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ABSTRACT

Energy performance and thermal comfort in historic and traditional urban environments are
important because of the social and cultural requirement to conserve these areas as living
entities, but also for the environmental obligation to decrease the impact of existing buildings
globally. The objective of ENERPAT approach is to address this global challenge from the
local perspective, through the co-creation of efficient solutions that improve the energy
performance of historic areas considering local techniques and skills, taking into account the
whole life cycle of the solutions, and supporting local economy and business. The objective is
to test the efficiency and suitability of eco-renovation strategies that have been co-created
with local stakeholders and are based on traditional energy conservation measures, as a way
to work with locally-based business models that can safeguard cultural aspects and enable
economic development. Two living labs have been established in the cities of Vitoria-Gasteiz
(Spain) and Cahors (France) in two representative buildings of the historic urban area of each
city. The living labs operate as inclusive multi-agent discussion arenas with a long-term
vision, where multi-criteria co-creation processes are implemented to select conservation-
friendly solutions based on local materials including criteria such as operational energy,
impact on heritage values, quality of life, socio-economic development and easy logistics.
The energy behaviour of the buildings and the hygrothermal performance of the external
walls have been studied using on-site and laboratory experiments, through an efficient
partnership between local authorities and universities. Likewise, local-based refurbishment
solutions that were designed in the co-creation processes have been thermally characterised in
the laboratory, through thermal conductivity and guarded hot box tests. Finally, the energy
improvement of the whole renovation strategy has been simulated showing the enhancement
of the two buildings.
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HIGHLIGHTS
e Energy efficiency of historic centres through eco-renovation and vernacular culture

e Energy transition based on co-creation and evolutionary development
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e Urban labs to merge evidence-based knowledge with socio-economic considerations
e Architectural heritage is broadened to include traditional techniques
¢ Results of the co-creation process are tested with experimental and numerical work
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NOMENCLATURE
AHP Analytical Hierarchy Process
CAS Complex adaptive systems
CDW Construction and demolition waste

CEREMA Centre d'études et d'expertise sur les risques, I'environnement, la mobilité et
I'aménagement, France

CO_ Carbon dioxide

DVS Dynamic Vapour Sorption method
LCA Life Cycle Assessment

MIP Mercury Intrusion Porosity

1 INTRODUCTION

The global impact of the built environment is evident: it accounts for roughly 40% of energy-
related carbon dioxide (CO2) and 36% of worldwide final energy use [1], and it is responsible
for one of the heaviest and most voluminous waste streams generated in the EU
(approximately 25% - 30%) [2]. Sustainable urban conservation strategies have been proved
to be a mechanism that can minimise this impact, since they contribute to the efficiency of use
of resources, reusing materials and infrastructure, reducing waste and improving energy
efficiency and comfort [3]. Since around 40% of the European existing buildings were
constructed prior to 1960 [4], there is a global environmental call for reducing the energy
demand of historic and traditional buildings and to do it in a sustainable and resource-efficient
way. As recent studies have shown historic centres are an “opportunity of intervention at a
large scale ” due to their high rehabilitation requirements [5]. Besides, there is a sociocultural
requirement to protect the living nature of historic environments since unoccupied buildings
are hardly preserved [6]. And the conservation of the historic character of our cities is
strongly linked with the wellbeing of the citizens [7], reinforcing the local identity and
contributing to the sense of place [8].

The built heritage is not only the architectural and cultural value of the buildings, but it also
embodies the people, the surrounding territory, the productive activity, and the construction
culture that created it [9]. European Landscape Convention defines the landscape as “an area,
as perceived by people, whose character is the result of the action and interaction of natural
and/or human factors” [10]. This concept has been directly linked to the urban energy
transition as a system under the concept of “energy landscape” [11]. The historical urban
landscape, as part of the traditional city [12], is the result of the materialisation of the
evolution in the usage [13] and a product of evolutionary self-organisation processes [14]
The capability of historic urban systems to change to satisfy new requirements without losing
their identity, e.g. their adaptability, is what has ensured their survival [15]. Energy efficiency
Is a strategy to combat the abandonment of historic areas fighting fuel poverty through the
improvement of comfort in an affordable way while contributing to climate change
mitigation. Hence energy enhancement is a key component of this updating of historic
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environments to contemporary requirements since it is required to maintain them alive and
conserved. Similarly to other processes acting at the urban scale, energy efficiency
improvement is usually addressed as a linear and disconnected process, disregarding its
functional complexity and unpredictability [16] and with limited inclusion of the citizens and
key stakeholders [17]. But the improvement of the energy performance of traditional
buildings not only changes the energy flow, but it also changes the information and material
flow through processes that are shaped by human connections, governance mechanisms and
business dynamics. These interactions reshape also the infrastructures and the built
environment, conceived as the physical structure that upholds the urban system, and could
lead historic urban areas to steadily evolve through more sustainable and resilient stages [11]
[18]. In this context, the conservation of our built heritage can be a process of evolutionary
improvement if its complexity is operationalised. But as literature shows when this
complexity is acknowledged it is done hazily and without solid methodologies [19].

The cultural value of historic buildings and districts is not the only attribute that has to be
considered; their pre-industrial nature and thermal performance are also part of their heritage.
The presence of locally generated passive measures and local materials in heterogeneous
envelopes, their energy capital in the form of embodied energy [20], and especially their
hygrothermal behaviour, make local knowledge crucial when addressing the energy
improvement of historic buildings [21]. Therefore, one of the challenges that urban
conservation is facing resides in improving thermal characteristics of the built environment
without impacting in its cultural integrity [22] [23] and in the global environment [24]. One
method is to find solutions that are not only energetically efficient, but they also take into
account local techniques and Life Cycle Assessment (LCA) [25] such as eco-renovation
solutions [26]. Moreover, the use of innovative solutions based on local materials and
techniques can activate the surrounding territory enhancing the employment of resources and
materials, local competences and capacities. The improvement of the liveability of historic
urban areas through energy efficiency and affordable comfort can make an important
contribution to the interplay between socio-ecologic and techno-economic drivers not only at
the urban level but also at territorial scale [18].

Energy transitions cannot be based only on techno-economic considerations. Local culture
and the input from local communities have to be considered and introduced into the research
agendas and planning processes [27]. Literature highlights the need for more inclusive
research [19] encouraging the co-creation of knowledge and policy between researchers,
social and policy actors [27]. The bottom-up inputs and local knowledge required for the
optimization of intricately interconnected environments sometimes is only accessible “to
agents on the ground” [28]. Inclusive and collaborative approaches, together with iterative
planning, can engage key stakeholders in processes more similar to evolution than to design
[29]. These agents can provide relevant inputs related to local construction techniques, skills
and materials, specific climate conditions; and cultural and social values.

The living lab concept can be an answer to this demand if it is implemented as a co-creation
arena and long-term thinking framework that include all the relevant stakeholders. Including
non-governmental actors in the process of producing local solutions increases their
acceptance and, consequently, leads to consumer awareness and reduction of the energy
demand [30]. Two recent studies have shown also that a user-driven approach is required in
the energy rehabilitation of historic buildings as the energy demand is significantly affected
by user behaviours [31][32].

Historic environments, as complex adaptive systems (CAS), are spatially multi-scalar
heterogeneous non-linear urban systems [33] with the ability to self-regulate as an answer to



modifications [34]. Some of the factors identified by Ostrom (2009) that allow some degree
of self-organisation in socio-ecological systems (manageable size of the system, number of
involved actors, and importance of the resource for users) are already present in the historic
urban environments and others can be accomplished by evidence-based co-creation strategies
(expanding the knowledge of the system and increasing the autonomy in the decisions) [35].
Energy transitions are complex and long-term innovation processes [36] that require changes
in policy culture [37] to allow stakeholders to experiment with new technologies and rules in
a “learning-by-doing” approach [19]. In this context, we can consider local energy initiatives
as “focal points in energy transition” [11] and the living labs can be designed for co-creating
and real-time testing and learning about the social, governance and technological innovation
of the solutions that can facilitate the systemic transition towards a low carbon economy. This
mutual learning process has also a positive influence on the acceptance of new technologies
by the user [38].

Therefore, the literature shows the need for energy improvement strategies in historic urban
environments that acknowledge their urban complexity, include local perspective and
knowledge, allow scientific, evidence-based experimentation and support policy development
towards sustainable urban conservation. It can be concluded also that the livings labs, with a
hybrid approach to co-creation, where pure orientation towards the development of products
and services is merged with urban scalability and local knowledge can be an answer to this
demand. But so far, this approach has not been fully applied and tested in the energy
improvement of historic urban environments. The objective of this paper is to provide an
operative approach to the urban conservation of historic urban environments through the
enhancement of their energy performance based on living labs. This approach combines two
mutually enriching processes: the generation of evidence-based local knowledge and the
inclusion of local stakeholders in a co-creation process. The paper describes and compares the
implementation of this approach in the cities of Cahors and Vitoria-Gasteiz (Spain).

2 MATERIAL AND METHODS

The ENERPAT approach (called after the project “Co-creacion de soluciones territoriales
ENergéticamente eficaces de Eco-Renovacion del habitat Residencial PATrimonial™) aims to
enhance the energy performance of historic urban environments adopting the challenge
described by Marshall: “how to ‘plan’ a kind of complexity that seems to have arisen
‘naturally’ in traditional cities, without planning” [39]. As it has been concluded from the
literature review, an answer could be to use the living lab concept in a twofold way: as the
participation arena where the solutions that improve the energy efficiency are co-created by
all the important stakeholders and, as a demonstration building representative of the whole
historic urban environment to expand the knowledge regarding the urban landscape and to test
the co-designed solutions. A detailed comparison of the ENERPAT approach and other
methodologies for energy improvement of historic districts can be found in [18].

The living lab concept was originally developed in the business environment as a new method
for customer inclusion and commitment. Since then it has been used in many fields including
urban planning and management as a way to collaborate with residents and stakeholders to
create new solutions with them and not only for them [40]. The nature of the multi-layered
challenges that cities must face has brought about the evolution of the concept of co-creation
so that it is applicable even in complex environments such as historic urban areas. In the field
of urban development, the concept of urban labs has been present for quite some time,
referring to research environments for urban design and community planning [41] [42]. Urban
labs act as facilitators for generating quick solutions in the context of rapid change and
transition situations considering multiple domains and players. This approach provides an
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appropriate way to consider historic urban areas as the previously mentioned interplay of
socio-ecologic and techno-economic forces.

The multiscale nature of energy improvement in historic areas [6] makes a hybrid approach to
these concepts necessary. It must incorporate the general elements and the orientation towards
developing products and services of the original living labs at building (demonstration) scale
while complementing them with some differentiating elements of the urban living labs
oriented towards developing the transition to sustainability. Living labs have to be created for
each urban area as laboratories in real conditions where the stakeholders of the local
refurbishment system collaborate to co-create energy-efficient solutions. The specificities of
each historic area (unique combination of climate, local material, construction techniques,
legal framework, architectural value and intangible cultural heritage) require the solutions to
be not selected but rather co-designed. The experimental nature of urban laboratories links
research and innovation stakeholders with cities to translate the singularities of the urban
landscape to evidence that can support the planning policies [43]. Some of the benefits of this
approach are the strategic participation using real-life scenarios [44], the user-centred
innovation [45][46], the experimental processes in the real environment [47] and the
engagement of the main stakeholders [48][49]. The inclusion of local knowledge in the
process makes possible also to take advantage of the care that the traditional architecture has
instinctively given to the whole life cycle in using and reusing local materials [50].

The improvement of the energy efficiency of historical buildings requires a precise study of
the current state of the envelope (including roof) and of the materials that will be used to
improve its performance [25]. The experimental process developed in the approach aims to
obtain three different outputs: i) generation of local knowledge and its application to support
the process of eco-renovation; ii) generation of conservation-friendly eco-renovation products
able to trigger the local economy and activate the territory; and iii) generation of public
policies to facilitate the transition towards a low-carbon economy and sustainable historic
urban areas. The implementation of this experimental framework implies the engagement of
multiple stakeholders from the whole value chain of the rehabilitation systems. The
stakeholders are structured in the following groups according to their roles and contributions:

* Research and innovation stakeholders: universities and research bodies that will
support the generation of knowledge and give scientific inputs to the process.

» Facilitators of heritage refurbishment: local public entities and cultural heritage
managers that will provide public support and safeguard the cultural values and legal
framework.

* Local refurbishment industry: local craftsmen, suppliers of innovative solutions,
agents of the value chain of the rehabilitation system, and construction industry
representatives that will provide inputs regarding local techniques, skills and
innovative solutions.

» End users and citizens who will give inputs regarding user requirements and priorities.

The process is structured in three phases, which are articulated by co-creation workshops and
testing strategies: i) co-design of eco-renovation solutions, ii) co-implementation of solutions
and iii) co-evaluation of the solutions. This paper focuses particularly on the design and
implementation of the first phase in the historic cities of Cahors and Vitoria.

The first co-design stage seeks to prototype the eco-renovation solutions to be implemented,
tested and monitored in real conditions in the demonstrator buildings. The approach, as it can
be seen in Figure 2, conceives the living labs as mutual learning environments, where the co-



design process is continuously fed by the scientific analysis provided by the research
stakeholders (universities and research bodies) at different stages.

The generation of evidence starts with the selection of the demonstrator buildings, that are
selected as buildings representative of the whole historic city The selection is done by the
local stakeholders considering the similarity of these buildings with a significant percentage
of the buildings in their historic centres regarding typology, year of construction, use,
materials and construction techniques. These buildings are characterised to define their
material and technical characteristics and their energy baseline as input to the co-creation
process. For example, the representative building in Cahors was characterised by the
following measurements: absolute density using a digital density meter; bulk density and
porosity accessible to water with vacuum saturation; pore size distribution by Mercury
Intrusion Porosity (MIP) using a porometer; and air permeability using mass flow. Similarly,
in Vitoria-Gasteiz, to know the energy behaviour of the building before refurbishment, a set
of tests was carried out and included: infrared thermography to detect the presence of thermal
bridges and/or insulation faults, blower door test according to standard EN 13829 [51] to
assess the airtightness of the building, and in-situ measurement of thermal resistance and
thermal transmittance of the facade walls of the ground and first floor, according to standard
ISO 9869 [52].

Figure 1. Blower door test (Ieft), air infiltration through the frame of the window (centre), and infrared
image of the main facade of the building (right) in the representative building of Vitoria-Gasteiz

The co-design process is structured around two workshops where the participatory and
collaborative process is developed. In the first workshop, the co-creation process starts with
an overview of traditional and non-traditional solutions suitable for historic buildings. An
initial long list of possible options is provided to stakeholders. This list has to be shortened as
recommended in the EN 16883 (Guidelines for Improving the Energy Performance of
Historic Buildings) standard [53]. Repositories created by research projects focusing on
energy retrofitting of traditional buildings and districts, like EFFESUS, can be used as sources
[6]. A common list of criteria, and indicators that support the quantification of these criteria,
is used as a mechanism to overcome one of the gaps identified in several recent energy
systems research: the lack of a clear language to communicate between stakeholders with
different backgrounds [19] [54]. Therefore, to reduce the long list provided by the literature
on a shortlist of solutions, commonly agreed criteria are adopted as a method to support the
discussion between participating agents (regarding the advantages and disadvantages,
alignment with project objectives, and direct and indirect impacts of the implementation of
the possible solutions). The proposed criteria include heritage impact (how much the solutions
have a visual, spatial or material impact in heritage significance), environmental impact (LCA
of the solutions and their potential contributions to the circular economy), operational energy
(how much the solutions improve the energy efficiency), quality of life (how much the
solutions improve comfort and indoor environmental quality), easy logistics (how easy are the
solution to be implemented), and socio-economic development (the ability of solutions to
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trigger the local economy). To translate stakeholders’ preferences and priorities into weighted
criteria, the Analytic Hierarchy Process (AHP) method has been adopted [55]. This method
converts directly the pairwise comparisons of criteria made by the stakeholders into weights
for those criteria. This leads to an objective combination of the various decision-makers’
assessment. The first workshops also define other requirements that the solutions must fulfil
according to the stakeholders (such as supply distances, compatibility or replicability).

The long list of solutions is characterised according to the indicators and each one gets a score
using the weights defined by the AHP method. In this way, a shortlist of the most promising
solutions is obtained. In the second workshop, the solutions that are going to be tested in the
laboratory, simulated and finally implemented in the buildings are accorded in each living lab
based on the shortlist, available existing local materials and the potential impact for the local
economy.

LIVING LAB
Living labs as a demonstration building representative of the Living labs as participation arena where the solutions that
historic urban environment to expand the knowledge and to improve the energy efficiency are co-created by all the
test the co-created solutions important stakeholders

GENERATION OF EVIDENCE CO-CREATION

Selection of the representative buildings Long list of solutions from literature
According to typology, year of construction, use, materials
and construction techniques

Common set of indicators
heritage and environmental impact
operational energy

doysyiom jsii

quality of life
easy logistics
socio-economic development
Characterization of the representative buildings Selection of short list of solutions
Energy baseline through AHP

2 Characlerization of materials and construction
2 . techniques
X
2 £ Characterization of the selected solutions in lab Co-design of the protatype
ES
5

doysyiom pucoeg

Validation through numerical work

IMPLEMENTATION OF THE SOLUTIONS

Figure 2: Workflow of the ENERPAT approach

The customized testing strategy, that will be implemented by the research and innovation
stakeholders, is also decided jointly in the second workshop. Local-based eco-renovation
solutions that are selected in the co-design process are thermally characterised in the
laboratory, employing thermal conductivity and guarded hot box tests, to test their suitability
before implementing them in the representative buildings. The test and simulations are
customised by each city through collaboration with research and knowledge partners, but the
common set of indicators ensures comparability of the results. As the approach is flexible,
each city selects the best options to generate the required knowledge according to the building
characteristics, regulatory framework, defined objectives, available resources and associated
knowledge partner expertise. The final validation of the selected solution is done through
numerical work. A tailored study of energy consumption and comfort level before and after
renovation is conducted for the representative buildings.



3 REPRESENTATIVE BUILDINGS AS DEMONSTRATION CASES

The city centres of Cahors (a city with a population of 20 000 in southwest France) and
Vitoria-Gasteiz (population 250 000 in northern Spain) face similar challenges: the physical
decay of the buildings in the historic centre, the urban obsolescence and the high number of
unoccupied dwellings together with socio-economic problems as fuel poverty [56]. As an
answer to these problems, both cities have implemented the ENERPAT approach to select the
local solutions to be applied in the demonstrator buildings. Two buildings were selected as
being representative of both historic centres (Figure 3). The selection was done by the local
stakeholders considering the criteria mentioned in Section 2 (typology, year of construction,
use, materials and construction techniques). Additionally, it was taken into account also the
rehabilitation potential (buildings with rehabilitation needs were preferred) and ownership
(building with full or partial public ownerships were preferred) of the selected building to
ensure the feasibility of the implementation. As input for co-design workshops, the energy
performance of the buildings and the hygrothermal behaviour of the external walls were
studied by on-site and laboratory experiments, through an efficient partnership between local
authorities and universities. The initial state of the two buildings was very different. In
Cahors, the building is part of a huge, unoccupied apartment block, made of two buildings
with windows and walls in a bad state, and an uninsulated roof. The streets around are rather
narrow. In contrast, the building in Vitoria is smaller and has two different solutions for its
envelope. It comprises several dwellings, some of which are now occupied. These differences
will determine different ways of implementing the approach and prove its flexibility.

Figure 3: Cahors (left) and Vitoria-Gasteiz (right) demonstrator buildings

4 IMPLEMENTATION
4.1 Co-design process in the cities of Cahors (France) and Vitoria-Gasteiz (Spain)

As explained in Section 2 two co-design workshops were run in each city (Figure 4). A detailed
description of the living lab of Cahors at a very early stage can be found in [56]. The purposes of
the first workshop were to introduce the project, approach, objectives and boundaries to the
participating agents, develop the AHP exercise to identify the priorities of each city, and to
present the long list of possible solutions that could fulfil the project requirements. No definitive
decisions were made in this first workshop since it was crucial to leave time for personal
reflection by the stakeholders and to transmit the information to their organisations before
making any decision.
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Figure 4: Co-creation workshops: Cahors (left) and Vitoria-Gasteiz (right)

The results of the AHP exercise were similar in both cities. The impact of the solutions on the
cultural values was considered a priority in both cases as described further in the comparison of
the two processes in Section 5. The only difference was that, in the case of Cahors, operational
energy (optimising energy efficiency) was also considered very relevant but, in Vitoria-Gasteiz,
priority was given to the quality of life (comfort and indoor environmental quality). Socio-
economic development (the ability of solutions to trigger the local economy) and environmental
impact (life cycle and circular economy perspective) were considered to be of medium
importance in both cases, and easy logistics of low relevance. The first workshops defined also
the common requirements that the solutions must fulfil. The following requirements were used
later to filter the solutions:

e Existing solutions already used in the region.
e Solutions using local production, with supply distances of less than 100 km.

e Solutions that improve comfort while being compatible with: i) existing materials, ii)
envelope composition, iii) hygrothermal properties of the envelope materials, and iv)
chemical properties of the envelope materials.

e Solutions that improve energy efficiency, reducing the energy use in the operative
phase of the building but also in the whole life cycle of the materials.

e Solutions that would be reproducible in other historic urban areas of the region.

In the second workshop, the shortlist with the solutions with the highest score (according to
the weighted criteria results of the AHP exercise) were presented to the stakeholders together
with the results of the research regarding the characterisation of the representative buildings
as a baseline for decisions. The list was filtered by the stakeholders of the local refurbishment
industry according to the common requirement defined in the first workshop. A co-design
session was planned not only to select the final solutions but also to design, their
configuration in the demonstrator building.

In Cahors, artisans, university and city council agents were part of the living lab and they all give
their opinion to discuss which solutions were the best retrofitting practice for the walls and roof
of their building. The result of the co-design process was to select old vernacular techniques,
made of bio-sourced materials (such as mixes of earth and natural fibre - straw, etc.). Lime,
hemp and wood fibre were selected as they are produced in proximity (less than 100 km) of
Cahors.

In Vitoria-Gasteiz, it could not be determined a local material that could fulfil all the
requirements. Therefore it was decided to use the demonstrator to test different solutions that
after could be replicated. It was decided also to keep the masonry on the outside, so a renovation
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based on insulation on the inside was chosen for the ground floor. Likewise, for the first and
second floor, two possible solutions were identified, both based on a renovation with thermal
insulation applied on the outside: the first one based on cork panels (see description in Table 2)
and the second one based on lime and hemp mortar. The pressed wood fibreboard was selected
for the roof.

As explained in Section 2, the customised testing strategy is also decided in this workshop. It
was decided that the experimentation in the laboratory would focus on testing different
combinations of thicknesses and dosages of the selected solutions, and their thermal and
hygrothermal behaviour before implementing them in the demonstrator buildings.

4.2 Experimental work

Each city decided which tests should be carried out to characterise the selected solutions in
the laboratory, depending on their objectives, but the tests were mainly focused on the
envelope materials. According to the different scenarios, the refurbishment of the two
demonstrators had different scopes, so the tests carried out to determine the hygrothermal
properties of the retrofitting materials were different for Cahors and Vitoria-Gasteiz.

4.2.1 Experimental work in Cahors

The thermal characterisation of the original bricks and stones in Cahors included:
measurements of conductivity and thermal effusivity using the hot wire method, measurement
of dry heat capacity using the calorimetric method, determination of the sorption isotherm by
the Dynamic Vapour Sorption method (DVS), and measurement of water absorption by
capillarity.

/7—&_ L —_— ké

Figure 5: Measurement of the heat capacity by differential scanning calorimetry (left). 18th century
brick (top left), 16th century brick (bottom left), CC1 (bottom right), CC2 (top right)

As explained in Section 4.1 the result of the co-design process was to select old vernacular
techniques, made of bio-sourced materials. The physical properties of these traditional solutions
(especially hygrothermal properties) were tested in the lab. Chosen solutions were then tested
and enhanced in the university (mainly optimum mix ingredients and hygrothermal modelling) to
be later settled in the real building in a workshop with a carpenter, an artisan, and a student
(Figure 6).
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Figure 6: Refurbishment of an external wall with apprentice craftsmen, source [56]

Two formulations of a lime-hemp mixture were characterised in the laboratory. The choice of
formulations and samples of lime-hemp mixtures was made by a craftsman participating in
the living lab. Given the difficulty of cutting the lime-hemp material, moulds the size of the
desired specimens were made beforehand. The formulations studied are presented in_Table 1
and are habitually used for establishment in bunch (formulation CC1) and coating
(formulation CC2).

Table 1: Mass composition of the two lime-hemp mixtures studied for the demonstrator of Cahors

CC1 (mass %) CC2 (mass %)
Lime 33 31.5
Hemp 13 6
Sand - 14.5
Water 54 47

The solutions were also carefully tested on-site before their application in the demo building
[56].

4.2.2 Experimental work in Vitoria

As explained in Section 4.1, during the co-creation process for Vitoria a renovation based on
insulation on the inside was chosen for the ground floor, and for the first and second floor two
possible solutions were identified, both based on a renovation with thermal insulation applied
on the outside: the first one based on cork panels and the second one based on lime and hemp
mortar. For the latter, the influence of the process of application (manual or mechanical) was
also studied, because it showed a big influence in the thermal conductivity of the material
(related mainly to its density).

Figure 7: Cross-section of the refurbishment solution based on corkboard.
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Table 2: Description of the solutions identified for the demonstrator of Vitoria-Gasteiz

Solution Description Comments

4 cm of recycled cotton fibre insulation + 2 cm of natural gypsum

INS_0 Only for ground floor

board
. . Manually applied,
LHC1 8 cm of lime and hemp coating Density = 1400 kg/m°
. . Mechanically applied,
LHC2 8 cm of lime and hemp coating Density ~ 800 Kg/m?
External Thermal Insulation Composite System
ETICS 2.5 cm of lime-based levelling mortar + 8 cm of corkboard + lime-
based finishing coat (less than 1 cm), reinforced with fibreglass
mesh

Thermal conductivity measurements were carried out using the heat flow meter method (EN
12667:2001 [57]) and the thermal resistance of the materials applied to a base wall was
determined using guarded hot box tests (EN ISO 8990:1994 [58]) (see Figure 8).

. S

g |
Figure 8: Sample and measurement equipment for thermal conductivity (top and medium left) and wall
thermal resistance (top and medium right)

Complementary tests were also carried out, such as measuring the in situ thermal resistance of
the building facade, or the resistance to water vapour diffusion of samples of lime and hemp
mortar (Figure 9).

ot

Figure 9: Thermal resistance measurement in situ (left) and samples for testing water vapour transmission
properties (right)

Besides, the building in Vitoria-Gasteiz was monitored. The variables measured were
temperature, relative humidity, heat fluxes through the envelope, and energy consumption to
maintain conditions of comfort. To accurately measure energy consumption, electric heaters
were used in empty dwellings. Additionally, CO2 sensors were installed in the occupied
dwellings.

4.3 Numerical work

Simulations of historical buildings, with massive and heterogeneous walls, complex geometry
and important natural airflow, are challenging [59]. Therefore, the objectives of the numerical
work were adapted to the requirements of each case (occupancy and existing information
mainly) using simplified indicators develop specifically for traditional buildings [60].
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Previous studies [61] [62] have pointed out that the morphology of the historic urban
environment changes the conditions at the outer limits of the thermal models, therefore the
detailed modelling of the geometry of adjacent buildings was carried out to achieve consistent
results.

4.3.1 Numerical work in Cahors

In the case of Cahors, the objective of this analysis was to study energy consumption, winter
comfort, summer comfort and the risk of pathology development. The energy expenditure was
due to the annual electrical consumption of convectors in KWh/m2, which corresponds only to
energy expenditure related to heating systems; the annual electricity consumption excluding
heating systems and lighting, in kWh/m2; and annual electrical consumption of lighting in
kwh/m2, These three elements correspond to all electricity consumption. The summer
comfort was described by the number of hours of discomfort during July and August,
corresponding to the number of hours exceeding 27°C [60]. The risk of pathology
development and winter comfort was described by the number of hours where the surface
temperature was below 12.6°C [63].

Figure 10: Demonstration building and surrounding masks - EnergyPlus

4.3.2 Numerical work in Vitoria-Gasteiz

The objective of the analysis in Vitoria-Gasteiz was to follow the evolution of the indoor
temperatures of the different rooms and floors, to observe the correlation between the internal
conditions, the external conditions and the intrinsic functioning of each thermal zone (power
dissipation, occupation, ventilation, and shading). The temperature curve was taken to
indicate the impact of these factors on the evolution of the temperature, or where the
temperature peaks were found and to which phenomena they were related. Each simulated
solution was analyzed to determine its impact and especially its relevance.

Figure 11: Demonstration building in Vitoria and surrounding masks
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5 RESULTS AND DISCUSSION

5.1 Co-design process

As a result of the co-design process described in Section 3.1, the prototype demonstrator in
Cahors was designed around the use of local lime and hemp for the interior and exterior
envelopes of the walls and pressed wood fibre for the roof to be tested and monitored
throughout the co-implementation stage. These solutions are produced in proximity (less than
100 km) and this was considered an opportunity to generate new business models based on
the economy of scale engaging the agricultural sector of the region. Another advantage of
these solutions was the fact that local craftsmen are used to implementing similar solutions.
Unlike the situation in Cahors, in Vitoria-Gasteiz, it was not easy to identify a local material
that could fulfil all the requirements since the territory had undergone profound
transformations due to industrialisation. Therefore, the prototype demonstrator was
conceptualised by integrating three different solutions for the interior and exterior envelope of
the walls using lime hemp, lime and wood fibre, and lime and cork. Also, one solution was
designed for the roof and one for the windows. The following table compares the two co-
creation processes: the participants, the relevance of the different criteria and the co-designed
solutions. The results of the AHP exercise were similar in both cities. The impact of the
solutions on the cultural values was considered a priority in both cases as described further in
the comparison of the two processes in_Table 3.

Table 3: Comparison of the two processes

CAHORS VITORIA-GASTEIZ
WORKSHOPS
First

23/03/2017 30/03/2017

workshop
Dates Second

6/04/2017 15/06/2017

workshop

Stakeholders
facilitators of

6 officials of Communauté
d’Agglomération du Grand Cahors,

Ensanche 21 (Vitoria Municipal
Council), Municipal Energy

heritage :
refurbishment refurbishment programmer Agency (CEA)
Engaged f qucﬁl Conf_ederatlon d_e Ia[jtls?)r]a_t et des ERAIKUNE (construction clusters
Stakeholder refurbishment petites entreprises du batiment of Basque Country)
industry (CAPEB)

Research and
innovation
stakeholder

INSA laboratory (University of

Toulouse), I’ Association Sites & Cités

Remarquables, PFT, QUERCY
ENERGIE.

Santa Maria Cathedral Foundation,
ENEDI laboratory (University of
Basque Country), Tecnalia
Research & Innovation.

CRITERIA/RELEVANCE

Impact in heritage

Very high relevance

Very high relevance

Operational energy

Very high relevance

Medium relevance

Quality of life

High relevance

Very high relevance

Socio-economic development

Medium relevance

Medium relevance

Logistic easiness

Low relevance

Low relevance

Environmental impact

Medium relevance

Medium relevance

CO-DESIGNED SOLUTIONS

15t and 2™ floor: External Thermal

Double layer on the existing masonry

stone of the building, consisting of a

first 7 cm wide layer made up of lime
and hemp and a finishing layer of lime.

Insulation System on the existing
brick of the building, consisting of
lime-based levelling mortar,
corkboard and a finishing layer of
lime.

Exterior envelope
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Double layer on the existing masonry
stone of the building, consisting of a
first, 20 cm wide layer made up of
lime and hemp, and a finishing layer of
lime, sand and hemp or lime and
hemp.

Ground floor: A layer of recycled
cotton fibre insulation and a
finishing layer of natural gypsum
board, put on the internal side of the
existing masonry wall.

Interior envelope

Double layer of rigid and semi-rigid
Roof wood fibre on wood board Pressed wood fibreboard

5.2 Experimental work

5.2.1 Results of the experimental work in Cahors

The following table summarises the values measured and calculated before and after
renovation in the building of Cahors. As can be seen in the table, for both walls, the addition
of insulation reduced heat loss. The change is particularly noticeable for the initially very
wasteful wood panel wall, where the thermal transmittance was divided by 5. For the brick
wall, it was divided by 3.75. These solutions were selected for the demonstrator building.

Table 4: Measured and calculated heat transfer coefficients(U measured in-situ [W.m2. K™]; U calculated
[W.m2. K] with A (16" century brick) = 0.49 W.m™.K* and A (18" century brick) = 0.715 W.m%.K?)

Material / U value (measured in-situ) U value (calculated)
Solution
Before After Before After
Brick 1.35 0.36 1.20+0.07 0.43 £0.04
1.74 +0.07 0.48 £0.05
Timber frame 2.85 0.57 3.13+0.09 0.55 +0.07
4.36+0.1 0.57+0.07

5.2.2 Results of the experimental work in Vitoria-Gasteiz

In Vitoria-Gasteiz, the solutions that could be used in the demonstration building were tested
in the Laboratory of Quality Control in Buildings of the Basque Government. The tests
carried out provided information on the thermal behaviour of the following materials or
refurbishment solutions: external coating of a mortar of lime and hemp applied manually,
external coating of a mortar of lime and hemp applied by machine, wood fibreboard, and
natural cork panel. As the hygroscopic properties are also important in historic buildings, in
addition to the thermal tests, the resistance to the diffusion of water vapour was determined on
a sample of lime and hemp. Two dwellings were tested to assess their air permeability. The
air change rate values obtained at 50 Pa were 8.7 for the ground floor and 10.4 for the first
floor. These values are very high so, if a ventilation system with heat recovery would be
installed, concrete measures will have to be adopted to significantly reduce these values. The
values obtained in the conductivity tests were:

Table 5: Conductivity values of the materials

Material / Solution k [Wim-K] Comments
Wood fibre board 0.045 £ 0.02
Natural cork panel 0.059 + 0.02
Lime and hemp (p = 650 kg/m?) 0.13+0.01 (Conditioned at 20°C and 50% RH)
0.12+0.01 (Dried in oven at 70 °C)

Two samples of lime and hemp coatings, with different methods of application to the wall,
were tested in the laboratory. The results were quite different, mainly because of the
difference in the water contents of the samples, which led to a marked density difference
between the samples. The thermal resistance values obtained with the two samples are shown
in the next table.

17



Table 6: Thermal resistance values of the tested solutions for Vitoria-Gasteiz

Material / Solution R [m2-K/W] Comments
8 cm of lime and hemp coating 0.24 Guarded hot box test.
(LHC1) Manually applied, density ~ 1400 kg/m®
8 cm of lime and hemp coating 0.55 Guarded hot box test.
(LHC2) Mechanically applied, density ~ 800 kg/m®
2.5 cm of lime based levelling mortar 1,65 Guarded hot box test.

+ 8 cm of corkboard + lime based
finishing coat (ETICS)

Since LHC2 showed better thermal performance, its vapour diffusion resistance factor was
determined by the test, to know the hygroscopic behaviour. The value obtained was p = 19.3
+ 2.8, a value in the range of the lime-based materials.

Finally, the thermal transmittance of the two different facade solutions existing in the building
was investigated in the in-situ tests. The values obtained and the improvement that would be
achieved both on the ground floor (with INS_0) and in the first and second floor (with
ETICS) are shown in the next table.

Table 7: Tested and predicted thermal transmittance values for Vitoria-Gasteiz

Material / Solution U [W/m?K] Comments
Masonry (Ground floor) 0.82 In situ test. Total thickness =0.76 m.
Masonry + INS 0 0.43 Predicted value
Moulded brick wall + Fiberglass + Plaster 0.46 In situ test. Total thickness = 0.36 m.
(First floor)
Moulded brick wall + Fiberglass + Plaster 027 Predicted value

+ ETICS solution

As mentioned above, the thermal characteristics of the tested solutions were all quite good, so
other criteria, such as hygroscopic compatibility, were taken into consideration when the
refurbishment solutions were selected.

5.3 Numerical work

5.3.1 Results of the numerical work of Cahors

For the thermal simulation of the demonstrator building of Cahors, the building was divided
into three different dwellings: a co-working space (level 0 and 1), and two apartments to rent:
a small one (for students at level 2) and a duplex flat (for a family at level 3 and 4, with a
rooftop), and the energy consumption was simulated for each of them (Figure 12).

200
180
160
140
120

100
20 B Electric devices

Heating

60 B Tightning
40
20

Sum of the electrical consumptions (kWh/ (m?.year))

Co-working Family Student
space dwelling dwelling

Figure 12: Energy consumption after refurbishment in Cahors
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As expected, this numerical analysis nevertheless highlights a significant energy gain thanks
to the different renovation systems in each of the spaces of the demonstrator building (see
Table 8). For the three spaces, the simple change of windows from simple glazing to efficient
double glazing reduces the electricity consumption related to heating by about Ya.

Table 8: Comparison of the energy gain (heating) according to the renovation technique and the spaces of
the demonstrator building
Energy-saving (reduction of the electrical consumption of heating)

Co-Working office Student dwelling Family dwelling
Double glazing 26.35% 23.78% 23.29%
Opaque wall insulation 44.65% 35.93% 35.88%
Attic insulation + double 71.15% 62.05% 62%
glazing + opaque wall
insulation

Despite the renovation, the co-working space keeps a cumulative amount of electricity
consumption close to 150 kWh/m2 due to the use of this space (lighting and electrical
appliances). The occupancy and consumption scenarios were inspired by French thermal
regulation, RT2012, and sometimes seem inappropriate, especially concerning the continuous
use of lighting during hours of presence. The buildings studied have good summer comfort
when not in use, i.e. without occupants, thanks to the reduction of the access of solar radiation
and the inertia and strong contiguity of the buildings. No time of discomfort is noted during
simulations without occupants, either before or after renovation. Calculations made with the
occupant show that users play a decisive role as it has been mentioned by recent literature
[31] [59]. Before the renovation, the internal loads due to electrical equipment and the
occupant become too great in the upper part of the co-working space, and also in the upper
north room of the family apartment (Figure 13).
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Figure 13: Number of hours of discomfort in use before and after renovation in Cahors

Thermal renovation, by accentuating the confinement, increases the number of hours of
discomfort for each room. For low-volume rooms (southern part of the demonstrator
building), this increase is particularly noticeable. However, in historic buildings, the
limitation of existing main commercial thermal simulation softwares has to be considered,
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since they do not take the moisture buffering effect of walls into account, neither the effect of
lime-hemp insulation in the improvement of the comfort by the regulation of the humidity of
the room. The measurements carried out in situ after renovation, taken in combination with
this numerical study and the study of the occupants’ sensation of comfort, will make it
possible to better evaluate the influence on the comfort of installing an interior, bio-based
insulation.

5.3.2 Results of the numerical work of Vitoria-Gasteiz

In the case of Vitoria-Gasteiz before the renovation, the building was occupied only on the
second floor and in the attic. The building envelope was not insulated, but windows in the
occupied area were double-glazed from a previous renovation, the rest of the windows being
single glazed. No heating system was present other than in the occupied part of the building.
In this zone, the heating was managed by a gas boiler and the heat was emitted via wall
heaters with hot water. The building was permanently heated to a set temperature of 21°C
with a possible reduction to 19°C overnight. No mechanical ventilation was present. Except
for the occupied part, no additional window opening to discharge the heat of the building and
no management of mobile protections was considered. Although the unoccupied areas of the
building were devoid of insulation and heating, a first study of the annual temperature curves
showed that, by its structure, the building had good inertia (Figure 14).
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Figure 14: Inertia on the ground floor of the building in Vitoria-Gasteiz

The analysis of indoor temperature rise for increasingly high levels in the building shows
stratification of air in the building, especially in the summer. In winter, it is noted that the
temperatures of the second floor are lower than that of the first, which is suggestive of
precarious insulation of the roof.

Table 9: The indoor temperature at several building levels in Vitoria-Gasteiz
T° Min T° Mean T° Max

[°C] [°C] [°C]
Kitchen second floor 10.6 19.5 325
Bedroom 2 second floor | 9.5 18.5 28.3
Bedroom 1 first floor 12.5 18.6 25.2

Kitchen first floor 12.0 18.8 26.8
Kitchen ground floor 10.0 17.5 25.0
Bedroom 1 ground floor | 8.4 17.1 25.7
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For the building forecasts after renovation, the phase shift of the temperature and the limited
variation of the temperature seen in the first results demonstrate that the thermal inertia of the
building is always very good.
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Figure 15: Comparison of temperature during July before and after renovations

Due to its more efficient envelope, the building is less sensitive to variations in the climate of
Vitoria-Gasteiz. This allows it to exceed the temperature of discomfort a maximum of 5 times
at most in the year, so the building can be described as comfortable.

In terms of energy consumption, if we compare what is comparable, namely the occupied part
on the second floor, the energy-saving achieved is substantial. Although the implementation
of controlled mechanical ventilation induces much higher electrical consumption, on an
overall balance (that is to say, taking heating needs, DHW, ventilation, electrical appliances,
etc. into account) the renovations will allow energy savings of more than 50%, as shown in
Table 10. The efficiency of the building envelope allows almost 79% savings in heating. Once
again, in-situ measurements will be carried out after this renovation, in addition to this
numerical study, as a part of the co-creation process.

Table 10: Energy consumption before and after refurbishment in Vitoria-Gasteiz

Before renovations After renovations
Zone Gas (PCS) Electricity Gas (PCS) Electricity
Heating 32 607 kWh 69 kWh 6 905 kWh 34 kWh
Domestic hot water 6 535 kWh 9 kWh 6 535 kW -
Auxiliary \_/entllatlon i i i 2040 KWh
units
Auxiliary d_|str|but|0n i 26 KWh i 20 kWh
units
Power dissipated - 2 794 kWh - 2 794 kWh
TOTAL 39 142 kWh 105 kWh 13 440 kWh 4 888 kWh
ENERGY SAVING +25 702 kWh -4 783 kWh (-
[Before — After] (+65.7%) 306.6%0)

TOTAL ENERGY

SAVING +20 919 kWh (+53.3%)
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6 CONCLUSIONS AND FUTURE WORK

The ENERPAT approach can be considered as a change in the way we see the energy
improvement of historic urban areas and a step forward in the need to operationalise the
vagueness of the concept of complexity in energy transitions. As previous research shows, the
benefits obtained with this approach can support a systemic transformation of historic urban
environments “not only by improving its sustainability and liveability but also by reinforcing
its local economy, preserving its cultural values and including all the stakeholders in the
whole process” [18]. This is aligned with place- based development, that suggest that
development strategies should be based on mechanisms which “build on local capabilities
and promote innovative ideas through the interaction of local and general knowledge and
endogenous and exogenous actors in the design and delivery of public policies ” [64].

The implementation of the approach has shown that the inclusion of more criteria than the
usually considered cultural heritage and operational energy (such as LCA and socio-economic
development) in the decision-making broadens the sustainability approach to include social
and economic pillars. It also helps to identify traditional solutions that are locally produced so
they have a smaller environmental impact and could trigger other processes beneficial for the
citizens and the conservation of our cities, such the development of local economies (as the
case of the hemp in Cahors).

The combination of the expertise and knowledge of the different profile of stakeholders
(including heritage experts, craftsmen, end-users and knowledge partners) feeds the process
providing different inputs and perspectives regarding the replicability (considering local
techniques and skills), the economic and energy-saving potentials, the technical compatibility
and the social acceptance of the proposed solutions. The partnership with local knowledge
stakeholders (such as universities and research centres) allows the introduction of evidence-
based considerations in the decision-making process and the customisation of the testing
strategies fitted to the objectives, regulatory requirements and resources of each case.

The process has shown that the conservation-friendly bio-based solutions are an option that
the key stakeholders identify as technically, economically, socially and culturally compatible
with the historic urban landscape of their cities. The experimental and numerical work carried
out showed good results also in terms of thermal behaviour in winter conditions. These
solutions are recognised as efficient in the laboratory, and now the challenge is to see whether
they are also efficient in real conditions, with real occupants’ behaviour. Numerical
simulations allow the theoretical behaviour of the buildings to be investigated in terms of
comfort and energy consumption.

The flexibility of the method allows for implementation in different circumstances, as long as
political long-term commitment is guaranteed to adopt an evolutionary strategy like the one
described in this paper. Anyway, the cases of Cahors and Vitoria-Gasteiz show that it can be
implemented gradually. Future work includes the implementation of the solutions in the
representative buildings and their instrumentation to reveal the performance of these solutions
in terms of summer indoor comfort, users’ satisfaction, and hygrothermal behaviour. Other
indicators should be also measured to monitor citizens’ acceptance, fuel poverty decrease,
energy reduction from an LCA perspective, and the creation of new business models at the
urban level.
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9 ANNEXA-CONSTRUCTION DETAILS OF THE DEMONSTRATION
BUILDINGS.

A.1-CAHORS

Figure A.2 - View of the building during refurbishment
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Figure A.3 - Longitudinal section of the building

Figure A.4 - Cross-section of the building

29




Figure A.5 — Materials used in the refurbishment of the demonstrator of Cahors

Legend: 1. Existing masonry ancient brick wall (about 40 cm), 2. Interior insulation layer:
hemp concrete (20 cm), 3 Finishing layout (hearth, sand, gypsum) (about 5 cm), 4. Exterior
insulation layer: hemp concrete (7 cm), 5. Outdoor finishing layout (hearth, sand, gypsum)
(about 2 cm)
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A.2-VITORIA-GASTEIZ

Figure A.7 - General view of the building after refurbishment
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Figure A.8 - Longitudinal section of the building
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Figure A.9 - Cross-section of the building
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Figure A.10 — Materials used in the refurbishment of the demonstrator of Vitoria-Gasteiz

Legend: 1. Existing masonry wall; 2. Interior insulation layer: natural gypsum board (2 cm)
and ecological Fiber Cotton panels (4 cm); 3. Existing flattened brick wall (30 cm); 4.
ETIC Solution with cork panel (8 cm) and lime mortar; 5. Pressed wood fibreboard

under roof tiles (8 cm)
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ABSTRACT

Energy performance and thermal comfort in historic and traditional urban environments are
important because of the social and cultural requirement to conserve these areas as living
entities, but also for the environmental obligation to decrease the impact of existing buildings
globally. The objective of ENERPAT approach is to address this global challenge from the
local perspective, through the co-creation of efficient solutions that improve the energy
performance of historic areas considering local techniques and skills, taking into account the
whole life cycle of the solutions, and supporting local economy and business. The objective is
to test the efficiency and suitability of eco-renovation strategies that have been co-created
with local stakeholders and are based on traditional energy conservation measures, as a way
to work with locally-based business models that can safeguard cultural aspects and enable
economic development. Two living labs have been established in the cities of Vitoria-Gasteiz
(Spain) and Cahors (France) in two representative buildings of the historic urban area of each
city. The living labs operate as inclusive multi-agent discussion arenas with a long-term
vision, where multi-criteria co-creation processes are implemented to select conservation-
friendly solutions based on local materials including criteria such as operational energy,
impact on heritage values, quality of life, socio-economic development and easy logistics.
The energy behaviour of the buildings and the hygrothermal performance of the external
walls have been studied using on-site and laboratory experiments, through an efficient
partnership between local authorities and universities. Likewise, local-based refurbishment
solutions that were designed in the co-creation processes have been thermally characterised in
the laboratory, through thermal conductivity and guarded hot box tests. Finally, the energy
improvement of the whole renovation strategy has been simulated showing the enhancement
of the two buildings.

WORD COUNT: 7845
HIGHLIGHTS
e Energy efficiency of historic centres through eco-renovation and vernacular culture

e Energy transition based on co-creation and evolutionary development
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e Urban labs to merge evidence-based knowledge with socio-economic considerations
e Architectural heritage is broadened to include traditional techniques
¢ Results of the co-creation process are tested with experimental and numerical work

KEYWORDS: Historic Building; Energy Efficiency; Urban Conservation; Living Lab;
Urban Regeneration; Complex Adaptive System; Historic City

NOMENCLATURE
AHP Analytical Hierarchy Process
CAS Complex adaptive systems
CDW Construction and demolition waste

CEREMA Centre d'études et d'expertise sur les risques, I'environnement, la mobilité et
I'aménagement, France

CO_ Carbon dioxide

DVS Dynamic Vapour Sorption method
LCA Life Cycle Assessment

MIP Mercury Intrusion Porosity

1 INTRODUCTION

The global impact of the built environment is evident: it accounts for roughly 40% of energy-
related carbon dioxide (CO2) and 36% of worldwide final energy use [1], and it is responsible
for one of the heaviest and most voluminous waste streams generated in the EU
(approximately 25% - 30%) [2]. Sustainable urban conservation strategies have been proved
to be a mechanism that can minimise this impact, since they contribute to the efficiency of use
of resources, reusing materials and infrastructure, reducing waste and improving energy
efficiency and comfort [3]. Since around 40% of the European existing buildings were
constructed prior to 1960 [4], there is a global environmental call for reducing the energy
demand of historic and traditional buildings and to do it in a sustainable and resource-efficient
way. As recent studies have shown historic centres are an “opportunity of intervention at a
large scale ” due to their high rehabilitation requirements [5]. Besides, there is a sociocultural
requirement to protect the living nature of historic environments since unoccupied buildings
are hardly preserved [6]. And the conservation of the historic character of our cities is
strongly linked with the wellbeing of the citizens [7], reinforcing the local identity and
contributing to the sense of place [8].

The built heritage is not only the architectural and cultural value of the buildings, but it also
embodies the people, the surrounding territory, the productive activity, and the construction
culture that created it [9]. European Landscape Convention defines the landscape as “an area,
as perceived by people, whose character is the result of the action and interaction of natural
and/or human factors” [10]. This concept has been directly linked to the urban energy
transition as a system under the concept of “energy landscape” [11]. The historical urban
landscape, as part of the traditional city [12], is the result of the materialisation of the
evolution in the usage [13] and a product of evolutionary self-organisation processes [14]
The capability of historic urban systems to change to satisfy new requirements without losing
their identity, e.g. their adaptability, is what has ensured their survival [15]. Energy efficiency
Is a strategy to combat the abandonment of historic areas fighting fuel poverty through the
improvement of comfort in an affordable way while contributing to climate change
mitigation. Hence energy enhancement is a key component of this updating of historic
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environments to contemporary requirements since it is required to maintain them alive and
conserved. Similarly to other processes acting at the urban scale, energy efficiency
improvement is usually addressed as a linear and disconnected process, disregarding its
functional complexity and unpredictability [16] and with limited inclusion of the citizens and
key stakeholders [17]. But the improvement of the energy performance of traditional
buildings not only changes the energy flow, but it also changes the information and material
flow through processes that are shaped by human connections, governance mechanisms and
business dynamics. These interactions reshape also the infrastructures and the built
environment, conceived as the physical structure that upholds the urban system, and could
lead historic urban areas to steadily evolve through more sustainable and resilient stages [11]
[18]. In this context, the conservation of our built heritage can be a process of evolutionary
improvement if its complexity is operationalised. But as literature shows when this
complexity is acknowledged it is done hazily and without solid methodologies [19].

The cultural value of historic buildings and districts is not the only attribute that has to be
considered; their pre-industrial nature and thermal performance are also part of their heritage.
The presence of locally generated passive measures and local materials in heterogeneous
envelopes, their energy capital in the form of embodied energy [20], and especially their
hygrothermal behaviour, make local knowledge crucial when addressing the energy
improvement of historic buildings [21]. Therefore, one of the challenges that urban
conservation is facing resides in improving thermal characteristics of the built environment
without impacting in its cultural integrity [22] [23] and in the global environment [24]. One
method is to find solutions that are not only energetically efficient, but they also take into
account local techniques and Life Cycle Assessment (LCA) [25] such as eco-renovation
solutions [26]. Moreover, the use of innovative solutions based on local materials and
techniques can activate the surrounding territory enhancing the employment of resources and
materials, local competences and capacities. The improvement of the liveability of historic
urban areas through energy efficiency and affordable comfort can make an important
contribution to the interplay between socio-ecologic and techno-economic drivers not only at
the urban level but also at territorial scale [18].

Energy transitions cannot be based only on techno-economic considerations. Local culture
and the input from local communities have to be considered and introduced into the research
agendas and planning processes [27]. Literature highlights the need for more inclusive
research [19] encouraging the co-creation of knowledge and policy between researchers,
social and policy actors [27]. The bottom-up inputs and local knowledge required for the
optimization of intricately interconnected environments sometimes is only accessible “to
agents on the ground” [28]. Inclusive and collaborative approaches, together with iterative
planning, can engage key stakeholders in processes more similar to evolution than to design
[29]. These agents can provide relevant inputs related to local construction techniques, skills
and materials, specific climate conditions; and cultural and social values.

The living lab concept can be an answer to this demand if it is implemented as a co-creation
arena and long-term thinking framework that include all the relevant stakeholders. Including
non-governmental actors in the process of producing local solutions increases their
acceptance and, consequently, leads to consumer awareness and reduction of the energy
demand [30]. Two recent studies have shown also that a user-driven approach is required in
the energy rehabilitation of historic buildings as the energy demand is significantly affected
by user behaviours [31][32].

Historic environments, as complex adaptive systems (CAS), are spatially multi-scalar
heterogeneous non-linear urban systems [33] with the ability to self-regulate as an answer to
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modifications [34]. Some of the factors identified by Ostrom (2009) that allow some degree
of self-organisation in socio-ecological systems (manageable size of the system, number of
involved actors, and importance of the resource for users) are already present in the historic
urban environments and others can be accomplished by evidence-based co-creation strategies
(expanding the knowledge of the system and increasing the autonomy in the decisions) [35].
Energy transitions are complex and long-term innovation processes [36] that require changes
in policy culture [37] to allow stakeholders to experiment with new technologies and rules in
a “learning-by-doing” approach [19]. In this context, we can consider local energy initiatives
as “focal points in energy transition” [11] and the living labs can be designed for co-creating
and real-time testing and learning about the social, governance and technological innovation
of the solutions that can facilitate the systemic transition towards a low carbon economy. This
mutual learning process has also a positive influence on the acceptance of new technologies
by the user [38].

Therefore, the literature shows the need for energy improvement strategies in historic urban
environments that acknowledge their urban complexity, include local perspective and
knowledge, allow scientific, evidence-based experimentation and support policy development
towards sustainable urban conservation. It can be concluded also that the livings labs, with a
hybrid approach to co-creation, where pure orientation towards the development of products
and services is merged with urban scalability and local knowledge can be an answer to this
demand. But so far, this approach has not been fully applied and tested in the energy
improvement of historic urban environments. The objective of this paper is to provide an
operative approach to the urban conservation of historic urban environments through the
enhancement of their energy performance based on living labs. This approach combines two
mutually enriching processes: the generation of evidence-based local knowledge and the
inclusion of local stakeholders in a co-creation process. The paper describes and compares the
implementation of this approach in the cities of Cahors and Vitoria-Gasteiz (Spain).

2 MATERIAL AND METHODS

The ENERPAT approach (called after the project “Co-creacion de soluciones territoriales
ENergéticamente eficaces de Eco-Renovacion del habitat Residencial PATrimonial’) aims to
enhance the energy performance of historic urban environments adopting the challenge
described by Marshall: “how to ‘plan’ a kind of complexity that seems to have arisen
‘naturally’ in traditional cities, without planning” [39]. As it has been concluded from the
literature review, an answer could be to use the living lab concept in a twofold way: as the
participation arena where the solutions that improve the energy efficiency are co-created by
all the important stakeholders and, as a demonstration building representative of the whole
historic urban environment to expand the knowledge regarding the urban landscape and to test
the co-designed solutions. A detailed comparison of the ENERPAT approach and other
methodologies for energy improvement of historic districts can be found in [18].

The living lab concept was originally developed in the business environment as a new method
for customer inclusion and commitment. Since then it has been used in many fields including
urban planning and management as a way to collaborate with residents and stakeholders to
create new solutions with them and not only for them [40]. The nature of the multi-layered
challenges that cities must face has brought about the evolution of the concept of co-creation
so that it is applicable even in complex environments such as historic urban areas. In the field
of urban development, the concept of urban labs has been present for quite some time,
referring to research environments for urban design and community planning [41] [42]. Urban
labs act as facilitators for generating quick solutions in the context of rapid change and
transition situations considering multiple domains and players. This approach provides an
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appropriate way to consider historic urban areas as the previously mentioned interplay of
socio-ecologic and techno-economic forces.

The multiscale nature of energy improvement in historic areas [6] makes a hybrid approach to
these concepts necessary. It must incorporate the general elements and the orientation towards
developing products and services of the original living labs at building (demonstration) scale
while complementing them with some differentiating elements of the urban living labs
oriented towards developing the transition to sustainability. Living labs have to be created for
each urban area as laboratories in real conditions where the stakeholders of the local
refurbishment system collaborate to co-create energy-efficient solutions. The specificities of
each historic area (unique combination of climate, local material, construction techniques,
legal framework, architectural value and intangible cultural heritage) require the solutions to
be not selected but rather co-designed. The experimental nature of urban laboratories links
research and innovation stakeholders with cities to translate the singularities of the urban
landscape to evidence that can support the planning policies [43]. Some of the benefits of this
approach are the strategic participation using real-life scenarios [44], the user-centred
innovation [45][46], the experimental processes in the real environment [47] and the
engagement of the main stakeholders [48][49]. The inclusion of local knowledge in the
process makes possible also to take advantage of the care that the traditional architecture has
instinctively given to the whole life cycle in using and reusing local materials [50].

The improvement of the energy efficiency of historical buildings requires a precise study of
the current state of the envelope (including roof) and of the materials that will be used to
improve its performance [25]. The experimental process developed in the approach aims to
obtain three different outputs: i) generation of local knowledge and its application to support
the process of eco-renovation; ii) generation of conservation-friendly eco-renovation products
able to trigger the local economy and activate the territory; and iii) generation of public
policies to facilitate the transition towards a low-carbon economy and sustainable historic
urban areas. The implementation of this experimental framework implies the engagement of
multiple stakeholders from the whole value chain of the rehabilitation systems. The
stakeholders are structured in the following groups according to their roles and contributions:

* Research and innovation stakeholders: universities and research bodies that will
support the generation of knowledge and give scientific inputs to the process.

» Facilitators of heritage refurbishment: local public entities and cultural heritage
managers that will provide public support and safeguard the cultural values and legal
framework.

* Local refurbishment industry: local craftsmen, suppliers of innovative solutions,
agents of the value chain of the rehabilitation system, and construction industry
representatives that will provide inputs regarding local techniques, skills and
innovative solutions.

» End users and citizens who will give inputs regarding user requirements and priorities.

The process is structured in three phases, which are articulated by co-creation workshops and
testing strategies: i) co-design of eco-renovation solutions, ii) co-implementation of solutions
and iii) co-evaluation of the solutions. This paper focuses particularly on the design and
implementation of the first phase in the historic cities of Cahors and Vitoria.

The first co-design stage seeks to prototype the eco-renovation solutions to be implemented,
tested and monitored in real conditions in the demonstrator buildings. The approach, as it can
be seen in Figure 2, conceives the living labs as mutual learning environments, where the co-
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design process is continuously fed by the scientific analysis provided by the research
stakeholders (universities and research bodies) at different stages.

The generation of evidence starts with the selection of the demonstrator buildings, that are
selected as buildings representative of the whole historic city The selection is done by the
local stakeholders considering the similarity of these buildings with a significant percentage
of the buildings in their historic centres regarding typology, year of construction, use,
materials and construction techniques. These buildings are characterised to define their
material and technical characteristics and their energy baseline as input to the co-creation
process. For example, the representative building in Cahors was characterised by the
following measurements: absolute density using a digital density meter; bulk density and
porosity accessible to water with vacuum saturation; pore size distribution by Mercury
Intrusion Porosity (MIP) using a porometer; and air permeability using mass flow. Similarly,
in Vitoria-Gasteiz, to know the energy behaviour of the building before refurbishment, a set
of tests was carried out and included: infrared thermography to detect the presence of thermal
bridges and/or insulation faults, blower door test according to standard EN 13829 [51] to
assess the airtightness of the building, and in-situ measurement of thermal resistance and
thermal transmittance of the facade walls of the ground and first floor, according to standard
ISO 9869 [52].

Figure 1. Blower door test (| he frame of the window (centre), and infrared
image of the main facade of the building (right) in the representative building of Vitoria-Gasteiz

The co-design process is structured around two workshops where the participatory and
collaborative process is developed. In the first workshop, the co-creation process starts with
an overview of traditional and non-traditional solutions suitable for historic buildings. An
initial long list of possible options is provided to stakeholders. This list has to be shortened as
recommended in the EN 16883 (Guidelines for Improving the Energy Performance of
Historic Buildings) standard [53]. Repositories created by research projects focusing on
energy retrofitting of traditional buildings and districts, like EFFESUS, can be used as sources
[6]. A common list of criteria, and indicators that support the quantification of these criteria,
is used as a mechanism to overcome one of the gaps identified in several recent energy
systems research: the lack of a clear language to communicate between stakeholders with
different backgrounds [19] [54]. Therefore, to reduce the long list provided by the literature
on a shortlist of solutions, commonly agreed criteria are adopted as a method to support the
discussion between participating agents (regarding the advantages and disadvantages,
alignment with project objectives, and direct and indirect impacts of the implementation of
the possible solutions). The proposed criteria include heritage impact (how much the solutions
have a visual, spatial or material impact in heritage significance), environmental impact (LCA
of the solutions and their potential contributions to the circular economy), operational energy
(how much the solutions improve the energy efficiency), quality of life (how much the
solutions improve comfort and indoor environmental quality), easy logistics (how easy are the
solution to be implemented), and socio-economic development (the ability of solutions to

8
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trigger the local economy). To translate stakeholders’ preferences and priorities into weighted
criteria, the Analytic Hierarchy Process (AHP) method has been adopted [55]. This method
converts directly the pairwise comparisons of criteria made by the stakeholders into weights
for those criteria. This leads to an objective combination of the various decision-makers’
assessment. The first workshops also define other requirements that the solutions must fulfil
according to the stakeholders (such as supply distances, compatibility or replicability).

The long list of solutions is characterised according to the indicators and each one gets a score
using the weights defined by the AHP method. In this way, a shortlist of the most promising
solutions is obtained. In the second workshop, the solutions that are going to be tested in the
laboratory, simulated and finally implemented in the buildings are accorded in each living lab
based on the shortlist, available existing local materials and the potential impact for the local
economy.

LIVING LAB
Living labs as a demonstration building representative of the Living labs as participation arena where the solutions that
historic urban environment to expand the knowledge and to improve the energy efficiency are co-created by all the
test the co-created solutions important stakeholders

GENERATION OF EVIDENCE CO-CREATION

Selection of the representative buildings Long list of solutions from literature
According to typology, year of construction, use, materials
and construction techniques

Common set of indicators
heritage and environmental impact
operational energy

doysyiom jsii

quality of life
easy logistics
socio-economic development
Characterization of the representative buildings Selection of short list of solutions
Energy baseline through AHP

2 Characlerization of materials and construction
2 . techniques
X
2 £ Characterization of the selected solutions in lab Co-design of the protatype
ES
5

doysyiom pucoeg

Validation through numerical work

IMPLEMENTATION OF THE SOLUTIONS

Figure 2: Workflow of the ENERPAT approach

The customized testing strategy, that will be implemented by the research and innovation
stakeholders, is also decided jointly in the second workshop. Local-based eco-renovation
solutions that are selected in the co-design process are thermally characterised in the
laboratory, employing thermal conductivity and guarded hot box tests, to test their suitability
before implementing them in the representative buildings. The test and simulations are
customised by each city through collaboration with research and knowledge partners, but the
common set of indicators ensures comparability of the results. As the approach is flexible,
each city selects the best options to generate the required knowledge according to the building
characteristics, regulatory framework, defined objectives, available resources and associated
knowledge partner expertise. The final validation of the selected solution is done through
numerical work. A tailored study of energy consumption and comfort level before and after
renovation is conducted for the representative buildings.
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3 REPRESENTATIVE BUILDINGS AS DEMONSTRATION CASES

The city centres of Cahors (a city with a population of 20 000 in southwest France) and
Vitoria-Gasteiz (population 250 000 in northern Spain) face similar challenges: the physical
decay of the buildings in the historic centre, the urban obsolescence and the high number of
unoccupied dwellings together with socio-economic problems as fuel poverty [56]. As an
answer to these problems, both cities have implemented the ENERPAT approach to select the
local solutions to be applied in the demonstrator buildings. Two buildings were selected as
being representative of both historic centres (Figure 3). The selection was done by the local
stakeholders considering the criteria mentioned in Section 2 (typology, year of construction,
use, materials and construction techniques). Additionally, it was taken into account also the
rehabilitation potential (buildings with rehabilitation needs were preferred) and ownership
(building with full or partial public ownerships were preferred) of the selected building to
ensure the feasibility of the implementation. As input for co-design workshops, the energy
performance of the buildings and the hygrothermal behaviour of the external walls were
studied by on-site and laboratory experiments, through an efficient partnership between local
authorities and universities. The initial state of the two buildings was very different. In
Cahors, the building is part of a huge, unoccupied apartment block, made of two buildings
with windows and walls in a bad state, and an uninsulated roof. The streets around are rather
narrow. In contrast, the building in Vitoria is smaller and has two different solutions for its
envelope. It comprises several dwellings, some of which are now occupied. These differences
will determine different ways of implementing the approach and prove its flexibility.

Figure 3: Cahors (left) and Vitoria-Gasteiz (right) demonstrator buildings

4 IMPLEMENTATION
4.1 Co-design process in the cities of Cahors (France) and Vitoria-Gasteiz (Spain)

As explained in Section 2 two co-design workshops were run in each city (Figure 4). A detailed
description of the living lab of Cahors at a very early stage can be found in [56]. The purposes of
the first workshop were to introduce the project, approach, objectives and boundaries to the
participating agents, develop the AHP exercise to identify the priorities of each city, and to
present the long list of possible solutions that could fulfil the project requirements. No definitive
decisions were made in this first workshop since it was crucial to leave time for personal
reflection by the stakeholders and to transmit the information to their organisations before
making any decision.
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\

Figure 4: Co-creation workshops: Cahors (left) and Vitoria-Gasteiz (right)

The results of the AHP exercise were similar in both cities. The impact of the solutions on the
cultural values was considered a priority in both cases as described further in the comparison of
the two processes in Section 5. The only difference was that, in the case of Cahors, operational
energy (optimising energy efficiency) was also considered very relevant but, in Vitoria-Gasteiz,
priority was given to the quality of life (comfort and indoor environmental quality). Socio-
economic development (the ability of solutions to trigger the local economy) and environmental
impact (life cycle and circular economy perspective) were considered to be of medium
importance in both cases, and easy logistics of low relevance. The first workshops defined also
the common requirements that the solutions must fulfil. The following requirements were used
later to filter the solutions:

e Existing solutions already used in the region.
e Solutions using local production, with supply distances of less than 100 km.

e Solutions that improve comfort while being compatible with: i) existing materials, ii)
envelope composition, iii) hygrothermal properties of the envelope materials, and iv)
chemical properties of the envelope materials.

e Solutions that improve energy efficiency, reducing the energy use in the operative
phase of the building but also in the whole life cycle of the materials.

e Solutions that would be reproducible in other historic urban areas of the region.

In the second workshop, the shortlist with the solutions with the highest score (according to
the weighted criteria results of the AHP exercise) were presented to the stakeholders together
with the results of the research regarding the characterisation of the representative buildings
as a baseline for decisions. The list was filtered by the stakeholders of the local refurbishment
industry according to the common requirement defined in the first workshop. A co-design
session was planned not only to select the final solutions but also to design, their
configuration in the demonstrator building.

In Cahors, artisans, university and city council agents were part of the living lab and they all give
their opinion to discuss which solutions were the best retrofitting practice for the walls and roof
of their building. The result of the co-design process was to select old vernacular techniques,
made of bio-sourced materials (such as mixes of earth and natural fibre - straw, etc.). Lime,
hemp and wood fibre were selected as they are produced in proximity (less than 100 km) of
Cahors.

In Vitoria-Gasteiz, it could not be determined a local material that could fulfil all the
requirements. Therefore it was decided to use the demonstrator to test different solutions that
after could be replicated. It was decided also to keep the masonry on the outside, so a renovation
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based on insulation on the inside was chosen for the ground floor. Likewise, for the first and
second floor, two possible solutions were identified, both based on a renovation with thermal
insulation applied on the outside: the first one based on cork panels (see description in Table 2)
and the second one based on lime and hemp mortar. The pressed wood fibreboard was selected
for the roof.

As explained in Section 2, the customised testing strategy is also decided in this workshop. It
was decided that the experimentation in the laboratory would focus on testing different
combinations of thicknesses and dosages of the selected solutions, and their thermal and
hygrothermal behaviour before implementing them in the demonstrator buildings.

4.2 Experimental work

Each city decided which tests should be carried out to characterise the selected solutions in
the laboratory, depending on their objectives, but the tests were mainly focused on the
envelope materials. According to the different scenarios, the refurbishment of the two
demonstrators had different scopes, so the tests carried out to determine the hygrothermal
properties of the retrofitting materials were different for Cahors and Vitoria-Gasteiz.

4.2.1 Experimental work in Cahors

The thermal characterisation of the original bricks and stones in Cahors included:
measurements of conductivity and thermal effusivity using the hot wire method, measurement
of dry heat capacity using the calorimetric method, determination of the sorption isotherm by
the Dynamic Vapour Sorption method (DVS), and measurement of water absorption by
capillarity.

Figure 5: Measurement of the heat capacity by differential scanning calorimetry (left). 18th century
brick (top left), 16th century brick (bottom left), CC1 (bottom right), CC2 (top right)

As explained in Section 4.1 the result of the co-design process was to select old vernacular
techniques, made of bio-sourced materials. The physical properties of these traditional solutions
(especially hygrothermal properties) were tested in the lab. Chosen solutions were then tested
and enhanced in the university (mainly optimum mix ingredients and hygrothermal modelling) to
be later settled in the real building in a workshop with a carpenter, an artisan, and a student
(Figure 6).
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Figure 6: Refurbishment of an external wall with apprentice craftsmen, source [56]

Two formulations of a lime-hemp mixture were characterised in the laboratory. The choice of
formulations and samples of lime-hemp mixtures was made by a craftsman participating in
the living lab. Given the difficulty of cutting the lime-hemp material, moulds the size of the
desired specimens were made beforehand. The formulations studied are presented in Table 1
and are habitually used for establishment in bunch (formulation CC1) and coating
(formulation CC2).

Table 1: Mass composition of the two lime-hemp mixtures studied for the demonstrator of Cahors

CC1 (mass %) CC2 (mass %)
Lime 33 31.5
Hemp 13 6
Sand - 14.5
Water 54 47

The solutions were also carefully tested on-site before their application in the demo building
[56].

4.2.2 Experimental work in Vitoria

As explained in Section 4.1, during the co-creation process for Vitoria a renovation based on
insulation on the inside was chosen for the ground floor, and for the first and second floor two
possible solutions were identified, both based on a renovation with thermal insulation applied
on the outside: the first one based on cork panels and the second one based on lime and hemp
mortar. For the latter, the influence of the process of application (manual or mechanical) was
also studied, because it showed a big influence in the thermal conductivity of the material
(related mainly to its density).

Figure 7: Cross-section of the refurbishment solution based on corkboard.
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Table 2: Description of the solutions identified for the demonstrator of Vitoria-Gasteiz

Solution Description Comments

4 cm of recycled cotton fibre insulation + 2 cm of natural gypsum

INS_0 Only for ground floor

board
. . Manually applied,
LHC1 8 cm of lime and hemp coating Density = 1400 kg/m°
. . Mechanically applied,
LHC2 8 cm of lime and hemp coating Density ~ 800 Kg/m?
External Thermal Insulation Composite System
ETICS 2.5 cm of lime-based levelling mortar + 8 cm of corkboard + lime-
based finishing coat (less than 1 cm), reinforced with fibreglass
mesh

Thermal conductivity measurements were carried out using the heat flow meter method (EN
12667:2001 [57]) and the thermal resistance of the materials applied to a base wall was
determined using guarded hot box tests (EN ISO 8990:1994 [58]) (see Figure 8).

Nl

g |
Figure 8: Sample and measurement equipment for thermal conductivity (top and medium left) and wall
thermal resistance (top and medium right)

Complementary tests were also carried out, such as measuring the in situ thermal resistance of
the building facade, or the resistance to water vapour diffusion of samples of lime and hemp
mortar (Figure 9).

ot

Figure 9: Thermal resistance measurement in situ (left) and samples for testing water vapour transmission
properties (right)

Besides, the building in Vitoria-Gasteiz was monitored. The variables measured were
temperature, relative humidity, heat fluxes through the envelope, and energy consumption to
maintain conditions of comfort. To accurately measure energy consumption, electric heaters
were used in empty dwellings. Additionally, CO2 sensors were installed in the occupied
dwellings.

4.3 Numerical work

Simulations of historical buildings, with massive and heterogeneous walls, complex geometry
and important natural airflow, are challenging [59]. Therefore, the objectives of the numerical
work were adapted to the requirements of each case (occupancy and existing information
mainly) using simplified indicators develop specifically for traditional buildings [60].
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Previous studies [61] [62] have pointed out that the morphology of the historic urban
environment changes the conditions at the outer limits of the thermal models, therefore the
detailed modelling of the geometry of adjacent buildings was carried out to achieve consistent
results.

4.3.1 Numerical work in Cahors

In the case of Cahors, the objective of this analysis was to study energy consumption, winter
comfort, summer comfort and the risk of pathology development. The energy expenditure was
due to the annual electrical consumption of convectors in KWh/m2, which corresponds only to
energy expenditure related to heating systems; the annual electricity consumption excluding
heating systems and lighting, in kWh/m2; and annual electrical consumption of lighting in
kwh/m2, These three elements correspond to all electricity consumption. The summer
comfort was described by the number of hours of discomfort during July and August,
corresponding to the number of hours exceeding 27°C [60]. The risk of pathology
development and winter comfort was described by the number of hours where the surface
temperature was below 12.6°C [63].

Figure 10: Demonstration building and surrounding masks - EnergyPlus

4.3.2 Numerical work in Vitoria-Gasteiz

The objective of the analysis in Vitoria-Gasteiz was to follow the evolution of the indoor
temperatures of the different rooms and floors, to observe the correlation between the internal
conditions, the external conditions and the intrinsic functioning of each thermal zone (power
dissipation, occupation, ventilation, and shading). The temperature curve was taken to
indicate the impact of these factors on the evolution of the temperature, or where the
temperature peaks were found and to which phenomena they were related. Each simulated
solution was analyzed to determine its impact and especially its relevance.

Figure 11: Demonstration building in Vitoria and surrounding masks
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5 RESULTS AND DISCUSSION

5.1 Co-design process

As a result of the co-design process described in Section 3.1, the prototype demonstrator in
Cahors was designed around the use of local lime and hemp for the interior and exterior
envelopes of the walls and pressed wood fibre for the roof to be tested and monitored
throughout the co-implementation stage. These solutions are produced in proximity (less than
100 km) and this was considered an opportunity to generate new business models based on
the economy of scale engaging the agricultural sector of the region. Another advantage of
these solutions was the fact that local craftsmen are used to implementing similar solutions.
Unlike the situation in Cahors, in Vitoria-Gasteiz, it was not easy to identify a local material
that could fulfil all the requirements since the territory had undergone profound
transformations due to industrialisation. Therefore, the prototype demonstrator was
conceptualised by integrating three different solutions for the interior and exterior envelope of
the walls using lime hemp, lime and wood fibre, and lime and cork. Also, one solution was
designed for the roof and one for the windows. The following table compares the two co-
creation processes: the participants, the relevance of the different criteria and the co-designed
solutions. The results of the AHP exercise were similar in both cities. The impact of the
solutions on the cultural values was considered a priority in both cases as described further in
the comparison of the two processes in Table 3.

Table 3: Comparison of the two processes

CAHORS VITORIA-GASTEIZ
WORKSHOPS
First

23/03/2017 30/03/2017

workshop
Dates Second

6/04/2017 15/06/2017

workshop

Stakeholders
facilitators of

6 officials of Communauté
d’Agglomération du Grand Cahors,

Ensanche 21 (Vitoria Municipal
Council), Municipal Energy

heritage :
refurbishment refurbishment programmer Agency (CEA)
Engaged f qucﬁl Conf_ederatlon d_e Ia:jtls?)r]gt et des ERAIKUNE (construction clusters
Stakeholder refurbishment petites entreprises du batiment of Basque Country)
industry (CAPEB)

Research and
innovation
stakeholder

INSA laboratory (University of

Toulouse), I’ Association Sites & Cités

Remarquables, PFT, QUERCY
ENERGIE.

Santa Maria Cathedral Foundation,
ENEDI laboratory (University of
Basque Country), Tecnalia
Research & Innovation.

CRITERIA/RELEVANCE

Impact in heritage

Very high relevance

Very high relevance

Operational energy

Very high relevance

Medium relevance

Quality of life

High relevance

Very high relevance

Socio-economic development

Medium relevance

Medium relevance

Logistic easiness

Low relevance

Low relevance

Environmental impact

Medium relevance

Medium relevance

CO-DESIGNED SOLUTIONS

15t and 2™ floor: External Thermal

Double layer on the existing masonry

stone of the building, consisting of a

first 7 cm wide layer made up of lime
and hemp and a finishing layer of lime.

Insulation System on the existing
brick of the building, consisting of
lime-based levelling mortar,
corkboard and a finishing layer of
lime.

Exterior envelope
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Double layer on the existing masonry
stone of the building, consisting of a
first, 20 cm wide layer made up of
lime and hemp, and a finishing layer of
lime, sand and hemp or lime and
hemp.

Ground floor: A layer of recycled
cotton fibre insulation and a
finishing layer of natural gypsum
board, put on the internal side of the
existing masonry wall.

Interior envelope

Double layer of rigid and semi-rigid
Roof wood fibre on wood board Pressed wood fibreboard

5.2 Experimental work

5.2.1 Results of the experimental work in Cahors

The following table summarises the values measured and calculated before and after
renovation in the building of Cahors. As can be seen in the table, for both walls, the addition
of insulation reduced heat loss. The change is particularly noticeable for the initially very
wasteful wood panel wall, where the thermal transmittance was divided by 5. For the brick
wall, it was divided by 3.75. These solutions were selected for the demonstrator building.

Table 4: Measured and calculated heat transfer coefficients(U measured in-situ [W.m2. K™]; U calculated
[W.m2. K] with A (16" century brick) = 0.49 W.m™.K* and A (18" century brick) = 0.715 W.m%.K?)

Material / U value (measured in-situ) U value (calculated)
Solution
Before After Before After
Brick 1.35 0.36 1.20+0.07 0.43 £0.04
1.74 +0.07 0.48 £0.05
Timber frame 2.85 0.57 3.13+0.09 0.55 +0.07
4.36+0.1 0.57+0.07

5.2.2 Results of the experimental work in Vitoria-Gasteiz

In Vitoria-Gasteiz, the solutions that could be used in the demonstration building were tested
in the Laboratory of Quality Control in Buildings of the Basque Government. The tests
carried out provided information on the thermal behaviour of the following materials or
refurbishment solutions: external coating of a mortar of lime and hemp applied manually,
external coating of a mortar of lime and hemp applied by machine, wood fibreboard, and
natural cork panel. As the hygroscopic properties are also important in historic buildings, in
addition to the thermal tests, the resistance to the diffusion of water vapour was determined on
a sample of lime and hemp. Two dwellings were tested to assess their air permeability. The
air change rate values obtained at 50 Pa were 8.7 for the ground floor and 10.4 for the first
floor. These values are very high so, if a ventilation system with heat recovery would be
installed, concrete measures will have to be adopted to significantly reduce these values. The
values obtained in the conductivity tests were:

Table 5: Conductivity values of the materials

Material / Solution k [Wim-K] Comments
Wood fibre board 0.045 £ 0.02
Natural cork panel 0.059 + 0.02
Lime and hemp (p = 650 kg/m?) 0.13+0.01 (Conditioned at 20°C and 50% RH)
0.12+0.01 (Dried in oven at 70 °C)

Two samples of lime and hemp coatings, with different methods of application to the wall,
were tested in the laboratory. The results were quite different, mainly because of the
difference in the water contents of the samples, which led to a marked density difference
between the samples. The thermal resistance values obtained with the two samples are shown
in the next table.
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Table 6: Thermal resistance values of the tested solutions for Vitoria-Gasteiz

Material / Solution R [m2-K/W] Comments
8 cm of lime and hemp coating 0.24 Guarded hot box test.
(LHC1) Manually applied, density ~ 1400 kg/m®
8 cm of lime and hemp coating 0.55 Guarded hot box test.
(LHC2) Mechanically applied, density ~ 800 kg/m®
2.5 cm of lime based levelling mortar 1,65 Guarded hot box test.

+ 8 cm of corkboard + lime based
finishing coat (ETICS)

Since LHC2 showed better thermal performance, its vapour diffusion resistance factor was
determined by the test, to know the hygroscopic behaviour. The value obtained was p = 19.3
+ 2.8, a value in the range of the lime-based materials.

Finally, the thermal transmittance of the two different facade solutions existing in the building
was investigated in the in-situ tests. The values obtained and the improvement that would be
achieved both on the ground floor (with INS_0) and in the first and second floor (with
ETICS) are shown in the next table.

Table 7: Tested and predicted thermal transmittance values for Vitoria-Gasteiz

Material / Solution U [W/m?K] Comments
Masonry (Ground floor) 0.82 In situ test. Total thickness =0.76 m.
Masonry + INS 0 0.43 Predicted value
Moulded brick wall + Fiberglass + Plaster 0.46 In situ test. Total thickness = 0.36 m.
(First floor)
Moulded brick wall + Fiberglass + Plaster 027 Predicted value

+ ETICS solution

As mentioned above, the thermal characteristics of the tested solutions were all quite good, so
other criteria, such as hygroscopic compatibility, were taken into consideration when the
refurbishment solutions were selected.

5.3 Numerical work

5.3.1 Results of the numerical work of Cahors

For the thermal simulation of the demonstrator building of Cahors, the building was divided
into three different dwellings: a co-working space (level 0 and 1), and two apartments to rent:
a small one (for students at level 2) and a duplex flat (for a family at level 3 and 4, with a
rooftop), and the energy consumption was simulated for each of them (Figure 12).
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160
140
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100
20 B Electric devices

Heating

60 B Tightning
40
20

Sum of the electrical consumptions (kWh/ (m?.year))

Co-working Family Student
space dwelling dwelling

Figure 12: Energy consumption after refurbishment in Cahors
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As expected, this numerical analysis nevertheless highlights a significant energy gain thanks
to the different renovation systems in each of the spaces of the demonstrator building (see
Table 8 ). For the three spaces, the simple change of windows from simple glazing to efficient
double glazing reduces the electricity consumption related to heating by about Ya.

Table 8: Comparison of the energy gain (heating) according to the renovation technique and the spaces of
the demonstrator building
Energy-saving (reduction of the electrical consumption of heating)

Co-Working office Student dwelling Family dwelling
Double glazing 26.35% 23.78% 23.29%
Opaque wall insulation 44.65% 35.93% 35.88%
Attic insulation + double 71.15% 62.05% 62%
glazing + opaque wall
insulation

Despite the renovation, the co-working space keeps a cumulative amount of electricity
consumption close to 150 kWh/m2 due to the use of this space (lighting and electrical
appliances). The occupancy and consumption scenarios were inspired by French thermal
regulation, RT2012, and sometimes seem inappropriate, especially concerning the continuous
use of lighting during hours of presence. The buildings studied have good summer comfort
when not in use, i.e. without occupants, thanks to the reduction of the access of solar radiation
and the inertia and strong contiguity of the buildings. No time of discomfort is noted during
simulations without occupants, either before or after renovation. Calculations made with the
occupant show that users play a decisive role as it has been mentioned by recent literature
[31] [59]. Before the renovation, the internal loads due to electrical equipment and the
occupant become too great in the upper part of the co-working space, and also in the upper
north room of the family apartment (Figure 13).
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Figure 13: Number of hours of discomfort in use before and after renovation in Cahors

Thermal renovation, by accentuating the confinement, increases the number of hours of
discomfort for each room. For low-volume rooms (southern part of the demonstrator
building), this increase is particularly noticeable. However, in historic buildings, the
limitation of existing main commercial thermal simulation softwares has to be considered,
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since they do not take the moisture buffering effect of walls into account, neither the effect of
lime-hemp insulation in the improvement of the comfort by the regulation of the humidity of
the room. The measurements carried out in situ after renovation, taken in combination with
this numerical study and the study of the occupants’ sensation of comfort, will make it
possible to better evaluate the influence on the comfort of installing an interior, bio-based
insulation.

5.3.2 Results of the numerical work of Vitoria-Gasteiz

In the case of Vitoria-Gasteiz before the renovation, the building was occupied only on the
second floor and in the attic. The building envelope was not insulated, but windows in the
occupied area were double-glazed from a previous renovation, the rest of the windows being
single glazed. No heating system was present other than in the occupied part of the building.
In this zone, the heating was managed by a gas boiler and the heat was emitted via wall
heaters with hot water. The building was permanently heated to a set temperature of 21°C
with a possible reduction to 19°C overnight. No mechanical ventilation was present. Except
for the occupied part, no additional window opening to discharge the heat of the building and
no management of mobile protections was considered. Although the unoccupied areas of the
building were devoid of insulation and heating, a first study of the annual temperature curves
showed that, by its structure, the building had good inertia (Figure 14).
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Chambre 1 RdC Extérieur
Figure 14: Inertia on the ground floor of the building in Vitoria-Gasteiz

The analysis of indoor temperature rise for increasingly high levels in the building shows
stratification of air in the building, especially in the summer. In winter, it is noted that the
temperatures of the second floor are lower than that of the first, which is suggestive of
precarious insulation of the roof.

Table 9: The indoor temperature at several building levels in Vitoria-Gasteiz
T° Min T° Mean T° Max

[°C] [°C] [°C]
Kitchen second floor 10.6 19.5 325
Bedroom 2 second floor | 9.5 18.5 28.3
Bedroom 1 first floor 12.5 18.6 25.2

Kitchen first floor 12.0 18.8 26.8

Kitchen ground floor 10.0 17.5 25.0

Bedroom 1 ground floor | 8.4 17.1 25.7
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For the building forecasts after renovation, the phase shift of the temperature and the limited
variation of the temperature seen in the first results demonstrate that the thermal inertia of the
building is always very good.
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Figure 15: Comparison of temperature during July before and after renovations

Due to its more efficient envelope, the building is less sensitive to variations in the climate of
Vitoria-Gasteiz. This allows it to exceed the temperature of discomfort a maximum of 5 times
at most in the year, so the building can be described as comfortable.

In terms of energy consumption, if we compare what is comparable, namely the occupied part
on the second floor, the energy-saving achieved is substantial. Although the implementation
of controlled mechanical ventilation induces much higher electrical consumption, on an
overall balance (that is to say, taking heating needs, DHW, ventilation, electrical appliances,
etc. into account) the renovations will allow energy savings of more than 50%, as shown in
Table 10. The efficiency of the building envelope allows almost 79% savings in heating. Once
again, in-situ measurements will be carried out after this renovation, in addition to this
numerical study, as a part of the co-creation process.

Table 10: Energy consumption before and after refurbishment in Vitoria-Gasteiz

Before renovations After renovations
Zone Gas (PCS) Electricity Gas (PCS) Electricity
Heating 32 607 kWh 69 kWh 6 905 kWh 34 kWh
Domestic hot water 6 535 kWh 9 kWh 6 535 kW -
Auxiliary \_/entllatlon i i i 2040 KWh
units
Auxiliary d_|str|but|0n i 26 KWh i 20 kWh
units
Power dissipated - 2 794 kWh - 2 794 kWh
TOTAL 39 142 kWh 105 kWh 13 440 kWh 4 888 kWh
ENERGY SAVING +25 702 kWh -4 783 kWh (-
[Before — After] (+65.7%) 306.6%0)

TOTAL ENERGY

SAVING +20 919 kWh (+53.3%)
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6 CONCLUSIONS AND FUTURE WORK

The ENERPAT approach can be considered as a change in the way we see the energy
improvement of historic urban areas and a step forward in the need to operationalise the
vagueness of the concept of complexity in energy transitions. As previous research shows, the
benefits obtained with this approach can support a systemic transformation of historic urban
environments “not only by improving its sustainability and liveability but also by reinforcing
its local economy, preserving its cultural values and including all the stakeholders in the
whole process” [18]. This is aligned with place- based development, that suggest that
development strategies should be based on mechanisms which “build on local capabilities
and promote innovative ideas through the interaction of local and general knowledge and
endogenous and exogenous actors in the design and delivery of public policies ” [64].

The implementation of the approach has shown that the inclusion of more criteria than the
usually considered cultural heritage and operational energy (such as LCA and socio-economic
development) in the decision-making broadens the sustainability approach to include social
and economic pillars. It also helps to identify traditional solutions that are locally produced so
they have a smaller environmental impact and could trigger other processes beneficial for the
citizens and the conservation of our cities, such the development of local economies (as the
case of the hemp in Cahors).

The combination of the expertise and knowledge of the different profile of stakeholders
(including heritage experts, craftsmen, end-users and knowledge partners) feeds the process
providing different inputs and perspectives regarding the replicability (considering local
techniques and skills), the economic and energy-saving potentials, the technical compatibility
and the social acceptance of the proposed solutions. The partnership with local knowledge
stakeholders (such as universities and research centres) allows the introduction of evidence-
based considerations in the decision-making process and the customisation of the testing
strategies fitted to the objectives, regulatory requirements and resources of each case.

The process has shown that the conservation-friendly bio-based solutions are an option that
the key stakeholders identify as technically, economically, socially and culturally compatible
with the historic urban landscape of their cities. The experimental and numerical work carried
out showed good results also in terms of thermal behaviour in winter conditions. These
solutions are recognised as efficient in the laboratory, and now the challenge is to see whether
they are also efficient in real conditions, with real occupants’ behaviour. Numerical
simulations allow the theoretical behaviour of the buildings to be investigated in terms of
comfort and energy consumption.

The flexibility of the method allows for implementation in different circumstances, as long as
political long-term commitment is guaranteed to adopt an evolutionary strategy like the one
described in this paper. Anyway, the cases of Cahors and Vitoria-Gasteiz show that it can be
implemented gradually. Future work includes the implementation of the solutions in the
representative buildings and their instrumentation to reveal the performance of these solutions
in terms of summer indoor comfort, users’ satisfaction, and hygrothermal behaviour. Other
indicators should be also measured to monitor citizens’ acceptance, fuel poverty decrease,
energy reduction from an LCA perspective, and the creation of new business models at the
urban level.
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9 ANNEXA-CONSTRUCTION DETAILS OF THE DEMONSTRATION
BUILDINGS.

A.l- CAHORS

Figure A.2 - View of the building during refurbishment
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Figure A.3 - Longitudinal section of the building

Figure A.4 - Cross-section of the building
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Figure A.5 — Materials used in the refurbishment of the demonstrator of Cahors

Legend: 1. Existing masonry ancient brick wall (about 40 cm), 2. Interior insulation layer:
hemp concrete (20 cm), 3 Finishing layout (hearth, sand, gypsum) (about 5 cm), 4. Exterior
insulation layer: hemp concrete (7 cm), 5. Outdoor finishing layout (hearth, sand, gypsum)
(about 2 cm)
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A.2-VITORIA-GASTEIZ

Figure A.7 - General view of the building after refurbishment
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Figure A.8 - Longitudinal section of the building
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Figure A.9 - Cross-section of the building
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Figure A.10 — Materials used in the refurbishment of the demonstrator of Vitoria-Gasteiz

Legend: 1. Existing masonry wall; 2. Interior insulation layer: natural gypsum board (2 cm)
and ecological Fiber Cotton panels (4 cm); 3. Existing flattened brick wall (30 cm); 4.
ETIC Solution with cork panel (8 cm) and lime mortar; 5. Pressed wood fibreboard
under roof tiles (8 cm)
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Energy efficiency of historic centres through eco-renovation and vernacular
culture

Energy transition based on co-creation and evolutionary development

Urban labs to merge evidence-based knowledge with socio-economic
considerations

Architectural heritage is broadened to include traditional techniques

Results of the co-creation process are tested with experimental and numerical
work
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