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1 Introduction 

The word historic is defined by the Merriam-Webster dictionary as something which 
is "famous or important in history" and "having great and lasting importance" [1]. For 
a building to be classified as historic it has to hold a particular significance, integrity 
and be of a certain age [2, 3]. The significance can be a result of e.g. the association 
with certain historical events or individuals, certain characteristics of an architectural 
style or a particular method of construction. The integrity is closely linked to the 
building characteristics (e.g. elaborate ornamentation), how well the building is 
preserved or be clearly linked to a certain cultural group. The age criterion is more 
straight forward and is usually set to be around 50 years [3]. The aforementioned 
attributes are quite general, the exact requirements and the level of protection are 
dependent on the specific building in question [3,4,5]. Furthermore, historic buildings 
are often constructed using vernacular and traditional building techniques, adding to 
their significance and the complexity of implementing retrofits. Due to all this it is 
recommended that retrofits in historic buildings are assessed on a case to case basis, 
there is no "one fits all" solution [6, 7, 8]. This is especially true when looking at 
religious buildings and public monuments which might contain sensitive artwork or 
artifacts requiring a certain climate [3].  

The primary difference between a building built using traditional techniques and one 
using modern techniques is how it deals with moisture. Most modern buildings in 
northern Europe rely on impermeable vapour barriers, such as plastic films or paints, to 
control the movement of moisture through the building fabric. Traditional buildings take 
up moisture from their surroundings, both internal and external, and release it back 
according to the changing environmental conditions1 [6]. This process is further aided 
in traditional stone buildings which has a high thermal inertia thus reducing rapid 
fluctuations in temperature and humidity [6]. In contrast to modern buildings, which 
rely on mechanical ventilation, the movement of air is normally not actively controlled 
in traditional ones. If a building has too little ventilation, or if the fabric is unable to 
release moisture, mould and rot can occur. An upper Relative Humidity (RH) level of 
80% at normal room temperature is suggested to avoid bio-deterioration through mould, 
insects or the crystallisation of salts [9]. This process of moisture transport, commonly 
called hygrothermal behaviour, is a complicated and delicate balancing act which is 
paramount to the health of a traditional building and must be treated with great care 
during all renovation or retrofit work. According to a Swedish study 29% of the 
buildings had mould growth in the building fabric, highlighting the importance of 
understanding these mechanisms in existing buildings [10]. 

2 Challenges of retrofitting 

The delicate hygrothermal behavior of a traditional buildings and the building 
specific legislative requirements can make retrofitting historic buildings rather 
challenging. In order determine proper retrofitting actions it is advised to perform a 
complete assessment of the building before anything is done [11, 12]. A good starting 
point is to follow a general energy audit procedure (or the EN 16883:2017 standard 
[13]) which may consist of: i) Preliminary energy data analysis, ii) In-situ investigation, 

                                                            
1 As a matter of fact, this is a defining feature of regulations in the United Kingdom (UK) stating “Buildings of 

traditional construction with permeable fabric that both absorbs and readily allows the evaporation of moisture" [11]. 
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iii) Energy consumption data correction, iv) Development of energy consumption 
calculation model, v) Model validation against measured data, vi) Renovation or retrofit 
package development [12, 14]. The importance of in-situ measurements of e.g. U-
values, step ii), are discussed in several articles, stating that the energy performance of 
historic buildings can be better than calculated or simulated values [11, 15, 16, 17]. This 
is in part because standard methods for U-value calculation are generally not capable of 
taking the dynamic effects of moisture flow and the impact this can have on the thermal 
properties of other materials into consideration [11]. Another reason for faulty U-values 
can be the lack of knowledge concerning the exact building technique, materials used 
or of unknown previous building alterations [18, 19]. In-situ measurements, even 
though preferred, can be problematic since they have to be done over a long period of 
time and are impacted by the operative conditions2 [11, 20]. 

The problem of data accuracy reflects on the development of traditional simulation 
models which often have to be built using assumptions, or disregarding the 
aforementioned moisture effects altogether, thus potentially giving results which may 
cause damage to the building [10, 17. 18]. There is however an emerging alternative to 
traditional simulation models in the form of hygrothermal ones. These have proven to 
be versatile tools giving accurate predictions of energy consumption, moisture transport 
and indoor climate in a variety of applications [3, 18, 21, 22, 23]. Unfortunately, 
hygrothermal models of historic buildings are subject to the same problems as 
traditional models where a lack of information about e.g. the specific building materials, 
techniques, ventilation rates and occupancy schedules can make development difficult 
and time intensive [18]. 

For occupants and owners, one of the main drivers for energy retrofitting is to 
achieve a more comfortable indoor climate3 and reducing the heating cost [15, 25]. An 
increased energy performance can enhance the resale value of a property, thereby 
providing additional incentive to carry out retrofits or renovation. The retrofitting 
process itself can however become costlier than initially anticipated due to unforeseen 
problems, such as moisture damage, within the building [13, 15]. Furthermore, certain 
projects may involve several different actors such as conservation officers, building 
inspectors and building professionals to oversee and carry out the retrofits. Poor 
communication between these actors, and a potential clash of interests, may lead to 
problems where energy efficiency is preferred over conservation values or vice versa 
thus potentially harming the building or reducing the energy saving potential [15, 24, 
25]. To reduce this an early dialogue at a local level should be held prior to the project 
to develop a suitable strategy and evaluate if any special skills are needed throughout 
the process [15, 25]. 

Increased education and cooperation for all aforementioned professionals and the 
owners about how historic buildings can be technically improved is required to reach a 
balance between conservation and energy efficiency [15, 28, 29]. The importance of 
this is highlighted in a study from the UK where an inconsistency of approach to energy 
efficiency improvements was found amongst conservation professionals at both an 
institutional level and at the point of implementation [30]. The same study recommends 
that a framework for decision making should be put in to place, like the Italian AiCARR 

                                                            
2 Uncertainties in U-value of 8-50% are reported in an Italian study [26]. 
3 This is subjective, inhabitants sometimes adapt to the often colder temperatures in historic buildings [27]. 
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guidelines "Energy Efficiency in historic buildings" [31], to objectively decide the level 
of energy efficiency which can be obtained for the building in question [30].  

The inconsistency of perceived historic values is a challenge all renovation or 
retrofits are subject to. It may be on a professional basis, as discussed above, or on a 
residential or public basis. A study from Gothenburg, Sweden, showed that the residents 
in older buildings were more likely to value the conservation of their building than 
people in newer ones [32]. Furthermore, when asked about which parts of the building 
the residents considered being important to its historic value it differed widely between 
respondents and their respective buildings. The variance is congruent with similar 
studies and indicate that it may be difficult to discern between "beautiful" and "historic" 
elements for people which are not trained in the field, thus making the perceived historic 
value hard to predict [32, 33]. The perception of historic, and sentimental, value is 
important on a social level since it can give a feeling of connection with the past, other 
people and society as a whole [32, 34]. Due to this, the history and beauty of a building 
can by some be considered more important than an improvement in comfort or 
economical savings4 [32, 33]. 

 

3 Energy efficiency retrofits 

Due to the delicate nature and often heavy protective restrictions of historic buildings 
the best, and often most cost effective, energy efficiency measures are the least intrusive 
ones [6, 7, 35]. Making sure to use minimal intervention, repair rather than replace and 
use natural (replace like-with-like) materials is widely considered best practice for 
conservation purposes [11, 35]. Potential retrofits and their impact should be evaluated 
pre-implementation on: reversibility (i.e. the ability to restore the fabric to its original 
state), compatibility with the building (i.e. making sure that the retrofit will not affect 
the fabric negatively) and authenticity (i.e. if the retrofit is authentic to the historic 
nature of the building) [3]. With these broad principles in mind, it is possible to restore 
and sometimes even drastically improve the energy performance (up to 65-90% in some 
cases [36, 37, 38]) of historic buildings without decreasing their significance [7]. 

As previously discussed there is no universal way to energy efficient retrofitting of 
historic buildings, which is apparent in the literature where case studies are the most 
prevalent. The following subsections aim to highlight various methods and their 
potential in preserving and protecting historic buildings, preventing them from 
becoming an energy liability now and in the future. 

 
3.1 Draught-proofing 

In many historic and traditional buildings heat loss often occurs as a result of 
unwanted ventilation, more commonly called draughts. The percentage of heat loss due 
to drafts varies widely, but values up to 40% have been recorded [39]. Over time, and 
due to seasonal changes, buildings settle and building elements such as wood and plaster 
crack or shrink creating gaps in the fabric where there were none before. This usually 
happens around windows, doors and around the infill panels of timber framed buildings 

                                                            
4 One respondent in the Swedish study even expressed an urge to move if the original windows were replaced 

with modern ones [32]. 
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[40]. Previous building alterations (e.g. the removal or installation of services) and 
localized decay may also introduce gaps in the building fabric, thus increasing the levels 
of draughts. However, a certain amount of ventilation through infiltration is normal and 
even required to maintain a suitable indoor climate. It is therefore important to identify 
both the extent and location of draughts before draught-proofing a building to maintain 
adequate ventilation [41]. This can be done by a fan pressurization test, a very effective 
way to quantify the infiltration rate. During one of these tests it is advisable to 
temporarily tape around windows and doors to see how much they actually leak [41]. A 
study made on 35 historic houses in the Baltic region concluded that air leakage was 
mainly present between the window frames and wall structure as well as at the junctions 
of the walls, floor and ceiling [42]. The air leakage rates varied widely from 3.9 to 35.2 
m3/(h,m2) for the different buildings and no unifiable explanation to these varying rates 
was found [42]. 

Applicable draught proofing measures are heavily dependent on the location and 
extent of the draught. Simple silicone or wool compression seals are good for sealing 
small gaps, up to around 6 mm, around moving parts such as windows or doors. Since 
they are usually mounted inside the frame of doors or windows they are well hidden, 
largely unaffected by seasonal warping and easily removed [29]. Draught proofing a 
single-glazed window can have the same effect as installing an additional sheet of glass, 
reducing the heat loss by up to 90% [11]. If the gaps are too large to be effectively sealed 
by these strips, readjusting the frame or renovating the window or door might be 
required prior to sealing. During readjustments, sealing using natural materials such as 
hemp or flax should be performed between the frame and surrounding wall [35]. The 
installation of heavy curtains over windows and doors are another highly effective way 
of both insulating and reducing draughts, though these are normally only used at night 
[11]. 

Doors and windows in rooms without alternative means of ventilation should never 
be fully draught-proofed due to the risk of moisture build-up and poor air quality [43]. 
A simple way to circumvent over-sealing windows and doors can be to leave the top of 
the frames unsealed [35]. Furthermore, special care is needed in kitchens and modern 
bathrooms where a large amount of heat and vapour is produced. 

If the draughts are a result of cracks in the plaster, or gaps between logs, these areas 
should be repaired if possible5. In log buildings the reapplication of sealant or chinking 
between logs can help reduce drafts through the walls. For timber framed and stone 
buildings cracks or gaps in the plaster should be repaired with natural materials; silicone, 
cement or other modern sealants should never be used for this [8]. Draughts through the 
floor can be reduced by simply placing down heavy, non-plastic, carpets or rugs. There 
is of course also the possibility of lifting the floor boards to replace the insulation and 
install permeable membranes. However, the removal of floorboards can cause 
irreversible damage to the boards itself, the structural integrity of the building or the 
moisture balance and is generally not encouraged [11]. 

 

                                                            
5 The inclusion of artwork on the plaster, which is often the case in religious stone buildings, may limit the extent 

of such repairs. 
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3.2 Windows 

Traditional windows are often one of the first building elements to be targeted when 
energy efficiency measures are to be carried out. A common approach is to replace them 
with modern energy efficient windows. This will significantly alter the appearance of 
the building and is only justified if the current windows are well beyond repair [7]. 
Traditional windows were made with high quality wood, in contrast to modern windows 
which often use composite materials or poor quality soft wood, and are therefore often 
repairable even if they look bad [7, 35, 44]. The glass used in traditional windows is of 
special interest in itself due to the irregular surface, tint and light reflection properties 
they hold [11]. Furthermore, new high performance windows are often expensive, 
meaning that repairs and smaller retrofits on existing windows offers a better return of 
investment in cold climates [45]. 

Suitable retrofits depend on the overall construction of the window and the 
protection/historic value of the building in question. If there are interior single pane 
windows, these should be properly reinstalled and refurbished if needed. The inclusion 
of such extra windows can lower the U-value of the windows with 50-65% or more [30, 
45]. Due to this it could serve as a good, non-disruptive, retrofit for buildings in general 
if the internal sills can accommodate it [11, 35, 37]. Replacing single panes with modern 
slim double glazing can be an alternative if there is no room for extra window frames. 
By doing this the heat loss can be reduced by 35-73% and the U-value by around 60% 
depending on the window type [30, 46]. This may however lead to some minor 
alterations to the window frames, the loss of historic glass and reduce the amount of 
light entering the building [35]. 

The inclusion of extra window panes on the exterior is possible and can yield similar 
improvements to interior ones [45]. Although this is generally advised against for 
strictly energy efficient reasons due to the changes to fabric needed to do it [11, 35]. 
There is however a special case where exterior panes can be used to serve a double 
purpose of conservation and energy improvement; in conjunction with stained glass in 
e.g. churches. In a study of churches in Germany and France the installation of different 
protective glazing6 showed promise in both preserving the windows and improving the 
climate within the churches [47]. 

Finally, various surface films can be applied on the windows to e.g. reduce the 
emissivity or increase the transmissivity. Even though these films can reduce the U-
value by 20-30% they often have a visible tint which in turn reduce the transmittance of 
visible light [45]. This visual alteration of the glass may render such films unsuitable 
for use in historic buildings [45]. There are films which, according to manufacturers, do 
not affect the transmissivity of visual light and could therefore possibly be used in 
historic buildings, if the window glass and frames allow for it [48]. 

3.3 Insulation 

Adding, upgrading or replacing insulation in the building fabric (i.e. walls, roof and 
floor) is a cost effective retrofit which can contribute to the overall energy performance 
of a building as well as the perceived indoor comfort [11, 36, 49]. There is a plethora of 

                                                            
6 External window panes, either with or without ventilation between the panes, which protect the original window 

from pollutants, moisture and rapid temperature fluctuations. 
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different breathable materials suitable for use in historic buildings such as: cellulose 
fiber, recycled paper, hemp, hemp-lime mixture, flax, cork and sheep wool just to name 
a few [11, 21, 50]. There are also some modern "super-insulation" materials which, 
according to some studies, are promising candidates being thin, light and with good 
insulation performance if implemented correctly. These modern materials include: 
aerogel, vacuum insulated panels (VIP) and porous silica [37, 51]. In the case of VIP’s 
they have a limited use case flexibility since they cannot be adapted on the construction 
site and are non-permeable (in contrast to e.g. hemp-lime, cellulose-fibre boards and 
aerogel) [37, 52]. There are also concerns over moisture build up within the fabric when 
using modern non-permeable products, as reported in [37], although some case studies 
have rebutted this [51, 52, 53]. The aforementioned modern insulation materials are 
however largely untested, especially in regards to their long-term performance, and 
significantly more expensive than traditional or natural ones [51]. 

Where the additional insulation is installed (e.g. roof, attic, floor, internally or 
externally on the walls) is highly dependent on the historic building in question. The 
attic is usually the easiest to insulate since it is out of sight, often insulated beforehand 
and can give an immediate return [7]. Depending on the floor and foundation structure 
it may be possible to add extra insulation. There is a higher risk of moisture build up 
within the floor (due to e.g. capillary rise from the ground), it can be expensive or 
damaging to the building and should therefore only be an option during larger 
refurbishment once all other measures have been employed [7, 54]. 

It is generally advised to place extra wall insulation on the exterior, if the 
conservation of the fabric allows for it, to reduce the risk of moisture build up [11, 55, 
56]. Insulation on the interior of walls can cause the wall structure to become colder 
which in turn can lead to condensation and an increase of thermal bridges [35, 57]. There 
are however studies where a multitude of different insulation materials have been placed 
on the interior of walls, with little negative impact on the hygrothermal performance of 
the building [37, 53, 58, 59]. The aforementioned studies highlight the importance of 
breathable materials and measurements of moisture content within the wall and 
insulation preand post-installation. Furthermore, the exact material and placement may 
be different depending on the building type, with solid stone walls being rather 
challenging to insulate while maintaining historic values and adequate hygrothermal 
behaviour [58]. By applying extra insulation to the walls their thickness will be 
increased which can have a negative impact on the architectural design, primarily by 
deepening the window recesses and reducing the overhang of the roof (if applied 
externally) [35, 57]. These alterations would impact the way light shines through the 
windows and may lead to an increase in driving rain hitting the facade if the roof is not 
altered as well [35, 57]. 

When insulation is added it is important to make sure that the subjected building 
element is dry, or as dry as possible, to reduce the risk of moisture build up [60]. If 
insulation is added to one element of the building fabric while an adjacent element is 
unaltered new thermal bridges can occur [11]. These new thermal bridges can lead to 
cold spots, thus increasing the risk for localised moisture build up within the structure 
and potentially lead to mould, rot or cracks [11, 56]. Furthermore, building elements 
with less insulation will attract relatively more moisture compared to before adding 
insulation to other elements. This is in part due to them potentially being colder, but 
also since other better insulated elements no longer share the moisture load [55, 56]. 
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This means that in some cases, even if it is possible, it may be better to not add any 
insulation to certain elements to preserve the fabric [11, 55]. 

3.4 Ventilation 

Proper ventilation of a building is important both in regards to indoor air quality and 
to facilitate the transport of moisture from the building fabric. In many traditional and 
historic buildings this is achieved by natural ventilation through openings in the fabric 
(both intentional ones like ducts or vents and unintentional ones) as well as the fireplace 
and flue [3, 35]. Sufficient ventilation in all parts of the building can be ensured by a 
variety of different means depending on the particular building and the need for 
ventilation [42]. In buildings with poor ventilation it may be possible to install 
designated vents in the fabric e.g. over windows or in the walls to increase ventilation 
in certain rooms [7]. If the building already has designated vents or ducts these should 
be located, their function verified and cleaned or repaired if required. If there are 
dampers installed in the flue, vents or ducts it should be made sure that these are working 
and in the correct position, which might be different depending on the time of year, or 
closed when the room is not occupied [41, 61]. By doing this in conjunction with 
reducing drafts, the original amount of ventilation can be restored and the energy 
consumption reduced. 

Excessive draught proofing measures, even though beneficial from an energy 
efficiency point of view, can lead to too low ventilation rates [43]. Furthermore, the use 
of a fire as a primary mode of heating is less common today which leads to lower 
ventilation rates through the flue during the cold parts of the year7. In these cases the 
ventilation rates can be increased by e.g. installing a metal cowl on top of the flue, 
heating elements or small electric fans in the flue (or in the ventilation ducts if there are 
any) and by opening windows either manually or by control schemes [11, 61]. If the 
fireplace is not used at all, or out of order, the flue can either be capped off or be 
repurposed into a ventilation duct [11, 62, 63, 64]. Ducts from e.g. extractor fans located 
in kitchens and bathrooms or extra vents can be installed in the flue to provide 
ventilation for rooms without any other means of ventilation [62, 64]. The use of natural 
ventilation is a balancing act and not very energy efficient since there is little control of 
where or at what rates the air enters and exits the building [35, 42, 64]. It may therefore 
be tempting to use a more modern and efficient approach to ventilation, something 
which can improve the energy performance of a historic building [37, 42, 63, 65]. 

Modern mechanical ventilation and/or heat recovery systems can closely regulate 
the temperature, air quality and moisture content within the building. In order to do this 
the systems require the building to be well sealed and have a well-insulated building 
fabric [37, 64, 66]. Even if a historic building is well sealed and show no signs of 
moisture build up during simulations or in-situ investigations, retrofitting mechanical 
ventilation systems can be very difficult, or even damaging to the fabric [41, 43]. The 
difficulty stems from the fact that most traditional residential buildings are not designed 
to accommodate mechanical ventilation systems. Therefore, finding a place where the 
unit can be installed and routing the ducting in a non-damaging way without altering 

                                                            
7 During summer time when buildings are not heated the windows and/or door openings s are used to increase 

ventilation rates [61]. 
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the appearance of the interior can be challenging [37, 63]. Furthermore, ventilation 
systems can generate unwanted levels of noise if placed within the building and also be 
costly investments [37, 67]. 

Mechanical ventilation can be relatively more easily implemented in larger historic 
buildings such as churches, museums or palaces since there is more available space [63, 
64, 68]. This extra space can make it easier to place, and hide, ventilation systems and 
ducting within the structure. These buildings are often unoccupied for most of the year 
and ventilation systems can therefore be focused more on conservation and reduction in 
humidity than on human comfort [68]. Conservation ventilation and heating is already 
well documented in the literature and will not be discussed in this review (see e.g. [68-
73] for examples). 

 
3.5 Heating 

Most traditional buildings, dependent on age and location, originally used fire as 
their main source of heating. Over time open fires have been supplemented, or replaced, 
with other means of heating to provide a better indoor climate [40]. This means that 
most existing heating system, plumbing and electrical installations are not original 
fixtures and there may therefore have some flexibility in upgrading them [40]. Many 
existing buildings have a waterborne heating system with some sort of boiler. By 
replacing the existing boiler with a higher efficiency one and insulating the pipes can 
result in energy savings in the range of 20-30% depending on the original boiler, can be 
achieved [7, 35, 74]. The replacement can also reduce GHG-emissions if a fossil fuel 
based boiler is changed to one using biofuels. However particulate emissions can be up 
to 30 times higher while using wood over oil [74, 75]. District heating (DH) is another  
heating alternative if the building is located within a DH grid and fitted with a 
waterborne heating system. A DH substation does not take up much room and the old 
flue for the boiler can be used for ventilation purposes [35]. If the building is outside of 
any DH-grid, and it is time for a boiler replacement, an air-to-air or geothermal heat 
pump (GTHP) can be an alternative [35]. 

The main constraints of a GTHP is the potential lack of space (which should not be 
an issue if there is already a boiler present) and the achievable supply temperatures [76]. 
Older waterborne heating systems generally require a supply temperature of about 80◦C 
to operate as designed [35, 76]. In contrasts, most GTHP’s normally supply a 
temperature of 50-60◦C, if the temperature is higher it may lead to a reduction of the 
COP-value of the pump thus undermining its energy efficiency potential [7, 76]. In order 
to maintain a high COP it may be required to replace the entire heating system, 
something which is costly and my alter the historical significance of the building [76, 
77]. Instead of a replacement, there is the possibility to retrofit fans behind the existing 
radiators, dependent on the specific system in question, thus increasing the convective 
heat transfer and converting the entire system into a low temperature one [76]. 

If the building is without any waterborne system air-to-air heat pumps may be an 
alternative to reduce energy [14, 77]. Since these pumps rely on the exterior air 
temperature their COP is variable and a back-up heating system may be required on 
cold days [77]. If the building lacks a central heating system it can be difficult to fit a 



 

9 

heat pump without damaging the fabric or the exterior aesthetics of the building [14, 
77].  

As mentioned earlier, most traditional buildings were heated with firewood which 
means that there is likely a fireplace or a tiled stove still left in the structure. Traditional 
open fireplaces are, however, very inefficient at around 15-20% efficiency [7, 77]. There 
are a multitude of more efficient wood stoves, 70-80% efficiency in some cases, which 
produce significantly less emissions due to higher burn temperatures or catalysts [78]. 
Furthermore, a multitude of stoves with water jackets exists which can supplement heat 
pumps, water heaters or be coupled into a waterborne heating system to further increase 
energy efficiency [79]. Using wood stoves in existing flues will also help to maintain 
adequate ventilation and reduce the risk of moisture problems in the basement and 
chimneys by keeping them at a higher temperature [35]. 

A potential way of decreasing the GHG-emissions from a historic building is the use 
of renewable energy sources such as solar collectors, for heating water, or photovoltaic 
(PV) solar panels which generate electricity [24, 80]. Solar thermal panels have the 
potential of delivering up to 70% of domestic water needs in a Northern European 
climate 8  and reducing emissions with up to 75% in some cases [7, 81, 82, 83]. 
Furthermore, these systems can be coupled with waterborne heating systems to 
supplement boilers or heat pumps thus contributing to reduce GHG-emissions [7, 35]. 
The installation of solar collector and PV-panels in historic buildings is however usually 
very difficult [14, 77]. Reasons for this include a potential lack of space, the need to 
route new pipes or cables (thus potentially harming the fabric) and the negative visual 
impact such installations can have on the building itself [14, 35, 43, 77]. The visual 
impact and potential harm to the fabric can be reduced by placing the solar collector or 
PV-panels away from the protected building or out of sight away from public eyes, 
although this may require extra ground work and may disturb the area around the 
building (which might also be protected) [14, 35, 66]. There are however several 
examples of successful and clever PV installations in historic buildings, mainly in 
southern Europe, using PV-tiles (roof tiles either completely or partially made from PV-
cells), differently coloured PV-panels (to better blend in with e.g. the facade) and PV-
windows (integrated PV-cells within the window pane) [14, 24, 35, 66, 77]. Such 
installations can further reduce the negative visual impact PV-technology can have on 
historic buildings giving more flexibility to energy efficiency measures [24]. 

Since the lifespan of a solar collectors and PV-systems is considerably shorter than 
that of a building, the removal or replacement of the systems must be taken into 
consideration during planning and installation [77]. Ultimately it will come down to a 
judgement call on a case-by-case basis weighing the historic aspects of the building 
against sustainability values [84]. 

3.6 Behavioural aspects 

Technical and physical improvements are, as discussed above, the usual way to 
achieve higher levels of energy efficiency in buildings. There can however be 
significant differences between actual energy consumption and theoretical/simulated 

                                                            
8 The exact number is variable and depends on a multitude of different factors such as water usage, size of 

installation and location [82]. 
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[49]. This is often attributed to differences in occupant behaviour and can swing both 
ways, a Norwegian study found that energy use was almost 50% less than modelled 
[85]. In order to improve the accuracy of simulations, and to find the most effective 
physical retrofits, there is a need for more empirical data specifically for occupant 
behaviour in historic buildings [86]. General occupant-based energy saving measures in 
historic buildings are the same in almost all buildings, but the degree to which these are 
done may differ [86]. Simple measures such as using less hot water, opening windows 
less frequently, adjusting thermostats during the course of the day or leaving certain 
areas colder can all contribute to lower the energy consumption of a building [49, 86]. 
Leaving certain areas of the building cooler than others is often referred to as 
"zoneheating" and can be easily achieved by actively closing doors or using thick 
curtains in doorways between rooms with different temperature settings [7, 35, 86]. 

User behaviour can also change after an energy efficiency retrofit (often referred to 
as a rebound behavioural effect), leading to an increase in energy consumption rather 
than a decrease [49]. It is therefore very important to properly inform occupants how 
any new systems should be utilised and what savings they can expect [7, 86]. A 
procedural approach on how this can be achieved in conjunction with the EN 
16883:2017 standard is provided in [86]. The project "Low-Energy Apartment Futures 
(LEAF) from the EEC further highlights the importance of user participation via surveys 
before, during and after projects [87]. Their findings suggest that these surveys 
improved both the retrofitting decision making process as well as being able to identify 
the user profiles in the buildings, thus allowing for more accurate theoretical savings 
via simulation. 
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