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Abstract. The article presents the results of theoretical studies on embodied carbon for load-
bearing wall structures prevailing in low-rise buildings consturction practice in order to reveal the
potential of timber structures in decarbonization of the construction sector. Seven types of wall
structures were considered in the study. CO; emissions were determined using the environmental
product declarations for relevant materials considering sequential life-cycle stages (raw material
supply, production and transportation of building products, construction process, building waste
transportation and disposal) with regard to recycling benefits. A lightweight timber framed wall
panel was shown to have minimum carbon emissions at each life-cycle stage leading to lowest total
carbon embodied.

Keywords: carbon footprint, low-rise residential buildings, wall structures, life cycle,
decarbonization.

Introduction. In 2019, the European Commission adopted the European Green Deal [1] as a
new strategy for the development of all areas of the economy to achieve climate neutrality. The
post-war reconstruction of Ukraine opens up wide opportunities for the transformation of the
construction industry through the introduction of green construction technologies using low-carbon
building materials. The creation of new quality dwellings, safe for the health of residents and the
environment, will be especially relevant in rural communities that were destroyed during hostilities.
Rationale of the choice of load-bearing elements of low-rise buildings for fast resource- and energy-
efficient reconstruction can be performed by an advance assessment of the carbon footprint of the
structural solutions prevailing in our country.

Recent publications review. A decarbonisation strategy covers the reduction of embodied
carbon throughout the whole life cycle of a building. Today a lot of works by various scientists are
devoted to transformation the construction industry into a decarbonized one. These studies involve
the environmental performance of different types of buildings, and propose algorithms for
evaluating and measures of minimizing the carbon footprint.

The article [2] analyzes the environmental indicators of industrial prefabricated buildings of
various types. The authors define a carbon footprint that quantifies the sum of direct and indirect
greenhouse gas emissions associated with the life cycle of buildings. In the article [3], the authors
systematize the data available on the quantitative determination of the embodied carbon, and also
demonstrate the use of a hybrid method of assessment the life cycle of buildings. Both papers
provide the results comparison of determination the total carbon emissions for two construction
technologies - traditional monolithic reinforced concrete and prefabricated reinforced concrete
panels. The advantages of the panelized prefab system are also demonstrated in the work [4].

The authors [5] offer an extensive review of embodied energy and carbon data for
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223 building materials based on environmental product declarations, focusing on innovative and
insulating materials.

Recently, it also begun to appear studies on the carbon footprint of buildings built using wood
as an ecological and sustainable material. In the article [6], the authors analyzed the carbon
footprint for lightweight timber-framed residential buildings, which are representative of the USA.
The authors of [7] propose increasing the use of wood in construction as a future strategy for
reducing embodied greenhouse gas emissions by buildings. This study systematizes already
published data on greenhouse gas emissions during the life cycle of timber houses. In the article [8],
the authors report on the study of the potential for reducing greenhouse gas emissions in the
construction sector by replacing steel and concrete building structures with timber ones, as well as
traditional construction with prefabricated structures. The results of [9] research confirm the
positive effect of using prefabricated timber frame systems in multi-story construction.

All the studies analyzed confirm that the reduction of the carbon footprint of buildings can be
planned and achieved at the early design stage through the appropriate selection of materials with
minimal emissions at all life cycle stages and a high potential for reuse and recycling after
demolition. As the timber has high ecological characteristics, its application in low-rise construction
can significantly reduce the carbon footprint in recovery of rural communities of Ukraine. For the
widespread implementation of decarbonized structural solutions using timber in construction
practice, it is necessary to obtain visible data that will demonstrate their advantages for private
developers. In respect of above, the purpose of the work is to study the carbon footprint of load-
bearing wall structures of low-rise buildings, taking into account energy efficiency requirements.

Materials and methods. Quantitative assessment of the environmental impact of
construction products is performed according to European standard EN 15978:2011 [10]. It
considers the whole life cycle, which includes four main stages: production; construction;
operation; end of life. Separately, it is recommended to take into account the potential benefits of
reuse or recycling after dismantling. The methodological basis of the calculations is environmental
product declarations (EPD), which contain data on the carbon footprint of specific products at all
life-cycle stages. Since the basis of resource-efficient buildings is also the reduction of energy
consumption, along with the assessment of emissions, it is necessary to comply the requirements for
heat transfer resistance.

The methodology of this study consisted of the following stages: 1) the selection of types of
load-bearing wall structures of low-rise buildings for an analysis; 2) specification of geometric
parameters in accordance with the requirements of minimum heat transfer resistance
(Rmin=4.0 m**K/W) [11]; 3) determination of material consumption by each type per typical unit;
4) inventory of the carbon footprint of materials through EPD [12]; 5) calculation and comparative
analysis of the carbon footprint of wall structures.

The following types of load-bearing wall structures were chosen as the most typical in low-
rise construction: CT1 - brickwork with external expanded polystyrene foam insulation and plaster
facing; CT2 - brickwork with external mineral wool insulation and ceramic bricks facing; CT3 -
aerated concrete blocks masonry with external expanded polystyrene foam insulation and plaster
facing; CT4 - aerated concrete blocks masonry with external mineral wool insulation and ceramic
bricks facing; CTS - light gauge steel framed panel with internal mineral wool insulation and
drywall facing; CT6 — lightweight timber framed panel with internal mineral wool insulation
between drywall and oriented strand board facing; CT7 — structural insulated panel with insulating
polystyrene foam core between two oriented strand board structural facings.

The geometric parameters of the wall structures were refined before determining the CO»
emissions considering the new requirements for the minimum heat transfer resistance. The
thickness of the insulation was determined to adjust the cross-section dimensions of the lightweight
metal profiles and lumber. The thickness of masonry made of bricks and aerated concrete blocks
were 380 mm for all cases. For the heat transfer resistance calculation the methodology of [11] was
used to determine the of wall structures of low-rise residential buildings.
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The quantities of materials for each type of wall structure was determined based on the
assumption of the standard size of a wall panel in frame construction, which is 1.2 x 2.5 m (width x
height). These dimensions were considered as a typical unit for determination the carbon footprint.
Material quantities for a typical unit of wall structure were represented as a self-weight.

Data on heat transfer resistance, components and material quantities for typical unit of load-
bearing wall structures considered are summarized in table 1.

Table 1. Data on heat transfer resistance, components and material quantities for typical unit

of load-bearing wall structures

Wall Heat. transfer Components and materials of load- Density of Self—vx{eight of
structure resistance, bearing wall structures material, mgterlal for a
R, m*K/W £ kg/m? typical unit, kg
Ceramic brick — 380 mm 1600 1824
CTI 4,17 Extruded polystyrene foam — 35 12,6
120 mm
Sand Cement Plaster — 20 mm 1800 108
Ceramic brick — 380 mm 1600 1824
CT2 4,03 Mineral wool — 120 mm 100 36
Ceramic facing brick — 120 mm 1300 468
Aerated concrete blocks — 300 mm 400 360
CT3 4,57 Extruded polystyrene foam — 50 mm 35 5,25
Sand Cement Plaster — 20 mm 1800 108
Aerated concrete blocks — 300 mm 400 360
CT4 4,56 Extruded polystyrene foam — 50 mm 35 5,25
Ceramic facing brick — 120 mm 1300 468
OSB — 18 mm 1000 54
Light gauge steel profile— 1,0 mm
CT5 491 o 0x200 mm (3 pes.) 2.34 kg/l.m. 17,6
Mineral wool — 200 mm 100 60
Drywall — 12,5 mm 800 30
OSB — 18 mm 1000 54
Sawn timber - 50x175 mm (3 pcs.) 600 39.4
CT6 4,23 Mineral wool — 170 mm 100 51
Drywall — 12,5 mm 800 30
OSB — 18 mm 1000 54
Sawn timber - 50x150 mm (2 pcs.) 600 26,25
CT7 4,56 Extruded polystyrene foam — 35 15,75
150 mm
OSB — 18 mm 1000 54

For further calculation of the carbon footprint of the wall structures cases adopted for low-rise

buildings based on EPD, the amount of CO; emissions (kgCOzeq) was determined considering the
following stages of the product life cycle: Cpe — raw material supply and production of building
products; Cp — building products transportation to the site; Cpp, — construction process; Car —
building waste transportation; Cq2 — building waste disposal; C: — recycling benefits.

Emissions during operation and dismantling were not included in the analysis. The first one,
because the study examines a typical unit of a wall structure without reference to a specific
architectural and planning solution of a low-rise building, engineering and technical equipment and
other characteristics that determine the generation of emissions during this stage of the life cycle.
The second one, due to the fact that CO, emissions on this stage are caused by the operation of
machines or mechanisms, while their amount, types and terms of operation will depend on the
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volume of disassembly, which in turn also corresponds to specific parameters of a low-rise building.

A special feature of the EPD [12] is the presentation of the carbon footprint using different
units of measurement for different products. For example, data are given per 1 ton of material for
brick and light gauge steel profile, per 1 m® of aerated concrete block, OSB and wood, per 1 m? of
extruded polystyrene foam, mineral wool and plasterboard, and perl kg of plaster. In addition,
different manufacturers use different distances to estimate emissions at the transportation stage,
which depends on the specifics of the market.

In order for the obtained results on the carbon footprint to be comparable, the EPD data [12]
were recalculated per weight of 1 kg and a distance of 100 km for each material. The data obtained
on the carbon footprint of wall structures materials after all estimations are presented in the table 2.

Table 2. Estimated data on the carbon footprint of wall structures materials

Material CO» emissions, kgCO»eq/kg, for considered life-cycle stages
Che Cht Chp Cai Ca2 Cr
Ceramic brick 0,147 | 1412541 | 0000143 | 0.00649 0,00339 | -0.00563
Aerati(llocccl’{ncrete 0336 | 4209302 | 00022 | 000416 0,0048 -0,00366
Cerarlr)‘rliccliacmg 0,147 | 1426667 | 0000143 | 0,00649 0,00339 | -0,00563
Sand Cement 0394 | 00072 | 00417 | 0,00829 0,0148 -0,00224
Plaster
Extruded 2,742 | 0,052975 | 0,01856 | 0,00774 33978 -1.41
polystyrene foam
Mineral wool 0,80586 | 2,0942 | 001944 | 0,001998 | 0,00828 | -0,03078
OSB 0,717 | 3363995 | 0,08704 | 0,007514 0,5457 20,4862
Drywall 02268 | 0.039357 | 0.03024 | 6.108E-17 | 2.928E-14 | -3.324E-14
Light gauge steel 2,58 8 0,0498 0,017 0,00326 20,0015
profile
Sawn timber | 0,058859 | 3,18 | 0,003238 | 0,00303462 | 0,00143177 | -0.211813

Results. The carbon emissions of the particular wall structure at separate stage of the life-
cycle were calculated as the sum of the products of the self-weight of each material composing the
wall and the corresponding material CO; emissions. As a result of calculations, data on carbon
dioxide emissions for every single stage of the life cycle as well as the total carbon footprint for
each considered type of load-bearing wall structure of low-rise buildings were obtained. The data
calculated are presented in table 3. Comparative diagram of total carbon footprint considering the
heat transfer resistance of wall structures is presented on figure 1.

Table 3. Carbon emissions for considered life-cycle stages and the total carbon footprint for
load-bearing wall structures of low-rise buildings

CO2 emissions, kgCOseq/typical unit, for considered life-cycle stages
Wall structure Total
Che Cht Chp Cai Ca Cr CO,
CTl1 345,23 | 257792 5,00 12,83 50,59 | -28,28 | 2963,30
CT2 365,93 | 9328,67 1,03 14,95 8,07 -14,01 | 9704,63
CT3 177,91 | 1516,40 5,39 2,43 21,16 -8,96 1714,34
CT4 204,15 | 819243 0,96 4,58 21,15 | -11,35 | 841191
CT5 4605,23 | 576,01 883,25 | 299,73 | 87,34 | -54,50 | 6397,05
CTé6 59,49 297,02 6,62 0,51 29,89 | -27,82 365,70
CT7 63,28 447,62 9,78 1,01 112,49 | -80,28 553,90

-31 -



Cyuachni 6ydisenvhi KOHCmpyKyii 3 memany ma oepegutu, 2023. — Bun. Ne 27 (cTop. 28-34)

*t.u. is a typical unit.
6 12000

nit

10000

W

8000

~

6000

4000

\S]

Heat transfer resistance, m?> ‘K/W
(U]

2000

Total carbon footprint, kgCO,eq/typical u

CTl CT2 CT3 CT4 CT5 CT6 CT7

S
|
S

s carbon footprint ~ —#—heat transfer resistance

Fig. 1. Comparative diagram of total carbon footprint considering the heat transfer resistance of
wall structures

Conclusions. From the data obtained, it can be seen that the highest emissions at the
production stage of correspond to the CT5 wall structure with light gauge steel profile and mineral
wool insulation (Cpe=4605.23 kgCOzeq/t.u.), while for other types this value is several times lower
namely 345.23 and 365.93 kgCOzeq/tu. for CTl and CT2 brick walls; 177.91 and
204.15 kgCOzeq/t.u. for CT3 and CT4 walls made of aerated concrete blocks.

At the stage of transportation of building materials, the largest emissions have both variants of
walls with ceramic brick facing which equal to Cy=9328,67 kgCOzeq/t.u. for CT2 ceramic brick
wall and Cp=8192,43 kgCOseq/t.u. for CT4 wall with aerated concrete blocks. Emissions for the
CT1 wall are also significant, amounting to Cyn=2577.92 kgCOzeq/t.u., as well as for CT3 wall,
amounting to Cp=1516,40 kgCOzeq/t.u.

As for the stages of construction process and building waste transportation, it can be seen that
for all wall types the emissions are not significant and vary within Cpy=1,03..9,78 kgCOseq/t.u. and
Ca1=0,51..14,95 kgCOseq/t.u.. The exception is the CT5 variant with light gauge steel profile,
which is characterized by emissions of Cy,p=883.25 kgCO2eq/t.u. and Cq1=299.73 kgCO2eq/t.u.

The highest emissions of carbon dioxide when storing waste in landfills are created by CT7,
CT5 and CTI structures, which are insulated with extruded polystyrene foam,
Ca2=112,49 kgCOzeq/t.u.; 87,34 kgCOzeqg/t.u. and 50,59 kgCOreq/t.u., respectively.

The minimum carbon emissions at all stages corresponds to the lightweight timber framed
panel (CT6 type) which reveal its effectiveness for low-rise buildings decarbonization.

The largest values of total carbon footprint associate with the walls with ceramic brick facing
and equal to 9704.63 kgCOzeq/t.u. for CT2 brick wall and 8411.91 kgCOseq/t.u. for CT4 wall with
aerated concrete blocks. Lightweight timber framed wall panel (CT6 type) is characterized by the
minimum carbon footprint of 365.70 kgCOzeq/t.u. with the optimal respective value of heat transfer
resistance R=4.23 m*> K/W.

The data obtained on embodied carbon confirm the high potential of timber structures in
achieving the goals of decarbonization in the construction sector, creating resource-efficient
recyclable building structures withal ensuring the energy efficiency of buildings.
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IIpuoninposcvra oepacasna axademisn OyOieHuymMea ma apximexkmypu

B 2019 pomi €Bpormeiicbkoro Komiciero Oyno mpuiiHiITO €Bpomneichkuil 3eneHuit Kype sk
HOBY CTpATETiI0 PO3BUTKY BCiX chep EKOHOMIKU JUIsl AOCATHEHHS KIIMATHYHOI HEUTPaTbHOCTI.
[TicnsBoenHa BinOyaoBa YKpaiHM BiAKpUBA€E MIMPOKI MOKIMBOCTI 10 TpaHchopmartii OyaiBeabHOT
rajgy3i IUIIXOM BIIPOBAPKEHHS 3€JICHUX TEXHOJIOTiH OyJiBHUIITBA i3 BUKOPUCTAHHAM OYIiBETbHUX
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MaTepialliB 3 HU3bKUM BTUIEHUM BYyTJELeM. 3 OIJIsIly Ha €KOJIOTIYHI XapaKTepUCTUKH JEPEBHHH, i
BUKOPHUCTAHHS B MAaJIONIOBEPXOBOMY OYIIBHHUIITBI MOXE CHPHAITH ICTOTHOMY 3MEHIICHHIO
BYIJICLIEBOTO CJIily MPH BiTHOBIIEHHI CIICHKHUX TpoMaj YKpaiHu. [t HIMpOKOro 3anpoBaKeHHS B
OyIiBeNbHIN MPaKTHUIll JeKapOOHI30BaHWX KOHCTPYKTHBHUX PIIICHb 3 BUKOPHUCTAHHSM JICPEBUHH
HEOOXiTHE OTpPUMAaHHS HAOYHUX [aHUX, IO JEMOHCTPYBATHUMYTh IX IepeBaru Jyisi MPUBATHUX
3a0yJOBHUKIB.

Po3paxyHOK BYIJIEIEBOTO CJily CTIHOBUX KOHCTPYKIIH MaJONIOBEPXOBUX OyIiBelnb
BUKOHYBAaBCS Ha THIOBY OAWHUINIO po3MipoM 1.2x2.5 M (T.0.) 3 AOTPUMaHHSM pPEKOMEHAAII
eBpornericbkux HopM EN 15978:2011 st HaCTymHUX €TariB KUTTEBOTO HUKITY: Che — BUPOOHUIITBO
OyxniBenbHUX MartepianiB; Cpe — TpaHCIOpTyBaHHS OyniBenbHUX MatepiaiiB; Cpp — OyIiBerabHO-
MOHTaxHI poOitH; C41 — TpaHCIOpTyBaHHs OyziBenbHUX BinxofiB; Cq — 30epiraHHs BiIXOIB Ha
3anuimax; C, — 3MEHIIIEHHS BUKHIB B peuukiIiHry. Jlo aHami3zy He Oynu BKIIOYCHI BUKHIM Ha
eTarli eKCIuTyaTarii Ta JeMOHTaxXy.

3riIHO OTPUMAHHUX JaHWX HAWOUTHPIIMMHM BUKHIAMH Ha eTari BUPOOHMIITBA OYIiBETBHUX
MmartepianiB xapakrepusyeThbest criHoBa KoHCTpyKuUis CTS 3 JICTK Tta yrerieHHsM 3 MiHepalbHOI
Bath Cpe=4605,23 krCO2eKB/T.0., TOJI K JJI 1HIIUX THUIIIB I BEJIUYHHA € HA TOPSIOK HUKIOK —
maa cri” 13 merim 345.23 Tta 365,93 krCO2ekB/T.0., WIS CTIH 3 razobeToHHux OnokiB 177,91 ta
204,15 xrCOzexB/T.0. Ha cranii TpancmopTyBaHHsS OYIIBEbHUX MaTepialliB HAWOIIbII BUKUIU
MaroTh OOHM/IBAa BapiaHTH CTiH 3 OOJUITOBAaHHIM KepamiuHoo 1erioio — Cy=9328,67 krCO2eKB/T.0.
st ctinn CT2 3 mernu kepamiunoi Ta Cp=8192,43 krCO2exB/T.0. 111 cTinu CT4 3 ra300eTOHHOTO
omoky. Tak camo icrotaumE € BUKUAM As cTinu CT1, mo cranoBnsate Cy=2577,92 kxrCO2ekB/T.0.,
ta CT3, sxi gopiBHIOOTE Cpi=1516,40 xrCOzexB/T.0. Ill0 cTOCyeThCs cTamiii BHKOHAHHS
Oy/iBeTbHO-MOHTKHUX POOIT Ta TPaHCHOPTYBaHHs OyAiBENbHUX BIAXOJIB, TO JUISA BCIX BapiaHTIB
CTIH BUKHUIM HE € 3HAYHUMU 1 BapiooThcs B Mexax Cpp=1,03..9,78 xrCOexB/T.0. Ta
Ca1=0,51..14,95 xrCOzexB/1.0. Bukimouennsam € Bapiant CTS 3 JICTK, sxuii xapakrepusyerbcs
BukuaamMu Cpp=883,25 krCOzexB/T.0. Ta C41=299,73 krCOzekB/T.0. HaiiOinpIi BUKUAU
BYIJIEKHCIIOrO Ta3y Mpu 30epiranHi BiAXOo/iB Ha 3BanuInax yrBoprooroTh koHCTpykuii CT7, CTS Tta
CT1, saxi maroTh yTeIJIEHHS €KCTpynoBaHMM IMiHomomicTupoioM — Cqp=112,49 xkrCO,exB/T.0.,
87,34 krCOzexB/T.0. Ta 50,59 KrCO2€eKB/T.0. BiAnoBiaHO. MiHiMaabHI 3HAYEHHS BHUKHIIB Ha BCIX
eTarnax MaroTh CTIHHM Y BUTJISI IepeB’ STHUX KapKaCHO-LIIUTOBUX MaHeNeH.

[TlincymMkoBe 3Ha4YeHHsI BYTJIEIEBOTO CIHIIy € HAWOUIBIIUM JUIsi CTiH 3 OOJHIFOBAaHHSIM
KepamiuHoto 1erior0 1 ckimamae  9704,63 krCOqexs/T.0. ansa uermisiHoi crimm CT2 Ta
8411,91 krCOzexB/T.0. mus razoberoHHoi crinun CT4. MiHIManTbHUN  BYTJICHEBHH  CIiJ
365,70 krCO2€KB/T.0. TIPH ONTUMATLHOMY 3HA4YeHHi omopy Teronepenadi R=4,23 m?> K/Bt mae
KapKaCHO-IIUTOBA TMaHENh 3 JIEPEB’SIHUM KapKacoM 3 BHYTPIIIHIM IIapoM yTeIUloBada 3
MiHEpaJIbHOI BaTH.

OTpumani AaHi NPO BUKUIM BYIJICLIO MiATBEP/UKYIOTh BHCOKHH MOTEHIiall JIepeB’sSTHUX
KOHCTPYKIIIM y JOCSATHEHHI IIIed JekapOoHi3amii B OydiBEJIBHOMY CEKTOpPi, CTBOPIOIOYH
pecypco3bepiratoui  OynmiBeabHI KOHCTPYKIli, IO MPUAATHI A0 TOBTOPHOTO BHUKOPHUCTAHHS
(peuukImiHTY), 13 3a0€3neYeHHIM eHeProe)eKTUBHOCTI OY/IiBEIb.

Kuiro4oBi ciioBa: ByrieneBuil ¢iijl, MaJIOIOBEPXOBi )KUTIOBI OyIUHKH, CTIHOBI KOHCTPYKIIIi,
KUTTEBUN UK, IEKapOOHi3allisl.
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