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Abstract: The building stock accounts for a significant portion of worldwide energy consumption and
greenhouse gas emissions. While the majority of the existing building stock has poor energy perfor-
mance, deep renovation efforts are stymied by a wide range of human, technological, organisational
and external environment factors across the value chain. A key challenge is integrating appropri-
ate human resources, materials, fabrication, information and automation systems and knowledge
management in a proper manner to achieve the required outcomes and meet the relevant regulatory
standards, while satisfying a wide range of stakeholders with differing, often conflicting, motivations.
RINNO is a Horizon 2020 project that aims to deliver a set of processes that, when working together,
provide a system, repository, marketplace and enabling workflow process for managing deep ren-
ovation projects from inception to implementation. This paper presents a roadmap for an open
renovation platform for managing and delivering deep renovation projects for residential buildings
based on seven design principles. We illustrate a preliminary stepwise framework for applying
the platform across the full-lifecycle of a deep renovation project. Based on this work, RINNO will
develop a new open renovation software platform that will be implemented and evaluated at four
pilot sites with varying construction, regulatory, market and climate contexts.

Keywords: deep renovation; open renovation; energy efficiency; residential buildings; lifecycle
approach; data interoperability; stepwise renovation; renovation management platform; integrated
design and delivery solution

1. Introduction

Energy decarbonisation and sustainable development are key strategic priorities for
nations worldwide as recognised in the UN Sustainable Development Goals (SDGs) and
the Paris Climate Agreement [1,2]. In response to calls for greater alignment with these
initiatives [3], the EU 2030 Climate and Energy Framework sets out aggressive targets for
cutting greenhouse gas (GHG) emissions, increasing the share of renewable energy and
improving energy efficiency [4]. Its ambition is evidenced in its recent commitment to
review the target to be reached by 2030 to a binding 32.5% at the EU level [5]. The EU
building stock accounts for 40% of the EU’s energy consumption and 36% of its green house
gas (GHG) emissions [6]; meeting the 2030 targets requires reductions of up to 14% and
60%, respectively [7]. This challenge is not insignificant. The European Commission (EC)
estimates that up to 75% of the EU’s existing building stock has poor energy performance,
85–95% of which will be in use in 2050. The key action for energy efficiency in buildings
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is reducing the demand for heating and cooling via renovation of the building envelope,
using new low-energy-consuming equipment in general (and specifically, using more
energy-efficient heating equipment), increasing the uptake and use of renewable solutions,
as well as the adoption of “smart buildings” [6]. Recent research suggests that renovation
efforts are adversely impacted across the value chain by a number of human, organisational,
technological and market factors [8–11]. To address these issues, a combination of the
greater use of ICTs in construction, renovation and maintenance and novel solutions for
incentivising and financing renovation, promoting and driving demand for renovation and
transforming the construction sector is needed [7].

RINNO is a Horizon 2020 project that aims to deliver a set of processes that when
working together provide a system, repository, marketplace and enabling workflow process
for managing deep renovation projects from inception to implementation. The ultimate
objective of RINNO is to contribute to accelerating the rate of deep renovation in the EU by
reducing the time, effort and cost of deep renovation while improving energy performance
and stakeholder satisfaction. This paper presents a roadmap for an open renovation
platform for managing and delivering deep renovation projects for residential buildings
from planning and design, through to retrofitting, operation and monitoring based on
seven design principles. We illustrate a preliminary stepwise framework for applying the
platform across the full-lifecycle of a deep renovation project. Given the complexity and size
of deep renovation projects, a scalable, modular, multi-stakeholder, full-lifecycle approach
is required to support both open collaboration and new algorithmic analytics techniques.
At the same time, given the wide range of stakeholders with varying backgrounds and
skill levels, the platform and tools need to be easy to install, configure and use. Based on
the work presented in this conceptual paper, the RINNO project will develop a new open
renovation software platform that will be implemented at four different European pilot
sites with different construction, regulatory, market and climate contexts.

The remainder of this paper is organised as follows. Section 2 defines deep renova-
tion and the rationale for the deep renovation of residential buildings, elaborates on the
challenges in deep renovation projects across the lifecycle of such projects and summarises
related work to develop integrated design and delivery solutions for deep renovation
within the EU. Section 3 summarises the design principles used to guide the high-level con-
ceptual platform design presented in Section 4. This is followed by a brief overview of the
application of the RINNO stepwise renovation framework in Section 5. Section 6 provides
a brief overview of the pilot sites and evaluation metrics for RINNO before concluding.

2. Background
2.1. Deep Renovation

While widely used in legislation, academic literature and practice, there is significant
variation in the definition and use of the term deep renovation (sometimes referred to as deep
energy renovation). In their review of international definitions of deep renovation, Shnapp
et al. [12] noted that there is significant local, regional and international variation in the
definition. Different terms are often used interchangeably with respect to deep renovation,
but such terms can have significant implications for renovation projects. These definitions
of deep renovation can be largely categorised as “broad” and “narrow”.

The broad definition treats deep renovation with respect to its integrative charac-
teristics. From this perspective, deep renovation refers to the combination of several
simultaneous renovation measures into one integrated strategy acting upon the building
envelope and installation system, rather than discrete independent measures [13]. In con-
trast, although not in a mutually exclusive way, the narrow definition of deep renovation
relates to performance. Indeed, this is the approach taken by the EU’s Energy Efficiency
Directive 2012/27/EU. Recital 16 defines deep renovations as renovations “[...] which lead
to a refurbishment that reduces both the delivered and the final energy consumption of a building
by a significant percentage compared with the pre-renovation levels leading to a very high energy
performance.” It is noteworthy that since its introduction, the exact quantitative performance
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reference value has remained ambiguous [10]. For example, a 2012 European Parliament
proposal suggested a level of 80% [12], while the recent Renovation Wave Communication
refers to a level of 60% [8]. Shnapp et al. [12] proposed an integrative definition:

Deep Renovation or Deep Energy Renovation is a term for a renovation that
captures the full economic energy efficiency potential of improvement works,
with a main focus on the building shell, of existing buildings that leads to a very
high energy performance. The renovated buildings energy reductions are 75%
or more compared to the status of the existing buildings before the renovation.
The primary energy consumption after renovation, which includes, inter alia,
energy used for heating, cooling, ventilation, hot water and lighting after the
deep renovation of an existing building is less than 60 kWh per m2 per year.

In general terms, this definition captures both perspectives, although the limiting
of effective performance to specific reference values opens up such definitions to debate.
For example, on-site renewable energy contribution towards nearly zero energy buildings
(NZEBs) is not considered explicitly, nor does the definition differentiate between different
climate zones. For the purposes of the RINNO project, deep renovation is a renovation
that captures the full economic energy efficiency potential of all improvement works to
existing residential buildings that leads to a very high energy performance and significant
energy savings. By being inclusive of all improvement works and not enumerating specific
thresholds for energy performance and consumption, this definition avoids potential
temporal, location, design and technological sensitivity. This is not to say RINNO has not
set performance targets. For RINNO, improved energy performance must be in excess of
60% and energy savings must be greater than 30%, compared to the status of the existing
buildings before the renovation. Such performance expectations are in line with current
EU communications [8]. It is agnostic of the specific renovation measure used, while
focusing on the dual objectives of improved energy performance post-renovation and the
associated energy savings. The latter is particularly important as it is linked to stakeholder
adoption and satisfaction [10,14]. Furthermore, this definition accounts for idiosyncrasies
in legacy building design and residential dwellings located in a wide range of climate
contexts. In these scenarios, there may be lower boundaries to the upper limit of energy
performance and/or savings. The evaluation criteria for RINNO are discussed in more
detail in Section 6.

Deep renovation assumes the use and combination of multiple simultaneous reno-
vation measures [13]. While specific measures may evolve with the state-of-the-art, three
categories of measures are common, i.e., technologies for retrofitting (i) energy efficiency,
(ii) renewable energy sources (RESs) and (iii) connecting to district heating systems and
other more sustainable energy supply systems [15], as summarised in Table 1 below. For
each of these measures, advances in the state-of-the-art improve the overall energy per-
formance, as well as various aspects of the renovation process. For example, advances in
additive manufacturing (including 3D printing), materials and integrated RES harvesting
significantly reduce the time, effort and cost of deep renovation, while increasing energy
performance, in particular when using pre-fabricated off-site solutions [10]. Deep reno-
vation projects may be combined with more traditional technology solutions or include
industrialised and prefabricated approaches [10]. This notwithstanding, what distinguishes
deep renovations from other energy efficient retrofits is the integrated renovation approach.

Table 1. Deep renovation categories and example measures [15].

Measures Examples

Energy efficiency Fabric measures, windows, heating, ventilation and air conditioning (HVAC) plant, air
infiltration, lighting and appliances.

Renewable energy Solar hot water, solar photovoltaic (PV), passive solar, shading, wind, heat pumps and
biomass and biogas.

Community energy Cogeneration and district heating systems.
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The literature suggests a variety of rationales and benefits associated with deep renovation:

1. Economic: Deep renovation may act as an economic stimulus across the deep renova-
tion value chain contributing to area revitalisation, direct and indirect employment,
the gross domestic product (GDP), property values, competitiveness, export growth
and public finances, while reducing energy costs, exposure to price fluctuations and
import costs [8,10,15–17];

2. Societal: Deep renovation may help citizens participate in a more resilient, greener
and digitalised society and function more fully in society by reducing fuel poverty,
improving health and contributing to a higher quality of life through increased
personal well-being, comfort and productivity [8,15–17];

3. Environmental sustainability: Deep renovation may contribute to mitigating adverse
environmental impacts and building a resilient habitat for existing and future resi-
dents through higher energy performance, lower demolition and waste production,
lower GHG emissions and lower air and noise pollution [15–18];

4. Energy system: Deep renovation may contribute to greater energy security by re-
ducing reliance on energy imports, avoiding investment in new energy generation
capacity and reducing peak loads [15].

5. Opportunistic: Deep renovation may differentiate a building and may make it a more
attractive place to live, work or visit, when compared to other buildings [15];

6. Catalytic: Deep renovation may act as a catalyst for other innovations, substitute
technologies or processes and improved control techniques in direct and indirect
sectors, including policy- and competition-induced technical progress in conventional
technologies and processes [16,17,19];

7. Accessibility: Deep renovation may contribute to improved accessibility by accom-
modating the most vulnerable in society including those with disabilities and elderly
people, and improving social integration [16].

8. Quality: Deep renovation may contribute to (i) improved building quality through
improvements to building physics, aesthetics and architectural integration, useful
building areas, safety and ease-of-use and control by users [17,19] and (ii) increased
range, quality and efficiency of service delivery including public, community and
commercial services through improved pre- and post-renovation human-centric smart
home monitoring [16,19–21].

2.2. Barriers to Deep Renovation

Non-adoption of energy management best practices in general, and specifically in rela-
tion to the specific climate in which a building is located, can result in under-performance
against expectations and unnecessarily high energy use levels and related emissions [19].
While a wider discussion on deep renovation (non-)adoption is beyond the scope of this
paper, it is important to note that the adoption of deep renovation technologies is impacted
both by adopter-centred factors, technology-related factors, organisational factors and
external environmental factors.

2.2.1. Human Barriers to Deep Renovation Adoption and Use

In the context of deep renovation and related technologies, and RINNO specifically,
consumer adoption largely relates to owners, occupants and other users of residential build-
ings. For clarity, human factors related to the supply chain are dealt within Section 2.2.3
below. Research suggests a wide range of factors may act as barriers to the acceptance,
support and adoption of energy-efficient behaviours and deep renovation technologies
and projects. These include social norms (and habits), a lack of information about the
implication of alternative actions on the environment, split incentives, a lack of instruction
on how to use new technologies, a lack of information on energy consumption and energy
saving opportunities, short-termism and disturbance of daily routines including hygiene
factors [7,14,22–29]. It should be noted that there is evidence that household characteristics
impact the adoption of energy-efficient technologies including education, age and house-
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hold composition, and these factors vary across European countries [14]. These findings
highlight the importance of emphasising different messages to different cohorts, but also
the importance of education in the context of the adoption and use of technologies such as
those inherent in deep renovation projects.

2.2.2. Technological Barriers to Deep Renovation Adoption and Use

While D’Oca et al. [10] noted that much of the extant literature focuses on the feasibility
or technical suitability of specific technologies for deep renovation, in recent years, the focus
has shifted to the integration of various energy-efficient technologies. This reflects what one
might consider to be the primary technological challenge in deep renovation, namely the
technical viability of integrating appropriate context-aware deep renovation technologies
in a proper manner to achieve the required outcomes and meet the relevant regulatory
standards [30]. In this respect, it implies that many of the challenges are more technical
than technological and that they may more correctly be categorised as human-related
factors, e.g., (i) awareness, (ii) availability (iii) and the ability to select and implement the
most appropriate technologies [9,31]. These factors result in quality-related issues and sub-
optimal performance, leading to dissatisfaction with renovation technologies as a whole.
This is not to suggest that there are no further advancements in the state-of-the-art or
quality issues, but rather that there is sufficient evidence that the existing deep renovation
technology base can meet the needs of the most challenging requirements, e.g., the the
Passive House Standard, if sufficiently planned [30].

Deep renovation is a multi-domain area with multiple inbound and outbound linkages
to a wide variety of stakeholders and systems. Interoperability can generate significant
value in construction and deep renovation projects through improved communication,
coordination, cooperation, collaboration and distribution [32]. This creates substantial
interoperability issues, which adversely impact data flows and thus impair value genera-
tion [33,34]. Linking data across the lifecycle of a renovation project presents a number of
challenges, e.g., identifying and reconciling different representations at both the schema
and object levels, mismatches among sources, incompatible levels of abstraction or sector-
specific data taxonomies and, obviously, data quality issues [35]. While there have been
a number of attempts by both industry and the academic community to address these
issues (e.g., [33,35–38]), not the least being ISO 29481 [39], the primary focus was on a
limited number of specific sub-systems, the planning and design phase and supply-side
stakeholders [31].

One of the by-products of the increased implementation of increasingly smart/
connected products and smart energy monitoring and control systems is higher data
volumes, something that will be exacerbated by the increasing adoption of the Internet
of Things. In particular, smart building and smart home technologies assume massive
increases in heterogeneous end-points with varying computational capabilities, intermit-
tent connectivity and a wide variety of potentially conflicting data requirements, deci-
sion criticalities and priorities. It is important to note that the adoption and use of new
software-enabled, and specifically cloud-enabled, solutions has been hampered in the
wider construction industry by poor on-site connectivity and latency, integration across the
supply chains, data flows and skills [40,41].

2.2.3. Organisational Barriers to Deep Renovation Adoption and Use

In the context of deep renovation, there is a wide range of stakeholders involved in
the supply chain including architects, construction contractors and building owners, to
name but a few. These are enumerated in further detail in Section 3.2. As discussed above,
organisations are comprised of workers, and thus, the adequacy of existing resources,
technical competence and the personal innovativeness of both management and operators
are important considerations in the adoption of innovative technologies [42]. Successful
deep renovation requires adequate resources including top management commitment,
ample time, investment, competent people and fit-for-purpose technology infrastructure.
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In the context of deep renovation, recent research suggests that the lack of properly trained
energy efficiency professionals and construction workers, locally and in general, in the
proper selection and installation of new constructional technologies is a significant bar-
rier to adoption, both directly and indirectly [9–11,30]. For public sector organisations,
procurement policies that favour price over quality can have a negative impact on deep
renovation [43]. Consequently, consumer trust in both the construction sector, and in
deep renovation projects themselves, may be undermined due to project delays and the
associated disruptions, sub-optimal energy performance and failure to achieve anticipated
cost savings [10]. From an organisational perspective, financial barriers are amongst the
most highly cited in the literature [44,45]. These include high upfront investment costs [46],
the availability and access to funding in acceptable terms [8,10,43,47,48] and the duration
and payback period [10,45]. Financing, and decision-making in general, is particularly
complicated in the deep renovation of multi-dwelling residential buildings, including
social housing and other fragmented ownership models [10].

2.2.4. External Environment Barriers to Deep Renovation Adoption and Use

The external environment, in particular building and environmental standards, poli-
cies and regulations, heavily impact the deep renovation sector. Legislation and regulation
related to deep renovation can be seen as complex or unclear, as well as time consuming [43].
For social housing, the limited borrowing capacity of the public sector, complex financial
schemes favouring large investments and unfavourable accounting rules are viewed as
specific problems for local authorities [43]. The impact of market barriers including some
regulatory barriers, a lack of information and either poorly-designed incentives (e.g., split
incentives) or a lack of incentives for the deep renovation of buildings, as well as the need
for policy intervention is specifically cited in the EC Impact Assessment on the 2030 strat-
egy [6]. Even where supports are available, it is important to note that some stakeholders,
for example local authorities, may find the process of applying for and drawing down
these supports complex and that their staff are not equipped with the technical skills to
fully leverage these supports [43].

2.3. Towards Integrated Design and Delivery Solutions for Deep Renovation

As discussed above, deep renovation is distinguished by its combinatory and inte-
grated approach. Consequently, a lack of integration, compatibility and poor management
across the lifecycle of projects are seen as the primary contributory factors to the failure or
under-performance of deep renovation projects. For over a decade, there has been a call for
integrated design and delivery solutions (IDDSs) in building and construction to produce,
collaborate, share knowledge and add whole-life value [49]. The International Council for
Research and Innovation in Building and Construction (CIB) defines IDDS as the use of
“collaborative work processes and enhanced skills, with integrated data, information, and
knowledge management to minimize structural and process inefficiencies and to enhance
the value delivered during design, build, and operation, and across projects” [50]. IDDS
involves integrated planning, design and supply chain [50]. In addition to enhanced skills
and multi-stakeholder collaboration across all phases, IDDS requires integrated informa-
tion and automation systems, as well as knowledge management [49,50]. As discussed
earlier, the building and construction value chain, and specifically the deep renovation
value chain, is fragmented and optimised around individual components. IDDS requires
high degrees of system interoperability including BIM, procurement, fabrication, construc-
tion, collaboration and communication technologies, building energy management systems
(BEMSs) and wider building automation and control systems (BACSs), amongst others.

There has been a significant investment in research to integrate across the deep ren-
ovation lifecycle. Many of these projects have a primary focus on plug-and-play con-
struction technologies for specific renovation scenarios (e.g., in areas with above-average
seismic activity—Pro-Get-One), innovation for one aspect of deep renovation (e.g., multi-
functional building envelope elements—BRESAER [51], EASEE [52], MEEFS [53], PLUG-
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N-HARVEST [54]) or a particular outcome (e.g., heating and cooling—BuildHeat [55]).
As discussed previously, some are very BIM-centric (e.g., IMPRESS [56]), and others
seek to offer one-stop-shop (OSS) solutions to one or a subset of stakeholders (e.g., RE-
FURB [57]). The former may exclude the totality of integration needed for full IDDS in
deep renovation, while the latter pose their own challenges, not the least of which is bias,
a potential lack of supplier and solution choice, scalability and a lack of evidence of mar-
ket performance [58,59]. However, in their 2018 review of EU deep renovation projects,
D’Oca et al. [10] noted that the primary barriers are not related to specific deep renovation
technical problems, but rather, consistent with Owen et al. [50], relate to knowledge, skills
and cost, and therefore, efficient and effective tools for managing deep renovation projects
from cradle to grave are necessary.

A number of EU projects have and are exploring IDDS for deep renovation. The
NewTrend project [60] developed new integrated design methods including software and
design tools for energy-efficient building and district retrofit. These tools include a data
manager, an energy efficiency technology library, a collaborative design platform, an inter-
operable data exchange server and a simulation and design hub. Similarly, 4RinEU [61]
seeks to support stakeholders along the whole renovation process through four main
strands of work—a cost-optimal energy audit, an investor and building user-oriented
design platform based on BIM, technologies and methodologies that improve productivity
within the construction processes and a cost-effectiveness rating system. D’Oca et al. [10]
noted that feedback from 4RinEU suggested that integration and a lack of data are key
challenges [10]. It is unclear from the documentation whether NewTrend and 4RinEU are
truly full-lifecycle, as this implies that both projects take the view that the project lifecycle
ends upon implementation rather than ongoing operation and end-of-life. P2ENDURE ad-
dresses this potential shortfall by developing a modular process using a stepwise approach
for planning and implementing deep renovation, followed by monitoring of the resulting
performance improvements. P2ENDURE [62] conceives of the deep renovation process as
an iterative loop of mapping, modelling, making and monitoring (the 4 M process) and
includes elements for knowledge management, skill development (via augmented reality
(AR) and virtual reality (VR)), procurement (via a marketplace) and fabrication (including
additive manufacturing). While P2ENDURE features many of the elements of IDDS, resi-
dential buildings are not its exclusive focus, and it is unclear whether all solutions were
implemented at each demonstration site. They noted access to knowledge artefacts and
data, compatibility and interoperability as key challenges [10]. MORE-CONNECT [63]
seeks to apply a holistic approach to deep renovation including product and process
innovation including advanced geomatics, ICT-enabled decision tools linking building
characteristics, building (energy) potentials, end-user requirements, technical solutions,
component combinations in concepts, production automation, BIM integration and remote
diagnostics to support an energy cost and performance guarantee. As REFURB, MORE-
CONNECT also seeks to offer its solution as an OSS and, as 4RinEU, is BIM-centric, thus
potentially suffering from these limitations. For example, MORE-CONNECT specifically
cites interoperability with BIM as a specific ongoing challenge and barrier to adoption
[10]. Although NZEB-specific, REZBUILD [64] is a new project that seeks to address
interoperability problems by building on an agile project management (APM) platform
optimised for interconnected systems and interoperability including BEMS, BIM and other
renovation-related tools. It is noteworthy that many of these projects cite poor financial re-
sults for their projects [10]. Few of these projects explore advanced machine learning-based
analysis and decision-making or address the end-of-life phase in a comprehensive manner.

3. Design Principles

Deep renovation is an increasingly complex feature space. It is complicated by the
number and heterogeneity of regulations, designs, elements, materials, processes, tools
and data and a dynamic operational environment [32]. Multiple stakeholders, often
with conflicting interests and motivations, exacerbate complexity in the design of a full-
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lifecycle solution for deep renovation. As such, the needs of different stakeholders must
be addressed in the design of RINNO. Tiwana et al. [65] defined digital platforms as
“software-based external platforms consisting of the extensible codebase of a software-based system
that provides core functionality shared by the modules that interoperate with it and the interfaces
through which they interoperate.” This implies that any such system is modular, open and
interoperable. Given the complexity, volumes, velocity and variety of the data generated
and required to support next-generation deep renovation projects, algorithmic approaches
to data analysis, security, actuation and scalability to meet the required quality of service
(QoS) and quality of experience (QoE) are needed. The remainder of this section discusses
each of these design principles in more detail.

3.1. Full-Lifecycle (P1)

While deep renovation is, in one sense, part of a wider building lifecycle, within the
deep renovation process, there are four clear phases—(i) planning and design, (ii) retrofitting,
(iii) operation and monitoring and (iv) end-of-life. At its core, a lifecycle approach sug-
gests that the best available technological solutions and construction practices should
be implemented in every step of the renovation activities across the renovation project
lifecycle [50,66]. It is widely acknowledged that deep renovation plans are rarely made
from a lifecycle perspective [67–69]. The opportunistic nature of deep renovation practice
results in short-termism both in terms of planning and payback to the detriment of imple-
mentation quality, living standards and energy performance [68]. In contrast, economic
modelling suggests that a full-lifecycle approach to deep renovation results in substantial
energy savings, while avoiding adverse effects [68]. Indeed, Mainali et al. [66] suggested
that encouraging systematically planned stepwise deep renovation through single-source
platforms with associated linkages to appropriate finance mechanisms could attract owner
support for deep renovation. From a strategic perspective, developing an architecture
from a full-cycle perspective allows stakeholders at each step in the lifecycle leverage and
share the benefits of the architecture (including associated data flows), as well as introduce
network effects into the economics of the ICT platform, in this case RINNO [70].

3.2. Multiple Stakeholder (P2)

In line with Rozanski and Woods [71], stakeholders in the context of the RINNO
system architecture are an individual, team, organization or classes thereof, having an
interest in the realization of the system. In this respect, a useful stakeholder is informed,
committed, authorized and represented [71]. As such, a large number of stakeholders are in-
volved in deep renovation projects. These include (i) building owners, occupants and other
users (e.g., facility managers), (ii) housing development and construction firms, (iii) ar-
chitects, consulting engineers and other (sub)contractors, (iv) energy solution providers,
construction technology providers and other related independent software vendors (ISVs),
(v) construction finance companies and crowdfunding platforms and (vi) policy-makers,
regulators and funding bodies, amongst others [72,73]. Liang et al. [73] suggested that
the stakeholder relationship in retrofit projects, such as deep renovation projects, is more
complex than in new building projects due to the number and type of relationships in-
volved. Each of these stakeholders may have different requirements across the lifecycle of
a deep renovation project. Critically, despite the importance of occupier cooperation and
participation in both the deep renovation process and the achievement of target energy
savings, deep renovation projects often under-prioritise their needs [73]. To ensure that
the needs of all stakeholders are met, a multi-stakeholder approach is required. As such
and to maximise user acceptance and impact, RINNO will not only be designed to take
into account using multiple concurrent views, each from the perspective of representative
stakeholders in line with ISO 42011 (a revision of IEEE Standard 1471) [74], but the technical
proficiency of user types. Regarding the latter, ease-of-use relative to the expectations of a
given stakeholder is a key consideration in RINNO.
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3.3. Modular (P3)

Modularity refers to the design of systems composed of units (or modules) that are
designed independently, but still function as an integrated whole [75]. Modular design
is an adaptive strategy suitable for evolving markets and where end-users have diverse
and fluid customer preferences [76]. As discussed, deep renovation is characterised by
increasing complexity, rapid technological change and stakeholders with varying, and often
conflicting, requirements and motivations [73,77,78]. For example, many stakeholders in
the supply chain may have legacy software tools that they have invested in and wish to use.
In the context of RINNO, there are significant advancements emerging from industry, but
also other EU projects, that modularisation will allow both RINNO and its future users to
exploit over the lifetime of the project and rapidly respond to feedback from stakeholders
and pilot sites.

3.4. Open Collaboration (P4)

Levine and Prietula [79] defined open collaboration as “any system of innovation or
production that relies on goal-oriented yet loosely coordinated participants, who interact to create
a product (or service) of economic value, which they make available to contributors and non-
contributors alike.” It is important to note that it is not limited to data. Specifically, open
renovation is a platform-based approach in which data, processes and renovation-specific
functionalities are made available in an ecosystem of building stakeholders. Interoperability
and application programming interfaces (APIs) are central to our conceptualisation of an
open renovation platform. In the context of open renovation, APIs play an important role in
the interoperability among all systems across the project lifecycle from BIMs to residential
smart devices and other end-points and the exchange of data. A key characteristic of
APIs is their abstraction from systems and infrastructure, thus allowing third parties to
build new applications and services that consume APIs. In this way, RINNO can generate
network effects in that the more add-on applications built for the RINNO platform, the
more end-users the platform is likely to attract, and so on; a virtuous circle is enabled.
Such platform ecosystems may evolve in to B2B, B2C and B2B2C marketplaces where
developers and end-users can buy, sell and/or exchange applications and/or APIs (or
API capacity) [80,81]. As such, interoperability is a key enabler of the RINNO vision of
open renovation.

3.5. Algorithmic (P5)

Given the complexity of the deep renovation feature space, the high dimensionality,
and the scale of the data envisaged, traditional analytical tools may not provide sufficiently
accurate or timely insights, and as a consequence, smart buildings require increasingly
sophisticated tools to learn, predict and make intelligent decisions [82]. This includes
the use of machine learning and other more general algorithmic approaches’ knowledge
representation and reasoning, e.g., ontologies and rules to represent devices and building
services, human activity recognition, distributed intelligence, semantic interoperability,
as well as planning, intelligent control, adaptive interfaces and optimization for efficient
management of resources and services [82]. RINNO intends to embed the RINNO architec-
ture with what “augmented building intelligence”. Again, this is a full-cycle approach that
(i) uses machine learning and other more general algorithmic approaches coupled with
data generated from buildings, and various users, to augment human intelligence through
dynamic decision support in the planning/design and retrofitting stages, as well as the
optimisation of building performance during the building operation and (ii) the enhanced
cognition of each component of the building ecosystem. In this way, RINNO will leverage
the improved data flows across the deep renovation lifecycle to support decision-making
across the entire system, and within specific components and modules.
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3.6. Scalable (P6)

Delivering RINNO’s vision, and in particular a full-cycle multi-stakeholder design,
requires accommodating a massive range of data structure types, algorithms and com-
munication mechanisms [83]. For RINNO, scalability is a significant issue in all its forms
including load, space and structural scalability [84]. The benefits of cloud computing in
general terms and specifically to maintain QoS and QoE through auto-scaling are well
established [85–87]. Furthermore, many of the key enabling technologies envisioned by
RINNO for an open renovation platform are baked into the cloud computing model and
ecosystem including support for APIs, security, fog and edge computing, application
marketplaces, and so on. Recognising the specific human, computational and connectivity
challenges inherent in many construction environments, RINNO must be cognisant of the
need to accommodate fog and edge computing paradigms, and in particular intermittent
connectivity, as well as make onboarding and use relatively easy and frictionless. As a final
note on cloud computing, a goal of RINNO is to help meet EU energy efficiency targets. In
architecting the RINNO platform, green cloud computing will be considered both in terms
of the selection of the underlying cloud providers and resource management [88].

3.7. Secure (P7)

The modern built environment is increasingly dependent on cyber–physical infras-
tructure. As discussed in the Introduction, EU policy envisages greater use of ICTs in deep
renovation projects to achieve its 2030 and 2050 goals [6,8]. While sensor-based networks,
advanced building and energy design and management software, new cloud-to-edge com-
puting paradigms and computational intelligence techniques provide significant benefits,
they also introduce new vulnerabilities [89,90]. Such vulnerabilities can result in service
disruption, increased energy costs, physical destruction and harm, as well as enabling
wire fraud, burglary and data theft, amongst others [91]. Security is significantly more
complicated in an open, modular and full-lifecycle platform such as that proposed by
RINNO. Ciholas et al. [91] noted that there are few papers that explore research across the
lifecycle of smart buildings, let alone the extended value chain in deep renovation; they
only identified one paper in their review, an analysis by Mundt et al. [92] on building
automation analysis. Given the criticality and sensitivity of the building and human activity
data generated in deep renovation projects, security considerations must be integrated into
all aspects of an open renovation platform from the cloud to the edge.

4. The RINNO Open Renovation Platform

Figure 1 below presents a high-level overview of the main components in the RINNO
Open Renovation Platform based on the six design principles discussed above—full-
lifecycle, multi-stakeholder, modularity, open and interoperable, algorithmic and scalable.
The intention of Figure 1 is to facilitate an understanding of the way RINNO views how
full-lifecycle platform-based renovation might operate. Please note that this is not an
exhaustive list of all components.

Firstly, cloud computing infrastructure-as-a-service (IaaS) (1) is included as a core
component to enable scalability (P6) and support algorithmic approaches (P5). In particular,
the hyperscale cloud service providers (CSPs), e.g., Amazon Web Services (AWS), Microsoft
Azure, Google Cloud, Alibaba Cloud and IBM, provide a built-in and unified approach
to security from the cloud to the edge, suitable for the deep renovation context (P7). The
core RINNO Operational Platform will sit on this IaaS layer. The cloud configuration will
adhere as much as possible to green cloud computing principles to support the underlying
ethos of the RINNO project. In addition, the hyperscale CSPs support common enterprise
applications used in architecture and construction services (including data analytics, energy
management information systems and BIM) in their cloud application marketplaces (2),
thereby reducing implementation times dramatically and supporting modularity (P3) and
open collaboration (P4).
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Figure 1. High-level conceptual RINNO Open Renovation Platform with illustrative components.

The Core RINNO Operational Platform (3) provides the primary underlying platform
architecture, middleware, orchestration and analytics systems upon which the platform
operates. The middleware connects the underlying architecture, the various components,
modules and end-points collecting data within RINNO and enables integrated data flows
and exchanges. The orchestrator provides blueprints, models and templates to support
the design of business processes and functionality including mappings to integrated
APIs and the abilities to add new APIs through the API Management Platform (5). The
analytics component includes the processing and analytics engines to support the core
enterprise renovation components. Data management (4) includes the systems for storing
and managing all the underlying system, customer, building and transaction data. These
may be part of the core operational platform, a specialist add-on component or, due to the
sensitivity of some projects, managed independently.

The API Management Platform (4) supports designing, securing, publishing, mon-
itoring, analysing, consuming and monetising APIs. Again, this supports open collabo-
ration (P4). The API Management Platform plays an important role in data exchange by
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providing a standard way to integrate proprietary, legacy and third-party applications,
services and systems. API Marketplaces (5) allows users to discover and connect to APIs,
thereby supporting both extensibility and open collaboration (P3).

On top of the underlying infrastructure sits a number of renovation-specific compo-
nents, which may comprise one or more modules. The initial deployment includes ten
high-level components (P3) that support the full-lifecycle of a renovation project (P1):

1. The Renovation Repository is an open standards-based repository of building data
including products, materials, services, processes, elements, discrete and combina-
tory renovation measures and other related data that can better inform full-cycle
renovation decision0making;

2. The Planning & Design Assistant is a component that helps to make proper and
justified decisions based on optimum renovation solutions and inform the planning
and design of a given building’s renovation. It will leverage performance simulations
and a detailed assessment based on relevant key performance indicators (KPIs);

3. The Retrofitting Manager is a component that supports the execution, analysis, mon-
itoring and management of the renovation process. It will be based on and informed
by best practice construction strategies, process industrialisation and optimisation
techniques including off-site construction and on-site automation;

4. The Building Lifecycle Renovation Manager extends beyond the initial renovation
process through to the full-lifecycle by supporting users during the renovation process
and beyond by monitoring various aspects of building operation and performance
including occupant comfort. This component will be sufficiently intelligent to ac-
commodate updated information models, updated technologies, standards and KPIs
over time, to identify any potential deviations in the design and actual building
performance and support present and actuate revised optimal strategies to maximise
energy efficiency, if supported by the installed equipment;

5. The Renovation Workflow & Transactions Manager is a module that acts as an
enabling workflow for the entire renovation value chain and organises the data
exchange among the various components, providing verification libraries for the
automated quality assurance of processes and ensuring the transparency of quality
assurance, certifications, transaction contracts and overall data provenance.

6. User Administration & Support are mechanisms to add, manage, support and ter-
minate subscriptions, accounts, users and roles, as well as to perform service-specific
maintenance and administration tasks;

7. The Social Collaboration Platform provides mechanisms and incentives (including
gamified elements) to support information and knowledge exchange among stake-
holders including results, best practices, case studies, etc.;

8. The Training Manager provides electronic productivity support systems to facilitate
asynchronous and synchronous learning including on-the-job in-field training using
AR/VR, as well as conventional e-learning;

9. The Finance Manager provides mechanisms for sourcing and managing funding for
deep renovation projects including support for crowdfunding and smart contract-
enabled contract execution;

10. The RINNO Marketplace will leverage the Renovation Repository to bring suppli-
ers and customers of renovation-related products and services together. Aggregation
is a core business value of the Renovation Repository and RINNO Marketplace.
Stakeholders can search for suitable renovation products and services by either brows-
ing through standard categories suggested by the Renovation Repository and the
RINNO Marketplace or search through product and service descriptions, which
accompany every solution listed in the Renovation Repository.

Additional components can be integrated to deliver the business functionality required
in deep renovation projects over time through the RINNO Marketplace (6) or the underlying
IAAS cloud application marketplace (2) where components have been pre-integrated
through interoperable APIs, ensuring quick and easy implementation.
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Users interact with the various components and modules through responsive end-user
interfaces (9) to take into account that many stakeholders may be working on site and
accessing RINNO through mobile devices. The RINNO platform recognises that there
is a need for internal platform administration interfaces and separate interfaces for end-
users (P2). A critical component for the RINNO platform is the interface between the
RINNO platform (and its components and modules) and the physical environment of
the building. The platform will achieve this, primarily, through a multi-sensor network
(10) comprising heterogeneous devices (e.g., energy smart meters, environmental sensors,
etc.) that interact with the physical world and provide building-related information to
the RINNO platform. These data are collected through standards-based interfaces with
the various sensing end-points deployed by those involved in the renovation project (11).
Similarly, optimised energy management strategies may be actuated based on these data
(11). To maintain QoS and QoE, RINNO will need to support a range of different scenarios
for data collection and actuation from the cloud to the edge including the fog and edge
computing paradigms (P6).

Finally, it is critical to emphasise that machine learning and general algorithmic
approaches will be implemented throughout the platform for both optimising system
performance and renovation process outcomes (P5).

5. The RINNO Stepwise Renovation Framework

To support a full-lifecycle approach, RINNO can be used in a stepwise manner.
Figure 2 outlines the components in the RINNO platform and shows a stepwise pro-
cess flow across the lifecycle of a renovation project. In the following description, figures in
brackets indicate the relevant component shown diagrammatically in Figure 2.

Figure 2. RINNO stepwise renovation framework.

In Phase 1, stakeholders and their needs are defined and collated in the context of the
specific building renovation projects including relevant environmental and architectural
details (1). These data are input into the Planning & Design Assistant to formulate the
renovation end-scope with due consideration of appropriately selected and quantified
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KPIs (2). With the help of the Renovation Repository, the system provides a set of renova-
tion options that can meet the pre-defined requirements of the stakeholders and projects
based on the selected criteria including cost, time and performance (3). It is important
to note that the Renovation Repository can play an important role across the lifecycle of
deep renovation projects including the end-of-life phase 8.

Next, the Planning & Design Assistant prepares a virtual digital representation of
the building (a digital twin), within which a range of applicable renovation scenarios
based on options from the Renovation Repository are generated. Different renovation
scenarios are subsequently simulated on the basis of the building and its system’s digital
twin to quantify their impact in terms of various KPIs. Based on these quantified KPIs, the
Planning & Design Assistant facilitates the relevant stakeholder to select the optimum
scenario(s). Once selected, a subordinate module generates the optimised workflow for the
realisation of the selected renovation scenario, thus simplifying the design process for the
selection of the optimum scenario and the optimum workflow.

In Phase 2, the RINNO system offers a variety of tools and methods for reducing the
implementation time and potential occupant disturbance including on-site and off-site
innovative construction methods and strategies (4). The Retrofitting Manager includes a
recommendation engine to select the most efficient combination of (i) off-site and on-site
fabrication and (ii) workflow and task sequencing. As discussed in the previous section,
users will be able to access the Training Manager component to support just-in-time on-
the-job in-field training and support.

In Phase 3, the RINNO platform is continuously monitoring and analysing the build-
ing performance in real time. The system uses an extensible Multi-Sensor Network (5)
installed at the building to gather data including energy consumption, indoor environmen-
tal conditions (e.g., temperature, humidity, etc.), environmental quality (e.g., CO2, noise,
etc.) and occupancy, amongst others. As discussed, data streams are collected from the
beginning of the renovation process (1); thus, the Building Lifecycle Renovation Manager
is able to compare the designed (expected) and actual performance of the building (6).
These data can inform the behavioural profile of building users, which can then be used by
the Building Lifecycle Renovation Manager to introduce personalised intelligence in the
building control specific to the needs and requirements of the building users.

A key consideration in deep renovation is the design for deconstruction, recovery
and reuse before and during refurbishment, across the operational phase and once the
building or subsidiary elements come to the end-of-life (Phase 4). In addition including best
practice content, data on materials and methods for end-of-life scenarios in the Renovation
Repository (8), where feasible and appropriate, the RINNO Platform can integrate third-
party solutions to support the end-of-life phase, e.g., electronic material passports [93],
material and energy flow analyses [94] and BIM for demolition [95].

Finally, the Renovation Workflow & Transactions Manager supports the supervision,
project management, and communication across the entire renovation project lifecycle and
injects trust into the renovation process by providing mechanisms to introduce assurance
and accountability through transparency and novel smart contract-based payment mecha-
nisms (7). This has the added benefit of accelerating payment to suppliers upon pre-agreed
triggering events. Similarly, the Renovation Workflow & Transactions Manager could
provide a similar service among funders and owners through the Finance Module, releasing
funds as specific stages or activities are completed and certified.

6. Pilot Sites

The primary use case for the RINNO project is deep renovations of residential build-
ings. To evaluate its stepwise framework, components and modules, the RINNO platform
will be used in the renovation of buildings at four pilot sites in Greece, Poland, France and
Denmark. These buildings are all multi-unit social housing buildings situated in different
climatic regions and with diverse local building codes and regulations. Each building fea-
tures different construction materials and elements and is equipped with different HVAC
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systems and other related building systems and features. In total, RINNO will evaluate
2514 m2 of deep-renovated floor area. While not prejudicing the output of the RINNO
framework, the technologies to be utilised in the different pilot sites are likely to be a
diverse mix of pre-fabricated envelope components, insulation and harvesting and RES
technologies coupled with novel software solutions.

While improved energy efficiency at the same or better thermal comfort is a goal of
each pilot site, the means and outcomes will vary depending on the specific renovation
plan for each pilot site. For example, the Greek pilot site will involve the renovation of
a multi-family building to the Passive House Premium standard. In others, RINNO will
showcase best practice deep renovation for social housing. As such, RINNO developed
a comprehensive evaluation framework for the project as a whole and for each RINNO
component including baseline and summative measurements. These include targets for
reduced energy consumption, the adoption and use of RES, thermal performance, reno-
vation time and effort and comparative cost, as well as stakeholder satisfaction measures.
The high-level KPIs for the project are outlined in Table 2 below.

Table 2. RINNO high-level KPIs.

Metric KPI

Energy savings >30%

Payback period <4 years

Improved energy performance >65%

RES penetration >30%

Total cost reduction in comparison with typical renovation >30%

Total time reduction in comparison with typical renovation >20%

Durability guarantee >25 years

Reduction in embodied energy >20%

Utilisation of bio-based materials >45%

Stakeholder satisfaction >90%

The RINNO project runs from 2020 until 2024. In 2021, RINNO will develop a
comprehensive data collection and management framework to support the operation of the
RINNO platform and the evaluation of the project as a whole. This includes mechanisms
for collecting stakeholder, process, local environment, building- and household-level data
for each pilot site (including maintenance and stakeholder surveys) at different intervals, as
well as information systems (e.g., BACS, BEMS, BIM, etc.), Internet of Things (IoT) nodes,
and second- and third-party data sources. Machine learning techniques will augment these
data and generate insights on building performance, condition and use from different
stakeholder perspectives.

7. Conclusions

This paper presented the RINNO vision for a cloud-based open renovation platform.
The plan for the project is to deliver a set of processes that when working together give
a system, repository, marketplace and enabling workflow process for managing deep
renovation from inception to implementation, all imbued with state-of-the-art decision
support based on advanced machine learning techniques. The goal of the project is to
develop a software platform and provide stakeholders in deep renovation projects with
access to the data and decision support systems to (i) optimise renovation design, (ii) reduce
renovation time, effort and cost, (iii) increase energy efficiency through greater adoption
and use of RES, improved thermal performance and reduced energy consumption, and
(iv) increase stakeholder satisfaction. A literature review identified seven design principles
for an open renovation software platform. Such platforms should be full-lifecycle, multi-
stakeholder and modular. They should support open collaboration and interoperability,
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adopt an algorithmic analytics approach and be scalable and secure. The paper presented a
high-level conceptual overview of the main components of the proposed open renovation
platform and illustrated how this can be used in a stepwise fashion across the full-lifecycle
of a deep renovation project from planning and design to end-of-life.

This concept paper provides space for renewed interrogation, understanding and
awareness of the potential of cloud-based integrated design and delivery systems for
deep renovation. While (i) synthesising rationales for and barriers to deep renovation,
(ii) proposing design principles and components for an open renovation platform and
(iii) highlighting the need for interaction and interoperability among systems across the
lifecycle of a deep renovation project, the inherent limitations of the concept paper format
present potentially fruitful avenues of interdisciplinary, multi-stakeholder and applied
research moving forward. While the next phase of the RINNO project is to develop a
full-cycle open renovation platform, by definition, its openness invites future collabora-
tion from other researchers and practitioners. However, future research should not be
limited to the technical aspects. While understood in general terms, there is no widely
accepted definition of deep renovation, and one could argue it is either too broad or, when
performance thresholds are adopted, too specific. A contingency approach to defining
deep renovation may prove to be academically interesting and of practical value. Similarly,
further international and longitudinal empirical research is needed on the determinants of
deep renovation adoption, use and satisfaction and associated barriers. This requires a con-
tingency and multi-stakeholder perspective. This paper proposed seven design principles
for an open renovation platform, each of which requires further research, particularly in
light of changing attitudes toward climate change and the potential impact of COVID-19.
The COVID-19 pandemic accelerated the adoption and use of digital technologies. Resi-
dential dwellings became mixed use spaces for living and working. The convergence of
digital and physical behaviours and the integration of computational capabilities into the
built environment are likely to continue; however, it is unclear whether the sophistication
and robustness of the systems to support these new use cases are sufficiently open, scal-
able, secure and equitable. The RINNO vision seeks to accommodate new computational
paradigms including fog computing, edge computing, the Internet of Things and the in-
corporation of intelligence into the management of the built environment itself. However,
these are all at a relatively early stage of conceptualisation and have their own discrete
socio-technical challenges, which are further complicated when combined. Consequently,
there is a substantial stream of research required on the interdependency of these systems
and the human, organisational and technological implications in a deep renovation context.
IT-enabled deep renovation requires a substantial investment of time, effort and resources
in both innovation and adaptation throughout the value chain. Accelerated investment in
deep renovation means delivering on the promise of not only energy efficiency, but energy
savings and increased productivity at scale, as well as communicating this to stakeholders
in the most appropriate way. Additional longitudinal research is required to ensure that
the deep renovation sector is creating, capturing and communicating value appropriately
and that software systems are designed to support these activities in a timely fashion.

Meeting the EU targets for energy efficiency and decarbonisation requires collabo-
ration including innovation in materials, architectural design, fabrication, construction,
ICT and socio-economic domains. To meet this challenge, RINNO has brought together
15 partners from across the deep renovation value chain to collaborate and re-imagine
how deep renovation projects are organised, managed and evaluated. The RINNO project
runs until 2024 and will develop a new open renovation software platform in line with the
design principles and conceptual overview presented herein. RINNO will implement the
platform at four large-scale real-world pilot sites with varying construction, regulatory,
market and climate contexts and evaluate the performance of the platform against specific
KPIs for energy consumption, adoption and use of RES, thermal performance, renovation
time and effort, comparative cost and stakeholder satisfaction measures. By achieving
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these outcomes, RINNO will help accelerate the rate of deep renovation in the EU and
achieve the 2030 and 2050 targets for energy efficiency.
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Abbreviations
The following abbreviations are used in this manuscript:

4M Mapping, modelling, making and monitoring
API Application programming interface
AR Augmented reality
AWS Amazon Web Services
B2B Business-to-business
B2B2C Business-to-business-to-consumer
B2C Business-to-consumer
BACS Building automation and control system
BEMS Building energy management system
BIM Building information modelling
CIB International Council for Research and Innovation in Building and Construction
CO2 Carbon dioxide
CSP Cloud service provider
EC European Commission
EU European Union
GDP Gross domestic product
GHG Greenhouse gas
HVAC Heating, ventilation and air conditioning
IAAS Infrastructure-as-a-service
ICT Information and communications technology
IoT Internet of Things
ISV Independent software vendor
IDDS Integrated design and delivery solution
IEEE Institute of Electrical and Electronics Engineers
ISO International Organization for Standardization
KPI Key performance indicator
kWh Kilowatt hour
m2 Metres squared
NZEB Nearly zero energy building
OSS One-stop-shop
PV Photovoltaic
QoE Quality of experience
QoS Quality of service
RES Renewable energy source
SDG Sustainable Development Goal
VR virtual reality
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