriate time to ask for input must be taken into
account in any process design.

We used an online, systems mapping environment PRSM (available at https://prsm.uk ,
accessed on 28 January 2022), created by one of our team, which allows several people to
collaborate on creating causal maps via a browser-based interface. Users access a shared
map via a weblink and all can observe and edit the map at the same time. Some participants
felt comfortable with the software. Others found it dif�cult to work with or did not feel
con�dent to use it, perhaps because the software was still under development and was
brought into use unexpectedly early, meaning that some technical issues remained. In
the course of the workshops, we found it easier to allocate one person to edit the map
rather than having several editors. This reduced the speed of mapping as it meant that
people could not work in parallel with different discussions being managed simultaneously.
Advantages of the software were that people who might have struggled to travel to attend
a workshop were able to do so, the laborious process of transferring a physical map from
paper to analysis software is removed and dynamic individual exploration of the resulting
maps is possible.

We did however �nd that the physical nature of mapping on a small computer screen,
as opposed to a very large physical map, changed the focus, and hence map structure
considerably. During an in-person workshop, maps are usually created on a large table
around which people can gather, with the map itself the size of the entire table surface.
This sizing is deliberate as it means that all participants can observe and read the whole
map simultaneously and thus obtain a sense of the whole system as it develops. This
encourages cross-system connections to be generated and a higher-level, less detail-focussed
understanding of the system structure to emerge. Using a browser-based map on a laptop
screen meant that only small parts of the map could be viewed collectively and edited at
any one time with the consequence that attention focussed on small sections of the map
sequentially. This resulted in a map structure with many highly connected subsections or
clusters that were only weakly connected into the rest of the map. Structured exercises
to move around the map and to pull back to focus on the whole picture are likely to be
needed to address this unless maps are constrained to be small with few factors or large,
high-resolution screens become common.

In the future, online participatory system mapping will need to be designed to facilitate
the `whole system' picture and cross system connections that usually emerge naturally in
face-to-face groups, in which the majority of mapping is conducted collectively and all
participants can observe the entirety of a large physical map. This is not only to produce
a better map structure and system coverage, but also to ensure that participants can
experience the bene�ts of understanding how they and their area of work �t into a shared
complex system context and the new perspectives that this helps foster. At the same time,
the bene�ts of online mapping, such as inclusion without geographical constraints and the
ability for participants to easily analyse and explore their own maps, should be exploited
as much as possible. Much learning and design is required to achieve this balance.

4.4. Future Research: Needs and Priorities for Effective Transport Policy Making

The transportation system is a complex socio-technical system and requires approaches
to policy making that take this into account. Using PSM to generate an understanding of
this complex system is a useful �rst step. However, to provide input to policy-making
processes, the map needs to be used to provide actionable insights and clear messages that
are meaningful to policy makers. This involves analysis that is focussed upon questions
that interest them, such as what the risks to a programme are, what in�uences their desired
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outcomes and what are the indirect effects of their policies. This requires a participatory,
`actionable complexity' approach, ideally situated within a co-production process.

Many practical next steps for work on this map are suggested by our analysis. Further
map investigations targeting potential policy clashes or trade-offs as well as synergies and
policy levers would be possible. We identi�ed numerous hubs and structurally in�uential
factors through the analysis. We could focus on how hubs are driven, for instance, whether
they are pushed in different directions and how buffered from change they might be. This
would produce a �rst indication of system resilience and vulnerability to change, as well
as indicating how change might be created. The need for, and possibility of, synergistic
policy in transport decarbonisation, health and mobility is identi�ed in several of the maps.
We are particularly interested in using the map to explore potential synergistic approaches,
such as place-based approaches, and how to support active travel. Interesting insights
emerged on the role of local government in the system, and we would like to explore
the causal pathways and thus outcomes that are within the remit of local government or
controlled by other actors. Such controllability analysis may tell us something about how,
and by whom, public health issues can usefully be addressed.

We currently make use of dynamic map exploration with the PRSM software to help
stakeholders navigate the complexity of the system, whilst preserving the visualisation
of its breadth. However, pared down `meta-maps' highlighting the strongest or most
signi�cant links could be produced as an aid to understanding. However, as this is a
participatory model, the choice of the links that should be considered as most important,
and hence those that should be included in a high-level map, should be made by a diverse
set of participants in a workshop or online data collection setting, rather than by us, the
facilitators, or by particular groups of actors. This would have to be carefully conducted to
avoid introducing bias, but could form part of the future work.

Work connecting the mapping with simulation methods would also be useful, includ-
ing a further elaboration and investigation of the indirect effects and feedback loops, with
the possibility of using systems dynamics simulation of these parts of the system to explore
how these could play out over time. This would require the speci�cation of differential
equations for the interactions between component parts; this is relatively straightforward
for physical components of the map, but notoriously dif�cult for social and other qualitative
components and relationships. It also necessarily involves a reduction in the number of
variables included and model scope, and thus must be performed with care to avoid a mis-
leading reduction in complexity. De�ning parts of a system that correspond to meaningful
dynamical problems and considering them appropriately within the context of real system
complexity is a fundamental challenge in system dynamic approaches [ 20]. Bespoke work-
shop processes in which stakeholders generate proposed functional forms for qualitative or
data-poor connections could be possible for de�ned subsections of the map. Hybridising
the PSM and system dynamic approaches, with contextual connections from the PSM used
to generate scenarios in which feedback loops are embedded, might also be possible with
further methodological developments. This hybrid approach could be particularly useful
in contexts with a limited IT infrastructure or local data availability, enabling the appraisal
of proposed air quality interventions.

Linking qualitative causal mapping to empirical traf�c emissions models, by demon-
strating the additional causal in�uences, which have an impact on emission model variables
and perhaps using semi-quantitative approaches to produce various model scenarios, could
also be explored.

Our goal was to develop our participatory processes, modelling and analysis tech-
niques, which together constitute PSM in order to foster system-appropriate policies. These
techniques include many other system methods and approaches, but we strongly believe
that this is the direction in which systems work for policy, and indeed policy making itself
must move in order to face the multiple societal, complex systems challenges of our time.
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5. Conclusions

Through this U.K.-based case study, we explored how an online PSM process may
be used to support the development and appraisal of transport and air-quality policies,
which are synergistic, to optimise co-bene�ts and avoid trade-offs. Firstly, we showed how
PSM can reveal system complexity and context by visualising unexpected indirect effects
of policies `downstream', and previously unaccounted for in�uences on policy outcomes
`up-stream'. We demonstrated the interconnection of multiple important outcomes and
their importance in each other's close causal relations, thus suggesting the need for syn-
ergistic approaches. We carried out a network centrality analysis to detect structurally
in�uential factors that are potential policy levers or vulnerabilities. We identi�ed feedback
loops and other complex patterns of causal interrelation, which suggest the possibility
of self-reinforcing negative impacts of EV policy on public transport, active travel and
mobility equity. We illustrated how the use of dynamic interactive maps allows for further
exploration through a system by following the factors that emerge as important, or which
matter to stakeholders and could thus be used to allow for the creation of complexity narra-
tives or journeys through a system. We discussed the key practical issues for policy making
in the U.K. transport system, and how PSM could be used to support systems-informed
and systems-appropriate transport policy making. We reported on the key learnings from
transferring the PSM process to an online context, and, �nally, we considered the directions
for future work.
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