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Abstract: The issues of reducing energy consumption in buildings and their decarbonisation are
currently among the most pressing. However, such an important aspect of the problem under
discussion as the impact of unavoidable degradation processes on energy demand in buildings
remains poorly understood. In addition, there are only a limited number of practical guidelines
that can be used to take this factor into account at the design stage and during the further operation
of buildings. The aim of this work was to assess the potential impact of component degradation
and ageing on heating energy consumption in buildings, including insulated glass units, thermal
insulation, airtightness, heat recovery of mechanical ventilation systems, and photovoltaic modules.
The detached and apartment buildings were considered to be in a cold climate in the context of the
Republic of Belarus. The study was based on simulation research using EnergyPlus. As a result,
it was found that a possible increase in heating energy consumption might reach 17.6–61.2% over
25 years in detached houses and up to 23.6–89.8% in apartment buildings. These indicators turned
out to be higher than the previously identified values for cooling energy consumption in a hot–humid
climate. Based on the findings, recommendations for considering the degradation factor in cold
climates in practice were developed, which were compared and integrated into the author’s existing
guidelines.

Keywords: ageing; component degradation; durability; cold climate; building energy performance;
dynamic thermal simulation; case study; decarbonisation

1. Introduction

Reasonable consumption of various types of energy resources and the reduction of
greenhouse gases emissions are currently among the key issues on the global agenda. The
buildings sector is given special consideration, as it accounts for approximately 30% of
the global final energy consumption and about 27% of total energy sector emissions [1].
Approximately 6% of the global carbon dioxide emissions additionally account for the
manufacturing of building materials (so-called “embodied carbon”) [1]. If we consider
the European space, then the operation of buildings in Europe accounts for 40% of energy
consumption and 36% of CO2 emissions. In addition, the volume of embodied carbon in
some cases may already reach 10–50% of the total life cycle of buildings [2] (up to 90%
according to [3]). Among the key measures that help to reduce the amount of energy
consumed and have already found wide applications in the design and construction of
buildings, the following can be identified: renewable energy sources, passive techniques
in the design, changing thermostatic set points, highly efficient building services and
their proper maintenance, efficient lighting and appliances, durable high-quality building
materials, reuse and recycling of them, increased flexibility, the popularisation of reasonable
energy consumption by residents, etc. Notably, despite all the measures taken, the global
energy demand continues to grow. According to [4], in 2021, there was the most significant
increase in energy consumption (by 4%) and operational CO2 emissions (by 5%) over the
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last decade. Interestingly, according to experts [1], the average building’s energy intensity
should be reduced by 35% by 2030 in order to comply with the declared Net Zero Scenario.

As noted in [2], the EU will face the problems of an ageing building stock in the
coming decades. Moreover, most existing buildings are not energy efficient enough to meet
the stated goals of decarbonisation [5]. The main reason for the non-compliance of most
buildings with the stated requirements is the fact that, at the time of their construction, there
were no special requirements or standards for energy efficiency. In some studies [6], for
example, the concept of “ageing residential buildings” was used, which was also explained
by the outdated design standards and construction standards to which they were built.
Some researchers have even established some relationships between the age of buildings
and their energy performance. For instance, Aksoezen et al. [7], during an assessment of the
energy consumption in buildings in Basel, revealed an interesting fact that the oldest group
of buildings built before 1921 were characterised by the lowest energy demand compared
to buildings built over the next six decades. In turn, Mohamed et al. [8], assessing energy
consumption in UK schools, found that new school buildings tend to consume less energy
for heating and more electricity than old buildings.

The processes of ageing and degradation themselves also play a significant role. As
Feng et al. noted in [9], the worsening of energy performance indicators in buildings is
due to the fact that buildings deteriorate with age. The uniqueness and complexity of such
processes stem from the fact that, even under normal conditions, there are a large number of
external and internal environmental factors affecting buildings, all of which are in complex
relationships, and each of these factors is constantly changing by nature. Authors in [10]
noted, for example, that it is difficult to assess the consequences of materials degradation
for the operational energy needs of a building. However, it is obvious that ageing and
degradation are unavoidable and affect, among other things, important building elements
such as envelope components and building services. What is even more important is the
fact that, as noted in [11], buildings start to degrade from the day they are put into service.
Given the urgency of the issue of ageing and degradation, questions have been raised more
and more recently about the need to consider the entire lifecycle of buildings in order to
minimise the building materials used in them and the energy consumed [12,13]. Some
experts, for example, point to the need for long-term decarbonisation plans and net zero
pledges in order to comply with these principles [1].

In this work, the factor of degradation and ageing of buildings is investigated in
terms of its impact on the increase in energy demand over time. As in the first part of this
research [14], this study also attempts to give practical importance to the results, namely, to
develop technical guidelines that will not only help to more clearly understand the essence
and intensity of degradation processes in buildings, but also allow the application of specific
measures to minimise such an impact on energy demand in buildings over the course of
time. This will contribute to the fact that buildings can be designed from the very beginning
in such a way as to reduce operational carbon dioxide emissions, and as noted in [2],
“they will require no future renovation work to improve their performance.” Therefore,
the primary aim of this research was to study the impact of degradation on the energy
performance of buildings in cold climates. The results obtained will enrich the previously
developed and hot–humid climate-based set of guidelines, which allow specialists to assess
the possible performance deterioration with time and adopt the necessary measures while
understanding the difference between the trends in the impact of degradation in two
radically different climatic conditions. This study examines a wide range of degrading
components (insulated glass units, thermal insulation, airtightness, heat recovery systems,
photovoltaic modules) and types of buildings, which provided a broad range of results and
allowed for more extensive conclusions.

Based on the primary aim, the following main objectives can be identified:

• Evaluate the existing evidence on the performance degradation of various components
of buildings in cold climates.
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• Identify the effect of degradation on the energy performance of buildings in cold
climates.

• Perform a comparative analysis of the results obtained in a cold climate with the
previously obtained results in a hot–humid climate.

• Provide new recommendations as applied to cold climates and complement these with
the existing guidance for hot–humid climates.

2. Literature Review
2.1. Existing Approaches to Assessing the Deterioration of Building Performance

To date, in the context of the intensive development of various aspects of sustainability,
studies on the impact of ageing and degradation on building energy performance are
becoming increasingly relevant. Thomas et al. [15], for example, noted that the wear of both
building systems and components may considerably degrade the performance of buildings.
This ultimately leads to an increase in maintenance and replacement requirements as well
as an increase in energy consumption during their operation. As such, Litti et al. [16]
introduced the so-called “yearly energy performance decay rate” parameter to adjust the
actual energy demand in buildings, taking into account the windows’ performance decay.
Authors in [11], using deterministic and stochastic methods, proposed an approach for pre-
dicting possible changes in buildings’ performance during their service lives, considering
changes in physical properties due to deterioration of building systems and components,
maintenance procedures, and changes in weather conditions.

Eleftheriadis & Hamdy [17] pointed out the need to consider the factor of perfor-
mance degradation already in the early design stage. Analysing other sources, the authors
concluded that degradation processes can lead to a 20–30% deterioration in building perfor-
mance after 20 years of operation. The authors in [18] also proved (using energy modelling
in the EnergyPlus V 5.0 software) that the use of degradation models for components such
as XPS insulation, gas boilers, and air-source heat pumps leads to a significant increase in
primary energy consumption in a single-family house over 20 years: by 18.4% with a high
level of maintenance of heating components and by 47.1% with a low level of maintenance.
The key importance of cooling and heating equipment in increasing energy demand during
building ageing was also revealed in [19]. Thus, by modelling the energy consumption
(using IDA ICE software) in the library building located in Turin, a possible increase in
primary energy consumption of about 8% in 10 years and about 18% in 20 years was
found, and a significant share of this increase was due to the degradation of the boiler and
chiller. The study [20] examines the case of housing refurbishment and subsequent analysis
of changes in the energy performance of buildings during the degradation of vacuum
insulation panels (VIPs), glazing systems, ground source heat pumps (GSHP), and photo-
voltaics. The performance of these components was regulated by the “derating factor” of
efficiency. As a result, it was found that due to the degradation, the global primary energy
consumption in the building increased by 67.3% over 25 years. De Masi et al. [21] attempted
to simulate changes in the energy performance of a dwelling using DesignBuilder V6.0
software when the thermal conductivity of VIPs on external walls changes. As a result, it
was revealed that such deterioration can cause an increase in energy consumption of 3%
over 15 years. During an experimental study of the deterioration of thermal performance of
grey EPS and polyurethane insulation as part of the external thermal insulation composite
system (ETICS) [22], a minimal change in their thermal conductivity was established. Sub-
sequent thermal dynamic simulations of this deterioration in the DesignBuilder showed
a corresponding, rather insignificant increase in energy consumption in a single-family
house (by about 2% after 8 years). Stazi et al. [23] performed a dynamic thermal simulation
of the energy performance of a residential building using EnergyPlus. As a result, it was
found that with the revealed increase in thermal conductivity of insulating materials by 12%
after 25 years, the increase in energy demand for heating was only 2%. Asphaug et al. [24]
performed simulations in SIMIEN software to assess changes in energy consumption in
buildings when the U-value of insulated glass units (IGU) changes. It was found that the
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growing demand for heating energy with a drop in the volume concentration of inert gas
in IGUs from 92.7% to 0% was about 5–6% for an office building and 8–9% for a dwelling.
A simulation of the energy performance of schools in Greece was performed in [25], also
using EnergyPlus, while improving the properties of the deteriorated cool roof coatings.
Cleaning the roof, in particular, allowed for a 18.8% declining cooling demand and a 72%
decline with the application of the new cooling coating. There was also a negative effect of
such improvements: an identified increase in the required energy for heating by approxi-
mately 4% and 22%, respectively. The effect of the four-year degradation of white and beige
exterior wall finishes on the building’s energy needs for cooling was also presented in a
study by Paolini et al. [26]. Using WUFI Plus 3.0.3 software, it was found that for a building
with a white facade, the increase in cooling energy demand due to such degradation was
5–11%.

It is often the case that newly constructed or renovated buildings do not meet the
design requirements, as a result of which there is a clear excess of energy consumed already
at the beginning of operation. In practice, the concept of the “energy performance gap”
is used to describe such a discrepancy [27]. Among the main causes of this discrepancy
are design errors, violations of technological processes during construction, substandard
building materials, improper work of building services, the behaviour of residents, etc.
At the same time, as noted in [28], the mechanism of this discrepancy is still not precisely
understood. In this regard, for example, experts note the importance of updating SAP
models using “as-built” information in order to clearly understand the alleged building’s
performance. In turn, Marshall et al. [29] pointed out that the discrepancy in the thermal
performance of the building fabric is observed even if it was modelled based on what
was actually built. It is noteworthy that in [27], an attempt was made to apply adjusting
factors to the primary properties of the building envelope to reduce the magnitude of the
performance discrepancies. As the authors noted, good design, detailing, and workmanship
are the fundamental pillars in lowering the fabric thermal performance discrepancies. All
these conditions are properly observed when creating so-called “passive houses.” Notably,
this technology has proven its efficiency in the long term. For instance, according to [30],
during the monitoring of one of the first prototypes of a passive house, energy consumption
in such a building remained extremely low and stable even after 25 years of operation.
In general, it can be noted that the initial quality of the construction and the level of
compliance with design requirements are important for assessing the deterioration of
building performance over time.

The study of the variability of the energy performance of buildings under the influence
of degradation and ageing is inextricably linked to predicted climate changes. Very often,
this issue focuses on assessing the balance between the growing cooling demand and falling
heating demand in buildings, which may additionally be exacerbated by their possible
degradation. Waddicor et al. [19] discovered that possible building ageing increases the
need for energy; however, while this can be compensated for in the winter season by savings
on heating energy due to an increase in mean global temperatures, the degradation effect
was exacerbated in the summer by an increase in cooling demand. The corresponding
results of the influence of climate change on the electricity demand in buildings were
obtained in [31], namely, that the effect of reducing the need for heating ultimately reduces
the total electricity consumption in the countries of northern and central Europe, whereas
in the southern countries, the increase in electricity demand for cooling due to global
warming exceeds the possible reduction in electricity consumption for heating. The most
complete assessment of the relationship between degradation processes and the variability
of the energy performance of buildings is possible only with a simultaneous assessment of
the economic benefits. For example, Smagulov et al. [32] conducted the techno-economic
feasibility analysis of an on-grid photovoltaic solar system installed on the roof of an airport,
taking into account its degradation, and found that a possible reduction in key financial
indicators might range from 16.2 to 43.5% over 25 years.
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One of the main issues in assessing the significance of the degradation factor is the
limited amount of quantitative data on degradation as such [11]. In addition, even the
available data should be appreciated on a qualitative level [17]. The issue of getting the right
data throughout the life cycle of buildings in order to decarbonise the building materials
sector was also noted in [4]. The first part of this work [14] presents an extensive analysis
of the existing evidence on the deterioration of the initial properties of various components
of buildings. The following are the established key patterns of degradation in different
environmental conditions.

2.2. Features of Building Components’ Degradation in Different Environmental Conditions

The reliability of the building envelope is especially important in extreme environ-
mental conditions. As noted in [33], in the case of the disruption of building services, the
building envelope is the first line of defence against facility failure. One of the main and
most vulnerable components of the building shell that affect its performance are the win-
dows. The main cause of insulated glass units’ (IGU) degradation is the possible leakage of
inert gas from the inner cavity between the glasses, as well as the resulting deterioration of
the low-emission coatings, which is primarily caused by the ageing of the sealants used.
For instance, Kralj et al. [34] noted that the durability of IGUs is largely determined by the
proper use of polymeric seals, which in turn are highly susceptible to the negative influence
of high ambient temperatures. The authors demonstrated the alleged relationships between
the peak temperature of sealants and the primary IGU life expectancy. For instance, when
the peak temperature reached up to 80 ◦C, the lowest estimated IGU life expectancy was
for the conditions in Rome and the highest for Hamburg. Thereby, it is obvious that the
hotter the climatic conditions, the shorter the expected lifetimes of IGUs.

Thermal insulation has traditionally been regarded as one of the most important
energy-saving measures in conditions of high heating energy consumption [35,36]. At the
same time, the use of insulating materials is also an effective solution to reduce the energy
demand for cooling in hot climates [37–39]. The properties of thermal insulation under
operating conditions may radically differ from those originally stated. Particular attention
among specialists is paid to the ability of thermal insulation to absorb moisture as well as
the dependence on the influence of temperature. For example, there is a linear relationship
between temperature and thermal conductivity for most insulating materials, and the latter
might increase by 20–30% within the temperature range from −10 ◦C to 50 ◦C [40]. At the
same time, as indicated in [41], the elevated temperatures have only a minor effect after a
longer period. However, as Berardi [42] noted, exposure to extremely high temperatures
should be avoided, as this can lead to unrealistic ageing issues. For some insulating materi-
als, namely PIR, a nonlinear relationship between temperature and thermal conductivity is
observed [41,43], with a significant increase in the latter at cold temperatures. According
to [35,36], insulating materials must be designed with the goal of outlasting the building,
because replacing or repairing these materials is typically difficult due to the high labour
intensity of such works. However, as indicated in [22], international research focuses
mainly on assessing the initial effectiveness of thermal insulation without considering its
ageing. The accelerated ageing of XPS and PIR insulation samples was performed in [41]
when exposed to different temperatures, which corresponded to the climatic conditions of
Canada. As a result, lower conditioning temperatures were discovered to slow the change
in thermal conductivity over the ageing period. The authors in [43] also demonstrated the
deterioration of the effective thermal conductivity during accelerated ageing of PIR and
PUR insulation under the influence of high temperature, moisture, and freeze-thaw cycling.
For example, it has been found that repeated freeze-thaw cycles lead to the degradation of
foam polymers, allowing more of the insulating blowing agent to escape. At the same time,
the authors noted that there are no hard and fast rules governing how insulating materials
perform in various environmental conditions. It is important to note that the choice of
thermal insulation is largely determined by weather conditions. An extensive analysis of
the selection of suitable thermal insulation materials depending on climate is presented
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in [44]. In addition, a certain amount of knowledge has already been accumulated on the
possible degradation of insulation materials in various climatic regions: an increase in the
thermal conductivity of VIP insulation by 10.6% over 5 years in southern Italy [21], an
increase in the thermal conductivity by 12% of glass wool insulation in masonry cavity
walls in residential building after 25 years of operation in central Italy [23], a decrease in
the thermal resistance of mineral wool in the flat roof of a school building by 7.4% after
5 years of operation in Hungary [45], and a deviation of the VIP properties of about 10%
over 5 years in Canada [46]. Some studies have revealed the stability of the properties of
thermal insulation [30,47] or even its improvement [48].

When considering the deterioration of the energy performance of buildings, re-
searchers pay particular attention to airtightness, which is closely related to other indicators
of the effective operation of buildings. As Bomberg et al. [49] noted, the airtightness of the
building is essential to better control the intensity of air exchange, to reduce the amount of
moisture carried by moist air and harmful particles carried from the outdoors or from build-
ing materials, to reduce the amount of heat/cold gain or loss, etc. It is worth noting that in
many studies, scientists have concluded that the major deterioration of the airtightness is
observed at the very beginning of the building’s operation. Among the main causes of this
phenomenon are the drying of wooden frames, shrinkage of mastic during the first time
the building is heated, cracking at the joints due to structure movements and foundation
settlement, deterioration of air sealant applied around windows and doors, a combination
of incompatible materials, drilling holes when furnishing, etc. [50,51]. The authors in [52],
after analysing other sources, noted that energy losses due to air leakage amount to about
13–50% under heating conditions and about 4–20% under cooling conditions worldwide.
It is worth noting the ambiguity surrounding the effect of seasonal changes on building
airtightness. For example, Moujalled et al. [50] did not detect any significant seasonal
variation during the measurement of the air leakage rate in different seasons. Only in
one case did the airtightness of the building under consideration seem a little better in
the summer than in the winter. At the same time, Wahlgren [53] clearly revealed a lower
airtightness of wooden frame dwellings in the winter season (by 8–10%) in the climatic
conditions of Sweden. In turn, Feijó-Muñoz et al. [54] revealed some patterns in different
climatic zones, in particular, the airtightness of buildings in a temperate climate with dry
and hot summers had worse indicators than in a dry, hot desert climate.

Solar reflectance of the building envelope is an effective energy saving solution for re-
gions with hot climates. As many authors noted, buildings have traditionally been painted
white in countries with hot climates to make them cooler and more comfortable [55,56].
The use of such a solution in conditions of significant heating energy consumption is rather
ambiguous. Shen et al. [57], for instance, found that an increase in the solar reflectance of a
building’s coatings reduced the indoor air temperature equally in both summer and winter.
As a result, the authors concluded that such a measure in the conditions of Shanghai was
likely to lead to a negative year-round effect due to an increase in heating energy demand.
Dias et al. [58] discovered the possibility of complete abandonment of cooling in a building
in Portugal due to the use of cool paints for the roof and façade. At the same time, the
authors detected an increase in heating energy demand of about 30%. Ozel [59] also found
that in the conditions of the continental climate of Turkey, when the solar absorptance of an
external surface changes from 0 to 1, the growth in demand for cooling is faster compared
with a decrease in heating energy demand.

In this part of the research, instead of considering the less effective solar reflectance
of the building envelope in cold climates, the performance degradation of the mechani-
cal ventilation heat recovery (MVHR) system was considered, which is one of the most
effective energy saving measures in buildings in such conditions [60]. As Tommerup and
Svendsen noted in [61], with appropriate thermal insulation and airtightness, up to 80–90%
of ventilation losses can be recovered. As also mentioned in [62], the tendency towards
more airtight homes leads to the fact that MVHR systems will become the dominant form of
ventilation in new buildings. At the same time, according to [63], the actual performance of
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such (even completely new) systems is quite difficult to evaluate, especially given the large
number of factors affecting them [64–66]. For example, authors in [67] found a decrease
in heat recovery efficiency from 50–90% to 5–68% only due to infiltration. Researchers
in [68], during the field tests of the performance of mechanical ventilation systems in
residential buildings, have detected that the actual values of heat recovery efficiency in
many cases of experimental observation were lower than the stated nominal values: for
decentralised systems about 70% (with nominal 76–91%), for centralized systems about
65% (with nominal 88–94%). Interesting results were obtained in [64], where the average
revealed efficiency of the heat recovery ventilation system in severe cold climates was
75%, in cold climates 65%, and in a climate with a hot summer and a cold winter only
50%. It has been rightly observed in [69] that the MVHR system does not belong to the
fit-and-forget category, and therefore, its constant maintenance plays a key role in ensuring
high efficiency. Investigating heat recovery in the mechanical ventilation systems of three
residential facilities in the UK over a three-year period, it was found that the heat recovery
performance was in the range of 85–90% most of the time (declared efficiency was 91%).
It was also discovered that in cold weather, the efficiency might decrease by about 5%;
in addition, contaminated filters could also cause a decrease in efficiency of another 15%.
At the same time, an example of the stable operation of such systems was shown in [30],
where all the elements of the MVHR system were in good condition and provided an initial
recovery efficiency of 82% even after 25 years of operation, which allowed the authors to
make an assumption about extending the service life of the most basic components up to
50 years. It is worth noting that researchers pay particular attention to the durability of
various components of such systems. For instance, in [60], it was noted that, for example,
flat-plate heat exchangers, due to the absence of moving parts (unlike rotary wheels), are
characterised by high reliability for a long time. Furthermore, the authors emphasise the
importance of research into measuring the long-term performance of membrane energy
exchangers (MEE), taking into account the effects of membrane ageing and fouling. The im-
portance of studying the mechanisms of influence of the properties of membrane materials
to facilitate the evaluation of longevity and degradation was also noted in [70].

One of the key indicators of the degradation of photovoltaics is a decrease in their
performance, which can be caused by harsh environmental conditions, complex internal
stresses, etc. [71]. To assess this phenomenon, the so-called degradation rate (RD) can
be used [72]. Many studies distinguish two phases of PV technologies’ degradation,
namely the first, accelerated degradation within 1–3 years, in which there is a decrease in
performance of 1–7%, and the second, linear degradation, in which deterioration occurs
at a slower pace (0.5–1.0%) [73,74]. Climatic conditions are one of the most important
factors in this issue. According to the authors of [75], citing other sources, degradation
occurs primarily in temperate climates due to thermomechanical fatigue caused by the
difference in ambient temperatures between winter and summer, and in tropical climates
due to humidity combined with high temperatures. Halwachs et al. [76] also investigated
the failures of photovoltaics in various climatic zones and found out that, for instance,
heat damage and hot spots are the most frequent defects for the tropical and temperate
zones; soiling and homogeneous dust for the arid zone; and physical damage and cracks
for the continental zone. Faster degradation of photovoltaics in hot climates was presented
in [77] (in the Indian context). In particular, it was found that the greatest degradation was
observed in the hot and dry climatic zone, followed by the hot and humid zone, and the
least in the cold zone. Authors in [78] conducted studies of the degradation of photovoltaic
solar systems in the Mediterranean climate and established an estimated degradation
rate of 1.48% per year. The annual degradation values recommended in [73] were 0.5%
per year in temperate climates and 0.7% per year in high-temperature climates. It is also
noted that a climate with a high temperature accelerates the initial stabilisation, whereas a
moderate climate tends to prolong this stage and make it practically indistinguishable from
long-term degradation. At the same time, according to the most extensive database on
the PV degradation collected in [79] (the average value of RD ≈ 0.5–1.0% per year), it was
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found that, on the one hand, the so-called climatic trend seems to be traceable, especially in
a desert climate, but in general, there was no significant difference by climate. As a result,
the authors concluded that hotter climates and mounting configurations may lead to a
higher rate of deterioration in some products.

2.3. Literature Appraisal

According to the literature review, building ageing and degradation appear to be
important in the deterioration of their energy performance over time. Existing research in
this direction concerns a wide range of aspects, including the degradation of individual
components of buildings, the dynamic modelling of the likely deterioration of the energy
performance of buildings using a broad range of different software, the gap between the
expected and actual energy performance, climate change, economic benefits, etc. One of
the least studied issues (owing mainly to the complexity of collecting data on degradation
processes and their proper assessment) is the elaboration of specific guidelines for taking
into account the impact of degradation of various components of buildings already at
the design stage. In addition, the analysis of various guidelines and international reports
indicates that consideration of the whole life cycle of buildings is gradually becoming
important in the decarbonisation policy of the building sector. Even in such global guide-
lines, however, there is a scarcity of data on the ageing and degradation processes, as
well as of measures to mitigate their impact. It is important to take into consideration
that the existence of a large number of inefficient buildings is due not only to the fact that
these buildings were built in accordance with outdated codes and standards, but also to
the natural processes of ageing and degradation that constantly occur in them. Based on
the above, the major research question can be established, first identified in [14], on how
to take into account the dependence of energy demand in buildings on the unavoidable
degradation processes already at the design stage in order to reduce their negative effect in
the long run. Accordingly, one of the main objectives of this study was to create practical
recommendations for cold climate conditions that will allow specialists in various fields
to assess the possible risks of increasing energy consumption over the course of time and
apply relevant steps. In addition, it is important to consider the variety of climatic condi-
tions in which buildings are subject to degradation. As the literature review has shown,
environmental weathering affects the properties of building components in different ways.
For example, very often the effects of humidity and high temperatures are mentioned as
key factors in the deterioration of various components of buildings. At the same time, it
may appear that low temperatures slow down the ageing process. However, when exposed
to cold temperatures, in particular with frequent freeze–thaw cycles, irreversible structural
changes also occur, causing a significant deterioration in the properties of materials. In this
way, this study of the effect of degradation on cold climate building energy performance
will also allow a comparative analysis of previously identified patterns of operational
behaviour of buildings in a hot–humid climate [14].

3. The Case Studies
3.1. The Climate

A continental climate without a dry season and with a warm summer (the Dfb climatic
zone according to the Köppen–Geiger classification [80]) was selected for case studies in
this research, considered in the context of the Republic of Belarus (Figure 1). The prototypes
of the case study buildings were in two cities: Dzyarzhynsk, located in the central part of
the country, and Brest, located in the southwestern part.
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Figure 1. Location of the climatic region of the case study buildings (according to the Köppen–Geiger
classification [80]).

Belarus has a temperate continental climate with distinct seasons, including cold win-
ters, warm summers, and variable springs and autumns. The territory of Belarus belongs
to a region with an estimated value of heating degree days (HDD) equal to approximately
3500–4500, and with an insignificant indicator of cooling degree days (CDD) [81]. In this
way, the climate under consideration is characterised by a high demand for heating during
a considerable part of the year (on average from October to April) and insignificant cooling
needs. Belarus is characterised by positive average annual air temperatures, which gradu-
ally increase in the south and south-west directions [82]. The average annual temperature
is 4.5 ◦C in the north-east and 7 ◦C in the south-west. In July, the average temperature is
17.8 ◦C; in January, it is −6.7 ◦C. The highest temperature over the years of observations
was +34 . . . +38 ◦C, and the lowest was −34 . . . −42 ◦C. The average annual precipitation
is about 650 mm, most of which (about 70%) falls from April to October. Winter winds
are south-westerly, while summer winds are north-westerly. The average annual wind
speed in open areas is 4 m/s; in lowlands, it is about 3 m/s. Snow falls annually, and the
thickness of the snow cover reaches 15–22 cm [83]. The duration of sunshine in Belarus is
about 1730–1950 h per year. The annual average relative humidity varies from 65% to 90%.
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3.2. Description of Buildings

According to the projected Net Zero Scenario [1], carbon dioxide emissions caused
by the operation of buildings should be reduced by approximately 2.5 times, while the
share of emissions from the residential sector will even increase, i.e., housing will further
enhance its importance in the energy saving issue. It is also noteworthy that the increasing
global population will cause the global floor space to grow. According to experts [2], the
currently existing building area will double by 2060, while it is obvious that a significant
part of this increase will relate to housing. Given the above, this research was based on the
analysis of the energy performance of residential buildings. The energy consumed by the
residential sector in Belarus is about 28.3% of the total [84]. According to [85], about 64% of
families in Belarus live in apartments, and 30% in detached houses (Figure 2). Most of the
apartment buildings are in cities (approx. 77.7%), while most of the detached houses are in
rural areas (approx. 70.8%). The average area of apartments is 59.7 m2, and the average area
of single-family houses is 156.8 m2. As such, the two most representative types of housing
in Belarus (detached and apartment buildings) were selected for case studies (Figure 3).

Figure 2. The main types of housing in Belarus [85].

Figure 3. Selected prototypes of buildings in Belarus for case studies. Derived from images/info
in [86,87].

Case study 1. The so-called First Multicomfort House was built in Dzyarzhynsk in
2013 [86]. As indicated in the project, the estimated energy consumption for heating is
29.49 kWh/m2 (this is 69% lower than the standard value). The structural system is a
timber frame made of wooden I-beams, with mineral wool insulation. Among the main
passive design measures are an effective building orientation, large windows on the south
side to receive passive solar heat in winter, roof windows to improve natural lighting, a ZIP
exterior shade system on the windows that protects from excess solar heat in summer, and
a dark floor in the living room to accumulate solar heat during the daytime in winter. The
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building has an MVHR system with a heat recovery efficiency of 90% [88]. The building
also provides for the use of photovoltaic modules. The floor plans are shown in Figure 4.

Figure 4. Floor plans of the Detached house in a cold climate (Case Study 1) [86].

Case study 2. A multi-apartment residential building, which included 36 apartments,
was built in Brest in 2019. This building is one of the examples of energy-efficient buildings
in Belarus [87]. The constructive system is a bearing-wall system made of precast three-layer
reinforced concrete panels with an inner layer of polystyrene foam insulation. The envelope
of the building is characterised by a high level of airtightness and thermal insulation. The
heat recovery unit is installed in each apartment on the balcony. At cold outdoor air
temperatures, the supply air can be “warmed up” by an electric air heater built into the
heat recovery unit. The typical floor plan is shown in Figure 5.

Figure 5. Typical floor plan of the Apartment building in a cold climate (Case Study 2) [87].

Table 1 shows the main building characteristics for both case studies. It should
be mentioned that two types of buildings were studied by the level of airtightness and
insulation (more or less airtight and insulated buildings) in each of the case studies. It
is worth noting that the difference in U-value and airtightness between the two types of
buildings was approximately two times greater (a similar gradation was adopted in the
work [14] in a hot–humid climate).
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Table 1. Main characteristics of case study buildings [86–88].

Case Study 1 Case Study 2

Location Dzyarzhynsk (Belarus) Brest (Belarus)

Type Detached house Apartment building

Latitude LAT 53◦41′ N LAT 52◦08′ N
Longitude LONG 27◦08′ E LONG 23◦40 E

Shape Square Rectangle

Building length, m 13.9 37.78

Building width, m 12.5 15.28

Number of stories 2 4 and a basement

Occupied floor area, m2 188.5 1861.6

Occupied volume, m3 773.0 5383.5

Unoccupied floor area, m2 – 665.7

Unoccupied volume, m3 – 1624.0

U-value,
W/m2K

Walls
More

airtight
and

insulated

0.078
Less

airtight
and

insulated

0.155
More

airtight
and

insulated

0.145
Less

airtight
and

insulated

0.29
Roof 0.077 0.155 0.136 0.276

Ground floor 0.086 0.173 0.252 0.509
Windowswall 0.96 0.96 0.96 0.96
Windowsroof 0.83 0.83 – –
External door 0.93 1.475 1.475 2.95

Airtightness, h−1 0.5 1.0 0.4 0.8

Gross Window-Wall Ratio (WWR),
%

9.74–Window-Wall Ratio 8.2 27.355.6–Skylight-Roof Ratio

Power density, W/m2 Kitchen-dining-living room–30.28, bedroom-dress room-study room–3.58, bathroom–1.67, domestic
circulation–1.57–2.16, WC–1.61

Occupancy schedule by default

Setpoint Temperatures:

Living/Dining H–21 ◦C H–21 ◦C, HS–12 ◦C
HS–12 ◦C C–25 ◦C, CS–28 ◦C

Domestic circulation,
Bathroom/WC H–20 ◦C H–20 ◦C, HS–12 ◦C

Bedroom, Dress room, Study room,
Kitchen HS–12 ◦C C–25 ◦C, CS–28 ◦C

Common circulation areas H–18 ◦C H–18 ◦C, HS–12 ◦C
Technical room/Storage HS–12 ◦C C–25 ◦C, CS–28 ◦C

Lighting LED with linear control

Heating Underfloor heating Underfloor heating (CoP = 1.0)Ground Source Heat pump (CoP = 3.5)

Cooling – Cooling system (CoP = 4.5)

Heating/Cooling season September-May October-April

Domestic Hot Water (DHW) The same as heating Instantaneous hot water system–CoP = 1.0

Ventilation Mechanical with heat recovery (Ventilation rate–1.0
ac/h)

Mechanical with heat recovery (Ventilation rate–1.0
ac/h)

PV modules (ASE 300-DFG/50) 250W–15 units –
S = 36.44 m2

H—heating; HS—heating setback; C—cooling; CS—cooling setback.

4. Methodology
4.1. Research Methods

The methodology of this study was selected similarly to that used in [14]. Its milestones
are shown in Figure 6.
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Figure 6. The research design [14].
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The assumption identified during the literature review was that ageing and degra-
dation processes contribute to the deterioration of energy performance of buildings over
time. It is important to note that the currently existing approaches to modelling possible
energy demand in buildings are based on the use of various indicators of the properties
of building components, which are included as input data in the most commonly used
thermal dynamic simulation software. Therefore, if we identify possible options for de-
terioration of these property indicators over the years and conduct a series of sequential
dynamic simulations with these degraded values, then we will be able to obtain patterns of
a corresponding increase in energy demand in buildings.

The main stages of the selected methodology of the DEGREE simulation research [89]
can be described as follows. The literature review made it possible to determine the
research gap and the specifics of the study. The development of dynamic models of case
study buildings and the initial thermal dynamic simulations of their energy performance
allowed the establishment of basic indicators of energy efficiency, namely the required
energy for heating. Further, after analysing the collected information about the established
facts of degradation and ageing of various components of buildings over time, the most
likely scenarios of their performance deterioration were elaborated. The application of the
degrading characteristics of various building components in dynamic models has provided
the main patterns of changes in the energy performance of buildings, namely heating
energy consumption. As dynamic simulations were performed, a comparative assessment
of the results obtained was carried out, and certain conclusions were drawn, on the basis of
which a set of guidelines with recommendations for specialists were developed to take the
degradation factor into account in practice. It is worth noting that a quantitative method
was used in this simulation research, since most of the work was related to the evaluation
of quantitative data on the properties of building components as well as the resulting
indicators of energy consumption in buildings.

4.2. Elaboration of Probable Degradation Scenarios

Table 2 depicts probable scenarios of building component performance deterioration,
which were based on the analysis of the data described in [14], as well as those addition-
ally presented in this paper, taking into account the specifics of the climatic region under
consideration and the corresponding energy-saving solutions: the decrease in the volume
concentration of inert gas, as well as the deterioration of the quality of the low-emission
coatings for insulated glass units; an increase in thermal conductivity under the influence
of environmental conditions for thermal insulation; a gradual increase in air permeability
when sealants wear out and cracks appear as a result of structure movements and founda-
tion settlement for airtightness; inevitable contamination of filters, as well as installation
errors for the heat recovery system; and performance degradation owing to environmental
and internal stresses for photovoltaics. This study also included an additional scenario 3.4
with a more significant (by 30%) deterioration of the airtightness after one year of operation
for Case Study 1 (to take into account the possible deterioration of airtightness due to the
behaviour of the wooden frame of the building). As a result, for each type of building
component in this work, a wide range of possible degradation has been established, namely
cases of minimal degradation (which in practice is the result of high production quality,
reliable construction materials, and favourable environmental conditions) and maximum
degradation (due to low component reliability, unfavourable operating conditions, and so
on). It is important to note that the selected scenarios reflect only the average and estimated
rates of deterioration of the performance indicators of the considered building components.
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Table 2. Possible scenarios of building component performance degradation over 25 years in cold
climates (based on [14]).

Building Component Type of Degradation № of Scenario Description

Insulated Glass Units (IGU)
reduction of filling with inert gas

1.1 from 90% to 65%

1.2 from 90% to 85%

1.3 from 90% to 0%

reduction of filling with inert
gas+Low-E coating degradation 1.4 from 90% to 65%, ↑SHGC

Thermal insulation
an increase in thermal

conductivity

2.1 for walls and roof by 12.5%

2.2 for walls and roof by 50%

2.3 only for walls by 12.5%

2.4 only for roof by 12.5%

Airtightness an increase in air permeability
3.4

by 37.5% (the case for a
detached house with a timber

frame in a cold climate)

3.1 by 27.5%

3.2 by 17.5%

a decrease in air permeability 3.3 by 17.5%

PV modules (only for case
study 1)

performance deterioration
5.1 by 27.5%

5.2 by 40%

Heat recovery of MVHR system reduction of heat recovery
efficiency

6.1 by 15%

6.2 to 0% (in case of complete
shutdown of the system)

↑—increase.

4.3. Dynamic Thermal Simulations

The DesignBuilder software (version 6.1.8.021) based on the EnergyPlus simulation
engine was chosen for the simulation study [90,91]. Dynamic thermal simulations were car-
ried out on the dynamic models of buildings (Figure 7), which have geometric parameters
as well as the main characteristics of the properties of materials and structures, as close as
possible to the selected prototypes of buildings. Case Study 1 also includes another object
adjacent to the building in question that may affect its performance—a building located
10.7 m from the southern facade of the main building. Based on the created dynamic mod-
els, thermal dynamic simulations were carried out, as a result of which the initial energy
indicators of existing buildings were obtained, which are given in Table 3. These initial
characteristics of the energy demand formed the basis for further research; in particular,
the results of dynamic thermal simulations obtained subsequently were compared with
these initial values.
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Figure 7. Dynamic building models of case studies.

Table 3. Energy performance indicators of the prototypes of selected buildings in cold climates.

Case Study 1 Case Study 2

1 * 2 * 1 * 2 *

Total Energy consumption,
kWh/m2, including: 55.17 92.95 95.33 130.21

Room Electricity 18.49 21.62 37.44 37.12

Lighting 5.97 6.76 14.06 13.95

Heating 25.29 59.55 25.93 64.184

Cooling – – 0.35 0.25

DHW 5.42 5.02 17.55 17.41

Energy from PV modules,
kWh/m2 14.99 15.59 – –

CO2 emissions, kg/m2 24.35 46.88 57.77 80.55

Operative temperature, ◦C December–20.03 ◦C December–19.75 ◦C January–18.58 ◦C January–17.03 ◦C
July–26.64 ◦C July–23.65 ◦C July–26.13 ◦C July–25.40 ◦C

Solar gains, kWh/m2 43.56 45.28 16.07 15.64

Heat losses, kWh/m2

Windows −28.47 −28.00 −15.50 −13.23
Walls −13.73 −25.67 −7.13 −11.89
Roof −7.85 −15.32 −4.39 −7.51

External infiltration −72.56 −169.44 −50.10 −89.34

Heat recovery sensible heating
(% from the total zone heating) 77.3% 43.1% 34.3% 16.7%

* 1—More Airtight and Insulated Building; 2—Less Airtight and Insulated Building.

Initially, the dynamic modelling of building energy performance was performed under
the impact of degradation on each of the components individually (a total of 268 dynamic
simulations), after which certain combinations of the combined degradation effect of
all components were selected (a total of 32 dynamic simulations). Consideration of the
possible simultaneous degradation of various components of buildings was carried out
according to two possible scenarios: the best-case scenario (which reflected the lowest
level of possible degradation) and the worst-case scenario (reflected the highest level of
possible degradation). Both scenarios are presented in more detail in Tables 4 and 5. In
this research, a similar breakdown of the 25-year period under consideration into stages
was used, as in [14]: “as designed”, “as built”, “1 year”, “5 years”, “10 years”, “15 years”,
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“20 years”, and “25 years”. Figure 8 shows a scenario tree for a cold climate (similar to
the one presented in [14]), which reflects the division of dynamic simulations performed
depending on the degradation level under consideration.

Figure 8. An execution tree of dynamic thermal simulations in the conditions of cold climates (based
on [14]).

Table 4. Stages of building components’ degradation (the best-case scenario) (based on [14]).

The
Operational

Stage

Windows
(↓Filling with

Inert Gas)

Insulation
(↑Thermal

Conductivity)

Air
Permeability

(↑)

MVHR (↓Heat Recovery
Performance)

PV Modules
(↓Performance)

Scenario 1.2 Scenario 2.1 Scenario 3.2 Scenario 6.1
(Detached)

Scenario 6.1
(Apartments) Scenario 5.1

As design 100 100 100 90 65 100

As built 90 100 100 90 65 90

1 year 89.8 100.5 110 90 65 85
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Table 4. Cont.

The
Operational

Stage

Windows
(↓Filling with

Inert Gas)

Insulation
(↑Thermal

Conductivity)

Air
Permeability

(↑)

MVHR (↓Heat Recovery
Performance)

PV Modules
(↓Performance)

Scenario 1.2 Scenario 2.1 Scenario 3.2 Scenario 6.1
(Detached)

Scenario 6.1
(Apartments) Scenario 5.1

5 years 89 102.5 110 75 50 82.5

10 years 88 105 110 75 50 80

15 years 87 107.5 112.5 75 50 77.5

20 years 86 110 115 75 50 75

25 years 85 112.5 117.5 75 50 72.5

↑—increase; ↓—decline.

Table 5. Stages of building components’ degradation (the worst-case scenario) (based on [14]).

The Operational
Stage

Windows
(↓Filling with

Inert Gas)

Insulation
(↑Thermal

Conductivity)
Air Permeability (↑) MVHR (↓Heat Recovery

Performance)
PV Modules

(↓Performance)

Scenario 1.3 Scenario 2.2 Scenario 3.4 Scenario 3.1 Scenario 6.2
(Detached)

Scenario 6.2
(Apartments) Scenario 5.2

As design 100 100 100 100 90 65 100

As built 90 100 100 100 90 65 90

1 year 89 102 130 120 50 50 85

5 years 85 110 130 120 0 0 80

10 years 80 120 130 120 0 0 75

15 years 70 130 132.5 122.5 0 0 70

20 years 50 140 135 125 0 0 65

25 years 0 150 137.5 127.5 0 0 60

↑—increase; ↓—decline.

5. Results and Discussion
5.1. The Relationship between IGU’s Degradation and Building’s Performance Deterioration

The following main conclusions can be identified regarding the buildings in cold
climates (Figure 9):

1. The increase in energy consumption for heating due to IGU degradation in the more
airtight and insulated detached house occurred more quickly (by 0.68–4.54% over
25 years) compared to the less airtight and insulated building (by 0.32–2.13%). It is
noteworthy that according to scenario 1.4, energy consumption for heating is even
slightly reduced (by less than 1%) due to the minor predominance of incoming solar
gains over heat losses with this type of degradation.

2. A similar situation was also observed in apartment buildings. In particular, the
increase in energy consumption for heating due to the deterioration of window
performance can reach 0.3–8.32% over 25 years in the more airtight and insulated
apartment building and up to 0.51–3.35% in the less airtight and insulated building.
In this way, it is quite clear that a more airtight and insulated shell of a building
contributes to a faster response to the deterioration of the properties of its constituent
elements: in this case, windows.

3. It was also found that changes in the energy consumption of apartment buildings
occurred faster than in detached houses (approximately 1.8 times in more airtight and
insulated buildings and 1.6 times in less airtight and insulated buildings).
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Figure 9. The effect of IGU performance degradation on energy consumption in buildings in cold
climates: (a,b) detached houses; (c,d) apartment buildings.

Comparing these results with the conclusions obtained in [14], it can be noted that
in a hot–humid climate there was an inverse pattern when in apartment buildings, the
change in energy consumption during the degradation of IGU occurred slower than in
detached houses. It is worth noting that this fact requires further investigation, since
there was a significant difference between the window–wall ratio (WWR) indicator in the
buildings under consideration in a cold climate (8.2% in the detached house and 27.35% in
the apartment building), while in the buildings under consideration in a hot–humid climate,
the WWR in both cases was 29%. At the same time, it should be pointed out that a similar
effect was revealed, where more airtight and insulated buildings were more vulnerable to
degradation than less airtight and insulated buildings in both climatic conditions. However,
in a cold climate, the difference between these indicators was much greater. For instance,
according to scenario 1.3, this difference was 2.1 times in a cold climate and 1.4 times in
a hot–humid climate for detached houses. In turn, for apartment buildings, these values
were 2.5 times and 1.5 times, respectively.

5.2. The Relationship between Thermal Insulation Degradation and Building’s
Performance Deterioration

The following main conclusions can be identified regarding the buildings in cold
climates (Figure 10):

1. It was found that more airtight and insulated buildings are more vulnerable to the
degradation of thermal insulation than less airtight and insulated buildings. In
particular, the possible increase in heating energy consumption might reach up to
8.1% in the more airtight and insulated detached house, and up to 6.76% in the less
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airtight and insulated detached house. In apartment buildings, these values were
equal to 13.48% and 9.43%, respectively.

2. The changes in heating energy consumption in apartment buildings occurred faster
than in detached houses: approximately 1.7 times for more airtight and insulated
buildings, and 1.4 times for less airtight and insulated buildings.

Figure 10. The effect of deterioration of the properties of insulation materials on the heating demand
in buildings in cold climates: (a) detached houses; (b) apartment buildings.

When the obtained results of the effect of thermal insulation degradation are compared
to the findings in [14], it is possible to see a significantly faster change in the heating energy
consumed in a cold climate compared to the cooling energy consumed in a hot–humid
climate. For a cold climate, the range of possible increases in heating energy demand
for all types of buildings, according to the worst–case scenario 2.2, varied from 6.76 to
13.48%, while in a hot–humid climate, it was within the range of 1.02–2.36%. Therefore,
it is obvious that the influence of possible degradation of thermal insulation has a more
significant impact on the change in the energy performance of buildings in conditions of
predominant energy consumption for heating than in conditions of prevailing demand
for cooling energy. At the same time, it is important to note that, as in the case of IGU’s
degradation, in the considered situation of possible degradation of thermal insulation,
there was an ambiguous relationship between buildings of different types. In particular,
detached houses were more vulnerable in hot–humid climates, while apartment buildings
turned out to be more vulnerable in cold climates. It can also be noted that in cold climates,
a similarly greater influence of an increase in the thermal conductivity of wall insulation
on the change in energy consumption in buildings was revealed (compared with the roof
insulation) (Figure 11). The possible gap in these indicators for detached houses in cold
climates was (+1.25%wall)/(+0.82%roof)≈ 1.52 (in hot–humid climates≈ 1.78). In apartment
buildings, the same pattern was observed. This difference was (+2.15%wall)/(+1.19%roof) ≈
1.81 times greater in cold climates (and ≈1.54 in hot–humid climates).
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Figure 11. The effect of degradation of thermal insulation in walls and roofs (separately) on energy
consumption in cold-climate buildings.

5.3. The Relationship between Airtightness Degradation and Building’s Performance Deterioration

The following main conclusions can be identified regarding the buildings in cold
climates (Figure 12):

1. The increase in energy consumption for heating associated with an increase in air per-
meability occurred more slowly in the more airtight and insulated detached house (by
12.29–19.35% (26.46%) over 25 years) than in the less airtight and insulated building
(by 13.57–21.36% (29.16%)). It is likely that the lower initial value of uncontrolled air
flows in more airtight and insulated buildings contributes to a lesser impact of the
degradation of airtightness on energy consumption. Moreover, a more insulated shell
in this case also makes a positive contribution to curbing energy demand.

2. In apartment buildings, on the other hand, the increase in energy consumption for
heating occurred faster in the more airtight and insulated buildings (by 19.85–31.34%
over 25 years) than in the less airtight and insulated buildings (by 16.77–26.33%). As
such, this result was the opposite of the one obtained for the detached houses.

3. If we consider the difference between detached and apartment buildings, then it was
found that in apartment buildings, the change in energy consumption occurred faster
than in detached houses (approximately 1.6 times for more airtight and insulated
buildings and 1.2 times for less airtight and insulated buildings).

If we compare these results in cold climate conditions with the previously obtained
results in a hot–humid climate [14], it is possible to note the following: similar trends were
observed in both climatic conditions, in which less airtight and insulated detached houses
were more vulnerable to changes in energy performance under the influence of degradation
of airtightness. Furthermore, in a cold climate, the potential increase in energy demand
occurred faster than in a hot–humid climate. As for the apartment buildings, there was a
similar tendency for less airtight and insulated apartment buildings to be more vulnerable
in a hot–humid climate, whereas in a cold climate, more airtight and insulated apartment
buildings were more susceptible to degradation. Most likely, this discrepancy needs to be
clarified for a larger number of buildings under consideration.
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Figure 12. The effect of airtightness performance degradation on energy consumption in cold-climate
buildings: (a,b) detached houses; (c,d) apartment buildings.

5.4. The Relationship between Mechanical Ventilation Heat Recovery Degradation and Building’s
Performance Deterioration

Figure 13 shows graphs of changes in the energy consumed for heating according
to the selected scenarios for reducing the efficiency of heat recovery by the mechanical
ventilation system. It can be noted that the apartment buildings in question turned out
to be more vulnerable to changes in energy consumption (changes range from 3.8% to
34%) compared to the detached houses (from 1.8% to 20.5%). These figures also show
the vulnerability of such systems in buildings with different levels of airtightness, i.e., the
efficiency of heat recovery decreased 1.8 times faster in the more airtight and insulated
detached house, and 2.1 times faster in the more airtight and insulated apartment building
than in the less airtight and insulated buildings. Figure 14 presents data on the effect
of degradation of components such as IGU, thermal insulation, and airtightness on the
efficiency of heat recovery. As it can be seen, the greatest impact on the efficiency of the heat
recovery of the MVHR system was a deterioration in airtightness; the next most important
factor was thermal insulation; and the least impact was the degradation of IGU.
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Figure 13. Changes in the heating energy consumption in buildings according to various scenarios of
the performance degradation of the MVHR system: (a) detached houses; (b) apartment buildings.

Figure 14. The influence of degradation of thermal insulation, IGU, and airtightness on the change in
the performance of the MVHR system (cases of minimum and maximum degradation).
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5.5. The Relationship between PV Module Degradation and Building’s Performance Deterioration

The effect of performance degradation of PV modules was estimated based on an in-
crease in energy demand from the power grid and operational carbon dioxide emissions. In
this paper, the possible degradation of photovoltaics was considered only for the detached
house (Case Study 1), for which the following results were obtained (Figure 15). As can
be seen, the potential increase in energy demand from the power grid and the amount of
CO2 emissions was within 10–15% over a 25-year period. Therefore, it can be concluded
that in a cold climate, the decrease in the energy generated as a result of the degradation of
photovoltaic modules occurs more slowly compared to a hot–humid climate [14]. It is also
important to note that the initial energy generated by photovoltaics in a cold climate was
approximately two times less than in a hot–humid climate.

Figure 15. The effect of PV module performance degradation on increased energy demand from the
power grid and operational CO2 emissions (based on the Case Study 1).

5.6. The Combined Impact of Degrading Building Components

Figure 16 shows a possible increase in energy demand in buildings in a cold climate
with simultaneous deterioration of all the building components considered. As can be
seen, the potential heating demand growth in detached houses might reach 18.4–61.2%
over 25 years for more airtight and insulated buildings and 17.6–49.8% for less airtight and
insulated buildings. For apartment buildings, this increase was even greater: 32.6–89.8%
and 23.6–56.3%, respectively. If we compare the obtained values with the previously
established results in [14], two distinctive features can be noted. Firstly, the possible increase
in the prevailing heating energy consumed in a cold climate was significantly higher than
similar values for cooling in a hot–humid climate. This difference was 1.6–1.9 times for
more airtight and insulated detached houses and approximately 1.4 times for less airtight
and insulated detached houses. In turn, for apartment blocks, these indicators were 2.8–3.6
and 1.9–2.1 times, respectively. Secondly, in a cold climate, there was a reverse trend: the
apartment buildings turned out to be more vulnerable to degradation compared to the
detached houses.



Sustainability 2023, 15, 6372 25 of 38

Figure 16. Probable growth in the energy demand in buildings over time due to degradation:
(a) detached houses; (b) apartment buildings.

Interestingly, the more airtight and insulated buildings have shown greater vulnerabil-
ity to degradation than less airtight and insulated buildings. Meanwhile, the initial demand
for energy in more airtight and insulated buildings was significantly lower. In particular,
for such a detached house, the revealed expected increase in energy consumption by 61.2%
was equivalent to a change in the energy consumed for heating from 25.29 to 40.76 kWh/m2.
The revealed lower percentage estimated growth in energy consumption of 49.76% for the
less airtight and insulated detached house was equivalent to a significantly greater increase
in actual energy from 59.55 to 89.18 kWh/m2. It is worth noting that this trend in a cold
climate was more unambiguous than the revealed patterns in a hot–humid climate, where
the greater vulnerability of more airtight and insulated buildings was obvious only after
10 years of operation.

It is also worth noting that the biggest jump in the increasing demand for energy is
observed at the very beginning of the building’s operation (Figure 17). In the cold climate,
this indicator had significantly higher values than those obtained in [14]. Thus, if in a
cold climate, the maximum increment of energy consumption reached 30.7% for detached
houses and 31.3% for apartment buildings; then, in a hot–humid climate these indicators
were 12.9% and 12.7%, respectively.

Figure 17. Possible increments in heating energy consumed in buildings over time under the influence
of degradation: (a) detached houses; (b) apartment buildings.
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The increase in heating energy consumption from the power grid in detached houses
is shown in Figure 18. Among other things, an interesting fact can be noted, namely,
that an increase in energy demand from the power grid (in the presence of photovoltaics)
occurs much faster than in their absence. For example, in the more airtight and insulated
detached house without PV modules, the possible increase was 61.2% (from 25.29 to
40.76 kWh/m2), whereas in the detached house with PV modules, it was 208.3% (from 10.3
to 31.76 kWh/m2). Noteworthy, the resulting maximum change in energy consumption
from the power grid (in percentage terms) due to the degradation of PV modules in a
cold climate was lower than that established in a hot–humid climate [14]. The use of
photovoltaics necessitates a high level of reliability and quality in its components, as any
deterioration in their performance results in a significant demand for energy from the
power grid in both climatic conditions.

In addition to the graphs presented above, pie charts were also developed in this
study to more clearly show the impact of the degradation of each of the components on
the energy performance of buildings during their operation. Figures 19 and 20 show data
without photovoltaic modules, while Figures 21 and 22 show data with PV modules.

Figure 18. Probable changes in the heating energy demand from the power grid in the detached
house under the influence of degradation: (a) without photovoltaic modules; (b) with photovoltaic
modules.
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Figure 19. The contribution of each degrading component to the building’s performance deterioration
with time (detached houses).
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Figure 20. The contribution of each degrading component to the building’s performance deterioration
with time (apartment buildings).
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Figure 21. The contribution of each degrading component to the building’s performance deterioration
over time (more airtight and insulated detached houses with photovoltaics).

Figure 22. The contribution of each degrading component to the building’s performance deterioration
over time (less airtight and insulated detached houses with photovoltaics).

6. A Set of Guidelines

The results of this simulation research made it possible to identify key patterns of
changes in the energy performance of buildings under the influence of ageing and degrada-
tion processes in a cold climate. The results obtained were given an applied character by
making them into a set of practical recommendations.

Taking into account the main patterns of changes in energy consumption in buildings
identified in this study under the influence of degradation in a cold climate, as well as a
comparative analysis of the results obtained with key conclusions for hot–humid climate
conditions [14], the following is a general set of guidelines for both climatic conditions. In
this way, this set of guidelines is applicable for the following conditions: at least for the
climates of Belarus and the UAE and, at most, for regions of cold and hot–humid climate
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conditions, which according to the Köppen climate classification system, corresponds to the
climatic zones Dfb and BWh, respectively. Further, it considers buildings of two different
types (detached and apartment buildings) with two levels of airtightness and insulation.

6.1. Recommendations for the Entire Building

1. The energy performance of buildings in a cold climate is more vulnerable to degrada-
tion than in a hot–humid climate. Therefore, the aspect of the climatic region where
the building is located is important when considering possible changes in its energy
consumption under the influence of the degradation of various building components.
In particular, the following indicators of a faster increase in energy demand in a cold
climate compared to a hot–humid climate can be distinguished (how many times):

• for more airtight and insulated detached houses: 1.6–1.9
• for less airtight and insulated detached houses: 1.4
• for more airtight and insulated apartment buildings: 2.8–3.6
• for less airtight and insulated apartment buildings: 1.9–2.1

2. More airtight and insulated buildings are more vulnerable to the degradation of
various building components, compared to less airtight and insulated buildings. This
is evidenced by the fact that the increase in energy demand over time in the first case
occurs faster than in the second. In this regard, it is obvious that the importance of the
quality and reliability of the building materials and structures used will increase with
the increase in the level of airtightness and insulation of the projected building. The
following indicators of a faster increase in energy consumption in more airtight and
insulated buildings can be distinguished (how many times):

• for detached houses in a cold climate: 1.05–1.2
• for apartment buildings in a cold climate: 1.4–1.6
• for detached houses in a hot–humid climate: 1.1
• for apartment buildings in a hot–humid climate: 1.1

3. The greatest deterioration in energy performance of buildings due to degradation
occurs within the first years of their operation. In addition, such an initial increase
in energy consumption in a cold climate has significantly higher values than in a
hot–humid climate.

6.2. Recommendations Concerning Possible Insulated Glass Unit’s Degradation

1. With the degradation of IGU, the increase in energy consumption occurs at a faster rate
in more airtight and insulated buildings. This conclusion is valid for both cold and
hot climates. This means that the requirements for the quality of the windows used
increase in direct proportion to the level of airtightness and insulation in buildings. As
indicative quantitative indicators of this pattern, it is possible to refer to the established
dependencies in Figure 9 in this study and in [14].

2. It is important to note that most likely, the change in energy consumption during IGU
degradation occurs more slowly in apartment buildings than in detached buildings
(with an average WWR indicator in a building of about 27–30%).

3. In addition, as indicated in [14], in hot and humid climates, special attention should
be paid to the reliability of low-emission coatings on IGU since their degradation
leads to a significant growth in cooling energy demand.
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6.3. Recommendations Concerning Possible Thermal Insulation Degradation

1. It should be borne in mind that the consequences of degradation of thermal insulation
in a cold climate are more significant than in a hot–humid climate, which requires a
more cautious choice of building insulation materials in the first case. This recommen-
dation is based on the established fact that with the degradation of thermal insulation,
the increase in heating demand in cold climates occurs more rapidly than the increase
in cooling demand in hot–humid climates. The estimated quantitative indicators of
this dependence can be seen in Figure 10 in this study and in [14].

2. The deterioration of the performance of the thermal insulation of walls has more
significant negative consequences for the energy performance of buildings compared
with the deterioration of the thermal insulation of the roof. This pattern is observed
in both climatic regions. It is possible to distinguish the following gap between the
influence of thermal insulation of walls and roofs (how many times): for the detached
house in a cold climate: 1.5; for the apartment building in a cold climate: 1.8; for
the detached house in a hot–humid climate: 1.8; for the apartment building in a
hot–humid climate: 1.5.

6.4. Recommendations Concerning Possible Airtightness Degradation

More airtight and insulated buildings have shown less vulnerability to deterioration of
airtightness; therefore, when designing buildings, it is advisable to minimise the likelihood
of excessive uncontrolled air flows in the building. To do this, it is necessary to choose high-
quality and durable sealants, control the formation of cracks, be more careful when drilling
new holes during the furnishing, etc. The dependences given in Figure 12 (in this study
and in [14]) allow the estimation of the difference in the effect of airtightness deterioration
on energy demand in a building, depending on its type and climatic conditions.

6.5. Recommendations Concerning Possible Degradation of Solar Reflectance of the
Building Envelope

Ref. [14] presents the main recommendations for taking into account the degradation
of solar reflectance of the building envelope. It is only worth noting that in climatic
regions where there is a significant demand for heating energy in buildings all year, the
level of solar reflectance of building envelope coatings should be carefully chosen, with
accurate modelling of building energy performance, assessment of the energy balance,
and economic benefits from simultaneous minimisation of energy demand for cooling and
possible increases in heating energy consumption.

6.6. Recommendations Concerning Possible Performance Degradation of the MVHR System

1. The efficiency of the MVHR system in more airtight and insulated buildings is higher
than in less airtight and insulated buildings.

2. The design of the MVHR system should be carried out in close relationship with the
main indicators of the airtightness and insulation of the building envelope, primarily
airtightness. The effect of the degradation of various elements of the building envelope
on the efficiency of the heat recovery system can be seen in Figure 14. The following
coefficients can be distinguished to reflect a possible decrease in the performance
of heat recovery: with degradation of IGU: 0.94–0.99; with degradation of thermal
insulation: 0.9–0.99; with degradation of airtightness: 0.78–0.9.

3. The performance of the heat recovery of typical mechanical ventilation systems in-
stalled in apartment blocks is more susceptible to the effects of degradation compared
to those in detached houses, i.e., the increase in heating demand during the degrada-
tion of this system in the first case occurs faster.
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6.7. Recommendations Concerning Possible PV Module Degradation

When introducing PV modules into a building’s energy network, it should be borne
in mind that the reduction of energy generated during their degradation occurs more
intensively in hot climates compared to cold climates. It is also critical to pay close attention
to the reliability and durability of photovoltaic modules in both climatic conditions when
selecting them.

6.8. Application of Graphic Material

On the example of a more airtight and insulated detached house in a cold climate (in
the worst-case scenario of degradation), the principle of using the developed pie charts
(Figures 19–22) to assess how much a particular component of a building has an impact
on the overall deterioration of its performance over the course of time is shown below.
The greatest contribution to the increase in energy consumption in such a building after a
year of operation is made by the deterioration of airtightness (Figure 19). This indicator
reduces the level of its influence from 69% to 44% over 25 years. The second most important
factor is the degradation of the heat recovery system, which also gradually reduces its
impact from 47% to 34%. It is also possible to trace a gradual increase in the importance
of the degradation of thermal insulation and IGUs. When using PV modules (Figure 21),
it is clear that airtightness continues to have the greatest impact on the increase in energy
consumption, while by the end of the period, the wear out of photovoltaic modules as well
as the degradation of heat recovery and airtightness have approximately the same effect
(≈25–30%).

Similar graphic materials for hot–humid climate conditions were also presented in
Figures 19–22 in [14].

7. Output and Impacts

The findings of this study contributed to a better understanding of the effect of
degradation and ageing processes on the deterioration of the energy performance of
buildings over time in a cold climate. A special contribution was made by comparing the
results obtained with the conclusions in a hot–humid climate. Among the key findings, the
following main provisions can be distinguished:

1. The degradation of building components such as IGUs, thermal insulation, airtight-
ness, heat recovery units of MVHR systems, and PV modules greatly affected the
increase in heating demand in cold climates.

2. Taking the degradation factor into account, it was possible to identify the following
main patterns: (1) Degradation processes had a more significant influence on the
deterioration of the performance indicators of buildings in a cold climate compared to
a hot–humid climate; (2) The greatest influence on the increase in energy consumption
in a hot–humid climate was exerted by such indicators as the deterioration of low-
emission coatings on windows, as well as airtightness degradation; in turn, in a cold
climate, the deterioration of airtightness and heat recovery performance were of key
importance; (3) The most substantial growth in energy demand is observed at the very
beginning of building operation, and the sharpest jump in the deterioration of energy
performance also occurs in cold climates; (4) It was revealed that the higher the level
of airtightness and insulation of the building, the more vulnerable it is to degradation
and ageing processes; (5) The constancy of the thermal insulation properties of the
walls is more important than the thermal insulation of the roof in ensuring the stability
of energy consumption in buildings in the long run; (6) As for building services, it was
found that the greatest impact of the decrease in the performance of heat recovery in
the mechanical ventilation system was a deterioration in the airtightness of buildings;
(7) The degradation of PV modules in a cold climate also led (albeit to a lesser extent
than in hot–humid climates) to a significant increase in energy consumption from the
power grid.
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3. It is also possible to note some interesting relationships established between the results
obtained and the features of degradation of various components of buildings identified
during the literature review. For instance, the fact noted by some scientists that in
hotter conditions, under the influence of high temperatures affecting the sealants,
the service life of IGUs is significantly lower than in colder conditions, which can be
to some extent consistent with the results obtained, according to which a possible
increase in cooling demand due to the degradation of a low-emission coating in a
hot–humid climate was much higher than the values obtained in this study in a cold
climate. Interesting results were obtained regarding the effect of thermal insulation in
both climatic conditions. Therefore, despite the fact that scientific research generally
confirms the linear relationship between thermal conductivity and temperature, the
results obtained show the high importance of the degradation of thermal insulation
in cold climates. In this way, it can be argued that heat transfer in a cold climate
is more dynamic, and thermal insulation is rightfully considered one of the key
measures to increase energy efficiency according to the world’s leading guidelines.
The established fact that uncontrolled air flows cause significantly greater global
energy losses during heating than during cooling is also consistent with the results
obtained in this work of a faster increase in energy demand in buildings due to the
deterioration of airtightness in a cold climate compared with a hot–humid climate. The
close relationship revealed in this study between the performance of the mechanical
ventilation system’s heat recovery and the airtightness also confirms the identified
statements about the efficiency of the heat recovery system precisely in conditions of
high building envelope performance.

4. The set of guidelines developed on the basis of the revealed patterns of behaviour of
buildings in the ageing process embodies one aspect of the novelty of this study. In
particular, in addition to enriching the general knowledge on this topic, the identified
dependencies made it possible to quantify and correlate various factors that aggravate
or, conversely, weaken the effect of degradation on increasing energy demand. In
this way, the formulated recommendations will allow specialists in various fields
at various stages of the life cycle of buildings to mitigate the effect of unavoidable
degradation.

8. Conclusions and Recommendations

This research has contributed to the development and enrichment of scientific knowl-
edge on the impact of the degradation and ageing of various components of buildings on
their energy performance over time. At the same time, the main result of this work and
its novelty is the development of practical recommendations for taking into account this
factor of degradation at various stages of the life cycle of buildings.

The methodology chosen in this study made it possible to achieve the primary aim,
namely, to study the impact of degradation on changes in energy consumption in buildings
in cold climates. The results obtained, including a comparative analysis with previously
published findings [14], allowed us to approach the solution of the research issue of taking
the degradation factor into account in practice, by creating a set of guidelines for different
climates, contexts, and building typologies. Among the main stages of the study, it is
possible to note the assessment of the initial energy performance indicators of selected
buildings, the development of the most likely scenarios for the degradation of the building
components considered, the dynamic thermal modelling of the energy performance of
buildings with changing characteristics of components, and the analysis and formulation of
the results in the form of a set of guidelines. It is worth noting that the key importance of the
chosen methodology was the assessment of quantitative indicators of both the deterioration
of the performance characteristics of individual components and the resulting values of the
changing energy demand of buildings under the influence of degradation. In this way, it
was the evaluation of numerical indicators that made it possible to conduct a comparative
analysis and formulate the recommendations that can be used in practice.
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Therefore, in the expanded set of guidelines presented in this paper, the features of two
climatic conditions (hot–humid and cold) for detached and apartment buildings, with two
levels of airtightness and insulation, are considered. This set of guidelines is applicable for
the following conditions: at least for the climates of Belarus and the UAE and, at most, for
regions of cold and hot–humid climate conditions, which according to the Köppen–Geiger
classification, correspond to the climatic zones Dfb and BWh, respectively.

In general, the results of thermal dynamic simulations showed that a possible increase
in energy consumption for heating under the influence of degradation in a cold climate
might reach over 25 years: for detached houses, up to 18.4–61.2% for more airtight and
insulated buildings and 17.6–49.8% for less airtight and insulated ones; for apartment build-
ings, up to 32.6–89.8% and 23.6–56.3%, respectively. This was much more than the possible
increase in cooling energy consumption detected under the influence of degradation in
a hot–humid climate (approximately 1.4–1.9 times for detached houses and 1.9–3.6 times
for apartment buildings). Moreover, the growth in demand for energy in buildings at
the beginning of operation in cold climates was much higher than the same indicator in
hot–humid climates. Overall, the study conducted in cold climates also proved that more
airtight and insulated buildings were more vulnerable to degradation. It should be taken
into account that the initial energy demand in such buildings is much lower, which makes
them an effective technology even in conditions of possible degradation.

As a whole, it can be concluded that this study aimed to investigate the impact of
degradation on changes in the performance of buildings, and one of the key objectives,
the implementation of which enhanced the novelty of this study, was to create a set of
guidelines that can be used in practice to take into account the factor of degradation in
order to minimise this impact over time. This work had some limitations, including the
nature of the ageing processes under consideration, which cannot guarantee obtaining
any unambiguous outputs, especially given the limited amount of data. Additionally, the
conclusions obtained are based only on the selected buildings’ studies. However, the basis
created in this work can be further improved in the course of future research. In particular,
it is necessary to consider other climatic conditions, to cover more buildings, and to include
in the study possible options for the refurbishment of buildings.
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