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ARTICLE INFO ABSTRACT

Keywords: This article introduces a new web-based decision support system created for early-stage feasibility assessments of
GIS renewable energy technologies in England, UK. The article includes a review of energy policy and regulation in
DST . England and a critical evaluation of literature on similar decision support systems. Overall, it shows a novel
Decision support tool solution for a repeatable, scalable digital evidence base for the policy compliant deployment of renewable energy

Policy MCDA i
v technologies.

II\{/[e(r::Zwable energy Data4Sustain is a spatial decision support system developed to quickly identify the feasibility of seven
Wind renewable energy technologies across large areas including wind, solar, hydro, shallow and geothermal. A multi-
Solar actor approach was used to identify the key factors that influence the technical feasibility of these technologies to
Geothermal generate electricity or heat for local consumption or regional distribution. The research demonstrates opportu-
UK energy policy nities to improve the links between policy and regulation with deployment of renewable energy technologies

Sustainable development using novel approaches to digital planning.

Deployed, resilient, cost-effective and societally accepted renewable energy generation infrastructure has a
role to play in ensuring universal access to affordable, reliableand modern energy supply. This is central to
supporting a concerted transition to a low-carbon future in order to address climate change. The selection and
siting of renewable energy technology is driven by natural resource availability and physical and regulatory
constraints. These factors inform early-stage feasibility of renewables, helping to focus investment of time and
money. Understanding their relative importance and identifying the most suitable technologies is a highly
complex task due to the disparate and often unconnected sources of data and information needed. Data4Sustain
help to overcome these challenges.

1. Introduction

As highlighted by the United Nations’ 7th Sustainable Development
Goal and the Framework Convention on Climate Change [1], there is a
need to both limit global carbon emissions and enable global access to
energy. Multiple societal, policy and technical changes will be required
for this to happen. One part of the solution is increased use of locally
generated renewable energy, but for this to be effective there is a need
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for more accessible knowledge of numerous physical, social and finan-
cial factors.

The focus of this research is to explore whether a prototype spatial
decision support system (DSS) can be developed to map the site-based
feasibility of several renewable energy technologies as a solution to
problems identified by potential end-users. The problem statement is:

“As a strategic land use planner (or similar stakeholder) trying to
quickly identify at an early stage which, if any, renewable energy
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technology, is the feasible for my area of interest. I need to do this
before I invest in a full-scale site-specific study. This is important
because relevant datasets required for such an assessment are hard to
find and owner by lots of different organisation making it difficult to
bring them together, especially for multi technology assessments.
This situation makes me feel like discounting renewables as a way of
achieving low carbon development given the relative effort and cost
incurred on conducting an early-stage feasibility study of
renewables.”

The potential ‘users’ of the DSS include strategic land use planners,
land owners, developers, land managers and their advisors. The system,
called Data4Sustain, assists with assessing where renewable energy
might be feasible through the use of multi-criteria decision analysis,
mapping and visualisation. The users identified are those involved or
support the design and installation of renewable energy technologies
(RET), including characterising natural resource and constraints in the
context of the regulatory landscape.

The 5-stage framework adopted for this research is shown in Fig. 1,
the diagram illustrates the sequence and iterations followed from
problem statement to a prototype DSS.

The multi-actor approach taken here involved the researchers, the
private sector and policy and decision makers, enabling a critical eval-
uation of the key factors that attract and discourage six types of
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Fig. 1. Decision support system framework.
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renewable energy technologies (RET). The assessment was used to
create a rapid spatialDSS that can shortlist candidate RETs at any site or
highlight sites that are more or less suitable for a particular RET. The
system is designed to speed up early-stage site selection and develop-
ment of RETS, thereby supporting the transition to a low carbon future.
The seven RETs included in the DSS are small to medium-scale and
large-scale wind turbines, solar, small-scale hydropower ,water source
heat pump, horizontal closed-loop and vertical open-loop groundsource
heat pumps, each of which generate electricity to enable infrastructure
or heat for local consumption or distribution.

The DSS has covers three areas of England and has demonstrated the
applicability of the work to inform renewable and sustainable energy
generation practice in other parts of the UK and beyond.

This paper is structured as follows; in Section 2 is presented the
regulatory context enabling the deployment of onshore RET; in Section 3
are described the methods for data selection, collection and pre-
processing; in Section 4 are presented the results of using D4S to
assess the installation of ground source heat pumps, wind turbines and
solar photovoltaics, the discussion includes the reporting options
available from the tool and the opportunities for improvements; Section
5 presents the conclusions.

2. Regulatory context, decision making and decision support
systems

In this section, a review is presented of key policy and regulatory
enablers and constraints that have helped shape up the market, avail-
ability and deployment of onshore RET in England, UK. The impact of
these have informed the tool presented in subsequent sections.

2.1. Climate change and universal energy access

The Intergovernmental Panel on Climate Change (IPCC) Summary
for Policymakers within their Sixth Assessment Report states that “It is
unequivocal that human influence has warmed the atmosphere, ocean and
land” [2]. The same document goes on to note that “limiting
human-induced global warming to a specific level requires limiting cumulative
Carbon Dioxide (CO2) emissions, reaching at least net zero CO2”. The IPCC
recognised the importance of renewable energy production as part of the
solution to mitigate global warming [3]. Their report provided under-
pinning evidence for The United Nations Climate Change Paris Agree-
ment, a binding policy that aimed to limit global temperature rise this
century to below 2 °C, ideally 1.5 °C, above pre-industrial levels [4].

However, this immediate need to reduce CO; emissions is in conflict
with the need to continue to generate and distribute energy as stated by
the United Nations Sustainable Development Goal No. 7 “access to
affordable, reliable, sustainable and modern energy” [1]. Deployed, resil-
ient, cost effective and societally accepted renewable energy generation
infrastructure is needed to deliver this, and this is dependent on good
knowledge of a number of site-specific factors.

The successful development of renewable energy is dependent on
many factors, including resource availability, engagement with the local
community, finances and physical and regulatory constraints. Policies
and regulations are key enablers of this process, but do not alone provide
the necessary ingredients to inform decision making for early-stage
renewable energy feasibility assessments, which is the gap this work is
fulfilling.

2.2. On-shore renewable energy in England, UK

The UK is committed to a transition to net zero by 2050, compared to
1990 levels by 2050 [5].

In 2019, UK renewable energy generation reached an all time high of
36.9% (119 TWh) [6], the first-time the proportion of renewables
exceeded fossil fuels and demonstrating the UK is already making
progress towards the net zero target.
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To tackle current challenges, the option of decentralising energy
generation has been considered, which means to de-escalate and redis-
tribute energy generation within the territory [6].

One of the challenges in this path of decarbonizing the energy system
is to integrate renewable sources of energy without affecting stability, i.
e., by matching demand and supply of energy [7]. The Government and
Ofgem’s policies to reform the energy system in this aspect are contained
within the Transitioning to a Net Zero Energy System white paper [8]
which aims to facilitate the transition to a smarter and more flexible
energy system.

A smart and flexible energy system is considered to be essential in
order to achieve the proposed net zero climate goal and provide
affordable energy costs [8]. The kind of RETs in this paper are allocated
within the category of flexible generation, which are low carbon peaking
plants or intermittent generation like solar or wind farms. Although
these technologies are becoming more affordable due to the reduction in
investment costs, there are still economic and technical challenges to
solve, like the integration of small, medium or large intermittent RETs
into the grid [9].

The Energy White Paper: Powering our Net Zero Future [6] states
that flexible generation would facilitate the decentralisation of the en-
ergy systems, allowing the integration of large, medium and, especially,
small generation sites across the country. The Government projects the
increase on energy demand in the transition to decarbonise the energy
sources; it is expected that this “This change necessitates a very different
approach, and not just because the energy system must support the deploy-
ment of clean energy technologies. It will also have to adapt to a world in
which energy is far more decentralised” (p. 66). Demand will be satisfied as
much by local solutions as by a nationally organised and operated system”
(p. 111). As a result of this, in the policy paper British Energy Security
Strategy, the government pledges to support flexibility for both gener-
ators and users in all its forms [10].

Policy and market requirements will drive both deployment of
existing RETs and the development of new generation and carbon cap-
ture/emission reduction technologies. Deregulation of the energy mar-
kets also encourages RET development, as it provides new opportunities
for small scale generation capacity to contribute to the national grid
networks [11].

2.2.1. Micro, small and large-scale installations

Policies for the deployment of renewable energy installations depend
on the scale measured by the installed capacity. Small-scale installations
were defined in UK domestic regulations as those with a declared net
capacity up to 5 MW [12] and amended by the Feed-in Tariffs
(Amendment) (No. 3) Order 2015 [13], while microgenerators consist of
installations of declared net capacity up to 50 kW. Above this are the
large-scale low carbon electricity generators.

The Smart Export Guarantee Order 2019 [14], Section 4.1 of the
Energy Act 2008 [15] regarding modifications to the standard condi-
tions of energy supply licences, constitute the regulatory framework for
small-scale low-carbon electricity generators. Large-scale low-carbon
electricity generators deployment is driven by the Contracts for Differ-
ence (CFD) [16].

Regulations to allow generation and uptake of energy from renew-
able sources from not only large but also micro and small-scale in-
stallations, are important to increase the ability of the energy system to
respond to changes in demand as part of the flexibility programme [8,9].
Regulations for licensing, installing, and connecting to the grid are
factors that impact the deployment of renewable energy technologies, as
has been observed with the impact on the adoption of photovoltaic
systems by the reduction on Feed-in Tariff incentives [17,18]. Crucially,
planning policies and regulations have a direct impact in the deploy-
ment of RETs within the territory. The location site of renewables in-
stallations is fundamental in influencing the business model for an
investment that can make use of the policies promoting small, medium,
or large-scale renewable energy technologies (RETs). According to
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Maditereza and Bansal [19], finding optimum locations, size, and
maximum penetration levels for distributed generation is central to the
deployment of RETs.

2.2.2. Locating sites for renewable energy installations

A challenge in identifying suitable locations, is that different RET
installations have different relevant criteria. Traditional energy gener-
ating capacity is based on large industrial facilities located close to the
source of fossil fuels, transport infrastructure and cooling water. In
contrast, with the exception of large-scale hydroelectric plants and off-
shore wind farms, renewable energy resources are typically of smaller
kW capacity, decentralised and geographically widespread, requiring
grid connections/and or storage. Small to medium scale RET facilities
rely on the identification of sites where their suitability for successful
generation is dependent on site-specific environmental and planning
factors which influence generation output. Distributed power genera-
tion using RETs can contribute significantly toward the UK power re-
quirements, but it is unlikely that any single technology will in itself be
sufficient or provide appropriate levels of power resilience.

The Planning for a Sustainable Future White Paper [20], outlined the
National Policy Statements and sought to improve the town and country
planning system. There are however efforts to publish an updated white
paper and the consultation Planning for the Future [21] has been
launched. Planning for the Future provides the current Government’s
aspiration for major planning reform. This includes a strong digital
component of plan making and delivery, which features in the first
parliamentary reading of the Levelling Up and Regneration Bill 2022.

Location factors link to the English planning policies around place
making and renewables including new proposals to ‘zone’ suitable lo-
cations for specific development scenarios in the Planning for the Future
consultation [21]. The consultation proposes reforms regarding energy
efficient buildings and their role in net zero and notes a desire for
spatially-specific policies to improve public access where renewable
energy could be accommodated. Overall, the consultation lacks explicit
recognition of onshore renewables policy in forthcoming planning re-
form. On a more positive note, the proposals support a shift from a
paper-based planning system to a data-driven one. This is expected to
result in an increase in the accessibility, availability and reliance on
spatial data and digital decision support systems for land use planning
and management [22].

The National Planning Policy Framework (NPPF) [23] sets out the
planning policies for the government in England. It promotes increased
“use and supply of renewable and low carbon energy and heat” [par.
155] as part of the transition to a low carbon future. It encourages plans
to identify “suitable areas for renewable and low carbon energy sources”
[par. 155] and identify opportunities for development and low carbon
energy sources to be co-located. There is positive support for
community-led initiatives for renewables including those in neigh-
bourhood plans. In paragraph 158 is defined that “when determining
planning applications for renewable and low-carbon developments”
[par. 158], there is no requirement for the need for the renewable or
low-carbon energy to be demonstrated as “even small-scale projects
provide a valuable contribution to cutting greenhouse emissions” [par.
158]. There are limitations to the support for renewables in the NPPF,
for example, if located in the Green Belt, very special circumstances will
need to be demonstrated. Thus, local planning requirements are an
important part of deciding feasible locations for RET installations.

Similarly, the Renewable and Low Carbon Energy Guidance [24]
provides support on how local planning authorities can develop a pos-
itive strategy for delivery of renewables and low carbon energy and
support community led initiatives. It comments on how planning au-
thorities can identify suitable locations and highlights the importance of
identifying opportunities to develop decentralised energy, emphasising
the need to get the “right land uses in the right place” [25] (par. 19).
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2.3. Decision making for renewables

The global and national drive towards net zero creates a policy
environment which is supportive of increasing development of renew-
ables. Moreover, the increase and volatility of energy prices have been
accelerating the commitments to deploy low carbon energy systems in
Great Britain [10]. In addition, the support for flexibility and decen-
tralised generation has increased the scope for renewable energy [11].
Identifying suitable locations to develop renewable energy resources
requires careful evaluation of the physical and policy constraints [26].
Determining if a site or area is feasible for RETs involves significant
investment of both time and money where the balance between social,
economic and environment constraints defines whether renewable en-
ergy projects go ahead. Failure to consider these factors properly can
cause significant project delays or cost overruns [27].

The Local Planning Authorities are responsible for applications for
renewable and low carbon energy developments of 50 MW or less
installed capacity [28] while large scale developments are considered by
the Secretary of State for Energy [29]. From the local planning author-
ities’ perspective, the aim of permitting RETs is to achieve sustainable
development [29]. National Policy Statements inform the decisions of
the Secretary of State regarding the development of biomass and waste
production in addition to offshore wind technologies [29]. The National
Policy Statement for Renewable Energy Infrastructure [30] is a guide for
the Secretary of State to assess large energy infrastructure, but also
serves as an aid for Local Planning Authorities regarding medium or
small RETs, and the site adequacy and sustainability. Failure to comply
with National Policy Statements could cause the rejection of the appli-
cation by the Secretary of State or the Local Planning Authority [29].
There is scope for national policies to be enhanced to encompass a wider
variety of onshore technologies, linking to more recent aforementioned
white papers on energy and planning.

Regarding renewable or low carbon energy developments with
installed capacity up to 50 MW, Local Planning Authorities in England
must consider applications in consideration of the development plan,
the Planning Act 2008 [29], the Climate Change Act 2008 [31], and the
National Planning Policy Framework [23], among others. The aim is to
support the sustainable development of green energy whilst protecting
the local environment [23].

According to Renewable and Low Carbon Energy Guidance [25],
Local Planning Authorities must develop and maintain a Local Devel-
opment Scheme to promote the deployment of renewable and low car-
bon energy, considering the National Planning Policy Framework [23].
Local Plans should contribute to the sustainable development, be un-
ambiguous and “be shaped by early, proportionate and effective
engagement between plan-makers and communities, local organisa-
tions, businesses, infrastructure providers and operators and statutory
consultees” [22,24] (par. 16), among others. The provision of energy is
identified as a strategic policy and is therefore considered a priority that
must be addressed in the development plan by establishing sufficient
land-use designations and allocations identified on a policies map to
meet the strategic needs of the area [23]. Crucially, the preparation and
review of the policies must be made using “relevant and up-to-date ev-
idence”, in order to be considered “sound” [23] (par. 31).

Planners, landowners and developers need digital decision-making
tools to evaluate the multiple criteria which affect the location of RET
installations.

2.4. Approaches to decision making and decision support systems

Decisions on siting RETs need to take account of numerous factors
and be based on evidence. Avoiding subjective judgment in these de-
cisions requires a systematic and repeatable approach to facilitate
consideration of multiple, often conflicting geographically constrained
variables. These complexities can be addressed using a combination of
Problem Structuring Methods (PSM) and Decision Analysis (DA) [32].
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Problem Structuring Methods facilitate engaged and structured con-
versations to synthesise common understanding of challenging situa-
tions, methods may be as simple as a SWOT analysis or more complex
and academically focussed like expert elicitation. A combined PSM and
DA approach can be used to develop bespoke Decision Support Systems
(DSS) to achieve transparency and replicability. DSSs are most
commonly computer-based tools that support, enforce structure and
organise decision making activities [33]. Sprague (1980) [34] defines a
well designed DSS as follows:

a. Aimed at less well structured, underspecified problems typically
faced by upper level managers;

b. Combines the functions related to assessing and retrieving data with
the utilisation of models or analytic techniques;

c. Focused on features which make them interactive and easy to use by
non-computer-proficient people; and

d. Emphasises flexibility and adaptability which accounts for how and
where users make decisions.

Multi-Criteria Decision Analysis (MCDA) is an ideal method to
manage the complexities of land use decision making [35], especially
when used in conjunction with Geographic Information System (GIS)
[22]. MCDA is a group of methods commonly used across a range of
disciplines including; environmental sciences [36], brownfield rede-
velopment [22], construction [37], medical and veterinary science [38],
real-estate and land management [26], climate science & policy [39]
urban energy system planning [11] and a great number of others [40,
41]. A review conducted by Strantzali and Aravossis (2016) [42] rec-
ognises that the choice of method largely depends on the preferences of
the decision-maker and analyst i.e. there’s often no right or wrong
method. This is a point supported by Hammond et al. (2021) [22], who
highlights a gap and need for early-stage DSSs in urban planning and
development.

2.4.1. Review of decision support systems

A review of the academic and grey literature was conducted to
identify existing tools and whether they have the potential to address the
problem statement written for this research. A search of the academic
literature using the Scopus bibliographic database returned 206 publi-
cations. The search was focused on title, abstract and keywords with
search string: (“renewable energy” OR renewable* OR solar OR wind OR
geothermal) AND (“Decision Support Tool*” * OR “Decision Support
System*” OR software* AND GIS).

One review of note was published by Picchi et al. 2019 [43], who’s
work was a systematic review of renewable energy decision support
systems. They characterised the systems they reviewed into four typol-
ogies: 1) social attitude: studies that focus on what people think about
renewable energy development, what their attitude is with regard to
landscape changes, and what attitude they have towards improving
their surroundings through RET; 2) impact assessment: studies that
assess the impact of an RET on the environment and landscape; 3)
planning: quantitative and qualitative studies evaluating land-use
development scenarios using expert methods and datasets at local and
regional scales; and 4) integrated planning: studies examining the con-
flicts and tradeoffs between different land use demands.

The wider 206 publications returned by the Scopus search were
sorted for relevance, which reduced the number down to 89 to represent
those DSSs that focus on assessing the feasibility of RET. A review of
these publications show the following trends:

e Over time the frequency of decision support tools/systems publica-
tions has steadily increased. There was a spike in publications per
year in 2015, increasing again from 2018 to 2022;

e The majority of tools focus on site selection assessing for a single
resource type (n = 67) e.g. solar [44], wind [45] or geothermal [46].
A smaller number of studies were designed to assess multiple RETs
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(n = 17) e.g. Mwanza and Ulgen, 2020 [47] consider wind, solar

photovoltaic, biomass, and hydropower for electricity generation;

Bracco et al, 2018 [48] considers solar, wind alongside cogeneration
e Wind (n = 19) and solar (n = 26) are the most common focus for
single RET studies, other single resource studies included
geothermal, biomass energy, wave and tidal. Studies evaluating
areas for solar energy include: Sanchez-Lozano et al., 2014 [44], Sun
et al., 2013 [49], and Huld et al., 2017 [50]. Studies evaluating for
wind energy include: Aydin et al., 2010 [51], Simao et al., 2009 [52],
and Mekonnen and Gorsevsk, 2015 [53];
The majority of studies (n = 54) utilise GIS methods (i.e. proximity
analysis, suitability modelling) for spatial analysis of technical po-
tential (i.e. natural resource availability and deployment viability)
for renewable energy technologies for a given area;
Several tools consider social constraints for renewable energy
resource allocation (n = 16). For example, the highly-cited Aydin
et al., 2010 [51] include criteria to assess the impact to the local
community, impact of noise, and visual blight on the landscape;
Some tools have been designed to act as structuring for stakeholder;
discussion/participatory methods (n = 13).e.g. Gonzalez and Con-
nell, 2022 [54], and Mekonnen and Gorsevsk, 2015 [53];
Multi-criteria decision analysis is often used to support the genera-
tion of results in these tools (n = 17) e.g. ELECTRE [44], Weighted
Sum Model [55], and TOPSIS [56];
Fuzzy and hybrid methods for dealing with ambiguity in decision-
making also feature in the search results (n = 9). Fuzzy hybrid
methods used include: Fuzzy Analytical Hierarchy process [57],
Fuzzy Logic-GIS [58], fuzzy best worst method [59]; and
The use of Web-based applications and WebGIS to host an RET se-
lection DSS is also seen in the literature (n = 5).

A review of the grey literature using the Google search engine found
22 decision support systems. Of these publications, the following trends
were noted:

e A large number of DSSs are freely available and publicly accessible
(n=19);

e Many of the systems were created by public agencies (i.e. United

States National Renewable Energy Laboratory) and/or education

sector [60-62], with a smaller number of private sector de-

velopments [63-65];

The geographical scale of the DSSs found were global or multi-

national (n = 13), Nation specific (n = 9); and

There was a broadly equal split between multiple RETs and single

RET with most hosted on web-based rather than desktop software.

The principal resource types evaluated by the systems were solar and

wind RETs. For Example, Googles Project Sunroof [66], the PV*SOL

Online tool [67], and World Bank Groups Global Wind Atlas [61].

The functionality of these decision support systems found required
the user to identify an area of interest through a WebGIS, which was
then used to show RET suitability maps created using various modelling
techniques from a wide variety of data sources. For example, the Global
Wind Atlas [61] was created from data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) considering the topog-
raphy, orography, surface roughness, and obstacles to determine wind
speeds.

The key opportunity noted for new research following a review of the
literature is for a web-based, user-led DSS that evaluates multiple RET
including both above and below ground technologies and cover plan-
ning and policy constraints.

2.5. A new decision support system for locating RETS

To complement and demonstrate how digital tools can assist with
policy implementation and renewables deployment, the authors
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developed an innovative and research prototype decision support sys-
tem called Data4Sustain (D4S). D4S is a web-based spatial decision
support system for the feasibility assessment of seven RETs. The system
is designed for end users evaluating sites (e.g. site owners, developers
and Local Authorities) but can also be used by policy makers or vendors
to exploit or delineate other suitable sites for each renewable technol-
ogy. The tool evaluates resource, constraints and feasibility for small to
medium scale wind, large scale wind, solar photovoltaics, small scale
hydro and vertical and horizontal ground source heat pumps. D4S uses
MCDA to derive mapped outputs which are presented in a bespoke Web
GIS as fully attributed choropleth maps with a detailed dashboard and
reporting functions.

DA4S could be used in the process of preparing Local Plans for ex-
amination by the Secretary of State, in which the soundness of the plan
will be assessed. Evidence is required to justify the reasoning behind the
allocation of sites for development, following a method that is logical
and consistent [68]. There is an acknowledgement of the challenges
posed to local authorities, who are encouraged to engage with industry
experts that can help identifying siting requirements in order to assess
the deployment of RETs and, more importantly, its cumulative impact in
the environment [25].

3. Materials and methods

The D4S spatial decision support system was jointly developed by
Land Quality Management Ltd, the British Geological Survey, Notting-
ham Energy Partnerships (NEP) and the University of Nottingham
(UoN). The technical basis of D4S was informed by technical and policy
workshops with specialists from LQM, BGS, NEP and UoN who designed
and implemented a set of methods for data selection, collection and pre-
processing followed by multi-criteria decision analysis. These methods
were implemented using ESRI ArcMap Version 10.1 and bespoke Web
GIS client application. NEP produced the initial scoring for each
renewable energy technology; LQM and BGS developed the input data
for above and below ground RETs respectively. BGS created the WebGIS
using an agile software development approach, comprising use case and
user experience research, wireframe mock-ups and software develop-
ment sprints.

This section focuses on three of the seven RETs: Vertical open loop
ground source heat pumps, large wind turbines and solar photovoltaics.
These were selected as they demonstate the breadth of the tool for above
and below ground technologies.

3.1. RET selection and study area
Seven RETs were evaluated to identify the key factors affecting

resource potential, planning/environmental constraints and overall
feasibility. The RETs evaluated were:

—

. Small to medium scale wind (<100 km and 18 m generation hub
height?);
ii. Large scale wind (>100 kw and 45 m generation hub height);
iii. Solar photovoltaics (solar farm);
iv. Small scale hydro;
v. Water source heat pump;
vi. Open loop vertical ground source heat pumps; and
vii. Closed loop horizontal ground source heat pumps

These RETs were selected because they are commonly deployed in
both domestic and commercial settings at different scales, and are sub-
ject to geographical constraints. The RETs qualified for feed-in tariffs
[12,13] (scheme now closed to new installations) or the Renewables
Heat Incentive [69]. The seven RETs are divided into two groups, above
and below ground where the former produce mainly electricity or, in the
case of WSHP, heat from wind, water and solar and latter produce low
grade heat from the ground for use in buildings.
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The viability of RETs is affected by multiple factors is summarised as
follows:

. Natural resource availability;

. Technically accessible resource;

. Physical environment constraints;

. Planning and regulatory constraints;

. Legal constraints;

. Economic viability;

. Deployment viability (supply chain); and

. Regional ambition - target setting and incentives.

ONOUI A WNHR

D4S is designed to addresses the first four stages. These stages tend to
feature at the start of the site assessment and feasibility studies. Legal
constraints, economic and deployment viability and regional ambition
are not considered to be part of an early-stage assessment but rather a
detailed desk-based study conducted once the initial feasibility work has
been undertaken.

For each RET, the factors affecting feasibility were identified the
authors, guided by NEP. Collectively the group’s expertise covers
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renewable energy policy, planning and installation, geoscience, land use
planning and geoprocessing.

The D4S study area was the West Midlands, Nottinghamshire and
Derbyshire, UK (Fig. 2).

To illustrate how D4S has been produced, this paper focuses on three
of the seven technologies: vertical open loop ground source heat pumps,
large wind turbines and solar farms.

3.2. Multi-criteria decision analysis

The team selected a linear weighted sum model (WSM) for evalu-
ating, scoring and ranking resource and constraints. This is a MCDA
Multi-Attribute Utility Theory (MAUT) method [70] and was chosen due
to its relative ease of use and its suitability for spatial problems - unlike
many other MCDA methods it is site independent as it does not rely on
pairwise comparisons that hugely slow down the generation of
on-the-fly/live outputs.

The project team assigned utility (scores) to a range of different at-
tributes to quantify values and/or preferences (ranked/scored outputs).
The WSM was applied to calculate a score for resource and constraints
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Fig. 2. D4S study area of Derbyshire, Nottinghamshire and West Midlands, England. Contains Ordnance Survey data © Crown copyright and database right 2021.



D. Beriro et al.

for 10 x 10 m grid cells that make up the study area. These scores were
normalised as a linear weighted sum of its scores across n factors. The
project team assigned weightings to each criterion to each dataset/
attribute. The actual scores are commercially sensitive and therefore not
included in this article. The WSM score for both resource constraints is
calculated by Eq. (1).
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where w; denotes the relative weight of importance of the criterion G;
and aj; is the performance value of alternative A; when it is evaluated in
terms of criterion G;, the total (i.e., when all the criteria are considered
simultaneously) importance of alternative A;, denoted as A; V= Se°re
[71].

Despite the ease of implementation, and the ability to add or subtract
an infinite number of criteria, this method is unsuitable when the
criteria used are expressed in different domains e.g. feature presence/
absence versus depth in metres. Where this situation existed the criteria
were transformed to ranked class (e.g. 1-5) for analysis [70,72].

3.3. Generalised geoprocessing workflow

DA4S is based on three separate choropleth (heat) maps for each RET:
i) resource; ii) constraints; iii) feasibility map (Fig. 2). Input datasets
used for the resource and constraint maps came from a number of
different organisations including British Geological Survey, Natural
England, Environment Agency, Ordnance Survey. Data cataloguing,
quality assurance and license agreements were managed throughout the
project to ensure compliance with the relevant license conditions.

The creation of the resource maps used bespoke GIS workflows
created in ESRI's Model Builder™ and ArcGIS™ Version 10.1 software.
Outputs were fully attributed 10 m x 10 m grid cells, including source
data fields and a normalised WSM output score from O to 1.

Generation of the resource and constraints summary maps for each
technology involved selecting and scoring <80 datasets e.g. solar radi-
ation, protected areas, residential sites, rivers. Geoprocessing and
attribution of individual grid cell was automated using an ArcGIS™
Python programme. The script iterated through each dataset performing
the following operations:

1. Clip source data to study area;

2. Buffer all features in dataset using a distance defined by expert
elicitation;

3. Allocate score to buffered features on a range from 0 (an exclusion
where the technology should not be located) to 6 (no issues with
locating technology at this site);

4. Convert dataset to a raster grid (10 m x 10 m cells);

5. Multiply each source raster grid to generate an overall constraint
score for each cell; Note, that the use of one or more 0 exclusion
scores for the input dataset results in an exclusion in the final output
map; and

6. Normalise the scores to generate a final constraint map as a 10 m x
10 m grid of cells scored between 0 and 1.

RET feasibility maps were created by multiplying together the
resource and constraint WSM scores for each cell. All three maps
(resource, constraint and feasibility) were symbolised with an appro-
priate colour ramp using the Jenks natural breaks classification method
[73] prior to publication map services, via ESRI’s ArcGIS Server™ ready
for integration into the Web GIS.

3.4. Detailed workflow for resource calculations

Resource estimates were made for each 10 m x 10 m grid cell using
technology specific datasets in the WSM. Individual attributes were
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scored and Resource Scores (RS) multiplied together to provide the final
score for individual grid cells. The final scores were then rescaled by
dividing the score by the maximum value within the study area to give a
range from O to 1 (Eq. (2) and Eq. (3)).

(Rescaled_Resource_Score), = <

(Resource_Score_Max)

Resource_Score_ProductSum,
study area 1.j

(2

Where r = resource layer 1 to r and for each pixel (10 m x 10 m grid cell)
is1toj.
Where Resource_Score_ProductSum; __ j is defined by Eq. (3):

r

Resource_Score_ProductSum, ., = Z(RSI X RSy X RS3 X ....RS,) 3)
1

3.4.1. Vertical open loop ground source heat pump

Vertical open loop ground source heat pump (GSHP) systems extract
water from aquifers, pass it through a heat exchanger and then a heat
pump. The water is then returned to the aquifer via a second borehole
some distance away from the extraction borehole. Vertical open loop
systems are usually accessing low grade heat stored in groundwater in
geological formations where the system is located.

Vertical open loop GSHP systems rely on local hydrogeological and
economic conditions including the presence of an underground water
source of sufficient productivity, water quality and temperature and
reasonable installation and pumping costs. It is also necessary to secure
regulatory approval for both abstraction and discharge permits to pro-
tect the capacity and water quality of the aquifer.

Vertical open loop ground source heat pump resource input data for
the D4S in the West Midlands comprise three publicly available BGS
datasets: i) aquifer productivity; ii) depth to ground water; and iii)
estimated water temperature [74] (see Table 1). Attributes in each of
these datasets were ranked and given a score (Table 2) and applied to Eq.
(2) and Eq. (3).

3.4.2. Large wind turbines

Large wind turbines for current UK onshore wind farms most
commonly comprise of three-blades with an overall rotor diameter of
30-50 m, a tower >70 m tall with a generating capacity of >100 kW.
Wind energy is calculated using the cube law which means a 10% in-
crease in wind speed results in an increase of approximately 30%
available energy. At locations where there are high wind speeds, the
large rotors and high towers yield more energy. However, as per all
locations generation capacity is subject to a range of constraints.

Environmental and/or planning constraints control onshore turbine
size and wind farm layout along with access conditions for the turbine
infrastructure and installation equipment. The optimal locations for

Table 1
DA4S resource scoring for vertical open loop ground source heat pump.

Variable Classification DA4S Score

>60 m®/h
30-60 m®/h
10-30 m®/h
<10 m%/h
<30 m
30-100 m
>100-200 m
>200-300 m
>300-1000 m
>1000 m
>25°C
15-25 °C
10-15°C
6-10 °C
<6°C

Bedrock Aquifer Potential

Depth to Groundwater

Groundwater Temperature
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Table 2
D4S scoring for the large wind primary resource layer.
Resource dataset Classification Justification Score
Windspeed (m/s), <5.0 Large wind power not 0
long-term mean >5.0-5.5 generally viable at sites 1
based on NOABL >5.5-6.0 with an annual mean 2
at 45 m (ETSU) >6.0-6.5 wind speed under 5 m/s 3
>6.5-7.0 and because the energy 4
>7.0-8.0 available is proportional 5
>8.0 to the cube of the wind 6
speed, sites over 8.0 m/s
offer a very suitable
resource
Height (m) Used to scale Local surface roughness Not scored,
(NEXTMap, Z, and d elements derived local (pixel)
CEDA) according to the local input value

terrain relief (surface
height taken from the
NEXTMap DSM-DTM
surface at 5 m
resolution). Used to scale
the roughness element
height (z,) and zero
plane displacement (d).

NOTES: i) The scores in the table range between 0 and 6, where 0 is categorised
as an ‘exclusion’ based on no expected resource and 6 is ‘very high resource’
expected; ii) the ETSU NOABL Windspeed database [78,79] values at 45 m were
modified to estimate windspeed at an assumed hub height of 80 m by using the
logarithmic wind profile equation, in which local roughness and zero plane
displacement were estimated from the DSM-DTM (difference between the 5 m
NEXTMap [77,80] Digital Surface Model and Digital Terrain Model). This
Roughness Height Scaled model approach provides an indicator of relative wind
speeds across sites only and was applied across the entire area.

wind speed are typically exposed locations which also attract higher
installation and grid connection costs. These factors along with access
affect the economic viability of wind farms. The development of lower
wind sites near population centres increased under the now defunct
Renewables Obligation [75] has since decreased. Environmental con-
siderations, especially visual impact and designated landscapes limits
the number of sites which are suitable. While the cost per installed ca-
pacity is higher for offshore wind systems, average wind speeds are
higher at sea. Current constraints for onshore wind include grid capac-
ity, finance, air defence radar, and the engineering of deeper founda-
tions [76]. For the purposes of resource estimates and characterisation
of constraints, a standard turbine has been assumed to have a tower
height of 80 m and a blade diameter of 45 m so maximum height of 125
m. The height scaled resource estimates were derived using the NextMap
DEM [77] to parameterise the logarithmic profile equation.

3.4.3. Solar photovoltaics

Solar photovoltaic (PV) farms, often referred to as solar parks or solar
fields, are the large-scale application of solar photovoltaic panels to
generate electricity. These PV farms usually feed directly into the na-
tional grid. Solar farms are typically ground mounted systems of one
acre or larger and developed in rural areas, though urban solar farms are
not impossible with installations in areas such as covered park and ride
sites or underutilised post-industrial brownfield land. In practice there is
a continuum between solar farms, and smaller patches of PV on farms
and large garden installations. Solar farms go through a rigorous plan-
ning procedure before they are approved; the planning process considers
the suitability of the specific site, potential adverse impacts on the area,
and relevant renewable energy targets. The energy output of farms is
determined by the annual irradiation and the orientation of the systems.
Solar Farms are arguably the lowest impact renewable energy option,
with no moving parts, no emissions while in use, little need to move
large items during the installation, few vehicle movements after instal-
lation, low visible profile, and the potential for continued use of the land
for grazing and wildlife, as well as a very limited impact on
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decommissioning. The use of poorer quality agricultural land is
preferred.

The area solar radiation model in ArcGIS was used to derive
incoming solar radiation based upon a user defined raster surface Digital
Elevation Model (DEM). The DEM model used as the input for this tool
was the 5 m resolution Digital Terrain Model data (DTM) from the
NEXTMap British Digital Terrain Model project [77] and is described by
Sanders et al. (2005) [80]. The parameters used to derive solar radiation
are presented in Table 3. The proportion of normal radiation assumed to
be diffused was set at 30% whilst the atmospheric transmissivity of ra-
diation was assumed to be 50%. A Standard Overcast Sky diffuse model
was assumed [81]. An estimate of solar radiation (kWh/mz/day) was
then scored (Table 4) and used to generate the resource maps.

3.5. Land use planning and environmental constraints

Seventy-eight spatial datasets characterising land use (e.g. pylons,
aeronautical radar sites, buildings, roads), environmental (e.g. conser-
vation sites, flood risk) and geohazards (eg compressible ground, land-
slides) constraints were identified and scored by the project team. Scores
assigned to each dataset ranged from 1 to 6. The lowest score (1) rep-
resented a potential RET exclusion zone (e.g. roads, pylons, railways)
and the highest indicating no know constraints effect on RET viability
(6) (e.g. agricultural land, conservation area).

Constraints classes and scores were attributed to each 10 x 10 m grid
cell. The datasets, classes and scores can not be reproduced here due
their commercially sensitivity. A small sample of the data are presented
in the results section. Each score is rescaled to the maximum score in the
study area to give a range from O to 1 and then multiplied together to
give a constraint viability score (CVS). The product is then rescaled
again to the maximum value to give a value within the study area from
0 to 1 and mapped. For layer specified Constraint_Viability Score 1 ... i
(with CVS varying between a value of 0 and 6), across cells 1 ... j, the
Rescaled Constraint Viability Score (varying between 0 and 1) can be
defined by Eq. (3) (for constraint layer 1 to i; for each pixel 1 to j):

Table 3
Inputs and justification for the ArcGIS Area Solar Radiation tool used for
generating the solar resource layer.

Input Value/Selection Justification

Input Raster (DEM) 5 m NextMap DTM

(resampled to 10 m)

10 m based on run-time
consideration (see Table 2)

Latitude (°N) 52.933 Automatically calculated mean value
across DEM (extends across 1.2°
latitude)

Sky size/ 200 Value sufficient for whole DEMs with

Resolution (cells) large day intervals (i.e. >14 days)

Time Configuration =~ Whole Year Annual statistic required (i.e. long-

Day Interval

Hour interval

Create outputs for
each interval

Z factor

Slope and aspect
input type

Calculation
Directions

Zenith divisions
Azimuth divisions
Diffuse model type

Diffuse proportion

Atmospheric
Transmittivity

Calendar month
Not applicable
No Interval

1

Derived from DEM
(see above)

32

8

8

Standard Overcast
Sky

0.3

0.5

term values at a site)

Whole year calculation

Whole year calculation

Single outputs for annual estimates

X, ¥, z all in same units (m)

Adequate for complex topography,
minimum number likely to be
acceptable for 10 m DEM resolution
(increase for a DSM including man-
made structures or national tool)
Default (low number for prototype)
Default (low number for prototype)
Diffuse radiation flux varies with
zenith angle (i.e. valley bottoms will
receive less diffuse radiation
compared to ridgelines or peaks)
Default value for generally clear sky
conditions

Default value for generally clear sky
conditions
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Table 4

D4S scoring for the solar primary resource layer.
Global solar radiation estimate (upper limit) Percentage of Resource
W/m2/yr kWh/ Equivalent Annual P}XEIS (Study Viability

i Sites) Score
m2/day  Insolation (kWh/
m2)

<182,500 <0.5 <183 0.00002 1
<273,750 <0.75 <274 0.00007 1
<365,000 <1 <365 0.00084 2
<456,250 <1.25 <456 0.00613 2
<547,500 <1.5 <548 0.03935 3
<638,750 <1.75 <639 0.14884 3
<730,000 <2 <730 0.42478 4
<821,250 <2.25 <821 1.41778 4
<912,500 <2.5 <913 39.60970 4
<1,003,750 <2.75 <1004 56.12470 5
<1,095,000 <3 <1095 2.19808 5
<1,186,250 <3.25 <1186 0.02969 6

NOTE: UK annual insolation varies between circa 750-1100 kWh/m2.
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users to determine the most effective way to visualise the data in order to
facilitate the identification of opportunities for renewable energy.

This process relied heavily on the use of rapid prototyping tech-
niques such as wireframe mock-ups to present and refine potential
functionality and user interface ideas. Following a number of iterations,
a design for a web-based decision support system was finalised. This
application was then developed using the following technologies:

e HTML and JavaScript for the client application;
e ESRI’s ArcGIS API for JavaScript for mapping components; and
e ASP. NET (Visual Basic) for server-side requests.

Functionality included publishing key outputs and map extracts into
standardised preformatted PDF documents which were later emailed to

the user.

4. Results and discussion

Constraint_Viability_Score_ProductSum;_;

(Rescaled_Constraint_Viability Score), ;= (

The Constraint_Viability_Score_ProductSum; __;is defined by Eq. (6):

i

(Constraint_Viability_Score_Max)

) )
study area 1.j

Data4Sustain (D4S) was developed as a potential solution to the
‘problem statement’ defined in Section 1. D4S brings together over 30

Constraint_Viability_Score_ProductSum; _; =Y _(CVS; x CVSy x CVS; x ....CVS)) (6)

1

3.6. Feasibility data and mapping

Feasibility scores for each 10 m x 10 m grid cell were calculated as a
product of the resource score and constraints scores. This product value
was then rescaled using the maximum value within the study area to
give a range from 0 to 1 and mapped (Eq. (5) and Fig. 5).

The Feasibility_Score for each cell 1 ... j across the test area can be
defined by Eq. (5):

datasets in a single web-based user interface designed for rapid early-
stage assessments of multiple RETs in the study area. The literature
based research, also presented in Section 1, shows that there are no other
tools that provide multi-technology assessments using a thorough and
site focussed appraoch. D4S also provide a solution that does not require
any GIS skills to use and evaluate outputs. This means it is open to a wide
range of potential end-users, providing a low effort and efficient way of
understanding how a large number of datasets and multi-criteria deci-
sion analysis can inform decision-making. The following sections
describe three of the seven RETs to show how the problem statement has
been addressed for the selected end users.

(Site_Feasibility_Score) = <(

The Site_Feasibility Score_Max is equal to the highest Eq. (5)
numerator across the study area.

3.7. Web GIS visualisation and functionality

Following the creation of technology resource, constraint and feasi-
bility maps, discussions took place with stakeholders and potential end

Rescaled_Constraint_Viability Score), ; x (Rescaled_Resource_Score), ; o
(Rescaled_F easibility_Score_Max)

study area

4.1. Vertical open loop ground source heat pump

An example of D4S output for vertical open loop ground source heat
pumps (v-GSHP) is shown in Fig. 3. The extract shows an overall good
resource potential for the entire postcode area where any installation
may be constrained by water bodies, roads & buildings (red). This
location was selected as it is a known installation of eight closed loop
boreholes. While the area is clearly not for an open loop system, the data
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Fig. 4. Successful installation of four high power wind turbines at Carsington Pasture, Derbyshire. Contains Ordnance Survey data © Crown copyright and database

right 2021.
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Fig. 5. Constraint Details (a: Solar panels b: Power Transmission Line c: Flood Map). Contains Ordnance Survey data © Crown copyright and database right 2021.

show comparable constraints resource, constraints and overall

feasibility.

4.2. Large wind turbines

The D4S outputs for large wind turbines for a site in Derbyshire
(Fig. 4) indicate excellent resource potential but the presence of soluble
rocks, power transmission lines, roads, and nearby ancient monuments
and heritage assets could compromise feasibility. The presence of power

transmission lines (North-South) is not a constraint as they provide
excellent grid connectivity [82].

The site evaluated has been subject to significant attention in the
news and academic literature. While the project was successfully gran-
ted planning permission, it suffered considerable delays and cost over-
runs for failing to account for the karstic nature of bedrock limestone
(soluble rocks constraint) [27]. D4S identified that this site might be
constrained by soluble rocks, which provides an indication of its effec-
tiveness at identifying early-stage project risks.

11



D. Beriro et al.

Data4Sustain

Home Site Selection

Site Selection

Manchestdr %
Liverpool -

E: 1033870/ N: 259387

Define your site

Draw or select the boundairies for your area of interest.

Digitise Your Site

Left-click to start drawing your site polygon.
Double-click the outline to edit the polygon.

Drag or Upload

Drag and drop a single polygon shapefile
onto the map to display its position.
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Start Tour Welcome, Subscription User
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Pre-Uploaded

Select from previously uploaded data to
choose your site.

Fig. 6. D4S Web GIS Site Selection functionality. Contains Ordnance Survey data © Crown copyright and database right 2021.

4.3. Solar photovoltaics

D4S outputs for solar photovoltaics (Fig. 5) confirm excellent
resource potential, however feasibility may be constrained by roads and
geotechnical issues such as shrink-swell clay. The presence of power
transmission lines (orange north-south feature) provides excellent grid
connectivity.

The site evaluated is now a 10 MW operational solar farm [83]
supporting the conclusions drawn by D4S.

Fig. 5 shows the extent of the solar panels (Fig. 5a [84]) in relation to
the constraints. D4S shows that the constraint crossing the middle of the
site (orange north-south feature) is actually a power line provides
excellent grid connectivity (Fig. 5b). The constraint on the western
boundary is flood risk (Fig. 5¢) and the solar panels appear not to extend
into the flood zone (Fig. 5a). The presence of the flood zone and the
extent of the current solar farm layout supports D4S’ ability to identify
relevant features affecting site feasibility.

4.4. Web GIS and reporting

The D4S Web GIS application was developed as three modules of
increasing detail, allowing users to make decisions on the appropriate-
ness of each and all renewable technologies at a location.

4.4.1. Site selection

The site selection tool allows users to define a site of interest within
the three study areas of Nottinghamshire, Derbyshire and the West
Midlands (Fig. 6). The site can be defined either by digitising the site

12

over an Ordnance Survey base map within the web browser or by
uploading a polygon of a site boundary.

4.4.2. Compare Technologies

The technology comparison section provides a quick comparison of
the seven technologies giving an initial indication of which technologies
have the potential to be suitable at the location (Fig. 7). Colours ranging
from Red (technology excluded at selected site) to Green (technology
highly feasible at selected site).

For each technology, the resource, constraint and feasibility maps
can be viewed individually by clicking on the tabs on the screen to
identify spatial variations in the scores across the selected site.

4.4.3. Detailed technology analysis

The detailed technology analysis section (Fig. 8) allows a chosen
technology to be interrogated in greater detail. The interactive map has
resource, constraint and feasibility layer and include a contains a
detailed constraints map. These help the user understand how each
constraint might be affecting the feasibility of that technology.

In the example below the constraint of shrink swell soils may affect
the foundation design but is unlikely to preclude development of the
RET. By contrast, the constraint of residential buildings would be ex-
pected to prevent development of a many RETs.

The Web GIS also included functions to:

e Annotate the mapping interface allowing the user to highlight areas
of interest;
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Open Loop ground source heat pumps (OL-GSHP) exploit heat stored in the
groundwater OL-GSHP extract water from underground aquifers... Learn more

Solar Farm

View technology in more detail

Medium Wind Large Wind WSHP

Fig. 7. Data4Sustain Web GIS Compare Technologies functionality. Contains Ordnance Survey data © Crown copyright and database right 2021.

e Upload external a polygon or csv file to indicate the location of
existing renewable sites to aid with groundtruthing the D4S outputs;
and

e A reporting tool to generate comprehensive PDF reports delivered
via email, which contained maps and information detailing the
feasibility of the technology at the selected site.

In combination these techniques allow users to undertake a complete
assessment and decision-making process using the power of GIS without
needing specialist GIS knowledge. D4S synthesises data to meet user
requirements for early-stage planning and deployment of renewables.

4.5. Opportunities for improvement

D4S is designed for early-stage and site-based evaluations of
renewable energy resource, constraints (e.g. planning, physical,
geological) and overall feasibility assessments. This is unlike otherDSS
which tend to provide ranked outputs comparing suitability of one site
over another using pairwise comparisons [22].

DA4S is a prototype meaning the challenges and opportunities for
improvements are proportionate to this stage of product/software
development. These challenges include validating outputs with real
world case studies, developing a business model that permits scalability
to UK (and beyond) and enhancing functionality in line with end user
need.

In the results this paper presents limited case examples of RET in-
stallations which are compared with D4S outputs. This is because data
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were difficult to find in spite of Government based incentives e.g. annual
reporting for domestic Renewables Heat Incentive approvals by Business
Energy and Industrial Strategy (BIES) [85] and Google’s renewables
map [86]. In each case there is a lack of detailed location-based refer-
ences against which we (and others) could compare outputs. Further
research and time networking with professional installers, distribution
and network operators and Government would be required to secure a
suitably anonymized validation dataset to each RET. It is expected that
this would be a dynamic and every improving database made public to
help communities understand what RETs work, where and ideally why.

The opportunity to develop D4S into a publicly available digital
product remains in development and is responsive to forthcoming
changes in planning and energy policy in England [6,21]. Collectively
these policies cover the need for flexibility in energy planning and
highlight the importance of location. Both elements complement the
multi-RET site-based approach by D4S. The drive for digital planning in
the Planning for the Future White paper [6] provides both incentive and
mandate for further development of D4S and similar early-stage decision
support systems [22].

Increased functionality of D4S is perhaps a little ambitious given that
validation and business model components remain in train. However,
learning points throughout the research suggest the following im-
provements would greatly benefit the system:

e Indicative cost estimates for RET supply and installation;
o Estimates of generation capacity for each RET;
e Grid connection potential;
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e Spatially referenced links to relevant energy and planning policy in
addition to available financial/fiscal incentives; andEarly-stage
economic viability assessment based on theoretical generation ca-
pacity, installation and running costs and incentives.

None of the features highlighted in this list were detected in the
literature reviewed (Section 2.4.1), meaning they would be novel and
innovative approaches to both the RET and DSS literature. Each feature
would be best evaluated against formal user requirements gathering and
in line with new guidance on current systems thinking [87]. This will
help ensure new features map to current end-user and Government need
around energy and planning needs discussed in Section 2.2.

5. Conclusions

To provide people with access to energy, whilst protecting against
climate change, alternatives to fossil fuels are required. Developing
renewable energy sources requires evaluation of multiple factors
including resource availability and constraints which could affect
development or even prevent it. D4S is a practical tool to optimise the
decision-making process for projects that achieve local and national
policies related to generation capacity, carbon emission reductions,
energy security and infrastructure resilience.

D4S has demonstrated that for the West Midlands, Derbyshire and
Nottinghamshire, UK that the system can be used to quickly assess site
level feasibility for seven RETs (small-medium wind, large wind, solar
PV, horizontal closed loop and vertical open loop groundsource heat
pumps, small hydro power and water source heat). Using the supporting
data included in the system it can also be used to identify early stage
project risks e.g. soluble rocks. The speed of analysis and Web GIS
reporting allows non-specialists to quickly appreciate the outcomes and
use them to inform decision making. D4S is scalable across the UK and
elsewhere in the world, subject to information availability. Co-design of
D4S by expert stakeholders ensured the biggest factors in determining
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resource and constraints, both political and technical, for each RET were
given appropriate consideration.

As an early-stage planning decision support system, D4S provides a
strong digital evidence base for the implementation and thus decar-
bonisation of de-centralised energy production. It is a transparent,
repeatable and adaptable method that has been co-developed with
sector experts to reflect factors influencing resource potential, con-
straints and overall feasibility. The method is at prototype stage and
there is scope to tailor the method to include a range of other factors
including local planning policies and new and expected guidance from
the Government on energy, planning and related incentives schemes.
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