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Abstract:

Ice on the pitched roofs threatens pedestrians and vehicles parked near buildings. This article
describes the scheme of ice formation on the roofs of buildings with a pitched roof and a cold attic. To
determine the conditions for the ice formation in the building a mathematical model and an equation of
the thermal balance of an unheated attic room are developed. A set of measures to normalize the
temperature and humidity regime in an unheated attic is developed. The dependences of the air
temperature in the attic on the outside air temperature before and after the implementation of the
proposed set of measures to normalize the temperature and humidity regime are defined. The developed
set of measures reduce the thermal energy consumption during the heating period due to an increase in
the level of thermal insulation of enclosing structures separating the cold attic from heated rooms, as well
as to improve the microclimate parameters on the upper floors of operated buildings. Unlike active
protection methods (usually implemented in the form of heating cables, films, and mats), the proposed
complex of passive engineering and technical solutions that do not require energy resources during
operation can be defined as energy saving and sustainable. The results obtained will be applicable to
buildings located in the cold climate zone (D — cold climate according to the international Képpen Climate
Classification).

1 Introduction

1.1. Literature review

Ice on the pitched roofs threatens pedestrians and vehicles parked near buildings. Ice falling from
roofs led to injuries and even deaths of people [1]. Falling ice could damage vehicles, outdoor air
conditioning units [2], canopies, balconies, and other protruding architectural elements of buildings,
sidewalks, and road surfaces [3]. Mechanical removal of ice from the eaves overhangs of roofs often
leads to damage to the roofing surface [4] and, as a result, the appearance of leaks in the spring,
accelerated wear of structural and enclosing elements of the roof and the need for more frequent repair
and reconstruction [5]. Leaks on roofs may cause the appearance of bio-damage in the roof truss
elements [6]. These leaks wet the attic floor insulation and lose its thermal insulation properties. Leaks
on the roofs also lead to freezing of the ceiling (especially noticeable in corner rooms at the junction of
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the attic floor with the outer walls), condensation on cold surfaces, the appearance of fungus in areas
with heat-conducting inclusions, deterioration of microclimate parameters on the upper floors of buildings
located under a cold attic.

The main reasons for the formation of ice dams on the roofs of buildings and their negative
consequences are discussed in detail in [7]-[9]. The study [10] shows that the temperature above zero
inside the unheated attic and the temperature below zero outside result in ice formation on the eaves.
The low level of thermal insulation of the enclosing structures separating the cold attic from the heated
rooms results in a higher temperature in the attic than the recommended values. The article [11]
considers the factors influencing the temperature and humidity regime of pitched roofs with cold attics.
The authors analyze the causes of the ice formation on the attic roofs of heated buildings [12] and provide
specific proposals to prevent such ice formations.

The paper [13] presents a set of measures to eliminate ice on pitched roofs. The research shows
an example of calculating and composing the heat balance equation of unheated attic rooms, selecting
insulation for enclosing structures separating a cold attic from rooms with a standard thermal regime, and
heating system pipelines, calculating the required insulation thicknesses. The study reveals the
dependence of the attic space temperature on the structural design of the roof, as well as on the type of
steam and thermal insulation [14].

The authors describe the assessment of the air exchange required to normalize the temperature
and humidity regime of cold attics [15]-[18]. The research shows that more than eight-fold air exchange
of attic rooms is required to normalize the temperature and humidity regime without additional insulation
of enclosing structures. Natural ventilation modes fail to support such air exchange. In this regard, only
a set of measures, including insulation of attic floors, walls of ventilation ducts, and heating pipelines laid
in the attic, allows for providing a set air temperature in the attic, thereby reducing the likelihood of ice
formation on the pitched roofs of historical buildings.

The study considers the influence of the shape and angle of the roofs' slopes on snow retention
and ice formation on attic roofs [19,20]. It is shown that as the angle of inclination of the roof slopes
increases, the less likely it is that snow will be trapped on the slopes and ice will form on the eaves
overhangs.

In [21], [22], one can find a detailed comparative analysis of heat energy losses before and after
the insulation of external enclosing structures of buildings. The researches show how the transmission
losses of thermal energy change through the outer shell of the building before and after its insulation. In
[23-26], the authors consider methodology and examples of calculating the return on the investment
required to increase the level of thermal insulation of external enclosing structures, including attic floors
of buildings with a pitched roof and a cold attic.

The methods of preventing ice described above are so-called passive protection methods. They
do not require the use of thermal and electrical energy during operation. There are also active ways to
protect the roof from the formation of ice on it, requiring connection to an electrical energy source. These
include de-icing systems based on heating cables or mats [27]. The essence of their action is as follows:
when an electric current passes through cables or mats laid on cold areas of the roof, as well as in areas
where snow bags are likely to form, cables and mats, when heated by current, melt snow and ice in the
places where they are laid. As a rule, de-icing systems provide heating of eaves overhangs, gutters,
drainage funnels, and downpipes, i.e., areas of the roof where the risk of ice formation is most likely [28],
[29].

The essence of the technical solution proposed by the authors [30] is using secondary heat to heat
water in pipes for melting ice and snow on the roof of the Tatneft Arena Ice Sports Palace (Saint-
Petersburg, Russia).

It should be noted that when implementing active ways to eliminate ice on roofs, we fight not with
the cause but with the effect. In addition, implementing active methods of protecting roofs from ice
requires energy resources, which contradicts energy conservation principles. Residents of apartment
buildings often disapprove of the active methods due to the high constant maintenance and operational
costs [31]-[34].

In this regard, the passive method of dealing with ice, considered in this study, is the most
preferable. Its implementation does not require the expenditure of energy resources during the operation
of the building. Increasing the level of thermal protection of the attic floor and other enclosing structures
(entrance doors, walls of ventilation chambers, partitions of elevator shafts, etc.) separating the cold attic
from heated rooms helps to reduce transmission losses of thermal energy. A high level of thermal
protection also reduces energy consumption and improves microclimate parameters in cold and warm
periods of the year on the upper floor located under the cold attic [35]-[38].

Studies [39]-{42] show that the main cause of ice formation on pitched roofs is noncompliance with
the temperature and humidity regime (hereinafter referred to as THR) in unheated attic rooms. That
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happens when outdoor temperatures are below zero for a considerable period, and the air temperature
in the cold attic rooms remains above zero. The low level of thermal insulation of enclosing structures
and insulation of pipelines [13,43], compaction of bulk insulation of attic floors [44,45], and insufficient
multiplicity of air exchange of attic rooms [45-47] result in the air temperature in the attic being
significantly higher than the outside air temperature. The air temperature inside the attic, especially under
the ridge of the rafter girder and near the exits of the ventilation ducts, turns out to be above zero, which
leads to the melting of the lower layers of snow on the roof of the building [48-50]. Meltwater flows down
to the cold eaves overhang of the roof, where an ice dam is forming gradually (Figure 1, a), flows through
the dam, freezes, and thereby forms ice (icicles) hanging from the eaves and drainage funnels. The
process of ice formation occurs most intensively in the locations of the drainage funnels, and when they
are overgrown with ice, it starts in the remaining sections of the eaves overhangs (Figure 1, b).

(a) (b)

Figure 1. (a) Ice dam on a cold section of the eaves overhang; (b) Icicles on the eaves overhang of
the roof.

However, the research has not sufficiently studied the topic of determining the conditions for the
formation of ice dams on pitched roofs of the buildings located at the cold climate zone (D - cold
continental according to the international Képpen Climate Classification) in the millionplus city and
assessment of the trend for the formation of icicles of the buildings taking into account the climate change
in a million-plus city.

1.2. Scientometric Analysis

The Scopus database carried out a scientometric analysis of the literature to assess the level of
development of science, productivity, and demand for research over the past five years, which showed
the detection of cases of infection. The VOS Viewer program and SciVal Scopus (Figure 2-6) visualized
the results of the scientometric analysis.

The Topic Prominence percentile for the topic «Attic; Roofs; Moisture T.46687» (Scopus Database)
is equal to 68.455%. The prominence percentile is made up of three metrics: citation count, Scopus
Views Count, and Average CiteScore, which are calculated on the most recent papers only to reflect
currency.
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Figure 2. The visualizing scientific landscapes by indexed keywords SCOPUS (by VOS Viewer)
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Figure 5. Indexed keywords institutions for the topic « Topic T.46687 Attic; Roofs; Moisture»
(Scopus Database, SciVal)

The analysis shows that the research topic «energy efficiency of buildings with a cold attic in cold
climatesy is quite relevant. Most of the studies conducted in this country are found in the USA, the Czech

Republic, Russia, and Sweden.

In all of the above studies, there is no analysis of outdoor air parameters at which the probability of
ice formation on the eaves of pitched roofs and elements of the building's drainage system increases
sharply before and after normalization of the temperature and humidity regime in unheated attic rooms.
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Figure 6. Related topics institutions for the topic « Topic T.46687 Attic; Roofs; Moisture» (Scopus
Database, SciVal) topic

The purpose of this study is to establish the energy performance of the building with a residential
pitched roof and a cold attic space at the cold climate in the millionplus city.

In order to achieve this goal it is nesesary to solve this task: 1) establish the conditions for the
formation of ice dams on pitched roofs of the buildings located at the cold climate zone (D - cold
continental according to the international Képpen Climate Classification) in the millionplus city; 2)
establish the outdoor temperature ranges within which there is a high probability of ice formation on the
roofs of buildings with a pitched roof and a cold attic; 3) assessment of the trend for the formation of
icicles of the buildings taking into account the climate change in a million-plus city.

2 Materials and Methods

It is necessary to perform a calculation on the example of a specific object as a residential
apartment building with a pitched roof and a cold attic located in Russia, Saint Petersburg to determine
the conditions for the formation of ice dams on pitched roofs of the buildings located in the cold climate
zone. The Kodppen climate classification is one of the most common classification systems. The
classification is based on taking into account the temperature and precipitation regime. Ice formation
occurs mainly in buildings located in the cold climate zone (D - cold continental). The climatic conditions
of the city of St. Petersburg were created (the Dfb climate zone according to the international Képpen
Climate Classification) to study the reliable operation of the enclosing structure in winter. The results will
apply to buildings in the cold climate zone (D).

The initial data for the calculation are given below.

Estimated indoor air temperature:

- in residential areas ¢, is 20 °C;

i is 16 °C.
The estimated outdoor temperature ¢, is minus 27 °C.

The presence of dormer windows is 3 pcs., equipped with grilles.
There are no supply and exhaust ventilation ducts.
The location of the building is in the courtyards of the city block.

The multiplicity of air exchange in attic rooms 7, is 0.5 h-1.

- in the stairwell ¢:

The areas of enclosing structures (Al-+ ) separating the attic from the heated rooms and vent

channels are:
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- attic floor is 583 m?;
- ventilation ducts passing through the attic are 32 m2.
- entrance hatches (in the amount of 2 pcs.) is 1.2 m?.

The areas of enclosing structures (4 ; ) separating the attic from the outside air are:

- roofing is 970 m?;

- cornice sections of exterior walls are 82 m2.

The area numbers are obtained from the measurement data.

The construction volume of an unheated attic room is 1765 m3.

Heat transfer resistance of cold attic enclosing structures:

- attic floor (existing insulation: slag gravel 180-220 mm thick) is 1.35 m?-K/W;

- masonry ventilation ducts crossing the unheated room attic is 0.5 m?-K/W;

- hatches is 0.42 m?-K/W;

- cornice sections of exterior walls is 1.07 m?-K/W;

- roofing (taking into account the snow cover with a thickness of 30 cm) is 0.66 m?-K/W.

The thickness of the snow cover of 30 cm is assumed as the most unfavorable condition.

Heating system: two-pipe, vertical, with overhead wiring.

The total length of the heating system pipelines is 102 m, of which:

74 m pipelines with a nominal diameter of 50 mm;

28 m pipelines with a nominal diameter of 32 mm.

Insulation of pipelines: the fabric is stitched fiberglass with a thickness of 10 mm; the outside is
wrapped with a linen cloth and tied with a tape (bandage);

Insulation condition: unsatisfactory (dilapidation, local damage, wetting).

Heat energy losses from 1 meter of length of a cylindrical pipeline g; with a nominal diameter:

-50 mm is 61.6 W/m;

-32mm is 46.4 W/m.

The heat balance equation was used in the form proposed in [51] to calculate the air temperature
in the attic:

/ (1)

int ™ -
LA ] A
Z Y +Z e +0,28-V ,,, -n,
i=1 i j=1 Jj

n Az+ n n A;
lint'z 4 + (QLk'lk)"_text'Z —_ +0’28'Vatt.'na'text
=\ R ) k=l J=1
tatt._

where
tint 18 the indoor air temperature in the rooms on the upper floor of the building, ° C;
A R are respectively area, m2, and heat transfer resistance, m2-K/W, enclosing structures
separating a cold attic from heated rooms and ventilation ducts;

t o« is outdoor air temperature, °C;

A; ,R; are respectively the area, m?, and heat transfer resistance, m?-K/W, of the enclosing

structures separating the cold attic from the outdoor environment;
g« is linear heat flux density per 1 lin.m. of the length of the k-th diameter pipeline, taking into

account heat losses through insulated pipeline supports and flanged connections, W/m;
[ is the length of the pipeline of the k-th diameter, m;

V .. is construction volume of cold attic rooms, m?;

n, is the multiplicity of air exchange in the rooms of a cold attic, h-1.

The results of calculating the air temperature in the attic according to the formula (1) at outdoor
temperatures below zero, in the range from minus 27 to 0 °C (Figure 7). The graph shows that for outdoor
temperatures from 0 to minus 9 °C, there is a high probability of ice on the roof of the object under study.
Within this range of outdoor temperature, the air temperature in the attic is above zero leading to the
melting of the lower layers of snow lying on the roof slopes.
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Figure 7. The air temperature in the attic on the outside air temperature before the implementation
of a set of measures to normalize the temperature and humidity regime in the attic

The graph also shows that for an outdoor temperature of minus 27 °C, the estimated air
temperature in the attic is minus 14.2 °C. Consequently, the main requirement for normalizing the
temperature and humidity regime in the unheated attic under consideration, according to which the air
temperature in the attic should not exceed the outdoor temperature by more than 4° C, is not provided.
The requirement is not fulfilled at the calculated outdoor temperature and the entire outdoor temperature
range. Special measures are required to bring the parameters of the microclimate in the attic to a
normative state.

The results of field measurements showed that during the periods of the lowest outdoor
temperatures, the air temperature in the attic does not fall below minus 14 °C. Thus, the estimated air
temperature in the attic turned out to be close to the actual minimum temperature. Therefore, the model
allows calculating the air temperature in the attic with sufficient accuracy for engineering calculations and
modeling the microclimate parameters in it when the model parameters change.

The accuracy of the model largely depends on the quality of the initial data collection, i.e., the
geometric and thermal characteristics of the enclosing structures, their technical condition, and the
condition of the thermal insulation layers. In this regard, before starting the simulation, it is important to
perform a detailed instrumental survey of the attic and measurement work. In some cases, it may be
necessary to take samples of thermal insulation to determine its actual humidity and thermal conductivity.

3 Results and Discussion

3.1. Results

In order to normalize the temperature and humidity regime of the cold attic under study, the
following list of engineering and technical measures has been developed:

- installation of supply and exhaust ventilation ducts;

- insulation of the attic floor;

- insulation of the walls of ventilation ducts in the attic;

- insulation of heating system pipelines laid in the attic.

The supply ventilation ducts are designed in such a way that their area together with the net area
of the dormer windows, is 1/300 of the area of the horizontal projection of the roof. Exhaust vents are
made in the form of separate holes (weather vents) located along the roof ridge in a staggered manner
at a distance of 6-8 meters from each other. The area of exhaust ventilation ducts is assumed to be 10-
15 % larger than the area of supply (cornice) ducts. Considering the work performed on installing
ventilation ducts, the multiplicity of air exchange should increase and, under the most unfavorable
conditions, be at least 1.5 h-1.

Gorshkov, R.; Voilokov, I.; Sergeev, V.; Nemova, D.
Ice formation of the building with a residential pitched roof and a cold attic space at the cold climate in the millionplus city;
2023; Construction of Unique Buildings and Structures; 106 Article No 10606. doi: 10.4123/CUBS.106.6


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

This publication is licensed under a CC BY-NC 4.0

For insulating enclosing structures, products with thermal conductivity of 0.040 W/(m-K) are used
as a thermal insulation layer. For insulation of heating system pipelines, products with thermal
conductivity of 0.038 W/(m-K) at 25 ° C are used. Taking into account the technical solutions and
materials used in the project, the values of the heat transfer resistances of the enclosing structures of
the attic will be:

- attic floor is 4.07 m?-K/W;
o masonry sections of ventilation ducts passing through the room of an unheated attic is 1.35

m=-K/W;

- other enclosing structures is without modification.

As in the original version of the calculation, the thickness of the snow cover lying on the roof is
assumed to be 30 cm.

After insulation of the heating system pipelines, the loss of thermal energy from 1 meter of the
length of the insulated cylindrical pipeline will be:

- with a nominal diameter of 50 mm is 20.0 W/m:;

- with a nominal diameter of 32 mm is 16.4 W/m.

Figure 8 shows the graph of the dependence of the air temperature in the attic on the outside air
temperature with the new initial data.

3.0

o
,

Temperature in the attic

Outdoor temperature | °C

Figure 8. The air temperature in the attic on the outside air temperature after the implementation of
a set of measures to normalize the temperature and humidity regime in the attic

As shown on the graph the calculated air temperature in an unheated attic room at the calculated
outdoor air temperature turns out to be minus 23 °C. Hence, the microclimate parameters in an unheated
attic room comply with the established requirements and the sufficiency of the implemented design
decisions.

There is still the probability of ice formation on the roof. However, the range of outdoor temperatures
is significantly narrowed (from 0 to minus 2°C), at which there is a risk of an ice dam appearing on cold
areas of the eaves overhang of the roofing. The difference in air temperatures on the street and the attic
simultaneously is no more than 2.5°C. At this temperature difference, the heat flow through the roofing
surface and the snow cover on the roof turns out to be extremely insignificant (= 3.5 W/m?). Therefore, it
takes a considerable time to melt the snow mass on the roof.

Unlike active protection methods (usually implemented in the form of heating cables, films, and
mats), the proposed complex of passive engineering and technical solutions that do not require energy
resources during operation can be defined as energy saving and sustainable.

The graphs show the dependence of the air temperature in the attic on the outside temperature.
With the invariance of the geometric characteristics of the attic (the areas of the enclosing structures and
the building volume), as well as the thermophysical characteristics of the materials in the composition of
the enclosing structures, this dependence shows that the lower the outside temperature, the lower the
internal temperature of the attic. The shaded area demonstrates the risks of ice formation before and
after measures to normalize the heat and humidity regime in the attic. The graphs show the risks of ice
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formation are significantly reduced after these activities (the risk is probabilistic). The equation for the
heat balance of a cold attic for the dependence is (1).

3.2. Approbation of research results

After the development and approval of the regional methodological document [36] in St. Petersburg
in the period from 2017 to 2020, as part of the overhaul of the roofs of buildings with a pitched roofs and
a cold attic, a mass implementation of a set of technical solutions was carried out. The press described
these solutions as "the cold attic" technology. Implementing the proposed technical solutions made it
possible to significantly reduce the risk of ice on pitched roofs and thereby reduce the number of injuries
and accidents associated with the descent of ice and the fall of icicles from the roofs of buildings.

The winter of 2019/2020, against the background of general climate warming [51], turned out to be
snowless and warm (the minimum outdoor temperature was minus 5.3 C). Therefore, it is not indicative
for evaluating the effectiveness of the complex measures proposed in [52]. However, the winter of
2020/2021 can already be fully attributed to representative winters for the purposes of this study.
Because measures to normalize the THR of attics were not implemented at all city facilities, ice on pitched
roofs was detected. However, the number of objects that are dangerous bearing the risk of the descent
and fall of ice from the roofs has sharply decreased.

Climate warming in the St. Petersburg [51] contributes to a decrease in the number of hours of
negative outdoor temperatures. At the same time, the emerging trend of shifting average outdoor
temperatures over the heating period from negative to positive values contributes to an increase in the
number of outdoor temperature transitions through 0 °C, which increases the risk of icing on pitched roofs
of buildings with a cold attic. This circumstance emphasizes the relevance of the study.

The analysis of information on the request "falling ice and icicles from roofs" on the Internet, as well
as personal observations of the authors, shows that the problem of formation and descent of ice from
roofs remains relevant in other cities of the country (Figure 9). In this regard, the authors suggest using
the results of this work for efficient prevention of the described problem.

(a) (b)

Figure 9. (a) Ice on the pitched roof of a historic mansion; (b) Ice on the pitched roof of a public
building

4 Conclusions

The low level of thermal insulation of the enclosing structures of unheated attics, the lack of air
exchange in the required volume, and untimely snow removal on pitched roofs contribute to an increase
in air temperature in unheated attics. That leads to ice formation on the cornice slopes and elements of
the drainage system of buildings with a pitched roof and a cold attic.

Based on the results of the study, the following conclusions were made:
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1. The conditions for the formation of ice dams on pitched roofs of the buildings located at
the cold climate zone (D - cold continental according to the international Képpen Climate Classification)
in the millionplus city are established. Based on the attic room survey and the initial data collection, the
authors derive an equation of the thermal balance of the attic. This equation allows calculating the air
temperature in the attic with sufficient accuracy.

2. A set of engineering and technical measures to normalize the temperature and humidity
regime is proposed to reduce the risk of ice formation on pitched roofs.
3. Implementing the proposed set of measures significantly reduces the likelihood of ice

formation on the pitched roofs of buildings and the range of outdoor temperatures at which there is a risk
of overhanging ice. These measures also allow for reducing thermal energy consumption during the
heating period due to an increase in the level of thermal insulation of enclosing structures separating the
cold attic from heated rooms, as well as to improve the microclimate parameters on the upper floors of
operated buildings. The results obtained will be applicable to buildings located in the cold climate zone
(D - cold climate according to the international Koppen Climate Classification).

The obtained results and research results are valid for all such objects (buildings with a pitched
roof and a cold attic above) located at latitudes of 45 degrees. north latitude, that is, climatic zones with
the establishment of stable deviations in the temperature of the outside air during the cold season and
frequent transitions through 0 degrees. With autumn and spring transitional periods.
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