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We are pleased to present you the booklet Energy Efficiency in 
European historic urban districts – A practical guidance. It 
provides insights into the main results and findings of the four year 
European funded EFFESUS project. Organised in five main chapters, the 
booklet contains a wide range of information to support communities in 
improving energy efficiency in European historic districts. It includes key 
project outcomes of EFFESUS such as strategies for energy assessment, 
the analysis of existing solutions, the development of innovative solutions 
and a software-based Decision Support System, as well as presenting 
non-technical barriers encountered and experiences of the case studies. 

EFFESUS gave us, the 23 partners from 13 countries, the possibility to 
cooperate and expand our knowledge and we are now delighted to share 
our experience. We hope you will enjoy reading this publication and will 
find it interesting. We encourage other professionals to take advantage 
of our results to build more sustainable historic districts and to foster 
mutual exchanges. 

More information on the project’s outputs can be found on the website 
http://www.effesus.eu/about-effesus/project-results/deliverables

Editorial

Isabel Rodriguez-Maribona
Tecnalia Research & Innovation
Project Coordinator	

Gunnar Grün
Fraunhofer Institute for Building 
Physics IBP
Scientific Coordinator	



Introduction



Buildings have a significant impact on energy use and the environment. 
Across the European Union, they are responsible for approximately 40% 
of the energy consumption and 36% of CO2 emissions. The majority of 
buildings in Europe are located in cities, which accommodate around 
73% of the population, a share which is expected to increase to over 
80% by 2050 [1]. Growth in population, increasing demand for building 
services and high comfort levels assure that the upward trend in energy 
demand will continue in the future.

EFFESUS has adopted an inclusive definition of historic urban district: 
‘a significant grouping of old buildings, built before 1945 and repre-
sentative of the period of their construction or history, and comprising 
buildings which are not necessarily protected by heritage legislation’. The 
European building stock built before 1945 represents 23% of the total 
[2], and even if a reduced number of these buildings are officially listed, a 
substantial proportion possesses heritage significance [3].

The European Union has developed several programmes, guidelines 
and directives on energy efficiency in buildings in order to harmonise 
instruments and criteria, such as the recast of the Energy Performance of 
Buildings Directive 2010/31/EU (EPBD), which strengthen energy  
performance requirements; or the European Recovery Plan which consi-
ders energy efficiency as one of the actions to be tackled to overcome the 
current crisis. 

Most of the existing developments in energy efficiency address new cons-
tructions without dealing with the uniqueness of historic structures. New 
solutions typically address individual buildings without considering the 
urban dimension, where interconnections between buildings and other 
infrastructures enable different solutions. 

EFFESUS has been devised in order to reduce the environmental impact 
of Europe’s valuable urban heritage, by making significant improvements 
to its energy efficiency while preserving its cultural and historical 
values. The project brings together the expertise of 23 partners from 13 
countries, 12 of them being small and medium enterprises. It develops 
and demonstrates, through case studies, a methodology for selecting 
and prioritising energy efficiency interventions based on existing as well 
as newly-developed cost-effective technologies and systems compatible 
with heritage values. This methodology is implemented in a Decision 
Support System, a set of tools and information models to facilitate an 
evidence-based diagnosis and decision-making.
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Strategies for energy assessment  
of historic urban districts1



District scale is the operational scale to deal with the implementation of 
energy improvements and their subsequent management as the major 
potential is reached by the efficient use of resources [1]. In order to op-
timise energy consumption and reduce CO2 emissions, strategies should 
be addressed at district scale, although the executive scale should be 
connected with the building and building component scales. 
Historic cities can become a model of urban efficiency through the 

development of new strategies and analysis of existing information if the 
district and building scales are properly addressed and interconnected. 
The selection of actions suitable for each district depends upon the speci-
fic characteristics and restrictions of the historic district considered, along 
with the properties and limitations of the solutions proposed and the 
criteria that these actions will serve. Historic districts, as urban ecosys-
tems, generate a large volume of heterogeneous information (at different 
scales, for a different use, of a different nature, from different tools and 
formats and from different stakeholders´ origin). The informational com-
plexity of historic cities (due to their spatial, social and cultural richness, 
but also as result of their vulnerability) make them special beneficiaries of 
information management strategies. Since the energy management is an 
inter-scalar topic [2], strategies have to be multi-scalar. This is particu-
larly relevant for historic environments, as it enables the identification of 
applicable strategies in protected buildings and landscapes.
EFFESUS has addressed this challenge through a historic district catego-
risation methodology that enables the selection of building groups and 
representative buildings within the districts and a multiscale data model 
that structures all the necessary information for the decision-making 
process. Both will be introduced in detail in the following contributions.

1.	S trategies for energy assessment  
	 of historic urban districts

References:
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Figure 1: The role of the strategies for energy assessment of historic urban 
districts in the EFFESUS overall concept are shown in the lefthand part of the 
figure.
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1.1 	 Historic district categorisation methodology

As the EFFESUS project focuses on districts rather than individual 
buildings we must take the district as a whole into account by identifying 
the interaction between buildings, the potential for common solutions 
and synergies. The district model needs a scale that is larger than the 
individual building scale to account for interactions between buildings. 
For modelling the district as a whole one needs to take into account the 
following aspects: laws and regulations, climate, land use, shading effects 
and energy supply.
Building stock modelling is a tool for the planning and development of 
policies. For practical reasons, the investigation of a historic district as 
a whole cannot be made on a house by house basis. The building stock 
must somehow be reduced to a manageable number of categories that 
provide a satisfactory statistical representation of the whole stock. 

Method for district modelling and categorisation
The buildings selected to represent the whole building stock can either be 
sample buildings or archetype buildings. Sample buildings are actual buil-
dings in a specific district. Archetype buildings are theoretically constructed 
buildings based on statistical data and field surveys. The archetype building 
can be constructed to better represent a segment of buildings within a 

building stock than would be possible by using only sample buildings.
The definition of the data structure (the required information) and the 
categorisation (the processing of information) must go hand in hand. The 
categorisation method will define the need for data just as the availability 
and structure of data will set the limits for the categorisation. In order to 
draw conclusions about energy saving on a district level for example, the 
results from the analysis of the typical buildings have to be extrapolated.

The scale of the district and the building stock will determine the method 
for data collection and modelling. On a national or European scale, stati-
stical methods have to be used. On single well-defined districts, both data 
collection and categorisation can be more precise and can be adapted to 
local conditions.

In the following, a method to model the buildings in a district will be 
described. It is based on a categorisation where the building stock is re-
presented by a limited number of typical buildings. The selection of typical 
buildings is an intricate balance between the availability of data, accuracy, 
and the work needed to analyse the selected building types. In most cases 
we will need an iteration to find the right balance. The flowchart below 
(Figure 2) shows the overall process. In the following text this method will 
be described step by step.

Strategies  for energy assessment of historic urban districts



Identify available data
The identification of available data should preferably be carried out in 
a joint effort with local, regional and/or national authorities. This stage 
should aim to answer the following questions:
•	 What kind of data was collected in previous surveys and studies?
•	 Was the data adequate and reliable? 
•	 Which were the general conclusions and results?
•	 Did the surveys present the results in any new platforms or projects? 
•	 Are any of these accessible today? If so, in which format?

Define needed data
The minimum requirement of data is:
•	 Building identification
•	 Year of main construction
•	 Building geometry
•	 Number of adjoining walls
•	 Exterior envelope
•	 Type of construction (from pre-defined list)
•	 Operation/use
•	 Predominant energy supply and distributing system

Assessment of collected data
Once the data collection process is done, it is necessary to assess if there 
are sufficient data or not. If not, one should gather supplementary data 
to the extent that is necessary. This step will be repeated again once the 
typical buildings have been generated and if they turn out to be inaccura-
te or too numerous, for example.

Figure 2: The flowchart of the iterative process of the categorisation method.
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Strategies  for energy assessment of historic urban districts

Categorisation
The collected data provide input to a tree structure that is used to 
identify the typical buildings of a building stock or districts (see Figure 3). 

The result is a limited number of physical categories that represent the 
district. Each physical category can be divided into subcategories with 
increasing levels of details.

Figure 3: The tree structure shows the flow of the actual categorisation method. 

Increasing levels
of detail

Step 1
nr. of floors

Step 2
nr. of adjoing walls

Step 3
gross floor area (m2)

Step 4
volume (m3)
fenestration
weighting

Building stock inventary



The process of categorising a building stock is divided into five steps, as 
described in the following:

Step 1
The primary step addresses the issue of clustering the total amount of buil-
dings according to the number of stories each building has. For example:
•	 One storey
•	 Two stories
•	 Three stories or more

Note that the attic space is irrelevant at this point. Therefore, a one storey 
building with a converted loft is considered to be only one storey. Since 
multi-storey buildings generally account for more area and volume of the 
total mass, one can increase the numbers of clusters as needed. We must 
however keep the variables at a minimum. If not, the number of categories 
will grow to the point where this approach is not useful anymore.

Step 2
Secondly, the categories are divided into the number of adjoining walls to 
other buildings. This means:
•	 Detached building (0) 
•	 Semi-detached building (1), or 
•	 Two or more adjoining boundaries (≥2).
 
Step 3
The third step is a calculation of the median value of the gross floor area 
(GFA) based on the buildings external dimensions.

Step 4
Now we have information on adjoining walls and gross floor area on a spe-
cific number of categories. In order to build a 3D-model deriving from these 
values, we proceed to define these three variables in the following order:
1.	 The median value of roof-shape and the possible existence of conver-

ted loft.
2.	 The median value of the gross building volume in (m3).
3.	 The typical window area (transparent surfaces) in (m2).

This results in a number of physical categories describing the building 
envelope and the geometry. The weighted percentage (by number of 
buildings or building volume) indicates how common each category is. If 
a percentage is very low (less than 5%) the associated category can be 
excluded in order to get a manageable number of categories.

Increasing levels of detail
Based on the main physical categories of the building stock, subcatego-
ries can be used to reflect increasing levels of detail taken into account. 
There are only practical limitations to how many categories can be added 
at this level. Some subcategories are described below.

Construction

This variable includes information on the main building technique and 
material, e.g. different masonry or timber constructions along with their 
typical thermal characteristics (U-values). 

Heating systems

This includes heat source, distribution system (within the building) and 
control system.
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Strategies  for energy assessment of historic urban districts

Types of windows

Whereas the typical geometry of windows is defined in step 4 of the 
categorisation method, the types of windows and glazing will vary.

Impact indicators

For the purpose of the given scale in building stock categorisation the 
most relevant impact indicators are:
•	 Building and urban fabric compatibility, 
•	 Historical values and conservation principles. 

Once we have assessed which are the most representative increasing 
levels of detail, we can identify them as typical buildings, choosing an 
appropriate amount of objects.

Visby case study
Visby World Heritage City has been used as a case study for developing 
the method of categorisation of building stocks within the EFFESUS 
project. A major inventory of the building stock of Visby was conducted 
during 2013. Visby is a medieval Hanseatic city surrounded by a city 
wall and situated on the west coast of the island Gotland. The city was 
declared a World Heritage Site in 1995 because of:
 
“Its outstanding universal value, representing a unique examp-

le of a north European mediaeval walled town which preserves 

with remarkable completeness a townscape and assemblage 

of high quality ancient buildings”



The identification and collection of information was done in three main fields:
•	 General building data
•	 Geometrical building data
•	 Energy data

Based on the inventory, the historic district of Visby consists of:
•	 1,235 buildings with an average of 0.6 secondary buildings 
•	 Buildings built before 1945 account for 83% in the historic district
•	 The number of listed buildings is 314.

Applying the categorisation method on the building stock of Visby results 
in eight categories of typical buildings. These typical buildings represent 
94% of all buildings that can be modelled for energy assessment, adding 
increasing level of detail for example heating system, heritage values, 
construction type etc.

Conclusions
A structured organisation and categorisation method for historic districts 
has been devised based on the state of art of existing district modelling 
and categorisation, with two new aspects added. The first aspect is that 
the method developed within the EFFESUS project allows for a flexibility 
which helps the categorisation given the amount of data available for 
the specific district. The second aspect is that the method includes an 
impact indicator that accounts for heritage values in relation to energy 
interventions.

The method has been shown to be applicable for the historic building 
stock of Visby, where the result of the categorisation method gave a 
manageable number of building categories representing the majority 
of the total building stock. It is also compatible with the City GML data 
model. The web-based categorisation tool has been developed with the 
presented method as a base, and it has been further used in the  case 
study for the historic district Santiago de Compostela in Spain.

1.2 	M ultiscale data model 

A strategy for information management for the sustainable renovation 
of historic district requires the definition of a common urban multiscale 
information model: 
•	 Generic 
•	 Interoperable with other data models and tools for management 

analysis as well as for decision-making, and 
•	 Containing semantic and geometric information. 

In the EFFESUS project, this challenge is tackled with a multiscale 
information model based on CityGML, a standard data model [1]. This 
model structures all the information of the district that is necessary for 
decision-making and management (geometric and semantic information) 
into a single interoperable data model that integrates information from 
different fields and at different levels of detail. The model is based on 
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international standards in order to make it interoperable with other data 
models and other tools (analysis tools, management tools, decision-ma-
king tools, etc.) and allow connection between Building Information 
Models (BIM) and Geographic Information System (GIS) models.

The multi-scalarity is one of the key properties of CityGML, since it 
supports different levels of detail. These levels are necessary to reflect 
the data collection of independent processes with different application 
requirements and facilitate the visualisation and analysis of data.
The multiscale information model has been implemented for the cities of 
Santiago de Compostela in Spain and Visby in Sweden. The data model 
has been constructed based on a methodology for semi-automatically 
build 3D-models using public domain data (cadaster, LIDAR data, availab-
le 3D-models, etc.). The CityGML standard is intended to be a universal 
model independent of the application domain. CityGML defines the most 
general types of objects and attributes that are included in the applica-
tions at urban scale. However, in order to fulfil the requirements of the 
EFFESUS project, it is necessary to define new elements or add attributes 
to the existing ones. For this purpose, CityGML defines the Application 
Domain Extension (ADE). Within the EFFESUS project, four specific exten-
sions have been developed:
•	 Cultural Heritage domain extension
•	 Energy Performance domain extension 
•	 Indicators extension, and 
•	 Dynamic extension.

The Cultural Heritage domain extension contains information on the 
cultural significance of historic districts, so that its retention can be 
ensured in the development of renovation strategies. The extension 
identifies character-defining elements, compatibility limits and require-
ments of heritage legislation. This data will be used as constraints in the 
decision-making process. If the data are sufficiently complete, this model 
extension will enable the Decision Support System developed in EFFESUS 
(see chapter 4 of this booklet) to disregard any retrofit measure which 
would cause damage to a district’s cultural significance.

The Energy Performance domain extension collates information at district, 
building and building component level, relating to the energy performan-
ce of a historic district. This allows estimating the energy performance of 
the buildings and the district. 

The Indicators extension represents a picture at a specific time. A picture 
may represent the real status or a simulated one. The indicator will store 
information about the situation before any intervention takes place and 
after one or several interventions, in order to monitor the results of the 
renovation strategy. The indicator extension includes indicators identified 
divided into four categories: 
•	 Environmental conditions
•	 Embodied energy 
•	 Operational energy, and 
•	 Economic return



References:
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There is basic information that is constantly changing due to the influ-
ence of the building conditions, climate, season and use. The feature of 
representing temporal information to track changes, updates or interven-
tions over time has been identified as a requirement of the EFFESUS data 
model. This dynamic extension includes all the data required for monito-
ring information, which changes frequently over time and is relevant for 

the assessment of the interventions carried out. Dynamic ADE includes 
information regarding indoor conditions and energy use, and for each of 
the parameters identified is stored the time and value of the measure.



Energy efficiency solutions for  
historic buildings and districts2



EFFESUS has researched and developed appropriate solutions for 
retrofitting historic buildings in European urban districts. The long-term 
objective is to achieve carbon neutral buildings and districts, for which it 
is necessary both to reduce the demand for energy and to maximize the 
amount of renewable energy supplied. Buildings which cannot be retrofit-
ted due to their architectural and historical features will need more rene-
wable energy to achieve carbon neutrality. This is possible with efficient 
district renewable energy systems, examples of which are available in the 
EFFESUS repository.
EFFESUS has developed a state of the art repository of energy efficiency 
measures and renewable energy technologies which are tried, tested 
and commercially available. This repository is combined with innovative 
software tools which can produce 3D mapping of urban districts and 
a Decision Support System to enable the analysis and development of 
effective retrofit strategies.
Solutions must be appropriate for both the local climate and the heritage 
values of specific districts. The original design and construction of historic 
buildings limits the amount and type of energy efficiency retrofitting 
that can be achieved. However, modern services in these buildings can 
be made more energy efficient without impacting the heritage value 
with advanced sensors, controls and management systems. Upgrading 

the control systems to reduce the use of energy and ensure comfortable 
conditions is very cost effective. One of the most cost effective retrofitting 
strategies is retro-commissioning all the services so that they operate 
optimally. Changing people’s behaviour in the buildings can also be a no-
cost measure, providing significant energy savings as well as improved 
comfort conditions for occupants and users.  The Budapest case study 
uses a number of control strategies combined with innovative lighting 
and ventilation systems. 

Integrating renewable energy into a historic urban district may at first 
seem impossible due to the significant visual impact of many well-known 
technologies. However, for example, if renewable electricity can be made 
available from the local grid to power small scale heat pump systems 
hidden from view in roofs and basements, then power, heating, cooling 
and hot water can be generated very efficiently and cost effectively. 
Alternatively, if bio-gas is produced locally from biomass waste, then the 
renewable bio-gas can be piped in a small bore network integrated into 
the streets during paving maintenance programmes. 
There are many creative solutions for historic buildings and urban dis-
tricts which EFFESUS has identified, categorised, characterised and made 
available in the technical repositories.

2.	 Energy efficiency solutions for  
	 historic buildings and districts
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Energy eff ic iency solutions for historic buildings and districts

2.1 	T echnical repositories

The EFFESUS repository is a web platform available at 
http://www.dappolonia-innovation.com/Effesus5/. At this link, any user 
can register in order to be allowed to navigate into the repository.
Once registered and authenticated, the user can have access to the index 
page of the repository, which contains the links to five thematic sections 
and related data.
The five sections that constitute the repository’s contents, indicated also 
in Figure 4, are:
1.	 Existing technologies for the retrofitting of historic buildings
2.	 Existing technologies supplying renewable energy within historic 

districts
3.	 Climate analysis - Passive retrofitting solutions
4.	 Best Practices
5.	 Indicator List
In the following paragraphs, each section in the repository – which can 
be visualised and consulted by a registered user – is described. 

Existing technologies for the retrofitting of historic buildings
In this section of the repository, technologies, systems and tools in use or 
near application for the energy retrofitting of historic buildings are listed, 
described and categorised. For the categorisation of retrofitting solutions, the 
approach of a professional user towards a building retrofit has been chosen, 
going step by step through the individual retrofit issues listed below.
A.	 Baseline Assessment
B.	 Energy management
C.	 Air tightness
D.	 Ventilation
E.	 Daylight and solar loads

F.	 Solar reflectance of external materials
G.	 Thermal performance of external envelope
H.	 Thermal mass of building
I.	 HVAC enhancement and commissioning
J.	 Electrical equipment
K.	 Water usage
L.	 Energy storage
M.	Handover & evaluation

For each retrofitting solution, a registered user can access the following 
information:
•	 Retrofit Step & Issue: Number of retrofit step & descriptive title of the 

retrofit issue
•	 Potential Retrofit Measure: Descriptive title of the retrofit measure
•	 Metric
•	 A short commentary of the retrofitting solution
•	 WHAT: Technical characterisation of the measure
•	 WHY: List and/or description of the main advantages and list and/or 

description of the possible drawbacks to be considered
•	 WHEN: Under which conditions does the proposed solution work well

Figure 4: EFFESUS repository index page
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Energy eff ic iency solutions for historic buildings and districts

•	 WHERE: Here conservation aspects are considered by specifying if the 
solution is typically compatible with heritage conservation standards 
and on which heritage values it might have an impact

•	 ENERGY SAVING POTENTIAL: Qualitative characterisation of  
the energy saving potential as a “first guess” –  
low, medium, or high

•	 Key parameters for calculation: Parameter that is mostly important for 
the actual energy performance calculation

•	 Example for saving potential
•	 TOOLS: Related design, monitoring, measurement and information 

tools
•	 COST: Economic characterisation of the measure in terms of relative 

cost – low, medium, or high
•	 References where the information has been extracted from
•	 Space for related best practice examples.

For each retrofitting measure, it is also indicated on which element of a 
building such measure can have an impact or if the retrofitting mea-
sure influences the energy performance of the overall building (Overall 
building, Windows, Ceilings, Internal walls, External walls, Roofs, Shading 
devices, Installations, etc.). Finally, each retrofitting solution is linked to 
the related indicators and a registered user can evaluate the assigned 
values against the indicators.

Existing technologies supplying renewable energy  
within historic districts
Within this section, a registered user can consult the information regar-
ding Renewable Energy Systems (RES) (1), Energy distribution systems 

(2), Energy storage devices (3) and Complementary tools (4), structured 
as described in the following paragraphs. Each of these technologies is 
linked to the related indicators and a registered user can evaluate the 
assigned values against the indicators. 

1) Renewable Energy Systems (RES) - Production
In this section, for each RES, it is possible to find the following tabs, 
which are filled if the related information is available:
•	 Generic Information: the technology is detailed with a brief description 

and information on its application scale (Building/District)
•	 Energy Power: the amount of energy that can be produced by such 

technology
•	 Installation constraints
•	 Technical Information: Specific technical information on the analysed 

technology is reported, such as the technology’s efficiency
•	 Application: this section refers to the main types of devices, which 

can be used for implementing a specific RES. For example, for the RES 
“Photovoltaic solar panel (PV)” it is possible to choose among five ty-
pes of PV devices: PV cells included into glazing, Roof-mounted panels, 
PV roof tiles, Panels sited on the ground, PV modules incorporated into 
walls or used on building facades for shading

•	 On the basis of the application that a technology can have, the buil-
ding element on which the technology can have an impact is specified 
(Overall building, Windows, Ceilings, Internal walls, External walls, 
Roofs, Shading devices, Installations, etc.)

•	 Advantages in using such RES
•	 Disadvantages
•	 Type of fuel



•	 Cost
•	 District information: note on the application of the analysed technolo-

gy at district scale
•	 Historic district context: in this section all the information regarding 

the implementation feasibility of the analysed technology for an histo-
ric district is reported

•	 Indicators

2) Renewable Energy Systems (RES) - Storage
By clicking on “Renewable Energy Systems (RES) - storage” in the index 
page, it is possible to access all the items on thermal energy storage systems. 
For each Seasonal Thermal Energy Storage (STES), it is possible to find the 
following tabs, which can be filled if the related information is available:
•	 Generic Information: the technology is detailed with a brief description 

and main technical information
•	 Installation constraints
•	 Advantages
•	 Disadvantages
•	 Cost
•	 Historic district context: in this section all the information regarding 

the implementation feasibility of the analysed technology for an histo-
ric district is reported;

•	 Indicators.

3) District heating and cooling
By clicking on “District heating and cooling” in the index page, all the 
items available in the repository about district heating and cooling systems 
can be visualised. This section collects generic information in terms of mar-
ket overview, components and achievable benefits. Additionally, detailed 
information on solar thermal, geothermal and biomass systems is reported.

4) Complementary Tools
Two main types of tools have been identified with reference to applica-
tions in the Renewable Energy technology field. These tools are:
•	 Renewable energy  evaluation tool used in preliminary analyses in 

order to facilitate decision making for people involved in the renewab-
le energy industry.

•	 Renewable energy  monitoring tool: measuring instruments for moni-
toring the energy flows from and to a renewable energy source and 
checking the correct operation of renewable energy  technologies.

Climate analysis - Passive retrofitting solutions
For each European climate zone, a registered user can visualise informa-
tion regarding the regions that belong to the analysed climate zone, the 
passive strategies that can be implemented in such climate zone, and the 
main weather characteristics.

Best Practice
By clicking on “Best practices” in the index page, a registered user can 
access the items on the identified best practices, downloadable in pdf 
format selecting the button “Best practices download“. Moreover, it is 
possible to visualise for each best practice some further information with 
reference to the European climate zone where the best practices were 
developed, and the typology of the applied technologies.

Indicator List
The categorisation and list of indicators that have been used to evaluate 
the retrofitting solutions and RES technologies is reported as follows:
•	 Constraints: Impact on historic significance (Visual); Impact on historic 

significance (Physical); Impact on historic significance (Spatial)
•	 Habitability: Impact on thermal comfort; Impact on visual comfort; 

Impact on acoustic comfort; Impact on indoor air quality; Impact on 
electrical energy saving
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•	 Economic feasibility: Cost
•	 Energy saving estimation, in terms of percentage reduction of the 

demand; Air change  (winter); Window frame area; G-value; Shading 
factor; U-value walls; U-value roofs; Primary energy consumption / CO2 

emissions.
For each retrofitting measure and RES technology, a registered user can 
visualise the provided values related to such indicators. In particular, for 
the indicators “Constraints”, “Habitability” and “Economic feasibility” 
the values vary from 0 to 4 with the following meanings:
•	 0 - No impact
•	 1 - Low impact
•	 2 - Medium-Low impact
•	 3 - Medium-high impact
•	 4 - High impact

2.2 	R enewable Energy Integration 

Historic buildings are the trademark of numerous European cities, towns 
and villages. There are different options that can be used to establish sui-
table ways to balance building protection requirements with the need for 
optimised energy efficiency as well as to increase the share of renewable 
energies - from design to technology and materials and different levels of 
integration.

There are many available strategies and technologies that can be applied 
to reduce energy demand and switch to sustainable energy solutions for 
historic buildings and districts. This requires close cooperation between 
experts who deal with historic buildings, energy efficiency and renewable 
energy systems. This chapter gives an overview of the different steps 

which are required to achieve more energy efficiency and use of renewa-
ble energy sources (RES) in historic districts. 

First step: Energy demand analysis
The first step towards achieving energy savings together with the integra-
tion of renewable energies in an urban district is to undertake an analysis 
of the energy demand of every building. Demand analysis is a disaggre-
gated, end-use based approach for modelling the requirements for final 
energy consumption in an area or district.

This includes the current energy demand for heating and cooling, as 
well as electricity demand for domestic and commercial buildings in the 
historic district. Different kinds of data have to be identified for a whole 
district. In order to estimate the annual heating demand of residential and 
commercial buildings, they have to be classified in the data base according 
to their age and constructional type. In the case of a historic city centre 
most buildings are typically associated to older building age classes. It is 
recommended to check the construction ages of the residential buildings 
thoroughly, since the building age classes are an important characteristic 
in order to estimate the energy-efficient properties of a building.

Second step: Reducing energy use and increasing energy efficiency
Each European city has its own historic districts with its characteristic 
buildings, road systems and places, which create its typical identity. Today 
it is an outstanding achievement in the field of heritage conservation 
to save the historic architecture in these districts. As with other inter-
ventions in the field of cultural heritage, energy efficient rehabilitation 
needs an individual approach, tailored to the specific buildings and/or 
district, according to their singular characteristics and climate conditions. 
Allowing for the reality that a large number of technologies and technical 
solutions are potentially available for energy efficient interventions in  

Energy eff ic iency solutions for historic buildings and districts



historic cities, specific solutions must be selected on an individual bases, 
both at building and district level, in order to integrate them in a specific 
energy efficiency rehabilitation project.
An effective and the most obvious option of energy efficient renovation is 
the building fabric: the roof, windows and external walls, e.g. by internal 
insulation. In case of the Santiago de Compostela case study an overall 
reduction potential of around 18% could be identified.

Example: Insulation of the roof of a typical building in Santiago 
de Compostela
The roofs of traditional houses in Santiago de Compostela are typically 
hipped and pitched tiled roofs. Many houses possess additional elements 
like roof gardens, roof houses and dormers. 

Thermal insulation of the roof can be inserted in the space between 
as well as under the rafters. Further research shows that through an 
improvement by an insulation layer of 20 mm with a resulting U-value of 
1 W/m²K, the heating demand can be reduced by around 14%. A thermal 
insulation of 40 mm leads to an U-value of 0.7 W/m²K, and reduces 
heating demand around 27%. Results are shown in Figure 5 accordingly.

Third step: Renewable energy integration on building level
As the third step, we have examined the renewable energy potential 
for historic districts. For this, we have examined the potentials for solar 
energy, biomass, near surface geothermal energy, waste heat, wind, water 
and deep geothermal energy, recognizing that local circumstances will in-
fluence decisions concerning the suitability of these different technologies. 
Solar energy is a renewable energy source with a significant potential 
to be used to generate thermal and electrical energy in buildings and 
urban districts, and in consequence to meet the daily demand through 
integrating different technologies and systems in the roofs of buildings. 
The applicability of these technologies to any specific historic district 
will, however, also be conditioned by the impact they will have on the 
heritage significance of the district. Mini solar panels which can be simply 
clipped into the respective roof shingles (Figure 6) can be a solution to 
address this conflict.

Figure 6: Solar tiles (Source: Bluenergy-ag.net)Figure 5: Reduction of energy demand in % according to the U-value of the roof.
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The architectural integration of renewable energy sources in a sensitive 
historic context or in historic buildings is very critical. It requires the 
study of the physical and the visual impacts of the technologies on the 
building as well as its surroundings. Particularly, it is necessary to define 
the design criteria for the equipment to protect the character and the 
appearance of the historic building and to take into account the reversibi-
lity of the intervention. 
Biomass is also a renewable energy source – however, not unlimited, 
especially in cities. Only the public gardens are considered for contributi-
on while household gardens are not because of their very small proporti-
on. To measure the amount of biomass the seasonal growth of the exis-
ting surfaces is estimated by using data from the literature of grassland 
and plant types. Figure 7 displays primarily public green spaces producing 
green waste in different areas of the city Santiago de Compostela.

Example: Solar and biomass use at Abbaye de Fontevraud, France
This example is focused on self-sufficiency of renewable energy supply, 
and as such it achieves the additional advantage of energy security for 
the site. The installations have been carefully integrated into the complex, 
and thereby also protect the heritage significance of the complex at the 
urban district scale. 

In April 2012, a major programme of conversion to renewable energy was 
commenced across the whole site, aimed at achieving 100% self-suffi-
ciency in heating and electricity by means of a combination of biomass 
boilers (using wood from local forests) and photovoltaic cells. This has 
being achieved by the careful integration of new energy infrastructure 
within the complex, including two boilers each with 500kW capacity 
and 92 PV panels. The objectives identified in the programme of energy 
conversion have been to:

•	 Decrease the energy consumption by a factor of 2 compared to 2011
•	 Decrease the contribution to the greenhouse gas emissions by a factor 

of 4 compared to 2011
•	 Cover 90% of energy needs from renewable energy sources

Fourth step: Renewable energy integration on district level 
Another possibility and good solution is to integrate renewable energies 
using district heating systems. District heating and cooling systems 
consist of centralized heat or cold generation plants and piped networks 
to distribute the heat or cold to the consumers. The advantages of the 
centralized and grid oriented energy supply solution over building centred 
solutions are: 
•	 The possibility to utilise waste heat, which is generated in the electrici-

ty production process, e.g. in combined heat and power plants. 

Figure 7: Biomass analysis in Santiago de Compostela, Fraunhofer IBP



•	 The opportunity to run generation plants which are only economically 
feasible with high annual operational hours. 

•	 The compensating effect of a larger number of consumers with time 
shifted power peak demands. 

•	 The high flexibility in the choice of the used fuel. 
•	 The utilisation of the higher performance figures of larger generation 

units. 
•	 That no emissions are produced on the spot where the heating and 

cooling demand is, e.g. in urban areas. 

Consequently district heating enables other technologies, such as 
combined heat and power, to realize its potential of lowering greenhouse 
gas emissions by recycling or reusing waste heat. Energy efficiency results 
not only through saving of fuel, but also in a consequent reduction of 
environmental pollution.
Plants based on renewable energy systems (RES) have to be integrated 
in a useful way into the generation system. This relates in particular to 
the required energy output (heat/electricity: peak load and base load), 
available temperature level, performance class, logistic issues, integration 
capability and the location in the district heating network. For additional 
generation plants (both RES and fossil), a detailed examination of the 
feasibility is required. Most important criteria are: 
•	 The temperature of the new generation plants, that has to be matched 

to the supply temperature of the existing network 
•	 The spatial proximity to a possible existing district heating network 
•	 A sufficient nominal diameter for input of heat power from new 

generation plants 
•	 Amount of differential pressure on the new location for integration 

•	 Implementation of a hydraulic verification of the supply situation for 
integration at different locations 

•	 Additional requirements: area connection to the electricity grid, trans-
portation network and potential link with a gas network 

In order to achieve the highest possible share of RES, the network has 
to be designed so that the lowest possible „barriers“ for the integration 
of heat from renewable energy plants occur. In particular pressure and 
temperature levels should be as low as possible. The possibilities for the 
integration of RES in district heating networks in consideration of historic 
centre areas are examined below. The following fuels or suitable forms of 
RES are analysed: 
•	 Wood-based biomass 
•	 Geothermal energy 
•	 Solarthermal energy 
•	 Waste heat used by large scale heat pumps 

Example: biomass use at Visby, Sweden
Visby is one of the seven EFFESUS case studies. The urban district 
renewable energy system serves most buildings in the town, with piped 
infrastructure inserted principally under the streets, and is supplied by 
wood chip burning plants sited outside the historic district. It offers a 
sound example for a self-contained small town served by surrounding 
land and forests.

Tools for the development renewable energy integration
Energy use as well as energy production has always enjoyed a geogra-
phical correspondence. Energy production facilities can be located in the 
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geographical context of a district and energy demands can be assigned 
to an area. The distance between demand and supply has to be bridged 
by transportation, which as well demands infrastructure that occupies 
space. The planning and optimisation of transportation lines and grids is 
very close to the original core tasks of geographical information systems 
(GIS) in mapping and cartography: Avoiding unfavourable geographic 
conditions, long distances and disparities between demand and supply. 
Technical energy infrastructure, distribution grids and networks were part 
of the urban landscape as a matter of course and in its continuity they 
are hardly noticed anymore. Energy production sites were traditionally 
central large scale industrial facilities, with large local but marginal 
regional disturbance by visual appearance or pollutant emissions. With 
increasing shares of renewable energies inside cities and districts, the 
urban landscapes change. With the trend towards decentral production 
and the moving together of demand and supply, energy infrastructures 
become more visible because there are more scattered energy plants in 
the urban and open rural landscapes. At the same time the discussion on 
energy supply and efficiency becomes increasingly important. The visual 
impact of renewable energy plants and the trade-off between the new 
technologies and the well-known familiar appearance of urban and rural 
environments occasionally lead to severe public conflicts.

This can be moderated by visualization as well as processing of objective 
information through maps derived from GIS systems. Therefore a good 
data acquisition and documentation is fundamental for a good display 
of the investigated energy system in a GIS. Regarding the energy system, 
a three column structure should be followed: energy demand, energy 
production and energy supply infrastructure. To enable a holistic picture 

of the system in focus it is necessary to include some information from all 
the energy sectors including their demand profiles, the different energy 
sources as well as the potentials to use renewable energy sources. The 
objective is to identify all energy-related data bases and their spatial 
distribution on the considered area or district. This includes:
Energy demand 

•	 Location-based heat demand of the historic and non-historic building stock 
•	 Historic centres and districts: identification and characterisation of 

non-residential buildings 
•	 Total power consumption of the community/district 

Energy infrastructure 
•	 District level: existing heating and gas distribution systems, heating-, 

combined heat and power plants, etc. 
•	 Building level: Equipment for the individual heat supply, for example 

type of boilers, required temperature levels of existing radiators, etc. 

Geographic data 
•	 Aerial photographs, urban plans such as land use plans and develop-

ment plans 
•	 Historic monuments classification, e.g. though questionnaires / histo-

rical records 
•	 Further information through site inspections or local knowledge of 

building physics experts, monument conservators

Conclusion
The simplest solution to increase the share of RES is to reduce the 
energy demand, especially the heating and electricity demand as a first 



step. New windows and roof insulation with a better U-value lead to a 
substantial reduction of the heat demand in our investigated examples. 
Renewable energies like solar energy, geothermal and biomass can in-
crease the renewable energy share, which can be increased to more than 
50 to 80 per cent by additional thermal and electrical storages. 
Because historic buildings have a restricted potential for the application 
of energy-efficient retrofit measures other measures shall be conside-
red in order to increase the renewable energy share. Heat pumps are a 
further solution, which could be applicable to generate heat efficiently if 
a sufficient amount of electricity is available from renewable sources, for 
example from wind on the coast line. 

Urban and energy mapping by geographical information systems (GIS) 
can help to find solutions and the appropriate space for solar energy, the 
biomass potential or the distance between power plants and storages. 
Finally GIS allows giving the user an overall picture of the possibilities 
and different technological solutions to integrate and increase the use of 
renewable energies in historic districts.

2.3 	I ndoor Climate Solutions 

A comfortable indoor climate is a necessary condition for the use of any 
type of building. In historic buildings with poor insulation, high thermal 
mass and high air exchange, traditional temperature based climate cont-
rols may not be sufficient to provide both comfort and energy efficiency. 
In historic buildings, energy efficiency is not only about reducing energy 
consumption but also about improving the indoor environment. 

The core of the proposed solution is to control the indoor climate with 
respect to comfort indices. The target comfort levels of the different 
parameters are pre-set and then adjusted through user feedback. In 
addition, CO2 monitoring, scheduling of the set points of the parameters 
in function of the occupation planning, can be used for further impro-
vements.

Comfort based control 
The proposed solution is based on the main principle that comfort should 
control the HVAC systems, not vice versa. 

The comfort is indicated by the percentage of persons dissatisfied 
(PPD), or predicted mean vote (PMV) criteria, and by user input. The 
calculation of the thermal comfort through the PMV or the Adaptive 
Comfort Model is made according to ISO 7730 [1]. In addition, to 
selecting the initial comfort levels, the user should be able to control 
the target comfort level continuously by a simple user interface. In 
order to keep the energy consumption down, it is necessary that this 
strategy is coupled with feedback to the users on energy and power 
consumption.

CO2 based control
CO2 control can be a complement to the scheduling system. The sched-
uling system can set comfort criteria, and then the CO2 measurements 
can control the air exchanges. The same actions could be undertaken 
for an active and smart control management of Indoor Air Quality: the 
threshold limits of specifically selected pollutants should be included in 
the software that drives the ventilation system.
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Weather based control
Weather forecasting and weather monitoring can be used to aid proac-
tive indoor climate control allowing for reduced energy demand, lower 
peak power demand and improved comfort capitalizing on the high 
thermal mass of historic buildings.
In buildings with small thermal inertia, it might be too late to start to 
regulate the systems when the temperature actually starts to change. By 
the use of weather forecasts, it can be done in advance to keep the com-
fort within the given criteria and to minimize the peak power demand. 
In buildings with large thermal inertia, it is sufficient to monitor the rate 
of change in outdoor temperature. This is easier and often cheaper than 
using weather forecasts. When the system registers a rapid change in 
outdoor temperature, it will predict the impact on comfort inside the 
building with a time delay due to the inertia of the building. 

Lighting control systems and strategies
Lighting control strategies provide additional cost-savings through real 
time pricing and load shedding. Lighting Management Systems (LMS) 
allow building operators to integrate lighting systems with other building 
services such as heating, cooling and ventilation, in order to achieve a 
global energy approach for the whole building.
Several lighting control strategies exist to improve the energy efficiency [2].
1.	 The Predicted Occupancy Control Strategy (POCS) is used to reduce 

the operating hours of the lighting installation. It generates energy 
savings by turning lighting on and off on a preset daily time schedule. 
Schedules usually vary on a daily basis according to the building 
occupancy. No sensors are needed, but the controllers in the lighting 
management system need to be programmed.

2.	 Real Occupancy Control Strategy (ROCS) limits the operation time 
of the lighting system based on the occupancy period of a space. 
Compared to the predicted occupancy control, it does not operate by 
a pre-established time schedule. The system detects when the room is 
occupied and then turns the lights on. If the system does not detect 
any activity in the room, it considers the room as unoccupied and 
turns the lights off. Here occupancy sensors need to be installed and 
connected with the controllers of the lighting management system. 
Real Occupancy Control Strategies are best used in applications whe-
re occupancy does not follow a set schedule and is not predictable.

3.	 The Constant Illuminance Control Strategy (CICS) takes into account 
the ageing of the lighting system in the room. It compensates the 
initial oversizing of the lighting system introduced by the use of the 
maintenance factor (MF) at the design stage. It uses a photocell to 
measure the lighting level within a space, or determines the predicted 
depreciation (ageing) of the lighting level.

4.	 The Daylight Harvesting Control Strategy (DHCS) allows facilities to 
reduce lighting energy consumption by using daylight, supplementing 
it with artificial lighting as needed to maintain the required lighting 
level. It uses a photocell to measure the lighting level within a space, 
on a surface, or at a specific point. If the light level is too high, the 
system’s controller reduces the lumen output of the light sources. If 
the light level is too low, the controller increases the lumen output 
of the light sources. Sensors are often used in large areas, each 
controlling a separate group of lights in order to maintain a uniform 
lighting level throughout the area. Daylight harvesting systems are 
generally used in spaces that have relatively wide areas of windows 
or skylights.  



Ventilation and air conditioning systems 
Whereas in the past, ventilation was automatically linked to indoor air 
quality control, there is now a growing interest in ventilation as part of 
an energy efficient strategy for achieving thermal comfort in summer. His-
toric buildings were often more ventilated than strictly necessary because 
of loose-fitting doors, windows and other openings. In addition, open 
fires created generous rates of exhaust ventilation through chimneys at 
times when condensation risk might otherwise have been high. For this 
reason, historic buildings usually need more air conditioning and ventila-
tion than modern ones. Nevertheless, if ventilation of a historic building 
is reduced too much through retrofitting initiatives, condensation, mould 
and fungal growth may occur, leading to deterioration of the fabric and 
contents, and possibly health problems will arise for occupants. Great 
care is therefore required in selecting an appropriate ventilation rate for 
a historic building. 
The energy consumption of ventilation systems is obtained as a function 
of air flow rate, pressure drop, efficiency and expected useful life. Energy 
savings can be achieved through targeted influence of each parameter.  
Active demand-controlled ventilation and air conditioning systems are 
helpful to measure and control all these parameters depending on the 
demand. Ventilation control strategies provide just the right amount of 
outside air that is needed by the occupants, dependent on conditions like 
air quality, temperature, and energy load. 
To reduce the energy consumption of active ventilation systems as much 
as possible, different approaches are needed. 
1) Room level: the ventilation system, typically part of the heating and 
cooling system, will adjust a damper to let more or less outside air into 
the building depending on what the sensor detects.

•	 Air volume can be reduced „time based“ or „occupancy based“ in 
function of changes in occupancy or thermal loads

•	 Quality control, based on CO
2 sensors

•	 Temperature control 
•	 Individual room control, with information exchange on distribution 

and/or generation level with regarding of occupancy, influence of 
interior sources of heat (people, lighting, equipment) and other signals 
like temperature and air humidity.

2) Air handling unit: on this level, one can control air volume or pressure 
to reduce energy consumption, and some control systems such as overhe-
ating protection.

Algorithms for comfort based indoor climate control
A control algorithm is a mathematical or logical function that, based 
on the difference between a target condition and an actual conditi-
on, provides a signal to the Heating Ventilation and Air Conditioning 
(HVAC) system.

First, an initial comfort level is chosen, and then the user can give feedback 
to the Building Management System (BMS) to adjust the preferred level.
ISO 7730 [1] uses an energy ranking scheme, which ranks the HVAC 
control actions according to energy use. The most energy-saving action 
is first, and the action which increases the energy use is at the bottom. If 
given comfort criteria are not fulfilled, the Building Management System 
will try to activate the actions from the energy ranking, always starting 
from the top. If the action improves the comfort, the action takes place, if 
the comfort level worsens, the action will not take place. The BMS follows 
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Figure 8: Simplified control scheme of the BMS installed at the Budapest University of Technology and Economics



the ranking until the comfort criteria are fulfilled. The weather control will 
override the comfort control when needed.
Scheduling will also override the basic comfort control by setting new 
target levels when the room/building is not in use.

As far as CO2 and pollutants are concerned, in conditions where the sen-
sors measure values close to or above the threshold limits, the ventilation 
rate must be increased; in the opposite case, when the contaminant level 
decreases, the ventilation rate must be reduced to the minimum back
ground air change level for that type of space. 

Algorithms for illumination control are essentially based on two strate-
gies: occupancy control and daylight harvesting. Occupancy sensors drive 
the lighting controllers in an on/off mode. Sometimes a minimum lighting 
level is maintained for safety reasons. Also a timer is sometimes included 
to avoid lights being unduly switched off when the occupancy sensor 
does not sense any movement. 
Illumination level  sensors usually drive the light source dimmers, adjus-
ting their outputs to a given set point via a simple feedback loop. Often, 
large rooms or areas are split up into zones. An illumination level  sensor  
controls the lamps in  each of these zones. 

Illumination management systems, as part of a building management sys-
tem, nowadays allow the programming of several illumination scenarios. 
By doing so, the illumination level can be adapted to the needed level 
defined by that scenario, avoiding the use of more light than is necessary 
for the programmed scenario.

Strategies for energy conservation in HVAC systems are usually directly 
integrated into the control systems of the HVAC systems. The algorithms 
differ in function of the HVAC system itself and the strategy selected.

The chosen control strategies of respectively indoor air quality (IAQ), 
thermal comfort, illumination and HVAC finally need to be integrated in a 
Building Management System. Interactions between the respective cont-
rollers can become very complex and priorities will need to be established 
to manage the whole set up. 

The example of the Budapest case study developed within EFFESUS is 
presented in Figure 8.
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3.	 EFFESUS innovations for envelope retrofitting  
	 of historic buildings

In historic buildings, as in most existing buildings, the building envelope 
is crucial for their energy performance: walls are often thick, but they 
nevertheless conduct heat very well; single glazed windows lead to very low 
surface temperature, and are often not airtight at all. However, the criteria to 
be considered when selecting the appropriate retrofit measures go beyond 
the potential increase in energy performance; they also include the reversi-
bility of the intervention, the possibility to conserve original material and, 
importantly, the aesthetic impact that a retrofit intervention might have.

Within the EFFESUS project, several pioneering small and medium 
enterprises (SMEs) together with research partners have developed four 
innovative solutions to improve the envelope performance specifically in 
historic buildings: aerogel insulation, insulating mortar, radiant reflective 
coating, and upgraded original windows.
The developed aerogel insulation is blown into the spaces, just a few 
centimetres in depth, of an existing wall structure – for example behind 
the “plaster on laths” finishing in Scottish tenement houses or wooden 
panelling in Alpine farm houses – thereby retaining the original surfaces 
and avoiding the loss of both original material and the evidence of tra-
ditional building techniques. Even the thin aerogel layer can reduce the 
heat transfer to about one third of the original wall, as has been shown 
both in the stone-wall prototype tested at INTENT lab and on-site in the 
Glasgow case study.
Appropriate for both the interior and exterior – and often uneven – 
surfaces of historic buildings is the formulated insulation mortar. Based 
on natural hydraulic lime (NHL5), it is compatible with most historic 
structures; the polystyrene insulation filler makes it both energetically and 
economically very interesting. It has successfully passed the driving rain 
and temperature stress tests and was examined outdoors in Holzkirchen 
and indoors in the case study building Benediktbeuern. 

Interesting for historic buildings in hot climates is the radiant reflective 
coating. Thanks to the high infrared (IR) reflection it reduces the amount 
of solar heat absorbed by the envelope – be it the exterior wall or the 
roof – and thus reduces the cooling need within the building without 
intrusive impact on the building fabric. Even though the aim to get a 
both reversible and transparent product has not yet been achieved, the 
application simulations show what can be expected in future in terms of 
overall-year energy performance improvement.

For original windows, a number of improvement options ranging from 
thermal shading and low-emissivity films, to thin multilayered glazing, 
and the concept for a supply air window, have been investigated. They 
can be applied individually or in combination; for each window and 
building the right solution has to be selected taking a balanced account 
of all issues.

The tests of the products in laboratory and outdoor test-stands served 
both to demonstrate their durability and their actual performance in 
terms of contribution to reduced energy demand in different situations. 
So was for example a 1.5x1.5m mock-up of a historic stone wall built 
up and its thermal performance measured in INTENT lab. The lab tests 
of  the IR coating have been complemented with building simulations 
in order to determine the most promising applications. The products 
were also applied at the different EFFESUS case studies, which allowed 
not only to measure actual on-site performance, but also to gain 
valuable experience on practical issues of applicability and ease of 
handling.

This section is concluded with a look at the applicability of the EFFESUS 
innovations from a restorer’s perspective.
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3.1. 	A erogel insulation

The A Proctor Group Ltd have developed Spacefill, a unique, thin, highly 
efficient insulation for use in historic buildings with existing solid wall 
construction where lath and plaster finishes are present. The ability 
to insert high performance insulation into an existing cavity is highly 
attractive due to the fact that the removal of the lath and plaster is 
expensive, disruptive to the homeowner and can also mean the removal 
of decorative plasterwork such as cornices etc.

Spacefill utilises this empty space between the masonry wall and plaster 
finish, so does not encroach on valuable room space. As it uses existing 
installation methods, this is also relatively simple, with minimal redecora-
tion required. This would be a major advantage to the homeowner.

Spacefill is derived from aerogel insulation which has a class leading 
thermal conductivity, but is also breathable and water resistant – all 
properties which are ideal for cavity insulation. Ways in which to install 
this insulation using existing blowing in techniques and equipment have 
been researched.

Various cutting trials were carried out on the raw material in order to 
achieve a suitable size which could be used. After several trials, 5mm 
cubes were deemed to be the most suitable to produce the Spacefill 
insulation.  

Testing was carried out to determine the thermal conductivity of the 
Spacefill at a specific density. The optimum density was found to be  
70kg/m3 and produced a thermal conductivity of 0.0255W(mK).  Other 
testing is summarised below:

Figure 9: Spacefill in situ, after it had been blown into the cavity. Table 1: Results of aerogel insulation testing

Fire Performance (50kg/m3 & 70kg/m3) EN 11925-2 No ignition*

Moisture Absorption EN1609 
– to be <1

0.11344

Vapour Transmission EN 14064-1 µ=1

* Fire result is very positive: The material could easily reach class E (requirement: 5 positive tests 
with test duration 15 seconds). With the positive behaviour after 30 seconds test duration even 
higher classes like D, C, B or A2 are feasible. To prove these classes further tests are required which 
includes SBI-tests according to EN 13823.



A full year’s monitoring provides invaluable information, recording 
real-time performance over all conditions and seasons.  This can then be 
used to assess suitability and expected performance in similar applica-
tions.  This is a unique test situation which will allow a product to be 
developed that can be used in historic buildings without altering the look 
of the building, or encroaching into room space.

A yearlong trial of the Spacefill has been carried out in Glasgow, where 
a property has been taken over to conduct the trial.  This property is a 
second storey, mid-terraced tenement in the Yoker area of Glasgow.  The 
external wall is of sandstone construction, which is typical of historic 
buildings in this area. This was identified as ideal for the retrofitting of 
the Spacefill blown-in insulation.

The aim was to fill the cavity behind the plasterboard/lath and plaster 
in one room and then be able to compare the thermal performance 
between the uninsulated room and the insulated room.  The installation, 
carried out in March 2015, was successful.
On-site trials have proved successful in terms of installation, and the 
installer has commented that Spacefill was the best insulation they have 
used to fill a cavity – better than bead, foam or fibre.  There was dust 
generation; however, this was only evident on the external wall side and 
there was very little dust generated on the room side.
Monitoring equipment was installed and data collected over the entire 
year.  At the time of removal, thermal comfort readings as well as thermal 
imaging were taken in both rooms.  This indicated that the cavity has 
been well filled.

The next stage is to remove the blown-in insulation, as part of the remit 
that any measures should be reversible.

3.2 	I nsulation mortar

The majority of the building stock from before 1900 was erected with 
natural hydraulic lime-based mortars in solid masonry. Due to the low mo-
dulus of elasticity of lime-based mortars, there has never been a need for 
dilation joints in old masonry structures. Changes in shape as a result of 
expansion and contraction, due to hot/cold cycles, could be “followed” by 
these masonry structures without damage. Moreover, lime-based mortars 
have a high vapour transmission rate, beneficial to the breathing capacity 
of monolithic historic masonry. These two most important characteristics Figure 10: Installation of aerogel fibre insulation into test panels
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have been taken into account when selecting the binder in EFFESUS. ISO-
CAL is an insulating render, designed and developed for use on masonry 
in cultural heritage buildings as well as for retrofitting of historic urban 
districts. It is a natural hydraulic lime NHL5. This specific quality of lime 
allows the render to be used for inside as well as outside applications due 
to its resistance against mechanical and environmental influences.
The selected aggregates, fillers and additives not only provide a low 
lambda-value, a high vapour transmission rate and good mechanical 
characteristics, but are also compatible with historic mineral substrates. 
ISOCAL can be applied by any skilled plasterer.

For the development within EFFESUS project, Bofimex selected a NHL5 
lime. Amongst other hydraulic lime types this binder has the best initial 
and natural strength development, specifically needed when a high 
degree of insulating filler is chosen. Several insulating fillers were 
reviewed and checked for their suitability. Finally, it was decided to 
rely on Expanded Polystyrene (EPS) as a well-known insulating agent 
in buildings. It has the advantage of an easy use in mortar formulation 
together with a good cohesion/coherence with the mortar binder, and 
the product is broadly available on a commercial scale with correspon-
ding low product costs.
The new mortar formulation was processed and tuned in a way that it 
has a good workability and applicability. This is important for a willing 
acceptance by professional craftsmen/plasterers. First application tests 
proved that the material can easily be applied up to a one layer thickness 
of at least 3 cm. Because of its composition based on NHL binder and a 
layer thickness of 3 cm or more, this base mortar layer requires a longer 
drying time (approx. seven days) before finishing layers can be applied. 

The mortar is applied in situ as an uninterrupted skin on the substrate, 
thus eliminating thermal bridges. In many cases of old masonry, the 
substrate that needs to receive an ISOCAL render can be inhomogeneous 
(different kind of bricks/stones have been used) and contaminated by 
salts (chlorides, nitrates), rain and/or wind-born pollutants. In these cases 
it is recommended to prepare the substrate with a thin, almost transpa-
rent, brush-on coat of primer mortar. This application homogenises the 
substrate before receiving the ISOCAL render, thus ensuring sufficient ad-
herence between ISOCAL and original substrate. The consolidation mortar 
has the same NHL5 binder as ISOCAL, assuring an identical E-modulus. 
Furthermore, this mortar has no additives that might diminish the high 
vapour transmission rate.
Like all insulating renders, ISOCAL cannot remain visually exposed for 
physical and aesthetical reasons. ISOCAL should receive a finishing plas-
ter at least seven days after application. This finishing not only provides 
the render with an acceptable aesthetical appearance and a good we-
ather protection, it also improves the impact strength of the total system. 
If advanced impact strength is required, for example against bike-parking 
or ladder-placing, it is recommended to introduce an alkaline resistant 
coated glass mesh (6 x 6mm or 4 x 4mm) in the finishing layer. The 
finishing mortar is available in a range of natural colours, varying from 
off-white to amber, ochre and brick-red.
If desired for aesthetical reasons, the finishing layer can receive a coating 
afterwards. Due to the breathing capacity of the insulating ISOCAL 
system it is strictly advised to choose mineral paints e.g. lime wash or 
pure mineral paint. Never use synthetic paints (acrylates, alkyds, epoxies, 
polyurethanes, etc.) here because they will destroy the render system due 
to their vapour tight character.

EFFESUS innovations for envelope retrofitting of historic buildings



There might be a technical reason to apply a protection against harsh 
weather conditions like wind driven rain. It is strongly advised not to use 
silane, siloxane or silicone based water repellent coatings as they will 
enhance salt crystallisation behind the treatment and thus destroy the 
render system. The only generic type product that can be applied for this 
demand is an emulsion based on natural bee wax. In certain concentra-
tions this type of product also performs as an anti-graffity coating in a 
system of two coats. 

The experimental campaign carried out within EFFESUS allowed us to 
develop a technical data sheet with all relevant product characteristics. 
Besides, the technical durability of the ISOCAL plaster system was de-
termined in an EOTA (European Organisation for Technical Approvals) 
test wall chamber based on the assessment procedures for External 
Thermal Insulation Composite System (ETICS), according to European 

Technical Approval Guidelines (ETAG004). This was accompanied by a 
field test under real climate conditions at Holzkirchen in Germany. In 
both procedures the ISOCAL proved to be durable with sufficient bon-
ding, cohesion and weather resistance. The lambda value of 0,0682 W/
(mK) is better than the ones known for standard (lime-based) plaster 
materials.

To prove its contribution to the energy performance of historic buildings, 
the mortar system was applied in a case study. The building selected for 
that, named “Alte Schäfflerei”, is dated from around 1760 and part of 
the craftsmen court of the monastery in Benediktbeuern. For the specific 
demonstration within the EFFESUS project, one room on the ground 
floor in the northern part of the building was selected. The floor surface 
is about 16 m². It has outside walls with a thickness of 60 cm, and a 
window exposed to West. The walls consist of masonry of a mixture of 

Figure 11: Application test of the insulating mortar ISOCAL

Figure 12: The testing of the insulating 
mortar ISOCAL at the case study in 
Benediktbeuern
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stone and lime/clay bricks, with existing external and internal plaster 
layers. The room has a double-glazing window from the 1990s.

The new thermal insulating mortar ISOCAL with an NHL-based finish 
plaster was applied in June 2014 on the inner surface of the exterior wall 
facing west, which is about 8m2. In order to evaluate thermal performan-
ce of the new insulating mortar, the data recorded before the interven-
tion were compared with the ones collected after the application of the 
mortar. In 2013/14 a water heating system was running, whilst since 
August 2014 a radiant heating system was installed; both have a cont-
rolling reference point for internal air temperature at 20°C. In particular, 
considering the same internal boundary conditions (e.g. the activation of 
the heating system), two different periods can be overlapped:
 
•	 31st July – 17th August 2013 (before intervention) vs. 2014 (after 

intervention) when the heating system was turned off;
•	 1st October – 28th February 2013/14 (before intervention) vs. 2014/15 

(after intervention) when the heating system was turned on.

In the heating periods (1st October – 28th February 2013/14 vs. 2014/15), 
the environmental conditions were very similar. In addition, the indoor air 
temperature remained very constant thanks to the heating system, which 
maintained the temperature inside the room around 20°C in both years. 
The difference between the external and internal surface temperatures 
increased in 2014 thanks to the thermal insulation of the mortar. In 
2013, the average value of this difference was 12.3°C, which increased 
up to 13.8°C in 2014. In the heating period of 2014 the ISOCAL mortar 
layer accounted for 5°C of this 13.8°C temperature difference (the same 

rate as in the summer period). Considering the thickness of the ISOCAL 
mortar layer with respect to the total thickness of the wall (60cm), the 
reduction of 5.0°C on average in only 3cm could be considered as a 
good result.

The results in both summer periods (31st July – 17th August 2013 vs. 
2014) also showed the same thermal effect. The thermal insulation of 
ISOCAL mortar was proved by the monitoring data recorded in Bene-
diktbeuern, in particular by: the higher difference between external and 
internal wall surface temperatures, the decrease of the heat flux, and 
consequently of the conductance and transmittance of the insulated 
wall, the improvement of the indoor comfort, as well as the reduction of 
electrical demand and peak load needed for heating.

To summarise, the important advantages of ISOCAL are that it:
•	 Can be used for both indoor and outdoor application
•	 Provides excellent thermal insulating characteristics
•	 Is applicable on mineral substrates such as natural stone, brick, cera-

mic block, old intact mineral render/plaster and concrete
•	 It can be applied by hand or sprayed
•	 Is light weight: up to 3 cm layer thickness in one application
•	 Is a ready-to-use product 

ISOCAL should, in all cases, be finished with a compatible finish plaster.



3.3. 	R adiant reflective coatings 

Radiant reflective coating, without intrusive impact on the building fabric, 
can improve the envelope performance. EFFESUS aimed therefore at 
developing a coating with high Infrared (IR) reflection, which reduces the 
amount of solar heat absorbed by the envelope – be it the exterior wall 
or the roof – and thus cuts the cooling needs within the building.

Such a coating, if it should be applied on historic buildings, has to meet 
not only energetic but a much wider range of requirements. It has to be:
•	 Physically and chemically compatible
•	 Durable
•	 Aesthetically acceptable 
•	 Reversible
•	 Non-intrusive

The chemical nature of a coating depends mainly on the specific needs of 
the substrates on to which it will be applied and on the desired durability 
of the coating. Thus, in order to design a suitable new coating from the 
point of view of its ideal properties, firstly, a selection of four targeted 
substrates was made. 

Amongst the most common building materials of European Cultural 
Heritage there are sandstones, limestones, bricks, travertines, granites, 
marbles and mortars. These materials present some specific characteri-
stics, namely:

•	 They are porous to a greater or lesser extent, so decay agents can 
enter into the substrate easily;

•	 When the buildings are located in urban, industrial or marine environ-
ments, they are subjected to the harmful action of contaminants, salts, 
etc;

•	 They are weathered according to their age, and may present different 
decay forms such as disaggregation, decolouration, etc.

The aim was to select materials with a variety of porosity and pore size 
values. Thus two building stone typologies were selected together with 
brick and lime mortar to complete a representative selection of the porous 
materials that can be found in the Cultural Heritage buildings of Europe.
The four substrates of interest were characterised in order to determine 
the following properties:
•	 Physical properties: substrate chemical characterisation before coating 

application (mineralogical analysis through X-Ray Diffraction, petro-
graphic examination, density porosimetry), colorimetry before and after 
the coating application and adhesion after coating application.

•	 Hygric properties: capillary water absorption, absorption at atmosphe-
ric pressure, water vapour permeability.

•	 Water contact angle.
•	 Penetration into substrate, coating appearance, reversibility through 

Scanning electron microscope analysis.
•	 Optical properties (Infrared reflectance according to the Standard 

ASTM E-903) and thermal behaviour (internal in-house test based on 
IR lamps).

•	 Durability: salt crystallization, frost/thaw cycles and ultra-violet (UV) 
light and condensation.
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These tests allowed the physical and hygric properties of original subst-
rate and the substrate to be studied after the application of the coating. 
In addition, some tests were repeated after the removal of the coating 
in order to show that the developed solution is truly reversible and does 

Secondly, a selection of best-selling commercial additives, mainly based 
on ceramic spheres and nanoparticles taking into account the final appli-
cation of IR reflecting properties, was made. The nanoparticles selection 
included Aluminum Zinc Oxide (AZO), Zinc Oxide (ZnO), Titanium dioxide 
(TiO2), Fluor Tin Oxide (FTO), Tin Oxide (SnO2) and Indium Tin Oxide (ITO). 
Two different coatings, namely as Coating 1 and Coating 2, were syn-
thetized by the project partners ACCIONA Infrastructures and Advanced 
Management Solutions Ltd. (AMS) using two different approaches. 
Coating 1 was an inorganic coating fabricated using the sol-gel method.  
Coating 2 was based on a water base solution. Sol-gel reaction scheme 
is based on hydrolysis of various alkoxides forming respective silanols. 
This is followed by a condensation reaction occurring between silanols or 
between silanols and alkoxides. The sol-gel process involves evolution of 
inorganic networks through the formation of a colloidal suspension (sol) 

not alter the original condition of the substrate. Firstly, a full substrate 
physical-chemical characterization was carried out and a selection of the 
most important results is shown in Table 2.

and gelation of the sol to form a network in a continuous liquid phase 
(gel). The most important advantage of sol-gel processing over conventi-
onal coating methods is the ability to precisely control the microstructure 
of the deposited film.
Different sol-gel coatings were obtained by means of incorporating one 
(or some) of the nanoparticles and additives mentioned above. In the 
case of Coating 2, different formulations were also developed, mostly 
based on ITO in various granularities and concentrations. 
In order to ensure the reversibility of the IR reflective system, a reversible 
primer was applied as base coat prior to the addition of the top coat 
IR reflective coating. After testing and evaluating different candidate 
primers widely used in historic buildings, Paraloid B87 was selected. This 
is a thermoplastic resin and an excellent adhesive for archaeological 
materials as well as a durable and non-yellowing acrylic resin. It can be 

Substrate Porosity (%) Bulk density (g/cm3) Average pore Ø (µm) 

Villamayor sandstone 26.26 1.79 0.585

Istanbul stone 9.92 2.38 0.288

Solid clay brick 18.46 2.04 2.31

Lime mortar 43.00 1.39 2.125

Table 2: Physical-chemical characterisation of the substrates



described chemically as an ethyl-methacrylate copolymer, which can be 
dissolved in acetone – which is friendlier than other solvents.
As a result of the experimental work and the testing campaign, two new 
IR reflective coatings were obtained:  
1.	 Reversible, IR reflective coating for all substrates tested, but 

non-transparent.

2.	 Transparent, reversible and IR reflective coating for lime mortar and 
metal.

Both coatings showed excellent results regarding the hygric properties 
(capillary water absorption, absorption at atmospheric pressure, water 
vapour permeability) and durability.

Figure 13: SEM image of Paraloid + Coating 1 Figure 14: SEM image of Paraloid +Coating 2
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Figure 15: General view of the parapet wall with the samples installed at 
the case study building in Istanbul.

It was agreed, firstly, to assess and determine the thermal performance of 
the first coating applied on a large scale wall in a guarded hot box called 
INTENT (Integrated Envelope Testing facility), and secondly, to demons-
trate the second coating in a real building in Istanbul. 
Finally, the performance of the new exterior radiant reflective coating for 
cultural heritage applications was demonstrated in the Istanbul case stu-
dy. The building selected for the demonstration is located in Kallavi Street, 
in Beyoglu District and is owned by Beyoglu Municipality. The demonstra-
tion was managed by the local partner, SAMPASŞ Nanotechnology. 
The intervention consisted of the application of the coatings on different 
substrates placed on a parapet wall at the top of the building. The 
coatings were not applied directly on the facade of the building as their 
removal, on such a porous stone, could at this stage not be guaranteed. 
Furthermore the monitoring of the energy performance on wall and room 
level would have been difficult, considering the influence of very large 
window areas of the case study building and the difficulty to impose 
equivalent user behaviour in different rooms.

3.4 	U pgrading of historic windows

Windows are important elements of the architecture of any building, 
and in cultural historic buildings their significance is heightened by the 
importance of their influence on the internal environment. Windows were 
originally the only way for daylight, fresh air and solar energy to enter 
heritage buildings and to ventilate out used air and excess humidity. They 
also provide views into and out of the building. Windows are such an 
integral part of architecture that their importance and design cannot be 
separated from their architectural style or design. Preserving the windows 
is therefore critical to the heritage value of the building as well as achie-
ving a comfortable internal environment. 
The current challenge is to reduce the environmental impact of windows 
by retrofitting them with energy efficiency measures without compromi-
sing their cultural and historical values. Windows in heritage buildings 
present a particular challenge as they were usually made with decorative 
timber profiles and single glazing, and it is often expensive to replicate 
their design and improve their performance without compromising their 
heritage value. Modern windows have been designed for low cost and 
low maintenance in materials which are usually inappropriate for historic 
buildings; the materials and manufacturing processes often result in large 
frame sections incompatible with historic window designs. 
In this contribution several options of improving the thermal and 
moisture performance of a sample window will be presented. A box 
type double sash window is chosen since it is a common type in older 
buildings throughout northern Europe. By developing and investigating 
the options for this specific window, it has been considered that the 
strategies could be applied to other window types resulting in similar 
levels of improvement. 



In the initial stage of developing the window solutions, numerical model-
ling was used to predict the performance of the prototypes. In order for 
the results to be comparable and reliable, several computation standards 
were reviewed. It was decided to use more than one standard of nume-
rical simulation in order to give the best information about the investi-
gated options. The following performance criteria were defined for each 
solution (in brackets, the short name of applied standard is given, for full 
name please see references [1] – [5]): thermal performance (ISO 15099, 
ISO 10077-2); visual transmittance and G-value (ISO 15099, ISO 9050); 
and moisture analysis (certified passive house glazing and transparent 
components). Later calculations of thermal performance were validated 
by full-scale experiments. Measurements were carried out in a guarded 
hot box apparatus, according to procedures described in ISO 8990:1994 
and ISO 12567-1:2010.
Additionally each solution was considered according to the following 
criteria: 

•	 Aesthetic influence 
•	 Reversibility 
•	 Durability 
•	 Maintenance 
•	 Legislation capability, and
•	 Cost effectiveness

The application of each improvement option has been tested and inves-
tigated using a box-type original window as a starting point. Application 
of each solution to the base window resulted in five different prototypes: 

Prototype 0 – “Original Window”
The prototype is a typical box-type window, consisting of two sashes 
separated by a 12cm wide air gap. It represents a significant advance in 
thermal comfort and insulation from previous windows with only a single 
piece of glass separating the interior from the exterior environment. 

Figure 16: Window prototypes 0,1 and 2
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Many different varieties of such window types exist, which are characteri-
stic of the country or region and in some cases even for the decade of the 
building’s construction. Prototype 0 provides a baseline of comparison 
for the calculations and measurements of the performance of the other 
prototypes.

Prototype 1 – “Thermal Shades”
This prototype includes thermal shades installed in the air gap between 
the glass layers in the box window. Thermal shades in this case are 
cellular shades (type: “cell in cell”), which adds thermal resistance to the 
window and reduces solar heat gain in the summer.

Prototype 2 – “Adhesive low-emissivity films”
This prototype uses adhesive plastic films with low emissivity properties. 
The advantage of this solution over low emissivity coatings on the glass 
surface is that those films can be added to the existing glass, while low 
emissivity coatings can only be applied during the manufacturing process.

Prototype 3 – “Multi-layered glazing”
This prototype uses insulated glazing units which include thin glass panes 
(glass thickness from 0.1 to 1 mm) in a multi-layered unit. Ultra-thin 
glass panes are used as the middle panes in a multi-layered glazed unit. 
This provides high insulation levels while keeping the overall unit light-
weight and narrow. In some cases this allows the original design of the 
historic window (and frame) to be preserved while providing a substanti-
al thermal improvement.

Prototype 4 – “Air Sandwich”
This prototype integrates a product called the “Air Sandwich”, which 
consists of five transparent thin plastic layers glued to the original panes 
with plastic frames sealed with a secondary sealant. Increased thermal 
resistance of the air sandwich is due to multiple air gaps, which are 
created by thin plastic layers. Each air gap adds additional resistance 
by splitting air into small volumes and limiting size of convection loops. 
Moreover, multiple layers of material reduce radiation heat exchange – 
providing better thermal performance.

Figure 17: Window prototypes 3, 4 and 5



Prototype 5 – “Supply Air Window”
This prototype uses specially designed valves which allows fresh air to flow 
from outside to inside in the designed gap between two panes of glazing 
(air is driven by exhaust fan installed in the room). As it flows from the 
bottom of the window to the top it recovers heat that is flowing through 
the glass towards the outside. The fresh incoming air is heated during its 
passage between the two panes of glass before entering the building, 
through convection and conduction in the cavity. This creates a high 
performance window, which U-value is dependent on the environment 
conditions. If the window happens to receive direct solar radiation it also 
acts as an air solar collector, but this is not its primary operating mode.

Combination of measures
It should be noted that the presented technologies can be used together in 

one window in order to improve its thermal performance. Several combina-
tions have been considered and investigated. 
In order to compare performance improvements a Prototype 0, which 
represents the original, the unchanged box-type-window was used as 
a baseline. Table 3 presents a summary of performance and percentage 
change in relation to “original window” of each prototype/prototype mix.
The improvement options influence the original windows in different 
ways. Prototype 3 (incorporating ultra-thin glazing) has the lowest ther-
mal transmittance; however, installation of the insulated glazing unit may 
require some changes to the original window structure and is labour and 
cost intensive. The Air Sandwich product is easy to install in an existing 
window and provides some improvement in the thermal performance, 
however the visual appearance of the product may not be acceptable. 
Installing thermal shades and adhesive low-emissivity films provide some 

Prototype U-value [W/m2K] G-value [-]
calculated

Tvis [-]
calculated

Tlowest [°C]

measured calculated measured calculated

P0 “Original Window” 2.47 2.46 0.78 0.81 10.71 11.03 

P1 “Thermal Shades” 1.92 0.99 0.58 0.54 11.48 16.6

P2 “Adhesive low-emissivity films” 2.37 2.07 0.47 0.63 10.85 12.23 

P3 “Multi-layered glazing” - 1.26 0.67 0.70 - 15.4

P4 “Air Sandwich” 1.84 1.55 0.49 0.57 12.39 14.7

P5 “Supply Air Window” 2.47* 2.46 0.78 0.81 10.71 11.03 

P1 + P2 - 0.79 0.41 0.5 - 17.2

P1 + P3 - 0.79 0.49 0.46 - 17.3

P3 + P4 - 1.11 0.44 0.53 - 16.2

Table 3: Performance summary of developed prototypes

*	 The thermal performance of the supply air window was not simulated due to the complex nature of the system and a lack of data to develop and validate the model. The primary benefit of supply air windows 
is to improve air quality and recover heating energy. Literature review shows that a supply air window improves energy efficiency. A supply air window may also provide night time cooling during the summer 
when the outside temperature falls below the indoor air temperature. Currently running experiments will hopefully give useful data for future performance analysis.
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thermal improvements but may have unacceptable visual impacts. Both 
technologies are relatively easy to install, and the shade may also reduce 
glare problems, provide privacy, and reduce solar gain. All of these strate-
gies can be enhanced with supply air window valves which can improve 
thermal performance and indoor air quality if properly designed.
There is a wide range of building types with historical value in most historic 
urban districts, so we have investigated a number of options for window 
improvement which may be adapted to different types of windows. For each 
window and building, a specific solution should be selected which takes a 
balanced account of all the issues including historical value, reversibility of 
the change, visual appearance, thermal performance, moisture performance, 
indoor air quality, cost, maintenance, and durability. It is a challenge to 
achieve a balanced solution for improving windows in a cultural heritage 
building, but we need to develop acceptable solutions given that these 
buildings are a significant part of Europe’s building stock. 
Thermal and daylight simulations were conducted for several window 
configurations in order to find the most efficient solution for the EFFESUS 
case study in Budapest. Since two windows were replaced, for each we 
used slightly different configurations for testing purpose. The first window 
incorporated three layer ultra-thin glazing; the second, a two layer stan-
dard unit in inner sash. Both windows were equipped with electrically 
controlled shades and ventilation valves.

3.5 	T ests in laboratories and outdoor facilities

The tests of the products in laboratory and outdoor test stands served to 
demonstrate both their durability and their actual performance in terms 
of contribution to energy demand reduction in different situations.

Aerogel insulation – HotBox test on full scale stonewall mock-up 
To measure the actual performance of the aerogel insulation blown into 
a cavity, a full scale stonewall mock-up – 1.5 m per 1.5 m and 44 cm 
thick – was built, and the “plaster on laths” interior finish as typically 
found in Scottish tenement houses was added, creating an air space 
of about 3-4 cm between the stone wall and finishing (see Figure 19). 
Similar constructions can be found, for example, in traditional Alpine 
farmhouses, where wooden panelling is however more common than a 
plaster on lath construction.

References:
[1]	 International Organization for Standardization. (2003). ISO 15099:2003 - Thermal performance 

of windows, doors and shading devices - Detailed calculations.
[2]	 International Organization for Standardization. (2006). ISO 10077-1:2006 Thermal performance 

of windows, doors and shutters -- Calculation of thermal transmittance -- Part 1: General, 1.
[3] 	 International Organization for Standardization. (2003). ISO 9050:2003 Glass in building - 

Determination of light transmittance, solar direct transmittance, total solar energy transmittance, 
ultraviolet transmittance and related glazing factors

[4]	 International Organization for Standardization. (1994). ISO 8990:1994 - Thermal insulation -- 
Determination of steady-state thermal transmission properties -- Calibrated and guarded hot box

[5] 	 International Organization for Standardization. (2010). ISO 12567-1:2010 - Thermal performance 
of windows and doors -- Determination of thermal transmittance by the hot-box method -- Part 
1: Complete windows and doors

Figure 18:  Installation in the case study building in Budapest



The whole stonewall mock-up was placed in the INTENT test facility (a 
guarded hot box) and the U-value was measured following EN 1934 [1]. 
To this aim, the wall was brought into steady state conditions – “inte-

rior” side at +20°C, “outdoor” side at -10°C. Finally, the determined 
U-value of the stone wall with air space amounted to 1.18 W/m²K.

After blowing in aerogel with a density of 70 kg/m³, the U-value as-
sessment was repeated under the same boundary conditions as above. 
The heat flux was reduced from 30 W/m² to 11.2 W/m², little more than 
one third of the original value. This corresponds to an average U-value 
of 0.41 W/m²K including also areas with wooden posts. An additional 
measurement in a section without wooden posts resulted in 0.38 W/m²K.
Two-dimensional simulations of the heat flux and temperature distribu-
tion in the wall section accompanied the lab measurements. In Figure 
20, two aspects can be clearly observed: Firstly, the reduced surface 
temperature of about 15°C in front of the wooden post, compared to 
18°C in areas with aerogel – and the good agreement of simulated and 
measured temperatures. Secondly, the concentration of the major part of 
the temperature difference at the aerogel insulation layer – which is the 
visible sign of its high thermal resistance compared to the other layers.

Figure 19: Stonewall mock-up in INTENT hot box

Figure 20: Temperature distribution (left) on the interior surface, measured and simulated, and (right) in the horizontal section, simulated.
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EOTA wall – durability test on insulation mortar
The ISOCAL insulation mortar was tested successfully in the so-called 
EOTA*-wall (test according to ETAG004 [2]). This test chamber consisted 
of two walls, 2.1 m x 4 m, with the plaster system facing each other. One 
wall was built as timber frame filled with brick masonry, the other half 
with limestone and half with brickwork. Both walls had windows inserted 
in order also to test the behaviour at such construction details.

These walls were then subject to a large number of weathering cycles:
•	 80 heat/rain cycles (of each six hours):	
•	 One hour rise to 70 °C, two hours at 70 °C and 10 to 30% relative 

humidity, one hour rain at 15 °C, two hours drying
•	 After all heat/rain cycles at least 48 hours drying with closed doors.
•	 Five heat/cold cycles (of each 24 hours)	
•	 One hour rise to 50 °C, seven hours at 50 °C and < 30% relative 

humidity, two hours fall to -20 °C, 14 hours at -20 °C
•	 Seven days curing and afterwards pull-off tests

Visual observation during and after the heat/rain cycles showed no 
cracks. The limestone and brick masonry showed only some small 
detachments, whereas the timber-frame/brick masonry had detachments 
around the wooden posts. After the finalisation, the degree of cohesion 
of the mortar on the wall was tested by pulling off a 5 cm x 5 cm sample. 
According to ETAG 004 [2], the adhesive bond strength has to be equal 
or higher than 0.08 N/mm2 or the rupture shall occur in the insulation 
layer (cohesive rupture) if the failure resistance is less than 0.08 N/mm² 
(MPa). The measured bond strength was with about 0.04 N/mm² not very 
high.  The failure was, however in all cases within the ISOCAL layer what 
means that the adhesion to the wall is high enough.

Additional to the normal temperature and humidity monitoring within the 
test chamber, plaster and supporting masonry walls were equipped with 
impedance and other sensors to monitor material moisture behaviour  
(see Figure 22) [3].

*	 European Organisation for Technical Assessment (EOTA) www.eota.eu

Figure 21: EOTA wall for durability test under harsh weathering conditions 
– before (stone masonry, left) and after plastering (timber frame, middle) 
as well as pull-off-test (right).



Results [3] show, that the moisture in the plaster itself rises nearly im-
mediately with the first weathering cycles – the impedance in Figure 23 
decreases. It takes more time for the bricks and joints to become moist. 
Moreover, the moisture penetrates deeper in the mortar joints than in the 
brick itself (Figure 23, compare measurements at 54 mm depth). Another 
advantage of the impedance measurement is, that it works in the full 
moisture range -  relative humidity sensors would not give details on the 
over-hygroscopic moisture content [3].

Insulation mortar – U-value measurement under  
real weather conditions
The insulation mortar was tested on a 1:1 scale under real climate 
conditions at an outdoor test site. The recommended 3 cm of ISOCAL and 
2 mm surface finishing were applied on a 1x1 m² field of the west-facing 
wall (the most exposed to the weather) of the half-timbered test-house. 
The measured humidity at the transient layer between brick and mortar 
– measured both in terms of moisture mass and in terms of relative 
humidity – shows that ISOCAL has a good drying behaviour, is effective 
against rain, and the absorption is not too high.
For comparison, on a second field the same wall construction (e.g. 1.3 cm 
internal lime plaster and 11.5 cm brick) was supplied with a lime based 

Figure 22: Sketch of the built EOTA test rig [3]. Top: Floor plan of the two 
walls. Bottom: Sketch of the masonry wall. Left: limestone and right: brick 
masonry. The two stones marked in red were equipped with sensors (left 
insert). Right insert: View of the two sensor nodes during operation. The 
doted green rectangles mark the window openings inserted. The orange 
stones give the dimensions of the two materials.

Figure 23: Impedance of all sensors at the brick wall [3].
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standard mortar of the same thickness. While for the test field with ISOCAL 
the calculated U-value amounts to 1.16 W/m²K, for this reference field it 
is with 2.34 W/m²K nearly twice as high. Figure 24 depicts the measured 
heat flux in both fields:  in the case of the field with ISOCAL it is by factor 
2 lower – as it could be expected from the calculated U-values.

Infrared (IR) coating on a solid brick wall – 
static and dynamic test
The heat flux into a wall depends on the balance of: (a) absorbed solar 
radiation (including the visible part of the solar spectrum and its infrared 
(IR) part); (b) absorbed and emitted thermal radiation; (c) convective 
exchange with the outside air; also on the overall thermal resistance of 
the wall, and the inside air temperature. That is why for the lab test on 

the IR coating – which should reduce the absorbed solar radiation – a 
full-scale mock-up wall was built and tested in the already above-menti-
oned INTENT hot box, this time with an artificial sun added. 

Complementary simulations showed that the average heat fluxes both 
at interior and exterior surface of the solid wall remained the same – 
whether a sinus-shaped temperature and a “half-sinus” radiation is ap-
plied, or whether their average over 24 hours is considered. The test with 
a constant indoor temperature of 20°C, constant outdoor temperature 
of 25°C, and constant radiation of 330 W/m² would thus already have 
provided the expected result. Nevertheless, a dynamic test with outdoor 
temperature varying with a sinus around 25±5°C and a 12h radiation 
curve with 900 W/m² peak was also performed. 

Figure 24: Measured heat flux in the test fields with ISOCAL insulation 
mortar and lime based standard mortar 

Figure 25: Results from dynamic test.



The results of this dynamic test were especially interesting to observe: Fi-
gure 25 shows nicely the temperature profile within the wall and how the 
outer layer is heated up during the day and cooled down during night. 
The respective day and night heat flux peaks are high with respect to the 
average flow. The 24-hour average of the outside surface corresponds 
however to the rather constant heat flux at the interior surface.

IR coating performance – whole year performance in different 
situations 
The laboratory tests of the IR coating have been completed with building 
simulations for different climates to determine the most promising 
applications. 
One clear benefit is the reduction of surface temperature and, associated 
with that, less thermal stress at the surface: 
For the Istanbul climate, for example, the average daily temperature 
change of the wall surface is reduced from nearly 20 Kelvin to less than 
10 Kelvin – especially for the south wall, but less pronounced for the east 
and west walls. In terms of the high daily maxima, defined as the 10% 
quantile of the daily maximum temperatures, they descend from over 
40°C to around 30°C. 

To include an even hotter climate, also Seville climate was considered. 
Here, the situation is even more pronounced: the daily temperature cycles 
are reduced from more than 25 Kelvin to about 12 Kelvin, maxima descend 
from temperatures above 50°C to temperatures between 35 and 40°C.
The second expected benefit, the improved energy performance, is already 
more difficult to generalise. Here we have to consider the whole year per-
formance: what is positive in summer is perhaps not desirable in winter.
While in the Seville climate, the reduction of cooling demand is reduced 
from about 67.4 to 60 kWh/m², and the heating demand is in any case 
too small to matter (in the assumed example room), in Istanbul, the 

cooling demand reduction from 42.8 to 37.5 kWh/m² (-5.3) is counterba-
lanced by a heating demand increase from 13.2 to 15.8 kWh/m² (+2.6). 
This phenomenon does not depend on the weight of the wall – it is very 
similar for a medium or low weight construction if the overall resistance 
in terms of U-value is the same. 
What matters a lot are, however, the other “summer case optimisation 
strategies” like reducing interior and solar loads and natural ventilation 
strategies: the latter can reduce the cooling demand in the Istanbul cli-
mate from about 42.8 to 19 kWh/m² (without coating), respectively 37.5 
to 17 kWh/m² (with coating). A significant reduction of the loads leads 
also to a considerable decrease of the cooling demand to 24.2 kWh/
m² (without coating), respectively 19.9 kWh/m² (with coating). These 
measures are thus more effective, and should therefore be considered 
before deciding on an IR-coating. Combinations of different measures 
might however be the best option in the specific case – especially where 
the possibilities for ventilation and load reduction are limited.

There are, however two clear “opportunity cases” for the application of 
IR coatings: 
•	 Hot climates, where no heating is needed and no drawback in winter 

in terms of more heating balancing out the reduction in cooling has to 
be considered

•	 Warm climates, where the coating completely avoids cooling – and 
respective cooling systems are needed.
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3.6 	P erformance Evaluation

Every innovation developed and tested at laboratory scale should be 
further demonstrated in practical case studies. For solutions for buil-
ding envelope retrofitting in particular, the installation of the products 
in real-world conditions should be successfully achieved. Afterwards, 
the environmental performance in real-world scenarios should be 
proved, and the related improvement evaluated over time through 
monitoring activities. Finally, in the specific case of historical buildings, 
also the reversibility should be guaranteed, along with the criteria of 
compatibility. 

The applicability and performance of the innovations developed within 
EFFESUS project have been demonstrated in four demonstration sites: 
•	 Blown-in aerogel for use in cavities behind existing wall finishes in a 

traditional tenement building located in the Yorker district of Glasgow 
(United Kingdom); 

•	 New thermal insulation mortars for indoor use as plaster and outdoor 
use as render in the Benediktbeuern Monastery (Germany); 

•	 Radiant reflective coatings for external application in a historic buil-
ding located in Kallavi Street, Beyoglu District, Istanbul (Turkey); 

•	 Windows with improved insulation and ventilation at the Budapest 
University of Technology and Economics (Hungary).

This contribution is intended to illustrate the methodology followed in 
the second step of the on-site demonstration in the above-mentioned 
case studies, where the performance of the new products has been 
assessed in terms of improvements to indoor environmental quality 
(thermal, visual, acoustic comfort and/or air quality in function of the 
technology to be validated) and reduction of energy consumption. 
This methodology could be replicated and adapted to the evaluation 

of other energy-efficient solutions suitable for application to historic 
buildings.

First of all, a comparison between the conditions with and without the 
innovation is required in order to understand qualitatively and quantitati-
vely the improvements. This comparison can be carried out in two ways:
•	 By monitoring the parameters simultaneously in a test area and in 

an equivalent unmodified reference area, which assures the same 
boundary conditions, the same physical characteristics, and enabling 
the analysis of data in the same period of time;

•	 By monitoring the parameters in the same area but before and after 
the intervention. In this case, it is necessary to compare the data from 
the two different periods with similarly outdoor weather conditions. 

An appropriate monitoring period is about 12 months in order to cover 
the different seasons along the year.

All the variables that can influence the behaviour of the materials 
constituting the building envelope have to be taken into account 
and carefully analysed, for example:  climate, location in the urban 
settlement, orientation, direct impact of solar radiation, shape of the 
building ensemble, typology and constructional materials of the walls, 
thickness of the walls, percentage of area covered by windows, and 
type of windows.
Afterwards, the scope of the evaluation has to be defined in function of 
the technology under question; that is, if it affects the thermal, visual, 
acoustic comfort of people, the indoor air quality, or a combination of 
these items. Based on this, the parameters to be monitored have to be 
selected and the equipment and installation set-up planned accor-
dingly.



As mentioned above, the performance of innovations can be carried out 
in terms of improvements to indoor comfort and reduction of energy 
consumption. On one side, energy consumption could be easily monito-
red by measuring the electric input power, while energy saving could be 
calculated from the associated costs. On the other side, the evaluation of 
people comfort deserves a separate discussion.

The thermal comfort assessment includes some objectively and mea-
surable performance indicators, as well as human thermal sensations 
related to the thermal balance of the body, which are influenced by 
physical activity and clothing as well as the environmental parameters. 
These aspects are summed up in the Predicted Mean Vote (PMV) 
indicator, which integrates four environmental parameters and two 
personal parameters (metabolic rate and clothing insulation). ISO 7730 
[1] explains how to calculate PMV according to the Fanger equation; it 
also prescribes a maximum Percentage of Persons Dissatisfied (PPD) for 
the human body as a whole, and for local thermal discomfort conditions 
due to draught, vertical temperature gradient, radiant asymmetry, warm/
cool floors. 
For the determination of PMV and PDD, the following parameters have to 
be measured: air temperature, relative humidity, surface temperature of 
walls, air velocity, and mean radiant temperature or operative tempera-
ture (measured by a globe-thermometer).

Acoustic comfort means having the right level and quality of noise to 
use the space as intended. How humans perceive sounds and loudness 
is a subjective measure. However, it is possible to create a comfortable 
environment by controlling objective measures like decibel levels or 

indoor ambient noise levels in unoccupied spaces. Generally, upper limits 
for the indoor ambient noise levels for each type of unoccupied space are 
defined [2].
Such measures can be carried out by means of a sound generator 
(amplifier and loud speakers) placed outside the window, and a receiver 
(sensitive microphone) placed inside the room to measure the noise 
levels from external sources.

The visual performance defines whether the lighting solution in a room is 
suitable for the performed tasks, therefore the degree of comfort depends 
on the type and duration of the activities. 

The visual comfort is mainly determined by the illuminance level, defined 
as the amount of light falling on a given surface area, and the illumi-
nance uniformity (the illuminance of the surrounding areas is connected 
to the illuminance of the task area, otherwise visual stress or discomfort 
can arise). BS EN 12464 [3] presents the requirements for lighting in 
the task and surroundings areas of most indoor workplaces, in terms of 
quantity and quality of light. 

The quality of indoor air is affected by all components of the environ-
ment, namely temperature and humidity level, ventilation rate, CO2 
concentration, particulate matter, gaseous pollutants, microbial conta-
minants, etc. Chemicals are emitted into the air from both natural and 
anthropogenic sources: this results in a natural background concentration 
that varies according to local sources and/or specific weather condi-
tions. Even where dealing with indoor air quality, a measurement of the 
outdoor pollutants is suggested in order to better identify the source and 
type of these contaminants.
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Next to the common measurements of temperature, relative humidity 
and CO2 concentration, it is important to obtain an idea of the indoor 
amount of Volatile Organic Compounds (VOCs). They include a variety of 
chemicals, some of which may have short- and long-term adverse health 
effects. Concentrations of many VOCs are consistently higher indoors (up 
to ten times higher) than outdoors, and they are emitted by a wide array 
of products (for example paints and lacquers, paint strippers, cleaning 
supplies, building materials and furnishings, glues and adhesives). On the 
contrary, particulate matter mainly has external sources (from vehicles, 
operations that involve the burning of fuels, reaction of gases or droplets 
in the atmosphere from sources such as power plants), whilst indoor 
sources of fine particles are tobacco smoke, cooking, burning candles or 
oil lamps, and operating fireplaces and fuel-burning space heaters (such 
as kerosene heaters). 
The simplest way to have basic information about the concentration of 
VOCs inside a room is to use a chemical detection system, which does 
not separate the mixture into its individual components. This principle is 
used in direct-reading instruments, which provide the measurement of 
the total concentration of volatile organic compounds (TVOC). Generally, 
a low TVOC usually indicates that there is no VOC problem (unless, the 
TVOC value is due to only a small number of compounds); however, a 
high TVOC values may result from a high level of one single compound, 
or a large collection of low compound levels that form a chemical mix-
ture, or it may be anything in between.
Guideline values of concentration thresholds for a selection of pollutants 
have been published by the World Health Organization (WHO) [4,5].
So far as microbial contaminants are concerned, indicators of dampness 
and microbial growth include the presence of condensation on surfaces 

or in structures, visible mould, perceived mould odour, and a history of 
water damage, leakage or penetration.
As the relationships between dampness, microbial exposure and health 
effects cannot be quantified precisely, no quantitative, health-based 
guideline values or thresholds can be recommended for acceptable levels 
of contamination by microorganisms. Instead, it is recommended that 
dampness and mould-related problems should be prevented through a 
proper control of temperature and management of ventilation.
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3.7 	A pplication of EFFESUS innovations from a  
	 restorer’s perspective

This section details the main features of the products developed and 
validated in EFFESUS and the application process recommended.

Aerogel insulation
The aerogel insulation named Spacefill has been successfully validated 
through the EFFESUS project. Trials have proven success in terms of 
installation and energy performance. 

The application guide for users is as follows: 
1.	 Installation must be carried out by an experienced cavity wall insula-

tion installer using existing installation techniques.
2.	 It must be ensured that there is a suitable cavity for filling, and that 

the wall finish is in good enough condition to accept a pumped in 
insulation: e.g. no visible cracks, the lath & plaster is secure with 
minimal movement when pressed.

3.	 A bore hole is cut out in each wall panel to enable the insulation to 
be infilled.

4.	 Check that the cavity can be sealed at the top and bottom (to pre-
vent Spacefill seaping out).  This would be typically done when using 
any traditional cavity fill insulation.

5.	 It is advised to wear gloves and a dust mask during the installation 
process.

6.	 The 5 mm cubes are fed into the machine which can then be blown 
into the cavity as insulation.

7.	 A Test Box to confirm the density of the material to be blown in 
should be done prior to the installation.  This should be carried out 
outdoors.

8.	 A small amount of dust is generated during the installation, however 
this is harmless.

9.	 It is important to ensure the entire cavity is filled and there are no 
blockages preventing the insulation from filling the entire cavity.

10.	  The borehole plugs can then be replaced and sealed.  The wall is 
then ready for decoration.

Insulation Mortar
ISOCAL is an excellent thermal insulating mortar which can be 
used for both indoor and outdoor application. It can be applied on 
mineral substrates such as natural stone, brick, ceramic block, old 
intact mineral render/plaster and concrete. It can have hand or spray 
application.
ISOCAL is a lightweight material (up to 3 cm layer thickness in one 
application) which is easy to employ. Only one bag system, ready to 
be used (water to add), and an entire process with primary layer and 
finishing layer to employ, but at the same time it can be used with 
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other finishing layers such as clay. Another benefit of ISOCAL is the 
same indoor comfort if the room is heated at a low temperature (for 
example at 14°C) in comparison to a standard heated room (~20°C).

Nevertheless, when using ISOCAL some limitations must be considered. 
On the one hand, some finishing products cannot be used: for example, 
cement based coatings. Additionally, special attention must be paid to 
wood structures, especially in case of new wood since there is the possi-
bility of shrinkage and consequently loss of insulation.

At the same time, in order to avoid recycling problems, the cleaning of 
tools must be done in specific boxes to separate polystyrene and water. 
The same problem will arise in case of removing ISOCAL. 
The following installation process must be pursued:
1.	 The wall must be cleaned of any incompatible materials particularly 

cement.
2.	 It must be rough enough to allow the ISOCAL to adhere.
3.	 It is important that the temperature must be as the datasheet 

expected it.
4.	 If the wall is not flat, then several layers will be applied.
5.	 In situations of high humidity rate, ISOCAL is not an appropriate 

solution 

Radiant reflective coating
The radiant (IR) reflective coating has shown good thermal performance, 
but it has some problems when applied on Cultural Heritage buildings 
since it must be a transparent and reversible solution. 
In the case of the installation of the radiant reflective coating, the follo-
wing instructions/recommendations must be followed:
1.	 The application of the coating is recommended to be carried out by 

experienced personnel using conventional techniques (brush, roll, 
spraying, etc.).

2.	 The coating application procedure is as follows:  
- Application of first Paraloid layer and 24 hour drying. 
- Application of second Paraloid layer and 24 hour drying. 
- Application of first coating layer and 24 hour drying.  
- Application of second coating layer.  
- Rest for another seven days.

3.	 It must be ensured that the surface is clean and dry before the 
coating application.

4.	 It is advised to wear gloves, a dust mask and protective clothes 
during the application process.

5.	 No coating application shall be done if the relative humidity is more 
than 85 % and when the surface temperature is less than 0ºC. 
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4.	De cision Support for energy interventions  
	 in historic urban districts

A major outcome of the EFFESUS project is the Decision Support System 
(DSS), an ecosystem of tools and methodologies to support evidence 
based diagnosis and decision-making, to identify and prioritise retrofit 
measures to improve the energy performance of historic districts. The 
project has developed a data model, a solutions repository, two software 
tools and a methodology that support the implementation of different 
processes within the framework. The multiscale data model and the repo-
sitory have been explained in the previous chapters. In order to facilitate 
the implementation of a modelling strategy, a categorisation tool has 
been created. This web application uses information from the multiscale 
data model to perform a categorisation of the building stock and support 
the selection of representative buildings. A decision-making methodology 
has been developed and implemented in an expert system that guides 
the user in the selection of the best strategies for a historic district.
Main target groups of the Decision Support System developed by EFFE-
SUS are municipalities and urban managers responsible for improving 
the sustainability of historic districts and guiding the stakeholders in 
this process, as they usually coordinate the first phase of the retrofitting 
process on which EFFESUS is focused. As for the use of the DSS, some 
features will require a degree of expertise in relation to cultural heritage 

assessment and energy efficiency; the “direct user” of the tool could be 
the technical staff of these organisations, or architectural and enginee-
ring firms, possibly as subcontractors. Other stakeholders interested in the 
tool could be grant managers (energy agencies, European Commission 
etc.), owners, investors, building solution providers, building users, local/
regional authorities for building and heritage conservation etc.
Different levels of decision-making have been established depending on 
the information availability and the stage of the process [1] in order to 
maximise the application possibilities. The strategies are selected by using 
a multiscale heritage significance impact assessment method to estimate 
the applicability of the solutions, in combination with multi-criteria 
methods, to rank the strategies according to user preferences. Eventually 
the estimation of impact indicators at district level, to calculate energy 
demand and carbon emissions reduction, thermal comfort and indoor air 
quality improvement as well as the economic feasibility of the proposed 
solutions, are conducted.
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4.1 	F unctionality 

Levels of Decision Making
Four Levels of Decision Making (LoDM) have been defined, relating to 
four different levels of information availability:
•	 No information: the user could just access generic information (Level 0)
•	 Low level: the information will be provided by the user through 

questions defined by the transferable models, based on the European 
building stock categorisation. No data model will be used (Level I).

•	 Medium level: The multiscale data model described in Chapter 1.2 will 
be used at this level, but only with a low level of detail. This infor-

mation will be sufficient for the categorisation tool (described in this 
chapter), in order to identify building typologies within the historic 
district and “sample buildings” that represent those typologies. A more 
complete information regarding these buildings in the data model will 
allow the user of the Decision Support System (DSS) to obtain results 
that could be extrapolated to the entire category and consequently to 
the whole district according to their level of representation (Level II).

•	 High level: when the data model has complete information regarding a 
high percentage of the buildings of the district (Level III).



Criteria and constraints for decision-making
The first step in any decision-making is to choose which factors are import-
ant. EFFESUS considers the following factors as important in the process:
•	 Improvements of habitability and indoor environment quality
•	 Energy savings
•	 Economic, technical and legislative feasibility
•	 Compatibility with the architectural, historical, constructional and 

sustainable characteristics of the historic district
Three of these indicators have been considered as evaluating criteria for 
selecting the best solutions and technologies: habitability and indoor 

environment, energy savings, and economic feasibility. The respect for he-
ritage significance and the observance of conservation principles are key 
for the project objectives, so they have been considered as constraints for 
the decision-making process. 
A location-specific heritage significance method has been developed. The 
assessment method is based on a 0-4 scale to evaluate the vulnerability 
of the buildings and the potential impact of the retrofit measures. This is 
done by, firstly, identifying the heritage significance of building and urban 
elements, such as walls, roofs and urban spaces, and secondly, defining 
the various impacts of retrofit measures on the elements with regard to 

Figure 26: Scales of levels of decision-making
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heritage significance, technical compatibility, and other factors. Finally, 
this information can be matched for specific elements to establish the 
suitability of a specific retrofit measure for that particular element. 

Overall methodology
The overall methodology has been structured based on six stages:  
1.	 Modelling: where the model of the city is generated
2.	 Current state definition: where the diagnosis of the district is 

carried out
3.	 Target definition: where the objectives and preferences of the user 

are defined
4.	 Strategy definition: where the most suitable energy retrofitting 

strategies are compared and selected
5.	 Implementation: where the strategies are deployed 
6.	 Monitoring: where the success of the strategies in practice is evaluated

The generation of the city model will allow the testing of different 
scenarios for the assessment of the strategies. The modelling will be 
different according to the levels of available information. Using the 
model and some of the indicators, the current state of the historic 
district can be identified. This would also include the constraints 
regarding the historic value and the compatibility. The indicators and 
the constraints that will be used will depend on decision-making and 
accuracy levels.

The definition of the objectives and the preferences of the users at urban 
level will be the first step in the decision-making process. The definition of the 
strategy is the “core” step of the methodology. The steps will be as follows:

•	 Compiling a list of solutions filtered according to the defined constraints 
•	 Ranking of technologies according to the criteria (indoor environment, 

energy performance and economic feasibility) and the weighting 
system that have been selected by the user.

•	 Definition of the rehabilitation strategy at urban level. This Strategy 
will be translated to the executive scale (the building scale), to set the 
objectives and the rehabilitation strategy at this level.

The whole methodology has to be able to articulate the structuring of 
all new information and feedback generated during the process. All the 
phases of the intervention at building level (the diagnosis, the design of 
the intervention and its implementation) will generate new information 
about specific buildings that will complete the multiscale data model 
of the historic district and enable more accurate decision-making. The 
indicators at urban level will allow monitoring the real improvement of 
the strategies and consequently the whole process will be refined.

EFFESUS Categorisation tool
Based on the method described above, EFFESUS has developed a cate-
gorisation tool, a software application that will provide the user with an 
easy and intuitive way for the identification of building typologies of a 
specific historic district. The tool is based on information from the district 
data model and its outputs; a small number of archetypal or sample buil-
dings are used as input for the DSS. Thereby, the DSS receives sufficient 
input of location-specific data to assess the impact of retrofit measures 
at the specific historic district. However, to perform such assessments, 
the DSS also requires information on the measures to consider and their 
impacts. This information is stored in the technical repository.

Decis ion Support for energy interventions in historic urban districts



Expert system
To support professionals in the strategic decision-making processes 
for retrofitting historic urban districts, the expert system developed in 
EFFESUS requires two types of data inputs: location-specific data about 
the district, and technical data about available retrofit measures and 
associated assessment indicators. The data of retrofit measures are not 
location-specific and are stored in the technical repository. As the avai-
lability, completeness and quality of district data can vary significantly, 

the DSS has been developed so that it can perform assessments at four 
different detail levels, as explained above. The district data inputs will 
obviously have a significant impact on the outputs the DSS can deliver.

Where hardly any suitable district data is available, the DSS will base 
its assessment solely on the geographic location of the districts (Level 0 
assessments). In this case, the outputs of the DSS will be basic informa-
tion about building retrofits suitable for the climatic region in which the 

Figure 27: Screenshot of the categorisation tool
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district is located. Where the software user is able to provide at least 
some minimum information about the district, a level 1 assessment can 
be performed, by assigning a district type to the district and comparing 
it against standard typologies saved in a transferable model together 
with suitable retrofit guidance. In this case, the DSS output is based on 
the district’s climatic region and its typology. The DSS will guide its users 
through a set of questions, selecting the parameters which are required 
to allow the identification of the district type. For both level 0 and level 1 
assessments, no district data model is required.

Only where sufficient data is available to generate a data model, the more 
advanced assessments of detail levels 2 and 3 can be performed by the 
DSS. Where datasets are of little completeness, a level 2 assessment will 
be used, based on an analysis of the building stock using the Building 
Stock Categorisation Tool. Thereby, the district will be reduced to a sui-
table small number of typical buildings, for which sufficient data is either 
already available or can be obtained reasonably easy. The DSS assess-
ment will base its assessment on these typical buildings and extrapolate 
its results to the whole district. Only where complete or near complete 
district datasets are available, a level 3 assessment be conducted. In this 
assessment case, the DSS uses data straight from the multiscale spatial 
district data model. These assessments will be the most detailed and reli-
able ones, but will also be the most resource consuming, particularly with 
regard to the identification and preparation of the district input data.

For level 2 and 3 assessments, the DSS will analyse the impact of the 
various retrofit measures catalogued in the Technical Repository (see 

chapter 2.1 of this booklet) as if they were to be installed in the district. 
The impacts will be assessed using the indicators listed in the repository, 
with regard to economic return, energy consumption (embodied and 
operational), indoor environment, heritage significance, and technical 
compatibility. The latter two assessment aspects are implemented in the 
DSS as constraints to filter out retrofit measures which are considered as 
unsuitable, regardless of the outcome of the other assessment aspects. 
The assessment process will identify, for each assessment aspect, those 
retrofit measures which are the most suitable for a specific district. In a 
final step, the DSS will combine the identified measures into recommen-
ded packages of retrofit measures, for further investigation by professio-
nals to confirm their suitability in specific building cases.

To make the DSS more interactive, users can set strategic priorities, for 
example by identifying and balancing capital expenditure against antici-
pated savings in energy or carbon emissions, or by identifying impro-
vements of the indoor environment. 
To sum up, the inputs from the data model and the technical repository 
are used by the DSS to produce.
•	 A current state regarding energy demand and carbon emissions
•	 A list of possible solutions classified by their applicability
•	 A priority list of packages of retrofit measures which are likely to be 

suitable in the context of a specific historic district 
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4.2 	U ser Interface

The EFFESUS Decision Support System (DSS) is an innovative system for 
the assessment of energy-related interventions in built cultural heritage 
at building and district level. It supports users to select and prioritise 
energy interventions with full respect to the historical significance of the 
buildings. This section provides a brief description of the system’s user 
interface, focused on presenting the outcomes of the main functionalities 
of the DSS. 

Homepage
The homepage of the DSS provides general information about the system 
to urban planners or other stakeholders. Users can read further infor-
mation about the EFFESUS project (innovations, outcomes), the DSS, 
European national policies regarding energy and cultural heritage, best 
practices, etc., by choosing one of the options that feature in the “Ge-
neral Information” tab at the main menu bar. Users can register or login 
to the Decision Support System by the “Account” menu. It is important 
to note that only registered users can create or edit their own projects. 
Users can search for a specific topic by using the “Search” section on the 
top main menu bar and typing a term into the search box. The system will 
then search for pages containing that term anywhere in the page name 
or page content. When the search is completed, a list of links will appear.

Projects
On the “Projects” tab on the top main menu bar, registered users are 
able to manage their existing projects or create new ones. 

Utilising the user-friendly interface, users can exploit the numerous fun-
ctionalities that the system offers to manage their projects. Specifically, 
the user can create, open, edit and change the settings of a project and 
delete it. Depending on the type of the project (Level 1 or Level 2) which 
the user attempts to open, the forms Level 1 (LoDMI – Questionnaire) 
and Level 2 (LoDMII - All Buildings) are displayed correspondingly.     

The collaboration tool enables a user to upload and store significant do-
cuments and to share it with other users. Additionally, users can establish 
links to communicate with other users via a wide range of means (email, 
telephone, teleconference, appointment, etc.). An informative panel 
(“Logs”) provides details about the current project tasks, such as the 
selection of buildings, the evaluation of solutions and other ones.

Level 1 Project
In the “Level 1 (LoDMI – Questionnaire” form (see Figure 28) the user 
can see information about the project and give answers to twelve 
predefined questions. The DSS will need to take into account the user’s 
input and, using a data-driven decision approach, query the solutions 
repository and provide the user with the results. The system guides the 
user into the process providing the required information, which allows 
identifying the main characteristics of the historic district. Level 1 projects 
provide the users the possibility to create projects in order to obtain 
solutions and recommendations for the selected historic districts based 
on information about the main characteristics of the historic district. On 
the slide up-down buttons in the “Level 1 (LoDMI – Results)“ form, the 
results for the climate analysis, the strategies, the best practices and the 
types of solutions appear.
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The user can interact with the tool, editing parameters and thresholds for 
categorisation as well as editing properties of representative buildings. 
The process for the categorisation consists of five main steps: 
1) 	Statistical overview of the parameters (see Figure 29)
2) 	Selection of the parameters and value ranges
3) 	Generation of the typologies and selection of the representative 

typologies (see Figure 30)
4) 	Selecting sample buildings
5) 	Completion of the information regarding the selected sample building.
The Categorisation tool is linked to the DSS, and the result of this step 
will allow the identification of building typologies within the historic 
urban district, and “sample buildings” that represent those typologies 
(“Load All Buildings”). 

Figure 28: Level 1 (LoDMI – Questionnaire) form

Figure 29: Statistical overview of categorisation parameters in the  
Categorisation Tool
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Level 2 Project
Level 2 (LoDMII) projects consist of three major functionalities. These are:
•	 Modelling: the user is working with the Categorisation Tool to select 

“sample buildings”, which will represent the different “groups” of 
buildings of the historic urban district

•	 Current State: represents the conditions of the “sample buildings”.  
•	 Decision Making: guides the user to define the best strategies for 

selecting and prioritising energy efficiency interventions in the historic 
district.

Modelling
At this level, a “Categorisation Tool” is utilised to define the represen-
tative buildings of the historic district by identifying building typologies. 



The next step is to complete the data model with detailed information for 
these sample buildings. That allows the DSS to obtain results that could 
be extrapolated to all the categories and consequently to the whole 
district according to their representativeness, and could establish the im-
pacts of the selected retrofit strategies. To accomplish this process, users 
have to choose one “sample building” at a time and click on “Open 
selected building” to proceed to the Building Evaluation page.

Building evaluation
This phase comprises six steps which describe the current state of the 
sample buildings as well as the decision-making process.

Step 1: Building / District Information
In this step, basic information about the project, the region and the 
district are entered as well as details about the basic attributes of the 
current building such as: 
•	 Number of storeys
•	 Ground floor area (m2)
•	 Year of construction
•	 Principal use
•	 Percentage of openings: presents the opening area (m2) of the buil-

ding divided by the total wall and roof area (m2) of the building
Additionally, in the panel “Energy Efficiency Indicators”, information 
about the thermal energy use per year and floor area, as well as CO2 
emissions, are presented (see Figure 31).

Figure 30: Selection of representative typologies in the Categorisation tool

Figure 31: Building / District Information
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Step 2: District Heating System
In the next panel, “District Heating System”, the DSS displays information 
about the district heating system (see Figure 32). The heat density of a 
specific area is the first indicator which is used to get an overall under-
standing of the economic feasibility of a district heating installation. The 
heat energy demand of all dwellings (DW) and commercial buildings (CB) 
are put in relation to the planned supply area.  If the heat demand and 
heat density is sufficiently high for a centralised heating system the deci-
sion process will be used. The decision process depends on further local 
parameters such as renewable energies potentials, biomass or waste 
potential, possibilities for a distribution grid and existing space for power 
plants, the connection rate and development velocity. The DSS takes 
under consideration all these information and estimates the decentralised 
or centralised energy solution.

Step 3: Heritage Significance
In the panel “Heritage Significance Table” the heritage significance indicator 
for every part (walls, roof, etc) of the sample building is displayed. The scale 
that measures the degree of heritage significance of these elements is:
0= Neutral or negative significance 
1= Minor significance 
2= Major significance 
3= Outstanding significance 
4= Exceptionally outstanding significance 
In the panel “Heritage Significance Chart”, the pie charts of heritage 
significance are displayed, each one of them corresponds to each one 
of the significance types (visual, spatial and physical). The distribution 
categories are: 
3 or higher 	= Outstanding or exceptionally significance 
1 or 2 	 = Minor or major significance 
0 	 = Neutral or negative significance

Decis ion Support for energy interventions in historic urban districts

Figure 32: District Heating System

Figure 33: Heritage Significance Table and Chart



Step 4: Applicable Solution
The “Applicable Solution” panel presents a list of solutions which are 
ranked and grouped in the following categories:
•	 Acceptable 
•	 Likely to be acceptable 
•	 Potentially acceptable 
•	 Not acceptable 

The assessment is done by comparing the impact of retrofit measures 
with the heritage significance assessment, and is based on the following 
table:

In Figure 34 a list of applicable solutions estimated by the DSS, taking 
into account the sample building’s overall heritage significance value and 
the impact of each repository solution, appears. The user can remove the 
unwanted applicable solutions by clicking on the ”Delete“ button.

Step 5: Solution Ranking
To rank the applicable solutions, users can choose one of the two availab-
le decision-making methods, namely Analytic Hierarchy Process (AHP) and 
Simple Multi-Attribute Rating Technique SMART as shown in figure 35.
Five different criteria will be considered at this stage: 
•	 Thermal Comfort (TC)
•	 Indoor Air Quality (IAQ) 
•	 Energy Saving (ES)
•	 Cost 
•	 Low Impact Solutions (LIS) 

Figure 34: Table of Applicable Solutions

Table 4: Heritage significance assessment
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The user can evaluate in pairs the above criteria by using the following scale: 
•	 Extremely preferred=9
•	 Very strongly preferred=7
•	 Strongly preferred=5
•	 Moderately preferred=3
•	 Equally preferred=1
The assigned weights from the paired comparison of the criteria are 
used by the AHP to find the best single retrofit solution. Finally, the DSS 
updates the table of applicable solutions with the ranking results.

On the other hand, using the SMART method, user estimates the relative 
importance of each criterion giving a value to the corresponding slider. 
Then weightings for each criterion are calculated and the selected solu-
tions are ranked. The DSS updates the applicable solutions table with the 
ranking results.

In the panel “Ranked Solutions Charts”, the DSS displays charts 
presenting the ranking outcomes. The top input bar of the chart is used 
to select the indicators the user wants to be displayed.

Step 6: Scenarios
Users can create scenarios (packages) of solutions in order to assess 
different strategies manually, or ask the system to select the best solutions 
automatically (Multi-Objective Programming - MOP). To generate scenarios 
manually, the following steps should be undertaken (see Figure 36):
•	 Choose the solutions which are going to be included in the scenario.
•	 Name the new scenario. 
•	 Click on the “Create Scenario” button.

Decis ion Support for energy interventions in historic urban districts

Figure 35: Ranking Applicable Solutions 

Figure 36: Create/Manage Scenarios



Each created scenario is added to the corresponding “Scenarios” panel 
(see Figure 37). The scenarios are assessed in terms of the energy indi-
cators and the impact on the indicators Thermal Comfort (TC), Indoor Air 
Quality (IAQ), Energy Saving (ES), Cost and Low Impact Solutions (LIS). In 
the panel “Scenarios Chart” each of these indicators is plotted (see Figu-
re 37). Also a visual comparison between different scenarios is provided.

To let the DSS automatically create an optimal scenario of solutions using 
MOP, the following steps should be undertaken:

1.	 Click on the “Create Scenario with MOP” button.
2.	 In the pop-up window, choose a threshold for cost impact and give 

the name for the scenario. 
3.	 Click on the “Find Optimal Combination of Solutions and Generate 

Package” button. The DSS will then execute the MOP algorithm and 
add the new scenario to the scenario list.

In the panel “Scenarios Chart“, the visualisation of the impact on the 
indicators for each scenario is plotted on a bar chart.

Figure 37: List of Scenarios and scenarios bar chart
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4.3	V alidation of the EFFESUS Decision  
	S upport System

As its main output, the EFFESUS project has developed a software tool 
to aid the strategic decision-making process of retrofitting historic urban 
districts to improve their energy performance [1]. This Decision Support 
System (DSS) is a web-based tool for professionals to analyse and priori-
tise retrofit measures suitable in a historic context [2,3]. The tool requires 
as input two data sets: location-specific data about the urban district to 
be interrogated and a catalogue of generic retrofit measures. The latter 
was developed by EFFESUS in the form of a Technical Repository [4]. 
The location-specific data should ideally include information about the 
buildings in the historic district (including building age, construction form, 
materials, geometries, cultural significance, energy consumption, carbon 
dioxide emissions, indoor climate) as well as the outdoor climate (such as 
local weather and climate change predictions).

The availability, completeness and quality of the data about a historic 
district can vary significantly. The DSS has therefore been designed so that 
it can handle these different levels of detail in the data. Where no location 
specific data is available, the DSS will make available general information 
about the retrofitting of historic districts in Europe, such as a collection of 
retrofit case studies [5] and details about the relevant heritage protection 
systems [6].

Where data is sparse, the assessment is made using ‘transferable 
models’: Based on the climatic region and twelve set questions, the DSS 

outputs general retrofit recommendations depending on city type and 
climatic context. This is referred to as ‘level 1’ assessment.

For urban districts where at least some suitable data is available, it will 
be collated into a spatial multi-scale data model. Most of the time, the 
analysis by the DSS will be based on selected sample buildings that are 
representative of the district (‘level 2’ assessment’). To help identify these 
sample buildings, EFFESUS has also developed a Building Stock Categori-
sation Tool (BSCT), which is another web-based software [7].

Ideally, detailed data will be available for each and every building. In this 
case, the use of the Building Stock Categorisation Tool could be omitted 
and the full data model be used as a DSS input. Such analysis could be 
thought of as ‘level 3’ assessments, which, due to their complexity, have 
not (yet) been integrated into the DSS. The different assessment levels 
discussed above are summarised in Table 5, together with the tools used 
and outputs given. The relationship of software tools and data inputs and 
outputs for level 2 assessments is illustrated in Figure 38.

In the following, the testing of the DSS and the Building Stock Categori-
sation Tool will be described. The testing was carried out in early 2016, 
when the software programmes were nearing completion.
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Software testing
The software tools were tested regarding their functionality, user-friend-
liness and suitability. The aspects tested included energy and economy 
(including carbon dioxide emission and financial costs), suitability in a 
historic context (including cultural significance and material compatibility) 
and environment impacts (on indoor and outdoor environments).
Firstly, the DSS web portal was reviewed and suggestions made for 
improvements to its layout and content. This included a general review 
regarding the usefulness of the information planned for dissemination as 
DSS outputs where no suitable district data is available.
Secondly, level 1 assessments were tested using the cities of Santiago de 
Compostela in north-western Spain, and Visby in south-eastern Sweden 

Detail level Availability and quality of location-specific 
data inputs

Use of  
data model

BSCT Technical  
Repository 

0 Geographic location as the only district data input not used not used partially used

1 Geographic location and identification of corres-
ponding city type through a guided process of set 
questions and answers

not used not used partially used

2 District data generally available, but incomplete and/
or of limited quality

used used fully used

3 District data available, (near-) complete and of good 
quality

used not used fully used

Table 5: Detail levels used in DSS assessment, depending on data availability, completeness and quality, in conjunction with a data model, the Building 
Stock Categorisation Tool (BSCT) and the Technical Repository

Figure 38: For level 2 assessments, two datasets are inputted into the DSS 
generating as output priority lists of retrofit measures; the data size in the 
spatial data model is reduced through the building stock categorisation tool
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Figure 39: Building stock categorisation: from whole district data to data 
for representative sample buildings

at the island of Gotland. The questionnaires were answered as required 
by the DSS and the outputs evaluated regarding their general applicability 
and usefulness. As no district data is used in level 1 assessments, no loca-
tion-specific outputs are produced, such as energy savings or capital costs.

Lastly, level 2 assessments were performed. These are far more one-
rous compared to the previously conducted testing. Again, the cities of 
Santiago de Compostela and Visby where used, but this time, spatial data 
models were created prior to commencement of the testing. The Spanish 
model was based on the historic city centre of Santiago; the Swedish mo-
del only included three urban blocks of Visby’s historic city centre (both 
city centres are UNESCO World Heritage Sites). The data in the models 
were analysed and reduced, using the Building Stock Categorisation Tool: 
For Santiago, three sample buildings were selected to represent the entire 
historic city centre; for Visby, two buildings were chosen (Figure 39). In 
this process, general suggestions for improvements to the categorisation 
tool were made.

The identified sample buildings were tested by using them in the DSS 
and analysing the resulting data outputs. The software, firstly, generates 
a list of retrofit measures, which it considers applicable in the particular 
location-specific context (Figure 40). This list was found to be generally 
suitable. The identified measures were then ranked manually and by using 
two ranking systems built into the DSS: 

•	 Analytic Hierarchy Process (AHP) and 
•	 Simple Multi-Attribute Rating Technique (SMART). 

They allow software users to set priorities regarding indoor air quality, 
disruption, thermal comfort, energy saving and associated costs (Figure 
41). The ranked priority lists of retrofit measures were found to produce 
suitable results; the associated quantitative calculations (including energy 
consumption, savings, costs) were plausible. The two data models were 
also tested for a second time with their climate data swapped. This me-
ans that the Santiago model was tested as if the city were in south-eas-
tern Sweden; and the Visby model as trialled as if located in north-wes-
tern Spain. The DSS outputs were found to have changed suitably due to 
the climate data swap.



Figure 40: DSS screenshots listing applicable retrofit measures for a specific location

Continuation of the software development
The DSS will require further demonstration in the field before it can be 
used extensively. Further adaptations and improvements to the software 

are certainly possibly and will need to be tied closely to the business mo-
del (which is still under development at the time of writing of this article) 
under which the software is to be used.
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Current restrictions for use of the DSS include:
•	 A spatial data model needs to be produced before the DSS can be 

used for level 2 assessments. However, there is no tool available for 
doing this easily.

•	 Although the Building Stock Categorisation Tool (Figure 42) has 
proved itself as an excellent tool to analyse urban district data, the 
selection process of sample buildings is still a manual activity and 
would benefit from automatisation.

•	 The assessment of technical compatibility, including reactions of 
materials in contact and reversibility of interventions, is not yet fully 
integrated.

•	 The assessment of embodied energy has not been implemented yet 
for reason of complexity, thereby preventing the use of full life-cycle 
analysis.

Figure 41: DSS screenshots showing the AHP system for ranking retrofit measures



Figure 42: Screenshots of the Building Stock Categorisation Tool, developed as part of EFFESUS to analyse 
urban district data with the aim to select a number of identified sample buildings representing an entire urban 
district

Conclusions
The EFFESUS project has produced a sophisticated DSS to aid city plan-
ning experts in the process of making strategic decisions on improving 
energy performance of buildings at an urban scale. The DSS is supported 
by a Building Stock Categorisation Tool which allows for the excellent 
analysis of urban district data. The DSS is generally user friendly, its out-
puts are plausible and suitable. It is in the nature of the software though 
that not all recommended retrofit measures are always suitable in real 
world situations. The ranked priority lists of retrofit measures produced 
for location-specific assessments require critical review by professionals 
understanding the particularities of the historic buildings and districts 
concerned. How the DSS will effectually be used depends on the business 
model, currently being developed for the software tool.
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5.	Ove rcoming non-technical barriers for energy  
	 interventions in historic urban districts

While the focus in EFFESUS has been on the development of herita-
ge-compatible technical innovations and the creation of a software-ba-
sed Decision Support System, the project has also dealt with questions 
concerning how to overcome various non-technical barriers for energy 
interventions in historic urban districts. These kinds of barriers can be dif-
ferent in nature: namely financial, cultural, societal or political. Financial 
barriers are closely related to the non-availability of appropriate funding 
schemes and public financial incentives to overcome the lack of financial 
capacity of house owners. Cultural barriers exist, for example, in terms of 
contradictory understanding of architectural traditions and typologies of 
urban regeneration among the different stakeholders involved in these 
processes; while retrofitting of multi-occupancy house can be a societal 
challenge due to the often diverging interests of the various owners. Poli-
tical barriers can be the result of non-activity on the part of the municipal 

administration in energy planning and management of larger-scale urban 
retrofit measures. The following two contributions provide an overview 
of the most important non-technical barriers, which currently affect the 
retrofit of historic buildings in Scotland and in Santiago de Compostela, 
and recommendations how to overcome them in practice.

Apart from these non-technical barriers, directly related to energy 
interventions in historic urban districts, EFFESUS has dealt with specific 
non-technical barriers with regard to the implementation of the project’s 
objectives. The final contribution in this chapter, therefore, is aimed at 
providing insights into the non-technical challenges in implementing the 
seven EFFESUS case studies. In addition, it describes crucial challenges 
with regard to international market implementation of the heritage-com-
patible innovations developed in EFFESUS.
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5.1	N on-technical barriers to retrofitting historic 
	 buildings and urban districts in Scotland

Novel and adapted retrofit products make it possible to improve the 
energy performance of historic buildings in ways that are sustainable and 
have no adverse impact on the characteristics that constitute their cultu-
ral importance. Some limitations, however, remain: Inappropriate retrofits 
can cause accelerated deterioration of building materials, create harmful 
indoor environments and reduce a building‘s cultural significance. Despite 
this, appropriate retrofit measures are now often available to choose 
from when retrofitting a historic building. Yet, their uptake is slow.
Often, it is not only technical barriers that hinder a building’s retrofit, but 
non-technical barriers of financial, cultural, societal or political nature. 
This contribution seeks to provide an overview of the non-technical barri-
ers which currently impact on the retrofit of historic buildings in Scotland. 
The overview is based on: research performed by the EFFESUS project 
[1], including discussions at an EFFESUS expert stakeholder workshop in 
Glasgow in February 2015 (Figure 43); outputs of the LEAF project [2], 
led by the Scottish sustainable development organisation Changeworks; 
and own professional experience. The presented overview does not aim 
to be inclusive, but rather to show the large variety of aspects that can 
constitute a non-technical barrier. Because this overview was produced 
for a project concerned with historic urban districts, the focus here will 
also be on an urban context and scale; and due to the sources used, 
the overview will concentrate on Scotland and on residential proper-
ties. Some of the discussion will be applicable to the other parts of the 
United Kingdom of Great Britain and Northern Ireland (UK); and many 
issues discussed will also be transferable to other places in Europe. The 
non-technical barriers to be described have been grouped as financial, 
cultural, societal and political [3].

Financial barriers
With regard to financial barriers, the UK tax system incentivises the 
construction of new residential property over the improvement of existing 
buildings. While the standard rate (20%) of Value Added Tax (VAT), ge-
nerally, applies to building construction, new residential buildings can be 
exempt from VAT [4]. The retrospective installation of “energy-saving ma-
terials” attracts VAT, albeit at a reduced rate of 5%, except where their 
installation forms part of a major replacement, for example where a buil-
ding is reroofed. In that case, 20% VAT applies to the roof‘s new covering 
and insulation [5]. No specific rules exist for historic buildings [6,7]. The 
tax system, thereby, incentivises energy performance improvements but 
favours even more new construction and building replacement.
Similarly, governmental incentives in Scotland for owner-occupiers to 
purchase residential property through Scotland‘s Help To Buy scheme 
are only applicable to new construction [8], and improvements to the 
public schools estate, the Schools for the Future programme, focuses 
on building replacement rather than retrofit [9]. Governmental support 
for improvements of energy performance of existing housing has been 

Figure 43: EFFESUS stakeholder workshop in Glasgow to discuss non-technical barri-
ers impacting on the energy-related retrofit of historic buildings and urban districts



criticised for creating a quickly changing funding landscape [10]: The UK 
government launched, in 2013, the Green Deal scheme [11]. It provided 
for the installation of selected retrofit measures through approved energy 
utility companies at no upfront capital cost to home owners, who repay 
the cost long-term through their energy bills. The scheme was replaced a 
year later by the Green Deal Home Improvement Fund, which also lasted 
only a year and has had no replacement [12,13]. The governmental 
support was described as “a triumph of short-termism” [14] unhelpful 
for the construction industry. The Green Deal was also criticised with 
regard to its suitability for older, often historic buildings, generally built 
using moisture-managing construction forms [15]. Identifying suitable 
Green Deal retrofit measures turned out to be not only challenging 
technically, but also economically: Green Deal assessments were based 
on energy cost savings calculated with Reduced Data SAP (RdSAP), a 
tool developed for the energy performance benchmarking of buildings 
[16]. Also used to generate energy performance certificates (EPCs), the 
tool, however, does not provide realistic assessments of the in-use energy 
consumption of older buildings [17,18,19].
Another financial retrofit barrier is the fact that, to date, the energy per-
formance of properties does not influence property prices significantly, al-
though it is mandatory to provide EPCs when letting or selling residential 
properties [20]. In Scotland, prices are still predominantly determined by 
location and number of bedrooms. This lack of influence of a property’s 
energy performance on its prices is a disincentive to making energy-re-
lated improvements. Furthermore, EPCs for residential properties are 
calculated with RdSAP, the limitations of which for the assessment of 
older buildings are mentioned above.

Cultural barriers
Apart from the financial aspects, various cultural barriers exist, many of 
which relate to the multiple ownership of buildings. Scotland has an old, 

distinct urban tenement tradition (Figure 44). Whereas “43% of Europeans 
live in flats” [21], only 30% of Scots do so [22], which, however, is still a 
large portion of the population compared to 15% in England and 8% in 
Wales [23]. Yet, despite this tradition, Scotland does not have mandatory 
forms of associations of the owners of a tenement. In Germany, for ex-
ample, property owners are legally obliged to establish residential property 
owners associations (in German: Wohnungseigentümergesellschaften) to 
deal with common building maintenance [24]. In Sweden, tenant-owner 
associations (in Swedish: bostads-rättsförening) are not uncommon for 
buildings which are owned jointly by occupiers [25]. As part of the German 
or Swedish systems, owners are generally required to make regular pay-
ments into a common fund in order to cover the costs of on-going building 
maintenance and future repairs. Such communal systems can then also be 
used for joint investments into energy performance improvements.
The general absence in Scotland of such forward-looking owners’ 
associations means that routine building maintenance and repair are 
difficult to organise; joint energy performance improvements are even 
more difficult. Yet, carrying out works collectively often reduces capital 

Figure 44: Two multistorey tenement buildings (on the right of the photo), built in the 
1720s, on North Bank Street in Edinburgh’s Old Town, part of a World Heritage Site
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costs (for example: scaffolding is only needed once if works to a façade 
are carried out jointly), and many improvement measures only become 
feasible when installed and used communally (particularly systems for 
energy generation from low-carbon or renewable sources, such as heat 
pumps or solar panels). Professional property management of buildings 
in multiple ownership, referred to in Scotland as ‘property factoring’, is 
more common in Glasgow [26, 27], for example, than in Edinburgh. Such 
factoring could also be used as an organisational and financial vehicle for 
energy-related retrofits in the absence of building owners’ associations. 
For this reason, the LEAF project lists as a policy recommendation the 
“implementation of [building] maintenance plans and improved manage-
ment structures in multi-occupancy buildings” [28].

Societal barriers
Retrofit issues also arise from the often diverging interests of the owners 
of buildings in multiple ownership. The owners are rarely a homogeneous 
group, but a mix of owner-occupiers and short- and long-lease landlords, 
and of different age groups and household forms (for example: couples, 
families, flatshares, widowers). The owners have often different and 
opposing interests on how to develop their properties, and energy per-
formance improvements are not necessarily an investment priority. Young 
property owners, for example, might not plan to stay in the property for 
long enough to make retrofit measures financially viable, particularly 
those requiring high capital investment and with long payback peri-
ods. The same is true for elderly owners, as their often reduced income 
and remaining life expectancy might make long-term investments not 
worthwhile [29]. Landlords, generally, have little incentive to invest in 
energy performance improvements of their properties, as this will not 
save them money; the energy savings will only benefit their tenants. It 
remains to be seen to which degree forthcoming UK regulations requiring 
minimum EPC ratings for the rental and sale of residential properties 

will act as an incentive for owners and developers to invest in energy 
performance improvements [30,31].

Political barriers
Communal installation of retrofit measures at a building scale makes 
options available which would not be feasible for singular flat owners. 
The same is also true at higher scales: Joint retrofits on a neighbourhood 
or urban district level allow the installation of energy-related systems 
that are not possible at the scale of single buildings, such as combined 
heat and power (CHP) plants and district heating systems. The latter is, 
for example, used in the historic city centre of Visby, a UNESCO World 
Heritage Site on the Swedish island of Gotland [32], where a distribution 
network was installed below the centre‘s street surfaces (Figure 45).

Overcoming non-technical barriers for energy interventions in historic urban districts

Figure 45: Installation of a district heating system below the streets of 
Visby’s historic city centre, a World Heritage Site (Image © GEAB)



Initiatives of this scale are rare in urban Scotland. With regard to CHP 
plants, for example, only few have so far been installed, mostly at 
university and sports campuses. The University of Edinburgh, for example, 
powers its Edinburgh campuses with four CHP plants, feeding a district 
heating system [33] which, however, remains disconnected from the ad-
jacent historic city. A rare example for urban-scale retrofit in Scotland is 
the installation by Cube Housing Association in 2012 of a district heating 
system with CHP plant at the mid-20th century Wyndford Housing Estate 
in Glasgow, serving nearly 2000 homes in three-storey terraced buildings 
and fifteen-storey high-rise towers [34]. The installation of Visby’s district 
heating system was greatly supported by the Government of Gotland 
Region. It seems that, unless Scotland’s public administrations start 
taking a more active role in energy planning and management also, such 
larger-scale urban retrofits will not become commonplace in Scotland.

Conclusions
Numerous non-technical barriers exist to the retrofitting of existing buil-
dings, with some barriers particularly applicable to older and historic buil-
dings. The above discussion has given an overview of the nature of these 
barriers. Completeness was not the aim for the presented overview, but 
rather highlighting the multitude of aspects which can and need to be 
considered: from financial to cultural, societal and political. Overcoming 
the technical barriers to building retrofit has been the topic of numerous 
research projects. Yet, whilst technical barriers remain of relevance, a 
better understanding of the non-technical barriers to energy-related 
building improvements is needed to integrate it more systematically in 
governmental policy development.
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5.2 	C itizen Participation in Santiago

One of the main challenges with regard to the management of historic 
centres is to encourage the active participation of the inhabitants living 
in these areas. Focusing on energy rehabilitation is one of the best ways 
to boost participation, as it directly affects citizens and the living condi-
tions of the buildings in which they live. 

Owners are responsible for ensuring the proper conservation of their 
buildings, and energy efficiency and maintenance programmes require 
their participation. Retrofitting from the energy point of view can be an 
opportunity to involve citizens in complex urban regeneration processes, 
as it requires the commitment of residents to directly undertake rehabili-
tation mechanisms in order to maintain their homes.

One of the tasks of EFFESUS was to promote an energy workshop for the 
inhabitants of the historic centre of Santiago de Compostela. This work-
shop has been organized by the Consorcio de Santiago to the objective 
of setting up an “Urban Energy Laboratory” in the historic city centre. 
The Consorcio de Santiago has been stimulating various rehabilitation 
programmes during the last 20 years with great acceptance among the 
inhabitants, and it will now develop a programmes to advise citizens on 
the energy characteristics of their buildings and homes. This laboratory, 
a component of the ongoing rehabilitation programmes, will give advice 
on possible energy solutions for each individual dwelling, through the ex
change of information between professionals and inhabitants interested 
in innovative results. 



The Urban Energy Laboratory will be located in a commercial office in the 
heart of the historic city. In addition to assisting citizens in energy reha-
bilitation, the laboratory will contribute to improving knowledge on how 
buildings are used, managed and transformed to meet modern comfort 
requirements, as well as to collecting information on energy consumption 
and housing environmental management strategies. The laboratory will 
also foster key knowledge for visitors, by explaining and illustrating op-
tions for how to handle the permanent transformation processes in histo-
ric centres without endangering the urban heritage values they represent. 
This is because the continued success of historic cities is directly related 
to their capacity to evolve and adapt to changes in the everyday lifestyles 
of their inhabitants; the continuity of liveable historic cities depends on 
their ability to change and enhance the conditions for citizens.

Against this background, what are the appropriate steps for changing 
and improving living standards without damaging heritage values? In 
our opinion, the response can be related to energy and to the culture of 
maintenance, on the capacity of the buildings to allow changes easily, 
and the ability to create jobs and boost the local economy through the 
processes of urban transformation.
Citizens living in historical areas have hitherto been effectively margina-
lised by the processes of protection and enhancement of their physical 
surroundings. Authorities have often vehemently told owners what they 
could not do in their homes or districts, whilst not explaining what they 
could do or how they could do it. Therefore, it is necessary to focus 
on the procedures and processes based on the everyday life of the in
habitants of cities and neighbourhoods, through simplified bureaucracy, 
and direct and close cooperation with residents. 
There is a clear parallel between the loss of heritage and the loss of 
energy values, as traditional living models and architectural and urban 
features were adapted to the environment. Instead of rehabilitation, it 
seems advantageous to talk about liveability. The evolution of cities and 
human progress has always been related to the improvement of liveabi-
lity conditions; and liveability requires energy.  Pre-industrial architecture 
can be considered as a model of efficiency and economy in terms of basic 
liveability in homes and public spaces. 
It is not possible to deal with commitments on the reduction of consump-
tion and emission of greenhouse gases without reviewing the lessons 
learned in architecture and urbanism in historic cities. The approach to 
the rehabilitation and conservation of the urban heritage is assuredly 
and strategically possible if considered from an energetic point of view. Figure 46: Typical dwelling in Santiago de Compostela
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Energy and preventative maintenance for the preservation of the historic 
city can only be managed from the active involvement of users. Therefore, 
it is urgently necessary to engage citizens in the preservation of heritage 
and to replace the culture of dependence by a culture of commitment.
If we admit that a city is continuously changing, we should consider urban 
rehabilitation as a process which has to respect the rhythm and continuity 
of this state of permanent transformation. Hence, in historic cities, even 
apart from their heritage values, methodologies for intervention must 
necessarily be tempered to the daily reality of the city and its inhabitants 
in order to be adapted to this complex scenario of continuous change. It 
is not easy, but this is the real challenge of urban regeneration. Moreover, 
urban science, as it has been developing during the twentieth century, has 
not convincingly handled the simple complexity of everyday life in cities. 

Unless there is a culture of sound urban governance, it is time to start 
thinking that the systems and procedures of urbanism are not enough. 
Neither intensive projects, copiously financed, nor urban planning stra-
tegies conforming to standard management formulas have been able to 
fit peacefully in the natural, evolutionary transformation of cities. In his-
torical centres with special cultural value, protection formulas in the last 
third of the 20th century were dissociated from the reality of cities and, 
distinctly worse, from their inhabitants. They have reached dimensions 
of extraordinary ineffectiveness with respect to the primary objectives of 
conservation, and sometimes they became a factor of significant heritage 
loss in the city as a whole. This is why it is urgent to reformulate strate-
gies of conservation and enhancement of the historic cities through the 
promotion of good urban governance.

Within the framework of the policies of urban regeneration that drive the 
Consorcio de Santiago, and in coordination with the actions planned in 
EFFESUS, the Urban Energy Laboratory and workshop “Refurbish With 
Energy!” was held for a week with the involvement of the inhabitants of 
the city who feel committed to the intelligent management of energy in 
their homes. In parallel with the citizen workshop, the children’s work-
shops “Learn & Play With Energy Efficiency!” was held, to the purpose 
of involving the young inhabitants of the city in something that will be 
decisive in their lives.

Figure 47: Citizen workshop in Santiago



5.3 	O vercoming implementation barriers in  
	 transdisciplinary research projects

A successful energy-efficient retrofit of a historic urban district is a 
process which requires the stamina of all stakeholders, as success can 
only be achieved with the cooperation of public authorities, private 
enterprises, private owners, investors and residents. With this knowledge, 
EFFESUS initiated several activities dedicated to overcoming some of the 
major implementation barriers which arise in multi-disciplinary retrofit 
projects. These efforts focused both on facilitating the conduct and 
coordination of the project activities in the seven case studies and on the 
potential market implementation of the heritage-compatible innovations 
developed in the project.

Case-Study implementation
The project outcomes show that the number of implementation barriers 
correspond to the complexity of the interventions that were undertaken 
in the seven EFFESUS case studies. The project partners responsible for 
implementing interventions on the district level had to deal with the 
quite different expectations and interests of various stakeholders. For 
example, the comfort conditions under current circumstances in the in-
vestigated case studies are relatively high. It was therefore quite difficult 
to convince citizens to agree to change their current energy systems or to 
implement measures to improve energy efficiency. As research in this area 
has consistently shown, most people are not motivated by the concepts 
of ‘energy efficiency’ or ‘sustainability’.  Most people need to under-
stand that they will have more direct benefits before they will engage 

with concepts which are perceived as only having an indirect or general 
impact on them.

One tool to address this challenge is to offer showcases, where citizens 
can test the living conditions in historic buildings following the introduc-
tion of innovative technologies. Moreover, it has been concluded during 
the case study implementation that there is often a lack of good and 
neutral information, and citizens are not well informed about how much 
energy they use. To improve this knowledge, charts and other visual 
summaries of the typical energy use in an average household in their 
historic district over some years would be very helpful. Moreover, reliable 
information from a trusted and independent source on the investment 
and maintenance costs of selected technologies, together with informa-
tion on the expected savings due to reduced energy use, is necessary in 
order to convince people to make changes and investments. 

Another important challenge for working on a district level are the local 
administrative procedures, which are often slower than expected. Hence, 
the involvement of the local administration from the very beginning is 
of utmost importance, as one should not underestimate the time for 
building trust with a local administration for such activities. This is also 
true for negotiations with the owners or the property management of 
individual buildings, in particular if interventions in listed buildings are 
planned. 
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Overcoming non-technical barriers for energy interventions in historic urban districts

The main challenge in urban analysis case studies is data availability 
in municipality‘s databases. The partners, therefore, had to make esti-
mations and on-site measurements in order to obtain valid data. This is 
time-consuming but unavoidable, as it is generally the case that people 
do not know how much energy their buildings use and how they use 
this energy.

In summary, although the project has involved stakeholders at an early 
stage for the case studies, the main recommendation for overcoming the 
barriers to implementation is to involve the local administration, heritage 
authorities and property owners at an even earlier stage to achieve the 
necessary permissions for retrofit interventions. In most cases, their in-
volvement  at least a year before the planned interventions is necessary. 
The activities of building trust and exchanging information with the local 
authorities and building management have to be continuous to achieve 
success, including beyond the completion of individual projects. 

Market implementation of EFFESUS innovations
In order to market the heritage-compatible innovations developed within 
the EFFESUS project, the following considerations are considered crucial:

•	 Development by companies of market-specific business models for 
their new products 

•	 Recognition that market prediction and turnover estimates for new 
products are not easy

•	 Anticipate internationalisation of the business model to expand the 
market potential

As mentioned above, it is often difficult to convince citizens to change 
their current energy systems and to implement measures to improve 
energy efficiency. People may say that they want to protect the environ-
ment, but real decisions are influenced by other criteria, for example to 
increase the value of their property, to save money, or to increase their 
comfort levels. For this, market-specific business models have to be 
developed. People have to be convinced that they will benefit due to the 
use of energy efficient products, even if the innovation is more expensive 
than conventional products. Building owners therefore need information 
to calculate the total return of any investment, including increased com-
fort and healthy living or working conditions in addition to reduced mo-
netary costs and increased values. A useful methodology to develop new 
business models is to use the Osterwalder “Business Model Canvas”[1], 



which supports the creation of numerous new models in a short time. 
In this way, more than one model can be developed and different ideas 
discussed, a necessity in order to explore and understand the full market 
potential of any new product.

The Osterwalder canvas addresses a “business as usual” approach, which 
focuses on profit as the only objective of any enterprise. The EU’s funding 
of the EFFESUS project is directed at supporting its policies of develo-
ping a sustainable society and mitigating the impacts of climate change 
through reduced carbon dioxide emissions; EFFESUS is focused on the 
specifics of energy efficiency and renewable energy in historic urban 
centres. It is therefore necessary to look beyond the “business as usual” 
approach and work with innovative tools which support the development 
of sustainable business models. 

Fortunately others have taken Osterwalder’s basic idea and added addi-
tional layers of information and investigation which put the environment 
at the centre of the business model, not financial gain. The “Circular 
Design Canvas” [2] has 13 sections, whereas Osterwalder’s business 
canvas has nine. The “Flourishing Business Canvas” [3] has 16 questions 
organised in three layers representing Environment, Society and the 
Economy, with Environment as the foundation. This is a more complex 
but necessary approach if we are to develop innovative business models 
for a sustainable future.

It is difficult to make market predictions when entering a market with a 
new product, and especially to estimate turnover. Therefore, it is neces-

sary to conduct a deep market analysis first. For this, data about the total 
number, the age and the status of the historic buildings of the target 
market are needed. Given this information, it is possible to estimate the 
market share and the quantity of sales; the price for the products must 
also be established. For this it is necessary to know the internal cost of 
production (direct costs, fixed costs, profit margin). Producers also have 
to consider that there is a market price, namely the price customers pay 
for similar existing products. Because there are assumptions in the calcu-
lation and the input data have uncertainties, it is reasonable to calculate 
different scenarios of financial analysis. In this, it is important to keep in 
mind that the aim of the calculation is not the prediction of the future, 
but the analysis of whether a business model is realistic. 

Inherent in the innovation and uniqueness of new products is the oppor-
tunity for producers to enter international markets to increase their sales. 
Some challenges are connected with this decision, including language, 
different rules and legislation,  new market awareness, and funding for 
investment. Solutions can be found through hiring management staff 
with specific knowledge of a target country´s culture and its language; 
and more effectively, where a partner can be identified in the market the 
company wants to do business. International networking is essential for 
all sizes of business, including small and medium-sized enterprises (SMEs).

References:
[1]	 Osterwalder, A. Pigneur, Y. 2009
[2]	 http://wealldesign.co.uk
[3]	 http://www.flourishingbusiness.org
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Conclusions and future perspectives



Conclusions and future perspectives

The successful preservation of European historic cities depends on their 
capacity to survive as living cities. Appropriate sustainable energy ma-
nagement can improve the liveability and quality of life for their citizens 
and ensure the preservation of their social context. Energy and functional 
upgrading and adaptation of historic districts is a matter of sustainable 
management, and the EFFESUS project has significantly contributed 
to this challenge with the development of an inter-connecting system 
of solutions that provide mechanisms for balancing conservation and 
sustainability in the context of a changing climatic, socio-economic and 
cultural environment.

The EFFESUS project has brought together 23 partners and seven historic 
cities across Europe, working jointly for four years with a multiscale and 
transdisciplinary approach. As result, a new generation of methodologies, 
technologies and tools to support the adaptation of historic environ-
ments to modern requirements has been developed.

A Decision Support System comprising a methodology for evidence-based 
diagnosis and decision-making is one of the key results. This software 
tool is supported by multiscale 3D city models with the objective of assis-
ting decision makers to select suitable sustainable strategies for historic 

districts. Within the project, the need for strategic information manage-
ment has been worked out, balancing the data requirements with the 
accuracy of the results. Different levels of decision-making and different 
ways to introduce the information to the system to give an answer to dif-
ferent cities have been considered. This ensures that the strategy can be 
replicated in cities across and outside Europe and provide tools for public 
bodies to design new conservation policies and action plans.

Furthermore, EFFESUS has developed innovative solutions for the impro-
vement of the energy performance of historic buildings and renewable 
energy supply in historic districts. SMEs and industrial partners partici-
pating in these developments have gained experience of relevance to 
the cultural heritage market and are able to contribute to professional 
training in the field. Working in cooperation with restorers, research part-
ners and local administrations, and demonstrating innovative solutions in 
different sites, was crucial for the definition of new business models. 

Thus facilitating the transformation of historic cities towards a new para-
digm of a sustainable, resilient and cohesive smart historic city. The same 
principles of EFFESUS can be used in future research to broaden the scope 
from energy efficiency to climate change and hazards risks reduction.
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