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The modern building technologies are technologies of green construction, near zero-energy and
active buildings with bioclimatic design, optimized energy consumption and CO, emissions. Prospective
enclosing structures of such buildings are structures using available, low cost, and environmentally
friendly materials based on plant raw materials. In this paper the evaluation of technical solutions of
wall enclosing structures using flax concrete based on lime binder with a density of 300-350 kg/m® was
carried out, taking into account their heating and cooling loads in residential buildings. It is shown that
the provision of the necessary indicators of the external walls of energy-efficient buildings is achieved by
using multilayer structures with a heat-insulating layer of flax straw concrete or a single-layer struc-
tures made from flax straw concrete in frame construction technology.
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Introduction

The building sector is one of the most energy-intensive, accounting for more than one-third of all fi-
nal energy and half of total electricity consumption worldwide (Attia et al., 2022). The construction and
operation of buildings, as well as the production of building materials, cause up to 40 % of all pollutant
emissions and about one third of soot emissions (Mostafavi, Tahsildoost, & Zomorodian, 2021). According
to forecasts, population growth, increasing requirements for the level of comfort and service in buildings,
increasing the time spent inside buildings will lead to further growth in energy demand in the future. Thus,
currently, energy awareness in building design is crucial.

In Ukraine, energy-saving technologies began to be more intensively implemented in construction
practice after the adoption of the law “On Energy Efficiency of Buildings” dated October 17, 2017. In ac-
cordance with the provisions of this law, a new version of DBN B.2.6-31:2021 “Thermal insulation and
energy efficiency of buildings” was approved. These documents envisage strengthening the requirements
for the reduced heat transfer resistance of the enclosing structures of buildings, as well as the classification
of buildings by energy efficiency. However, the energy consumption of existing buildings in Ukraine yet is
more in 2.5-3.0 times compered to EU countries with the same climatic conditions (Sanytsky, Marush-
chak, Secret & Wojcikiewiez, 2014).

The invasion of russia is making adjustments to the transformation of buildings in Ukraine into en-
ergy-independent ones. By the end of 2022 143,800 houses destroyed as a result of military actions were
recorded in Ukraine. War is the worst tragedy. But for all that, it’s also a chance to update and improve. On
July 5, 2022, representatives of more than 40 countries and about 20 international organizations at the In-
ternational Conference in Lugano, Switzerland approved the Declaration and approved seven principles for
the restoration of Ukraine, especially the energy and building sectors (Lugano Declaration, 2022). The
recovery process should take place according to the requirements of sustainable development until 2030
and the Paris Agreement, based on the principle of “build back better”. An increase in construction re-
sources for the future reconstruction of Ukraine may lead to an increase in energy consumption, as well as
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pollution and emissions, which determines the implementation of energy efficiency and resource conserva-
tion measures during construction (Santamouris & Vasilakopoulou, 2021).

Since energy consumption has recently been considered inextricably linked with greenhouse gas
emissions and the impact of construction activities on the environment is becoming more and more evi-
dent, the strategy of green construction is increasingly being implemented (Norouzi & Nasiri, 2021).

Green construction, green buildings are an advanced practice of construction and operation of build-
ings, the purpose of which is to reduce the level of consumption of energy and material resources during
the whole life cycle of the existence of a building, from selection of site to design, production of building
materials, construction, operation, repair and destruction, with subsequent use of the generated waste (Chi, B.,
Lu, W., Ye, M., Bao, Z., & Zhang, X., 2020). This plan considers Net zero carbon building, including em-
bodied carbon — an energy-efficient building that produces or purchases sufficient carbon-free renewable
energy on site to meet the annual energy consumption of the building, as well as throughout its life cycle
(i. e. offsets the building’s carbon footprint from energy consumption, building structures and materials)
(Keltsch, Lang, Aue, 2017; Kozak-Jagieta, Kusak, Klich, & Mojkowska-Gawelczyk, 2020; Sanytsky, Sek-
ret, & Wojcikiewiez, 2012). An active house should be characterized by low energy consumption, low
impact on the environment, as well as the necessary living conditions.

Walls play a decisive role, when designing energy-efficient buildings. The walls bear the weight, but
the walls also perform the function of heat insulation and sound insulation. They provide the optimal ther-
mal and moisture regime, as well as the mechanical characteristics and durability of the building. (An-
tonelli, Erba, & Azambuja, 2020; Marushchak, Pozniak, 2022; Marushchak, Pozniak, & Mazurak, 2023).
However, the production process of wall materials (ceramic wall materials, concrete blocks, aerated con-
crete blocks) requires a lot of energy. Increased energy consumption is also associated with the production
of traditional thermal insulation materials, such as mineral wool, glass wool, polystyrene foam (Perry,
2019). The use of a significant amount of energy in the production of traditional wall and thermal insula-
tion materials leads to the formation of a large amount of greenhouse gases, in particular carbon dioxide.
Since building standards require an ever higher level of thermal insulation, the impact of materials used for
thermal insulation on the environment cannot be underestimated.

Green building standards promote the development of recyclable materials and materials to improve
indoor air (Wang, H. et al., 2018). Thus, environmentally friendly building materials should create minimal
emissions and waste, consume less energy, and be useful to humans while maintaining high quality
(Pedroso, Brito, & Silvestre, 2019). Green construction material is a kind of building material which needs
to meet the following points: the use of clean production technology; no or less use of natural resources
and energy; a large amount of use of industrial, agricultural, or municipal solid waste production with the
features of free-pollution, recyclability, environmental protection, and human health (Torres-Rivas, et al.,
2021).

One idea of green building is to replace some building materials with plant-based materials to reduce
CO, levels. Cellulosic materials based on straw, flax waste, hemp, and wood are the most environmentally
friendly raw materials used in construction (Marques, Tadeu, Almeida, Anténio, & Brito, 2020; Novosad
& Pozniak, 2021; Babenko, Estokova, Uncik & Savytskyi, 2022; Hajj Obeid, M. et al., 2022). During
growth, the plant absorbs carbon dioxide and keeps it in the material during operation. On the one hand,
the use of plant materials will help to solve the problems of disposal of agricultural waste, on the other — to
obtain inexpensive and effective thermal insulation materials. The advantages of plant raw materials in-
clude availability, quick recovery, low cost, environmental friendliness and low thermal conductivity, as
well as the possibility of using both organic and inorganic binders. The advantages of flax include reducing
the level of radiation, weakening gamma radiation, electromagnetic waves from household and industrial
equipment, which will ensure healthy living conditions for residents in buildings made of flax concrete. It
is most rational to use plant raw materials of flax straw, rye, as wall blocks protected by a clay or sand-
cement plaster layer on a reinforcing mesh, or as a thermal insulation material, or wall material in frame
low-rise construction Garikapati, & Sadeghian, 2020; Kisilewicz, Fedorczak-Cisak, & Barkanyi, 2019).
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The purpose of this study is to analyse the use of flax straw concrete for external wall structures of
energy-efficient buildings.

Materials and Methods

The flax straw concrete based lime binder was used for analyse indicators of energy efficiency of
wall enclosing structures of low-rise buildings. Flax straw is the lignified parts of flax stalks, crushed dur-
ing primary processing (Fig. 1, a). It accounts for 60—70 % of the mass of processed flax stalks. For the
preparation of flax concrete, flax straw was used as an organic filler (Fig. 1, b).

Flax waste is particles of 1020 mm long and of 0.1-1.5 mm thick, with a bulk density of approxi-
mately 110-130 kg/m’. A feature of flax fiber is its high porosity (approximately 70—75 %). The oven-dry
density of flax straw concrete is 300-350 kg/m’. The calculated value of the thermal conductivity coeffi-
cient is 0.07-0.08 W/(m-K) and water vapor permeability — 0.12 mg/(m-h-Pa).

Fig. 1. Flax straw and flax straw concrete

There are various variants for using flax straw concrete for energy-efficient wall structures:

1) a multi-layered wall with a structural layer and a layer of insulation (thermally heterogeneous en-
closing structure) — variant 1;

2) a wall in which the functions of insulation and structural layer are combined (thermotechnically
uniform enclosing structure) — variant 2.

The choice of a specific variant depends on the climatic conditions and the constructive decision
adopted at the construction design stage.

The wall structure made from flax straw concrete were compared according to thermal criteria — re-
sistance to heat transfer and heat transfer coefficient. The thermal criteria for heterogeneous structures as
well as the moisture regime of both variants of wall were calculated according with the current regulations
of Ukraine for the external conditions of Lviv region used program Audytor OZC. The heat transfer by
transmission per 1 m’ for both variants of wall during the heating season and solar heat gains per 1 m* of
walls of southern orientation during cooling season were calculated. The cooling season includes three
summer months. Indoor air parameters were taken for residential buildings.

Results and discussions

The wall construction of variant 1 was used in the thermal modernization of the walls of a residential
one-story building in the village of Zashkiv, Lviv region (Fig. 2). The load-bearing wall of the building is
made of ceramic bricks with a thickness of 0.38 m. To insulate the wall, vertical wooden beams were in-
stalled at intervals of about one meter. Then the formwork is installed and flax straw concrete is placed into
it and compacted (Fig. 2, a). Externally, flax straw concrete is protected with lime-sand mortar with a
thickness of 0.015 m (Fig. 2, b).
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Fig. 2. Installation of thermal insulation with flax straw concrete

Variant 2 of the wall structure was used in the construction of a frame house in the village of
Krekhiv, Lviv region (Fig. 3, a). In this case, load-bearing wooden beams are installed, then formwork is
installed, flax straw concrete is placed into it and compacted (Fig. 3, b). A flax straw concrete is protected
from the outside and from the inside with a lime-sand mortar with a thickness of 0.015 m.

Fig. 3. Wall structures of a frame house with flax straw concrete

The decision of the problem of effective thermal insulation of external walls consists in choosing the
optimal thermal insulation material and justifying the economically feasible thickness of the thermal insu-
lation material (Voznyak, Yurkevych, Sukholova, Dovbush & Kasynets, 2020). A partial requirement en-
ergy effectiveness for wall structures is the resistance to heat transfer and heat transfer coefficient. The
installation of thermal insulation from flax concrete requires the installation of guide wooden beams 0.1 m
wide and 0.06 m thick approximately one meter apart (Fig. 2), which determines the heterogeneity of the
wall structure.

Calculation of the thermal parameters of a multi-layer enclosing wall structure using a heat-
insulating material based on flax straw concrete was carried out for a homogeneous field of the structure
(Fig. 4, a) and a non-homogeneous field including wooden beams (Fig. 4, b). It is shown that with a thick-
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ness of the heat-insulating layer of reinforced concrete of 0.25 m, the standard heat transfer resistance of
4.109 m*K/W is provided for a homogeneous zone, taking into account the heterogeneity of the structure,
the heat transfer resistance decreases to 4.053 m>K/W. The given heat transfer resistance of such structure
meets the requirements of the current standard. The total thickness of the structure is 0.675 m. The
calculation of the heat-humidity regime of the enclosing structure indicates the absence of condensation of
water vapor (Fig. 4, ¢).
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Fig. 4. Scheme of homogeneous (a) and non-homogeneous (b) wall structure insulated with flax straw concrete;
distribution of water vapour pressure in the wall structure (c): 1 — temperature; 2 — water saturation pressure;
3 — partial pressure

The calculation of the heat transfer resistance of the enclosing wall structure using a reinforced con-
crete base for a uniform field of the structure (Fig. 5, @) showed that with a thickness of the flax straw con-
crete layer of 0.3 m provides a standard heat transfer resistance of 4.203 m*K/W, taking into account the
heterogeneity of the structure, the heat transfer resistance decreases to 4.03 m>K/W (Fig. 5, b). The heat
transfer resistance of this designed structure meets the requirements of the current standard. The total
thickness of the structure is 0.33 m. The calculation of the heat-moisture regime of the enclosing structure
indicates the absence of condensation of water vapor (Fig. 5, ¢).
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Fig. 5. Scheme of homogeneous (a) and non-homogeneous (b) wall structure made of flax straw concrete;
distribution of water vapour pressure in the wall structure (c): 1 — temperature; 2 — water saturation pressure;
3 — partial pressure
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To assess the energy efficiency of buildings, a complex indicator is used, which takes into account
the need of energy for heating and cooling. One of the main components of the energy balance of buildings
during the heating season is heat loss through wall-enclosing structures. To ensure comfortable indoor
conditions in the summer, it is necessary to use air conditioning devices, which leads to increased con-
sumption of electrical energy. Excessive overheating primarily affects southern facades. Thus, heat loss
during the heating period and heat gain during the cooling period through 1 m’ of wall structures of both
variants were calculated (Fig. 6).
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Fig. 6. Heat transfer by transmission and solar heat gains of the external wall

The walls of both variants are characterized by similar values of resistance and heat transfer coeffi-
cient, so the amount of heat lost through the enclosing structures does not differ significantly. Thus, for
wall structure of variant 1 the heat losses are 23.15 kWh per 1 m* of wall, and for wall of variant 2-23.24 kWh
per 1 m® of wall. This is 5.8 times less compared to an uninsulated wall made of traditional ceramic bricks.
Estimated values of solar heat inflows through 1 m’ of south-facing exterior walls during the cooling pe-
riod are 0.11-0.13 kWh, while for an uninsulated ceramic brick wall — 4.6 kWh. In addition, the internal
thermal inertia of the building is taken into account when calculating energy consumption for heating and
cooling. This value determines what proportion of the heat entering the building is absorbed by the enclos-
ing structures. At the same time, the internal heat capacity of the walls of variant 1 is 3.2 times higher
compared to the walls of variant 2, which significantly affects the overall energy consumption of the house
and the energy efficiency class.

Conclusions

1. The integration of energy efficiency and environmental factors in the design and construction of
new buildings, thermal modernization of existing buildings is important for the sustainable recovery of
Ukraine after the victory, and will also contribute to increasing the economic, energy and environmental
security of the country in the future.

2. The design of efficient wall structures based on plant materials with a low carbon footprint will al-
low the disposal of agricultural waste, minimize the need for energy to achieve internal thermal comfort
conditions, and ensure a healthy microclimate in buildings. The research results showed the possibility of
using flax concrete for energy-efficient wall structures of low-rise buildings.

3. The flax concrete can be used as a thermal insulation layer to insulate the walls of existing build-
ings, as well as a wall material in frame construction. Such wall structures will meet the requirements for
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heat transfer resistance when the thickness of the thermal insulation layer is more than 0.25 m, the wall
thickness of the frame house is more than 0.3 m.

4. High heat transfer resistance and high thermal inertia of walls using flax straw concrete lead to a
decrease in heat transfer by transmission during the heating season (23.15-23.24 kWh/m’ wall-year) and
solar heat gains in cooling period (0.11-0.13 kWh/m* wall-year), as a result of which energy consumption
for heating and cooling is reduced.
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Haunionanshuii yHiBepcuteT “JIbBiBChKa moniTexHika”
kadenpa OyaiBeTbHOrO BUPOOHHIITBA

E®EKTUBHI CTIHOBI KOHCTPYKIIIi 3 BUKOPUCTAHHSIM BETOHY
HA OCHOBI KOCTPU JIbOHY
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ByniBenbHi TeXHOMOTI, sIKi BiANOBIJAIOTh Cy4aCHUM BUMOI'aM €HEproe()eKTHBHOCTI Ta €KOJIOTil, — Ie
TEXHOJIOTIT 3eleHOro OyNiBHHULTBA, OJN3BKO HYJb-€HEPreTHYHUX OYAiBeNb 3 OlOKIIMAaTUYHUM JTU3AHHOM Ta
OIITHMI30BaHUM €HEPrOCIIOKMBAHHSIM. BUpOOHUNTBO OyiBeIbHUX MaTepialiB, 30KpeMa TeIIoi30MsIiHHNX,
YacTKa SIKMX 3pocTa€ y eHeproe()eKTHBHOMY OyiBHHIITBI, ITOB’sI3aHE i3 3HAYHUM €HEPTOCIIOKUBAHHSAM Ta BH-
K{ZaMH BYIJIEKHCIIOrO ra3y. 3TifHO 3 Cy4aCHUMH TeHACHISIMU, IEPCIIEKTUBHIUMHU OI'OPOKYBaJIbHUMH KOHC-
TPYKLISIMU B 3€JICHUX OYAIBISIX € KOHCTPYKIii 3 BUKOPUCTAHHSIM MaTepiajliB 3 HU3bKUM BILUTMBOM Ha JTOBKIJLIS
Ha OCHOBI MPUPOJIHOT CHPOBUHU Ta BigxoiB. [IpoBeeHo OLiHKY TEXHIYHHUX PillIeHb CTIHOBHX OTOPOIXKYBaJIb-
HUX KOHCTPYKIIH KUTIOBUX 1HAWBIAYaIbHUX OYAMHKIB i3 BUKOPHCTaHHSIM JIETKOI'O TEIUIOI30JsIiHHOro OeTo-
HY Ha OCHOBi KOCTpH JIbOHY Ta BAaITHSHOIO B’SDKYUOTO i3 CepenHbor0 rycTuHo 300-350 kr/M® s mepiony
OITATIOBaHHs Ta oxonomkeHHs. [lokazaHo, o 3ade3neyeHHs] HeOOXiAHUX MOKA3HUKIB 30BHIIIHIX CTiH €HEpro-
eQeKTUBHUX OYIiBellb JOCATAETHCS BUKOPUCTAHHSAM 0araToIIapOBHX KOHCTPYKIIH i3 TEIUIOI30JSMiHHUM IIa-
POM KOCTpOOETOHY ab0 OMHOIIAPOBHX CTIHOBHUX KOHCTPYKIIH 3 KOCTPOOETOHY 3a KapKaCHOK TEXHOJIOTIEI0
OyniBHuiTBa. Taki CTIHOBI KOHCTPYKIIi BiJIIOBIIAIOTh BUMOraM 3a MPHBEICHUM OIOPOM TeruIonepenadi 3a
TOBUIMHY TEILIOI30JSILIHHOr0 Mapy 3 JIErKoro kKocrpoberoHy Oinbiie Hixk 0,25 M Ta TOBIIMHHU CTIHU KapKac-
HOr'o OYIUHKY 3 TeIUIoi30MsmiiHoro 6eToHy Oinbmie Hixk 0,3 M. Bucokuii omip Teruromnepenavi Ta BUCOKA TETl-
JIOBA IHEPIIHHICTB CTIH i3 3aCTOCYBaHHSAM KOCTPOOETOHY NMPU3BOIATH 10 3HIKEHHS BTPAT TEIUIOTH B OIAJIIO-
BabHHI Tepion (23,15-23,24 kBr-ron/(M> cTiHm‘piK)) Ta HAJXOIKEHHS COHSYHOrO TEIIa B TEpiof OXOmo-
moxenns (0,11-0,13 kBr-rom/(M*cTiHI"PIK)), YHACTIZOK 4Or0 3MEHIIYEThCS CTIOKUBAHHS HEPTii HA ONaCHHS
Ta OXOJIOMKEHHS OYIiBIIi.

Ku11040Bi cj10Ba: KOCTPOOETOH, CTiIHOBA KOHCTPYKUif, TEIJI0i30Js111isl, eHeproedeKTUBHA Oy1iBJIs,
3ejieHe OyJAiBHMUTBO, OMIp Terionepenayi, TenI10BTPaTH.



