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THERMAL EFFICIENCY ASSESSMENT OF ECO-ORIENTED PREFABRICATED
MODULAR BUILDINGS: CASE STUDY

The relevance of eco-oriented modular construction is constantly growing due to the aggravation of housing and envi-
ronmental problems associated with military operations on the territory of Ukraine. At the same time, there are certain chal-
lenges limiting the widespread use of modular buildings in Ukraine, which are mainly associated with a high level of consumer
skepticism regarding the quality and energy efficiency of modular buildings compared to traditional construction practices.
On the example of a frame modular single-family building « QHome-26», located on the outskirts of the Chernihiv city, the
thermal characteristics of prefabricated modular construction were studied. By using infrared thermography, monitoring of
existing cold bridges and the main heat losses in the building's envelope was carried out. It was experimentally established
that the potential source of heat loss of the building is translucent structural elements that does not meet modern standards, as
well as the foundation of the building. At the same time, the results of the thermal calculation of the building's enclosing
structures showed that the main source of heat loss at the level of 38.5 % of the total losses are walls. Heat losses for heating
ventilated air are 26.3 %. While up to 14.5 % of heat is lost throughout the windows. Heat losses through the roof and floor
are 12.6 % and 9.9 %, respectively.

Keywords: Sustainability; modular buildings, eco-construction; thermal efficiency.
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Urgency of the research. The construction industry is one of the major pollutant as well
as the largest natural resources user, which affects negatively the worldwide sustainability. The
conventional construction practices has always been a huge contributor to the global green-
house gases and carbon dioxide emissions [1; 2].

According to the International Energy Agency (IEA), construction industry consumes more
than 50 % of steel production, 60-70 % of cement production, 40-50 % of overall energy. On top
of that, the modern buildings releases about 30-40 % of CO> emission on atmosphere [3].

All of these increased dramatically the environmental concerns among the government and
other stakeholders all over the globe.

Target setting. The intentions to go green and minimize natural resources consumption
requires shifting of our habitual construction practices toward the more sustainable and energy-
efficient ones [4]. In this context, the modularization in construction become one of the modern
trend. This is mainly due to the fact that modular prefabrications focuses directly on the eco-
logical and energy saving approaches in building construction that allows to downsize hazard-
ous environmental impact, resources and energy consumption and construction waste.

The idea of modularization in house construction isn't new. It refers to the 1947 when
French modernist architect Le Corbusier first provides his concept called “Unit of Dwelling”
as an early example of modular house architecture. His well-known work “The Modulor” al-
lowed for modularization and standardization in architectural design [5].

It noteworthy that World War II became a booster for modular buildings development as
the rapid and affordable housing.

In Ukraine the demand in modular prafabs steadily growing after the full-scale Russian
invasion in 2022. According to the UN statistics, the amount of internally displaced people in
Ukraine from February 2022 by the beginning of 2025 counts more than 3.6 million people [6].

Modular prefabrications or modular prefabs implies the off-site manufacturing where
whole building or its separate components are manufactured in controlled factory environment
with further transportation and installation on construction site [7].
© M. Bolotov, I. Prybytko, 2025
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Actual scientific researches and issues analysis. It should be noted, that the prevalent
majority of studies have focused mainly on sustainable performances of modular buildings, it's
life cycle, operation and maintenance. For instance, the works [8; 9] explores the environmental
benefits of modular housing in terms of CO2 reduction by using of more eco-friendly materials.
In work [10], the advantages of the off-site construction regarding the construction time reduc-
tion, higher level of prefabricated components quality control and minimization of on-site er-
rors was shown. The works [11, 12] was dedicated to the newest advancements in modular
buildings manufacturing based on the BIM technologies application. BIM tools allows the dig-
ital planning and design of building’s components with high level of precision ensuring dura-
bility and sustainability during whole life cycle of a building.

However, there are some challenges limiting the modular buildings widespread application
particularly in Ukraine that mainly related with the high level of consumer s skepticism regarding
the quality and thermal efficiency of modular buildings compare to the traditional brick or con-
crete made. In our opinion, such a perception is mainly because of lack of profound knowledge
about the energy performances of eco-oriented materials, which is the basis for sustainability.

As it is known, the heat energy has a tendency to disappear by conductivity through the
enclosures (walls, windows), floor (basement) and the roof. In turn, the rate of the heat losses
will be determined by the thermal characteristics of insulation materials, particularly it's ther-
mal transmittance value.

The research objective. In this case, the aim of current research is to provide a deeper
understanding of thermal performances of eco-oriented prefabricated modular housing based
on the real example.

The statement of basic materials. Our case study is the single-family modular prefab
“QHome-26" [13], which was off-site manufactured in 2023 by the Ukrainian company
“QHome” supported by the UN Refugee Agency (UNHCR) and installed in the vicinity of
Chernihiv city in Novoselivka village. As a foundation of the building, the FBS base blocks
were used. The building's exterior, its installation process, 3D model of the timber carcass as
well as the premises plan with its explication are given in Fig. 1.
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Fig. 1. External view of studied single-family modular prefab (a), its installation process (b),
3D model of the timber carcass (c) and the plan of the premises with its explication (d)

The basis of the house is a timber-made frame with the dimensions of 9400x3450 mm and
the thickness of the partitions of 300 mm. The building is made up of two premises, particularly,
combined living room and kitchen with the area of 21.75 m? and the bathroom of 3.88 m?. Thus,
the living area of 25.63 m? and the total area of the building of 31.96 m?.

As far as it’s known, the building's envelope plays a crucial role in terms of thermal per-
formances of the buildings especially when it comes to the modular ones. In this case, the core
content of the building’s energy efficiency and sustainability is the thermal insulation perfor-
mance of enclosure structures.

In our case study, as the insulator the ecologically friendly basalt wool was used which
provides a high level of thermal efficiency with the low coefficient of heat conductivity about
0.038 W/m-K. On top of that, the basalt wool well-known as non-combustible, vapor permeable
and soundproofing one.

The enclosing structures were manufactured as the sandwiches, which are made up of the tim-
ber frame, hydro barrier membrane, OSB plates, insulator, vapor barrier, and wooden lining as an
internal decorative layer. The roofing consists of two layers of felt paper, OSB, timber checkrails,
hydro barrier membrane, insulated timber rafter, vapor barrier, checkrails and wooden lining. The
floor is detached from the ground on a distance of 250 mm and made up of the timber checkrails,
two layers of felt paper, OSB, timber beams, insulator, OSB and PVC internal lining.
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Reinforced timber frame of the building is the dry calibrated timber with the OSB-3 plates,
bitumen primer, vapor and waterproof, roofing material (roofing felt EPP 2.5 and EPP 4.0.). The
construction details of the enclosures (walls, floor, and the roof) are given in Fig. 2. It should be
noted that the thickness of the walls and roof'is 250 mm while the thickness of the floor is 300 mm.

On the Southern facade, there are two triple-glazed windows of 4-10-4-10-4 type with the
three air filled chambers profile system with the dimensions of 1.2x1.2 m were installed.

The house is heated up by the solid fuel boiler with the power of 7 kW, which is easily
allows to heat the building up to the total area of 100 m?.

Before the assessment of studied building's thermal efficiency the infrared thermography
inspection in order to get the information about the existing thermal bridges and the main heat
loss in the building envelope was conducted.
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Fig. 2. The detailed content of the enclosures of studied modular building

The inspections were carried out on 12" of February 2025 approximately from 10:00 to
11:00 am when the weather was overcast, the temperature of the environment was about —
16 °C, wind speed doesn’t exceed of 3 m/s with the humidity level of 60 %. The probability of
precipitations was about 10 %. It should be noted that inside temperature at the time of inspec-
tion was fixed at a level of 21 °C more the 12 hour. The inspections of thermal bridges were
carried out with HTi thermal imaging camera.

The inspection methodology consists of the following steps:

1. Checking the total heat loss through the walls, windows and roof;

2. Searching for areas with increased heat loss in typical problem zones;

3. Analyzing heat dissipation through gaps in window sashes and doorways;

4. Assessing heat leaks through ventilation and air conditioning systems (if available).

The results of infrared thermography are given in Fig. 3.
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Fig. 3. Thermogram of Southern facade (a), window (b), basement (c), Eastern facade (d),
Western facade (e) and Northern facade (f) of inspected building

Analyzing the obtained infrared thermal images of studied building it can be noticed that the
main weaknesses that affect negatively of enclosure’s thermal behavior is the windows. The ther-
mal bridges concentrated directly along the window's frame contour, which can evidenced both
the poor quality of installation, as well as the low quality of manufactured frame and insulating
glass. It can be seen that on the surface of one window the temperature varies from -11 up to —
5 °C depending on the measurement point, which indicates the heterogeneity of the heat flow
passing through the window and the heterogeneity of the thermal resistances of its components
accordingly. From the other hand, as it was already mentioned, the off-site manufacturing ex-
cludes the fabrication errors because of meticulous quality control of all production stages.

The other significant aspect of heat loss that weakens thermal performances of examined
building this is foundation. Remind that our case study contains the FBS base blocks as a foun-
dation without external thermal insulation frames. Additionally, there are no any heat leakages
through the heat exchanger as well as the split air conditioning system were detected.

For deeper understanding of building's envelope energy performance, the meticulous ther-
mal engineering calculation is required. The calculation is carried out to determine suitability
of actual state of the enclosure structures thermal insulation to the regulatory requirements.
Normally, it begins with determination of thermal characteristics of building's envelope. The
material properties of the walls, floor and roofing are given in pivot Table 1.
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Table 1 — Material characteristics of enclosure structures

Ne of . Thickness Therrr.lal. Ref. Thermal
layer Material conductivity resistance
3, m A, W/(mK) m?- K/W
External walls characteristics
1 Timber lining (Pine) 0.016 0.18 [14] 0.089
2" Closed air gap 0.025 - [14] 0.155
3 Vapor barrier 0,002 0,3 [14] 0.0066
4 Basalt wool 0.15 0.038 [14] 3.947
5 OSB 0.01 0.13 [14] 0.077
6 Diffusive membrane 0.002 0.23 [14] 0.0087
7 Closed air gap 0.025 - [14] 0.155
8 Facade (Pine) 0.02 0.18 [14] 0.111
Characteristics of the floor
1 PVC Lining 0.003 0.33 [14] 0.009
2 OSB 0.010 0.13 [14] 0.077
3 Closed air gap 0.03 - [14] 0.155
4 Vapor barrier 0,002 0,3 [14] 0.006
5 Mineral wool 0.2 0.044 [14] 4.762
6 OSB 0.01 0.13 [14] 0.077
7 Closed air gap 0.02 - [14] 0.155
8 Check rail (Pine) 0.03 0.18 [14] 0.167
9 Roofing felt 0.005 0.17 [14] 0.029
Characteristics of the roof
1 Timber lining (pine) 0.012 0.18 [14] 0.067
2 Closed air gap 0.02 — [14] 0.155
3 Vapor barrier 0,001 0,3 [14] 0,003
4 Basalt wool 0.15 0.038 [14] 3.947
5 Diffusive membrane 0.002 0.23 [14] 0,0086
6 Timber beams (Pine) 0.03 0.18 [14] 0.167
7 Closed air gap 0.02 - [14] 0.155
8 OSB 0.01 0.13 [14] 0.077
9 Roofing felt 0.005 0.17 [14] 0.029

“The systems of closed air gaps with the thickness of 0.025-0.03 m were provided by timber checkrails
frame.

The calculation of enclosing structures were conducted with accordance to the models are
shown in Fig. 4.
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Fig. 4. The calculation models of enclosing structures:
a—walls; b — floor, ¢ — roof

Thermal resistance of every separate enclosing layers in table 1 were determined as follows
[15]:

k=2 Q)

where R; — thermal resistance of i layer of enclosure, (m?-K/W); 6; — the thickness of i layer;
Ai — thermal conductivity of i layer.
Thermal resistance of multilayered enclosing structure (Ry) can be determined as [15]:

n n a
RO :Rint +2Rz +Rext = Rint +Z_Z+Rfm; (2)
i=1 i=1 74

where R, and Rey — is the heat transfer resistance on the inner and external surfaces of
enclosure, (m?-K)/W; ZR; — is the sum of layers thermal resistance, (m?-K)/W.
The values of R and Rex determines as follows [18]:
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Rim :_;Rext = (3)
a.

int ext

where ain, 0ex: — the heat exchange coefficients near the internal and external surfaces of
enclosure. According to [16], ain, = 8.7 and otexs = 23.

Substituting the values obtained when calculating the (1) and (3) into a formula (2) allows
us to obtain the actual values of enclosures heat transfer resistance that given in Table 2.

The standard values of heat transfer resistance for existing types of enclosure structures are
determined with accordance to [16].

Table 2 — Comparison table of standard and actual values of thermal resistance

Type of enclosure Thermal resistance, m>-K/W
Actual value Standard value
External walls 4.817 >4
Floor 5.596 >5
Windows 0.48 >0.9
Combined enclosing bordering the outside air 4.76 >7

Analyzing of obtained data it can be concluded that the 4-10-4-10-4 type windows doesn't
meet the regulatory requirements at all. That is also correlates with the results obtained after
infrared thermography. In order to improve the energy performances of the windows with ac-
cordance to a standard value the 4i-10Ar-4-14Ar-41 type windows with five air filled chambers
profile system or better should be installed. According to our calculations such windows system
provides the thermal resistance at a level of 0.95 m?-K/W with the energy loss about 0.178 kW.
Additionally, the thickness of the roofing insulation of 150 mm is not enough. Our calculations
has revealed that in order to get the regulatory value the roofing insulation thickness should be
increased up to 250 mm.

The temperature distribution through the enclosing layers was calculated as follows [17]:

t, —t 1
TnZtin_(m—m]'(_-'_Rl+R2+R3+"'+R”j; (4)
R, a;

int

where ¢, — temperature of internal air, #;,; = 22 °C; t..s— estimated temperature of external air,
(according to [16], fex =-23 °C); Ryp— overall thermal resistance of enclosure; R;, Rz, R3, R, —
thermal resistances of /s, 2.4, 34 and n layers of enclosure accordingly.

The estimated temperature distribution among the enclosing layers are given in Fig. 5.
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Fig. 5. The calculated temperature distribution among the building's enclosure layers:
a—walls; b — floor; ¢ — roof

Analyzing of obtained results it should be noticed, that the temperature distribution between
the walls and the roof layers has similar feature mainly because of similarity in their construction.
The average temperatures of the building's enclosures in the period of the coldest month of the
year revolve around the positive values, particularly + 3.67 °C for walls, + 1.95 °C for the floor
and +5.4 °C for the roof. Thus, building's envelope provides the positive temperatures inside
enclosures without any considerable deviation even though the significant daily and seasonal out-
side air temperature fluctuations. Theoretically, this should exclude the probability of condensa-
tion formation and as a result the possibility of thermal bridges development in the future.

Heat loss through the enclosing structures was determined as follows [17]:

0, =1, ~t,,)-n-(1+ 2 ); (4)
R
where F'— calculated area of enclosing structures, m?; Ry —thermal resistance of enclosure structure,
(m%-K)/W; ti, tew — internal and external temperatures, °C; n — the coefficient taking into account
the dependence of the position of the outer surface of the fence with respect to the outside air, (n =
1) [17]; 2 — the sum of additional heat loss as a share of the main losses, (2 = 1) [17].
External walls area as well as their spatial orientation are given in Table 3.
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Table 3 — External walls area

Area by side orientation, m?
Type ||South | /South- | West |» North- |4 North |4North- East South- | Total

v v West West East > “East
Walls | 31.18 - 12.76 - 34.78 - 12.6 - 91.32
The heat loss for heating of ventilation air is determined by the formula [18]:
Qva=0'28'L'p.c'(tin_text); (5)

where L - air flow rate, m*/h (for residential buildings, the specific normalized flow rate is can
be taken as 3 m*/h per 1 m? of residential area); p - indoor air density, kg/m?; ¢ - specific heat
capacity of indoor air, ¢ = 1.005 kJ/(kg -°C) [18].
353
TP ©)

The calculation results obtained by calculating of (4) and (5) are shown in the Table 4.

Table 4 — Calculation of heat loss through the enclosures and for heating of ventilation air

Characteristics of enclosing structures %, from the
Type of ) i Dimensions Heat loss, kW overall
enclosures Orientation 2 m b, m Area F, m? losses
South 8.62 3.7 31.9 0.582 13
Walls West 3.45 3.7 12.76 0.238 5
North 9.4 3.7 34.78 0.649 14.6
East 3.45 3.65 12.6 0.235 5.3
Total: | 24.92 | 14.75 91.32 1.3 31.9
Floor - 8.99 3.04 27.3 0.404 9.9
Roof - 8.99 3.04 27.3 0.515 12.6
Windows Left 1.2 1.2 1.44 0.343 7.245
Right 1.2 1.2 1.44 0.343 7.245
Total: 1.44 1.44 2.88 0.686 16.8
Total loss through enclosures: 148.8 2.9 71.3
Heat loss for heating of ventilation air: 1.165 26.3
Overall heat loss: 4.43

Conclusions. It can be concluded that the walls are the main source of the heat loss with
the overall balance of 31.9 % from the building's total heat loss. Increasing the thickness of the
wall insulation up to 200 mm leads to a reduction in the percentage of heat loss to 27 % of the
total amount.

Heat loss for heating of ventilation air is the second source of the building's heat loss that
is 28.6 % from the total heat loss.

With the existing characteristics of translucent structures with the thermal resistance within 0.48

2
_0.52 MK , heat loss through the windows is 16.8 %. It should be noted that the 4-10-4-10-4 type

windows doesn't meet the regulatory requirements and must be replaced with more energy efficient

ones. Therefore, to meet regulatory requirements for thermal insulation properties, windows must

have at least a 4i-10Ar-4-10Ar-4i design, i.e. they must have a soft selective coating on the outer and

inner glass, and the air gaps must be filled with an inert gas, particularly argon. Bringing the thermal
2

resistance of windows to the standard values of 0.95 2 K

reduces the heat loss through the win-

dows up to 4.39 %.
The floor and ceiling have almost the same heat loss ratios of 9.9 % and 12.6 %, respectively.
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OIIHKA TENJIOBOI EOEKTUBHOCTI EKOJIOTTYHO OPIEHTOBAHHUX
3BIPHO-MOAYJBHUX BYAIBEJIb: PO3BIP IIPAKTUYHOI'O KEUCY

Axmyanvricme eKon02iuno OpiEHMO8aH020 MOOYIbHO20 OYOI6HUYMEA NOCMIIHO 3pOCMAE Yepe3 3a20CMPEeHH s JHCUMII080-
€KON02TUHUX NPObIEeM, OB A3AHUX 3 GILICLKOGUMU Oisimu Ha mepumopii Ykpainu. B ceoio uepey, exonoiunuil nioxio ma minimizayis
CROJICUBAHHS NPUPOOHUX PECYPCI8 UMAAIOMb 3MIHU 36UUHUX OY0iBenbHUX NPAKMUK Y OIK 6116 CIMILIKUX MA eHepeoedeKmUsHUX.
YV yvomy xonmexcmi mooynsnicme y 6yoisnuymei cmae ooHicio 3 cyuachux menoenyiti. LLlupoxe enposadaicents MoOyAbHUX 301p-
HUX KOHCMPYKYILl 6e3n0Cepeonbo 30Cepe0dicete Ha eKONOSTHHUX MA eHepeo30epiearoyux NPaKmukax y 0yoieHuymel, uwjo 00360711€
3MeHwumu Hebe3neyHull 6NaUG Ha HABKOTUWHE Cepedosuye, CNOJNCUBAHHS pecypcie ma enepeii, a maxodc OyoisenvHi 8i0X00u.
Boonouac icnyromu nesni uxauku, uo 0omedHcyoms wiupoKe UKOPUCMAHH MOOYIbHUX OYOieenb 8 YKpaiti, sAKi 20106HUM YUHOM
N06'13aHI 3 BUCOKUM PIGHEM CKENMUYUIMY CHONCUBAYIE WOO0 AKOCII MA eHep20eheKmusHOCMi MOOYIbHUX 6Y0i6enb NOPIGHAHO 3
mpaouyitiHumu 6y0ieenbHUMU NPAKMUKamu. Y 36 13Ky 3 yum, Memoro 0ano2o 00CHiOHCeHHSA € 2nubuie pO3YMIHHA MeNnI08Ux xapa-
Kmepucmuk eKono2iuHo opicHmMosano2o 30ipHo20 MoOYIbHO20 JICUMILA HA OCHOBI peanbHo2o npukiady. Ha npuknadi kapkacrozo
MOOYIbHO20 00HOKEapmupHo2o 6younky "QHome-26", posmawosanoeo Ha oxonuyi micma YepHrieig, 6y10 00Ciodceno meniosi
Xapaxmepucmuxu 36ipHo-mo0yibHo2o 6yoisnuymea. 3a donomozoro ingpauepsonoi mepmocpaii 6yno nposedeno Monimopute
ICHYIOYUX MICIKIB X000y Ma OCHOGHUX MENOBMPAM 8 020PO0AUCYBANbHIN KOHCIMPYKYTT 6yOieni. ExcnepumenmanbHo 6Cmanos-
JIEHO, WO NOMEHYIIIHUM 0dicepelioM menaosmpam 6yo0iei € CIMuonPO30pi KOHCMPYKIMUBHI eleMeHmU, Wo He 8i0n08ioaomy cy-
YACHUM CIMAHOAPMam, a makodxc gyrnoamenm 6yoieni. Boonouac pesynomamu meniogozco po3paxyHky 020p00X*CY8aANbHUX KOHC-
mpyKyiii 6y0ieni nokasanu, wjo OCHOBHUM OJicepellom meniogmpam Ha pieni 38,5 % 6io 3aeanvrux empam € cminu. Tennoempamu
Ha HA2pieanHs 6eHMUNbLOBAHO20 Nosimpsa cmanosnams 26,3 %. YV moii uac ax uepes gikna empauacmocs 0o 14,5 % menna,
empamu menna yepes oax ma nionozy cmanogaamo 12,6 ma 9,9 % sionogiono.

Knrouogi cnosa: cmanuii po3gumox,; mooyneHi 6y0ieni; ekoOyoigHuymeo; menioga egreKmusHicms.
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