
 

1. Introduction 

Thermal retrofitting of existing buildings is one of the key 

measures aimed at reducing energy consumption and improving 

the energy efficiency of the residential sector. The scope of ther-

mal retrofit depends on the specific conditions and needs of 

a given building and typically includes thermal insulation of ex-

ternal walls, roofs, and slab-on-grade floors, replacement of 

windows and doors, implementation of renewable energy sour-

ces and modernisation of heating and domestic hot water sys-

tems. The use of appropriate thermal insulation materials ena-

bles achieving low values of the overall heat transfer coefficient 

of building envelope components [1]. 

According to the Polish Act of Law of November 21, 2008, 

on supporting thermal modernisation and renovations, as well as 

on the central register of building emissions (Journal of Laws 

2024, item 1446, as amended [2]), thermal retrofitting projects 

aim to reduce the demand for energy supplied to buildings, limit 

primary energy losses in local heating networks and heat 

sources, lower energy acquisition costs through heat source  mo-  
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Abstract 

This study presents a comprehensive analysis of the impact of thermal retrofit, including the heat source modernisation, on the 
heating load of an existing single-family building located in Szczecin, Poland (Climate Zone I). The building, constructed in 
2002, originally lacked thermal insulation in the walls, roof and ceiling, resulting in high operating costs and difficulties in 
maintaining thermal comfort. The aim of the project was to reduce heat losses, improve energy efficiency and enhance user 
comfort. The scope of work included thermal insulation of external walls, roof insulation, insulation of the intermediate floor 
slab and exterior wall section adjacent to the door opening and to the fenestration opening. The analysis conducted using the 
Audytor OZC 7.0 Edu Pol software showed that the total heat load of the building decreased from 25 710 W to 9476 W, 
representing a reduction of over 63%. Special attention was given to the analysis of thermal bridges, which are significant 
sources of energy loss. Using Therm 7.8.77 software, solutions were designed to reduce heat losses in critical areas. The heat 
transfer coefficients (U-values) for these thermal bridges were significantly reduced – by more than 50% in some cases. As 
part of the heat source modernisation, the solid fuel boiler and liquefied gas tank were removed and replaced with a condensing 
gas boiler powered by natural gas from the municipal network. To support the domestic hot water preparation system, flat-
plate solar collectors were designed to work in conjunction with the existing dual-coil storage water heater. 
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Nomenclature 
A ‒ area, m2 

b ‒ correction factor 

cp ‒ specific heat, J/(kg·K) 

ek, el – correction factors for location  

f ‒ correction factor 

Gw – correction factor for groundwater influence  

l  ‒ length, m 

t ‒ temperature, °C 

U  ‒ coefficient of heat transfer, W/(m2·K) 

𝑉̇𝑖  ‒ volume flow rate, m3/s 

 

Greek symbols 

θ – temperature, °C  

ρ – density at temperature  𝜃𝑖𝑛𝑡,𝑖 , kg/m3  

𝜓 – linear thermal transmittance coefficient, W/(m·K) 

Φ – heat loss/heat power, W  

ΦHL– heat load, W  

 

Subscripts 

e – external 

equiv ‒ equivalent 

g – ground 

inf – infiltration 

int, i ‒ internal 

i, j – heated space 

k – building element 

l – thermal bridge 

RH – reheating 

T – transmission 

u – unheated space 

V – ventilation 

 

Abbreviations and Acronyms 

COP – coefficient of performance 

DHW– domestic hot water 

EPS – expanded polystyrene 

PVC – polyvinyl chloride 

dernisation or energy recovery and shift to renewable heat 

sources. Therefore, uninsulated buildings should undergo ther-

mal retrofitting due to economic, environmental and social con-

siderations. The main reasons include energy and cost savings 

during operation, reduction of CO₂ emissions generated during 

heat production for space heating and improvement of residen-

tial comfort [3]. 

A significant improvement in energy efficiency, as well as 

enhanced thermal comfort for occupants, was documented in the 

study by Krause [4]. Following a comprehensive thermal retrofit 

of a single-family house, including insulation of external walls, 

the basement and the flat roof, replacement of windows and 

doors, installation of a new boiler and the implementation of 

a fireplace system with heat distribution, the seasonal heat de-

mand was reduced by 87%, reaching a level of 11 430 kWh/year. 

In a next study focused on optimising the retrofit of a single-

family house built in 2007 in Warsaw, the authors (Zawada and 

Rucińska [5]) reported a 23% reduction in primary energy con-

sumption and a 50% decrease in the thermal discomfort index 

following the proposed thermal modernisation. These results 

demonstrate that insulating the walls and roof, along with re-

placing windows with units featuring lower heat thermal coeffi-

cients, improves the building’s heat balance during winter and 

enhances user comfort in summer. 

The authors of publication [6], which evaluates the effects of 

thermal retrofit of single-family buildings, note that replacing 

window joinery alone results in a 3% reduction in heating en-

ergy consumption. Insulating external walls and the roof enables 

a 26% decrease, while comprehensive thermal modernisation, 

including upgrading the heat source, sealing building partition 

components, and improving ventilation, can reduce energy con-

sumption by up to 59%. These improvements lead to a tangible 

reduction in heating costs and enhanced thermal comfort for oc-

cupants. 

In the book edited by Koczyk and Antoniewicz [7], it is in-

dicated that thermal retrofitting measures involving the insula-

tion of all building envelope components and the reduction of 

ventilation rates can lead to significant energy savings ranging 

from 34% to 50% in terms of building heat load and heat de- 

mand. These findings demonstrate that thermal retrofit efforts 

positively influence building usability and contribute to a reduc-

tion in operational costs. 

Contemporary challenges in building energy efficiency in-

creasingly draw designers’ attention to the issue of thermal 

bridges, which remain a significant source of heat loss in build-

ings. According to the study by Kurtz and Gawin [8] on the en-

ergy certification of residential buildings, thermal bridges are 

defined and exemplified as areas within the external envelope 

structure where a reduction in the internal surface temperature 

and an increase in heat flux density (heat loss) are observed rel-

ative to the surrounding components. Thermal bridges are cate-

gorised as linear or point-type, and both can lead to water vapour 

condensation and mould growth inside the building. 

Roof thermal bridges are a critical source of heat loss in 

buildings [9], typically located along roof edges and around 

structural elements. These areas contribute to localised drops in 

interior surface temperatures and increased energy demand to 

compensate for the losses. One method for detecting thermal 

bridges is thermographic measurement using drones, which en-

ables the identification of even minor existing thermal bridges.  

The significance of thermal bridges in the context of building 

thermal modernisation, particularly their impact on heat loss and 

indoor microclimate, is discussed in [10]. Thermal bridges are 

a major source of heat loss, substantially contributing to reduc-

tions in internal temperatures. Therefore, effective thermal ret-

rofit should include not only insulation of building envelopes 

but also of structural joints of the building. Thermal bridges ac-

count for approximately 16% of heat loss through building par-

titions, corresponding to around 7.8 kWh/m² of annual heat loss. 

To mitigate these losses, insulation connections must be con-

sciously designed, which leads to cost reductions and improved 

comfort in residential buildings [11]. 

The issue of improving the energy performance of buildings 

and meeting legal requirements in this area is discussed in the 

study by Żarski [12], where the author emphasises that a key 

condition for effective building modernisation is a comprehen-

sive approach encompassing both the structure of the building 

envelope and technical installations. The study highlights the 
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importance of including thermal bridges in the building’s heat 

balance, in accordance with the guidelines of the PN-EN ISO 

14683 standard, as even with high levels of envelope insulation, 

linear losses can significantly affect energy performance indica-

tors. 

The inclusion of thermal bridges in the assessment of build-

ing energy efficiency is thoroughly addressed by Pawlak [13], 

who emphasises that thermal bridges represent one of the key 

sources of heat energy loss and should be mandatorily consid-

ered in calculations of a building’s thermal performance. The 

author points out that neglecting their impact may lead to signif-

icant discrepancies between the theoretical energy balance and 

the actual heat demand. 

Study [14] investigates user activity in residential buildings 

through surveys and interviews, highlighting its impact on ther-

mal-flow processes and energy consumption. Six behavioural 

profiles were developed and implemented in hourly dynamic 

simulations using DesignBuilder software to assess heat demand 

and indoor microclimate in selected Norwegian cities. Internal 

heat gains from occupants, appliances and solar radiation ac-

counted for 20–35% of the energy balance, confirming the need 

for precise behavioural modelling. The authors advocate for 

hourly calculation methods over simplified monthly approaches, 

especially in the context of climate change. Accurate input data 

and increased public awareness are essential for improving en-

ergy efficiency and retrofit planning. 

In Poland, the use of renewable energy systems in building 

design has grown due to regulatory requirements limiting pri-

mary energy consumption. A hybrid system combining ground-

source and air-source heat pumps powered by photovoltaic elec-

tricity was installed in a facility near Kraków to evaluate perfor-

mance and optimise energy use [15]. Both heat pumps showed 

comparable efficiency during the heating season, with coeffi-

cient of performance (COP) values of 2.69 and 2.63, respec-

tively, suggesting that air-source heat pumps may be a cost-ef-

fective alternative. However, summer operation revealed re-

duced efficiency due to standby energy consumption. Integra-

tion with photovoltaic systems significantly improved ecologi-

cal and economic performance, with self-consumption rates ex-

ceeding national averages. The findings support the broader 

adoption of renewable energy sources in construction and high-

light the importance of accurate system design and climate con-

siderations. 

This study presents the impact of thermal retrofit on the heat 

load of a single-family building located in Szczecin (Polish Cli-

mate Zone I), which, due to the lack of thermal insulation, gen-

erated high operating costs and was associated with difficulties 

in maintaining the interior spaces, as reported by the occupants. 

The analysis included the influence of thermal bridges on heat 

losses. Additionally, the previously non-habitable attic was con-

verted into a heated and residential space. The heat source was 

modernised by removing the solid fuel boiler and propane tank 

and replacing them with a condensing gas boiler connected to 

the municipal natural gas network. The project was comple-

mented by the installation of flat-plate solar collectors for the 

domestic hot water (DHW) system. 

2. Building performance characteristics prior to 

thermal retrofit 

The study analysed a detached single-family house without 

a basement, built in 2002 in Szczecin (Climate Zone I, with a de-

sign outdoor temperature of θₑ = –16°C [16]). The building has 

a large-scale form, without a habitable attic and includes an in-

tegrated garage. 

Figure 1 presents the ground floor plan, including the layout 

and areas of the rooms as well as the design temperatures. The 

non-usable attic extends over the entire ground floor. The clear 

height of the ground floor is 2.6 m, and the maximum height of 

the attic is also 2.6 m. The knee wall height in the attic is 80 cm. 

Figure 2 shows an external view of the building. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The usable floor area is 225.80 m², and the building volume 

is 643.42 m³. The main entrance and garage are located on the 

western side. The ground floor comprises 16 rooms, including 

a boiler room with a separate external entrance. Due to the lack 

of thermal insulation in the external building partitions, heating 

costs were very high, prompting the decision to implement sub-

stantial thermal and energy upgrades. The attic was unheated 

and uninhabitable. The building’s airtightness was assumed to 

 

Fig. 1. Ground floor plan showing the layout and areas of the rooms, 

as well as the design temperatures for the analysed building. 

 

Fig. 2. View of the analysed building. 
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be n₅₀ = 6.0 h⁻¹. Ventilation was provided by gravity systems us-

ing existing masonry exhaust chimneys. 

Prior to retrofit, the roof was covered with ceramic tiles and 

insulated with loosely laid mineral wool in the attic floor, with 

a thickness of 0.15 m. The external walls of the building were 

constructed from lightweight expanded clay concrete blocks 

with a thickness of 0.39 m, without internal insulation, and fin-

ished with gypsum board and plaster. Internal walls were made 

of hollow bricks measuring 120 mm × 250 mm × 63 mm, also 

without insulation. The intermediate floor slab between the 

ground floor and the unheated attic was made of reinforced con-

crete with a thickness of 0.10 m, covered with cement-bonded 

particle board, without insulation. The slab-on-grade ground 

floor structure consisted of sand, a concrete foundation layer, 

followed by 0.10 m of expanded polystyrene insulation, and fin-

ished with a floor compound and plywood. The windows were 

double-glazed, tilt-type, with polyvinyl chloride (PVC) frames, 

including balcony windows and two pairs of balcony doors. 

The overall heat transfer coefficients for the building parti-

tions were calculated using the Audytor OZC 7.0 Edu Pol soft-

ware [17]. By comparing the calculated U-values with the max-

imum allowable values (Ucmax) specified in the Journal of Laws 

2022 [18] on the technical conditions to be met by buildings and 

their location, it was observed that the roof, the intermediate 

floor slab below the unheated attic and the external wall did not 

meet current regulatory requirements due to the lack of insula-

tion. Specifically, the roof’s U-value exceeded the limit by 

1.182 W/(m²·K), the ceiling by 0.426 W/(m²·K), and the exter-

nal wall by 0.253 W/(m²·K). The total heat load prior to retrofit 

was 25 710 W, with 14 817 W attributed to the ground floor sto-

rey and 10 893 W to the non-habitable attic. 

In its original state, the building did not meet the require-

ments in force at that time due to the absence of insulation in the 

external walls, roof and ceiling. This is confirmed by the thermal 

transmittance (U-value) prior to thermal retrofit, which was the 

main rationale for undertaking modernisation measures. The 

significant reduction in heat demand resulted from the poor ini-

tial condition of the building, not due to structural defects, but 

rather the lack of insulation in key partitions, which was the pri-

mary factor leading to very high heat losses. 

2.1. Heat source and central heating system prior to 

modernisation 

The boiler room has the following dimensions: a floor area of 

6.90 m² and a volume of 17.53 m³. It featured both internal and 

external doors opening outward. Ventilation was provided via 

a 14 cm × 14 cm exhaust grille installed in the chimney shaft and 

a 14 cm × 14 cm supply grille mounted in the external wall, po-

sitioned 30 cm above the floor level. 

The heat sources included a solid fuel boiler (wood-fired) 

and a liquefied gas boiler supplied from an underground propane 

tank located on the property. Switching between heat sources for 

the central heating system was performed manually by opening 

and closing the appropriate shut-off valves in the boiler room. 

During the autumn-winter heating season, the house was heated 

using a wood-fired boiler operating on the principle of generator 

gasification. The boiler was equipped with an exhaust fan to fa-

cilitate combustion. It had a nominal power output of 40 kW, 

a water capacity of 80 litres, and a fuel hopper capacity of 

140 dm³. The seasonal wood consumption was approximately 

40 m³. The system was designed to maintain a minimum return 

water temperature of 65°C, and the boiler efficiency ranged 

from 81% to 90% (according to the manufacturer technical spec-

ification). The boiler was connected via a flue outlet to 

a 150 × 150 mm steel chimney duct, which was routed through 

a shaft and extended above the roof.  

In the spring-summer period, the house was heated using 

a liquefied gas boiler due to its lower fuel consumption for the 

domestic hot water system and occasional heating. The gas 

boiler was a single-function, wall-mounted unit with a power 

range of 8.9–21 kW and a closed type combustion chamber. It 

featured built-in weather-compensated control. The air/flue gas 

duct was made of steel with a diameter of 60/100 mm. The pro-

pane gas was supplied from an underground tank located on the 

property. A technical scheme of the heat source configuration 

prior to modernisation is presented in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Technical scheme of the heat source prior to retrofit. 
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The design temperatures of the heating water in the central 

heating system are 75°C/65°C. The system is a two-pipe instal-

lation embedded in the floor, with bottom connections made of 

copper pipes. Panel radiators type 22, featuring profiled heating 

plates and convective elements, equipped with thermostatic con-

trol valve inserts, were installed in the rooms. In the bathrooms, 

vertical pipe type radiators, made of non-alloy low-carbon steel, 

were used for heating. 

During construction of the building, the dimensions of the 

radiators were selected and installed in such a way that their 

heating capacities were insufficient from the beginning to meet 

the high thermal loads of the rooms. As a result, it was difficult 

to maintain the design indoor temperature throughout the build-

ing. Additionally, the non-heated attic, lack of thermal insula-

tion of the external walls, and the intermediate floor slab be-

tween the ground floor and attic contributed to significant heat 

losses from the heated spaces to the surroundings. The rooms 

cooled down rapidly, and users reported thermal discomfort as 

well as a noticeable increase in air humidity. 

3. Building envelope components, thermal 

bridges, heat load 

To ensure thermal comfort in the heated rooms, it is necessary 

to determine the heat flux that must be supplied to the space in 

order to compensate for all heat losses. The heat load calcula-

tions for the building’s rooms were carried out in accordance 

with the PN-EN 12831:2006 Polish Standard [16], using the 

Audytor OZC 7.0 Edu Pol software [17]. The determination of 

the design heat load required to maintain the specified indoor 

design temperature under standardised design conditions, for the 

purpose of selecting an appropriate heat source, was performed 

as follows [14]: 

 𝛷𝐻𝐿 = ∑ 𝛷𝑇,𝑖 + ∑ 𝛷𝑉,𝑖 + ∑ 𝛷𝑅𝐻,𝑖, (1) 

where: ΦT,i – transmission heat losses [W], ΦV,i – ventilation 

heat losses [W], ΦRH,i – additional heating power required to 

compensate for reduced heating performance (reheat) [W]. 

In the calculation of the design heat loss due to transmission, 

the following components are considered: direct heat losses to 

the external environment, heat losses through unheated spaces 

to the outside, heat losses to the ground, and heat transfer be-

tween heated zones with different indoor temperatures [16]: 

 𝛷𝑇,𝑖 = [∑ (𝐴𝑘𝑈𝑘𝑒𝑘𝑘 )  + ∑ (𝜓𝑙𝑙𝑙𝑒𝑙)𝑙 + ∑ (𝐴𝑘𝑈𝑘𝑏𝑢𝑘 ) +  

 + ∑ (𝜓𝑙𝑙𝑙𝑏𝑢)𝑙 + 𝑓𝑔1𝑓𝑔2 ∑ (𝐴𝑘𝑈𝑒𝑞𝑢𝑖𝑣,𝑘𝑘 )𝐺𝑤 +  

 + ∑ 𝑓𝑖𝑗𝐴𝑘𝑈𝑘𝑘 ] (𝜃𝑖𝑛𝑡,𝑖 − 𝜃𝑒), (2) 

where: Ak – area of building element (k) [m2], Uk – heat transfer 

coefficient of the building envelope components (k) [W/(m2·K)], 

el, ek – correction factors for orientation, taking into account cli-

matic influences, ψl – linear thermal transmittance coefficient (l) 

[W/(m·K)], ll – length (l) of the linear thermal bridge between 

the internal and external environments [m], bu – temperature re-

duction coefficient accounting for the difference between the 

temperature of the unheated space and the design external tem-

perature [-], fg1 – correction factor accounting for the influence 

of annual fluctuations in outdoor temperature, fg2 – temperature 

reduction factor accounting for the difference between the an-

nual average outdoor temperature and the design outdoor tem-

perature, Uequiv,k – equivalent heat transfer coefficient of a build-

ing element (k) [W/(m2‧K)], Gw – correction factor for ground-

water influence, fij – temperature reduction factor accounting for 

the difference between the temperature of the adjacent space and 

the design outdoor temperature, θint,i – design indoor tempera-

ture of the heated space (i) [°C], θe – design outdoor temperature 

[°C]. 

The ventilation heat loss is determined using the following 

equation [16]: 

 𝛷𝑉,𝑖 = 𝑉̇𝑙𝜌𝑐𝑝(𝜃𝑖𝑛𝑡,𝑖 − 𝜃𝑒), (3) 

where: 𝑉̇𝑖 – volumetric flow rate of ventilation air supplied to 

the heated space [m3/s]. 

The reheat amount includes the correction factor fRH, which 

depends on the heating-up time and the assumed indoor temper-

ature setback during reduced heating periods [16]: 

 𝛷𝑅𝐻,𝑖 = 𝐴𝑖𝑓𝑅𝐻, (4) 

where: Ai – area of the heated space [m2], fRH – correction factor 

accounting for heating-up dynamics and temperature setback 

[W/m2]. In the presented analysis, this component of the build-

ing's thermal load balance was not considered, as the occupants 

do not utilise this function. According to standard [16], the re-

heat amount is not mandatory. 

As part of the preparation for the building’s thermal retrofit, 

the initial step involved an analysis of heat losses through linear 

thermal bridges. The assessment of temperature distribution 

within thermal bridge models, along with the determination of 

heat flux passing through these elements, enabled the proposal 

of design solutions aimed at reducing linear heat losses. Surface 

thermal bridges, such as glazed area and door leaf surface area, 

were incorporated into the heating load calculations using the 

software referenced in [17]. Point thermal bridges were not in-

cluded in the analysis. 

The lengths of thermal bridges in the presented analysis were 

modelled using Therm Software 7.8.77, which is based on the 

PN-EN ISO 10211-2 standard [19]. According to this standard, 

the geometric model of a thermal bridge must be created under 

strictly defined thermal and geometric boundary conditions. The 

lengths of thermal bridges are assumed to be three times the total 

thickness of the adjoining partitions or at least 1 m from the cen-

tral element. 

Table 1 presents the models of linear thermal bridges in the 

building, developed in accordance with the PN-EN ISO 

10211:2008P standard [19], using Therm Software version 

7.8.77 [20]. The first column provides a visual representation 

and designation of each thermal bridge type. The second and 

third columns illustrate the temperature distribution models for 

each thermal bridge in two scenarios: prior to and after the build-

ing retrofit. 

Table 1 is supplemented with a colour scale legend and 

boundary temperature data for the building envelope compo-

nents. 
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Table 1. Temperature distribution in building thermal bridges – models generated using Therm Software 7.8.77 [20].  

Thermal bridge 

Temperature distribution in building thermal bridges 

Prior to thermal retrofit After thermal retrofit 

 

 
External corner (a) 

  

 
Internal corner (b) 

  

 
Exterior wall section adja-
cent to fenestration opening 
(c)   

 
Exterior wall section adja-
cent to door opening (d)   

 
Slab-on-grade floor system / 
exterior wall interface (e) 

  

 
Intermediate floor structure 
/ exterior wall junction (f) 

  

 

non-heated 
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For the external corner (convex corner) thermal bridge (a), 

the analysis of temperature distribution within the building en-

velope component prior to and after insulation revealed a signif-

icant improvement in thermal performance following the retro-

fit. Prior to insulation, low-temperature isotherms penetrated 

deeply into the structure, indicating substantial heat losses and 

a heightened risk of water vapour condensation. After the appli-

cation of thermal insulation, a distinct outward shift of the iso-

therm lines was observed, demonstrating the effectiveness of the 

implemented insulation strategy. The total heat transfer coeffi-

cient (U-value) for this thermal bridge, under a temperature gra-

dient of 36 K (−16°C exterior and +20°C interior), was reduced 

from 0.556 W/(m²·K) to 0.111 W/(m²·K). 

The analysis of the internal corner (concave corner) thermal 

bridge (b) revealed similar phenomena, albeit with greater inten-

sity. Prior to insulation, the temperature on the interior surface 

of the envelope at the corner was significantly lower than in 

other areas of the partition, indicating intense heat transfer and 

a high risk of water vapour condensation. Following the appli-

cation of thermal insulation, the isotherms shifted toward the 

outer edge of the envelope, and the local temperature mini- 

mum increased. The total heat transfer coefficient (U-value)  

for this thermal bridge decreased from 0.537 W/(m²·K) to  

0.141 W/(m²·K). 

The next component of the analysis was the exterior wall 

section adjacent to the fenestration opening (c). Before the detail 

was improved, significant cooling of the envelope was observed 

in the area where the window frame connects to the masonry 

wall. Temperatures near the window reveal dropped locally to 

critical levels. After implementing an improved installation 

method and adding thermal insulation in the reveal zone, the 

low-temperature isotherms shifted toward the outer part of the 

envelope. The temperature at critical points increased signifi-

cantly, indicating effective elimination of the local linear ther-

mal bridge and improved energy performance of the entire con-

struction detail. The U-value was reduced from 0.241 W/(m²·K) 

to 0.095 W/(m²·K). 

In the analysis of the exterior wall section adjacent to door 

opening, and thermal bridge occurring between the door assem-

bly and the external wall (d), the initial condition revealed sig-

nificant thermal anomalies. The zone surrounding the door, par-

ticularly near the ground level, exhibited pronounced cooling 

and intense heat flux, contributing to localised energy losses and 

a reduction in thermal comfort. Following the implementation 

of additional thermal insulation, these adverse phenomena were 

substantially mitigated. The isotherms in this region became 

more uniform, and the temperature values within the building 

envelope increased, indicating improved thermal conditions and 

reduced potential for energy loss. The total modelled U-value 

decreased from 0.208 W/(m²·K) to 0.096 W/(m²·K). 

The next analysed thermal bridge, slab-on-grade floor sys-

tem/exterior wall interface, was located at the junction between 

the internal wall and the ground-bearing floor slab (e). This area 

is particularly susceptible to thermal bridging due to its direct 

contact with the subsoil, which typically maintains a signifi-

cantly lower temperature. 

In the pre-retrofit condition, the simulation revealed a dis-

tinct temperature drop in the internal corner, posing a risk of 

surface condensation. After applying additional insulation in the 

plinth zone, the low-temperature isotherms shifted deeper into 

the external envelope, and the temperature within the corner  

increased to a level ensuring both thermal and hygienic sa- 

fety. The overall heat transfer coefficient was reduced from  

0.336 W/(m²·K) to 0.162 W/(m²·K). 

The final case analysed involved a thermal bridge at the junc-

tion between the exterior wall and the intermediate floor slab 

separating the building storeys (f). In the initial scenario – prior 

to thermal retrofitting, when the attic was uninsulated and un-

heated, the simulation clearly indicated heat losses through the 

uninsulated portion of the floor slab, which structurally pene-

trated the thermal insulation layer of the external wall. This area 

exhibited significant cooling, with the minimum local tempera-

ture dropping to a level conducive to water vapour condensation. 

After the application of additional insulation in the floor slab 

region, the isotherms became smoother and shifted, indicating  

a substantial improvement in thermal conditions. The thermally 

upgraded building envelope ensured continuity of the insulation 

layer, thereby minimising energy losses and enhancing the du-

rability of the building structure. In the thermal simulation, the 

total U-value coefficient for this thermal bridge, under a temper-

ature gradient of 36 K, was reduced from 0.225 W/(m²·K) to 

0.165 W/(m²·K). 

4. Building performance characteristics after 

thermal retrofit. Result analysis. 

A thermal retrofit project was developed for the building, based 

on the following interventions: 

 insulation of external walls using expanded polystyrene 

(EPS) with a thermal conductivity of k = 0.040 W/(m·K) 

and a thickness of 0.15 m, 

 roof insulation with mineral wool k = 0.052 W/(m·K), ap-

plied in a layer of 0.35 m thickness, 

 replacement of the roof covering from ceramic tiles to 

metal roofing sheets k = 50 W/(m·K), aimed at reducing the 

structural load on the roof, 

 insulation of the intermediate floor slab between the ground 

floor and the attic using EPS k = 0.040 W/(m·K) with 

a thickness of 0.15 m, 

 sealing of window and door frames to improve airtightness 

and reduce uncontrolled infiltration. 

Based on literature data indicating the limited impact of win-

dow and door replacement on the overall heat demand reduction 

estimated at approximately 3% according to [6] and considering 

the high investment costs associated with such measures, the in-

vestors opted not to include fenestration replacement in the 

scope of thermal retrofit. Additionally, a design was developed 

to convert the attic into a habitable and heated space, including 

the layout of new rooms and the integration of a heating system. 

New stairs were also planned to enable users to move between 

floors, replacing the previously existing ladder that provided ac-

cess only to the non-usable attic. To enhance thermal comfort 
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on the external façade, the installation of electrically operated 

external window shutters, integrated into the window frames, 

was proposed as part of the building insulation works. In the 

case of the garage, it was designated to be heated to an indoor 

temperature of ti = +5°C. Consequently, the internal garage 

walls were insulated in accordance with the envelope specifica-

tions outlined in [18]. The building occupants chose to retain 

natural (gravity-based) ventilation. Airtightness of the building 

envelope was improved to the design level of n₅₀ = 2.0 h⁻¹, 

achieved through sealing of window and door frames, insulation 

of external partitions and sealing of service penetrations. For ret-

rofitted buildings without mechanical ventilation, the typical  

airtightness level after modernisation falls within the range  

of n₅₀ = 2.0–3.5 h⁻¹ [6]. In the analysed case, a value of  

n₅₀ = 2.0 h⁻¹ was adopted, reflecting the effect of careful insula-

tion of building partitions, improved continuity of insulation at 

structural joints, and the proposed use of external roller shutters 

by occupants. According to available data on airtightness meas-

urements for retrofitted buildings, such measures can enable 

achieving n₅₀ values below 3.0 h⁻¹. 

For the proposed thermal retrofit measures, calculations of 

the overall heat transfer coefficients were performed using the 

Audytor OZC 7.0 software Edu Pol [17] in accordance with the 

standard [16]. The results are presented in Table 2. Due to the 

modernisation of the building's heat source, the total heating 

load of the building was also calculated and summarised in Ta-

ble 3. All calculations were carried out for both analysed scenar-

ios, prior to and after thermal retrofit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Heat loads for rooms and the building, and the design indoor temperatures, calculated using Audytor OZC 7.0 Edu Pol [16,17]. 

Type of room 

Temperature θint, i [°C] Heat load ΦHL [W] 

Prior to thermal retrofit After thermal retrofit Prior to thermal retrofit After thermal retrofit 

Ground floor 

Boiler room 20 20 871 333 

Room 20 20 703 338 

Utility room without window 20 20 18 9 

Bathroom without window 24 24 200 112 

Corridor 20 20 446 233 

Utility room without window 20 20 403 232 

Garage non-heated 5 2320 825 

Room 20 20 632 274 

Bathroom 24 24 701 377 

Room 20 20 1247 452 

Room 20 20 1377 557 

Room 20 20 716 345 

Corridor 20 20 448 396 

Kitchen 20 20 837 410 

Living room 20 20 3051 1317 

Entrance hall 20 20 847 289 

Attic (residential) 

Room non-heated 20 

10893 

845 

Bathroom without window non-heated 24 621 

Corridor non-heated 20 381 

Room non-heated 20 1130 

Sum 25710 (25.7 kW) 9476 (9.5 kW) 

 

Table 2. Values of the overall heat transfer coefficient (U-value) for the building partitions, calculated using Audytor OZC 7.0. Edu Pol [17]. 

Building Partition type Area of partitions [m2] 

Overall heat transfer coefficient U [W/(m2·K)] 

Prior to thermal retrofit After thermal retrofit Uc(max) [18] [W/(m2·K)] 

Roof 269.01 1.332 0.143 (reduction by 89,3%) 0.150 (ti ≥ 16°C) 

External door 33.75 1.300 1.300 1,300 

External window 41.40 0.900 0.900 0.900 (ti ≥ 16°C) 

Intermediate floor slab 218.73 0.576 0.180 (reduction by 68.8%) 1.000 (∆ti ≥ 8°C) 

Slab-on-grade floor 224.96 0.200 0.196 (reduction by 2%) 0.300 (ti ≥ 16°C) 

Internal wall 412.04 0.968 0.911 (reduction by 5.9%) 1.000 (∆ti ≥ 8°C) 

External wall 696.51 0.453 0.168 (reduction by 63.3%) 0.200 (ti ≥ 16°C) 
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A heat load value is obtained for the unheated attic because 

heat transfer from the heated zones to adjacent unheated spaces 

must be considered in accordance with standard calculation pro-

cedures (EN 12831 [16]). The attic, although not heated, re-

ceives heat through the ceiling and thermal bridges, and its tem-

perature is typically lower than that of the conditioned space. 

This results in a heat flow that contributes to the overall heating 

demand of the building. 

The proposed thermal retrofit measures resulted in the fol-

lowing changes in the calculated thermal transmittance (U-val-

ues) for individual building components: 

 roof: U = 0.143 W/(m2·K), representing a reduction of 

1.189 W/(m2·K) due to the implemented improvements, 

 intermediate floor slab (between ground floor and the non-

heated attic): U = 0.180 W/(m2·K), corresponding to a de-

crease of 0.396 W/(m2·K), 

 slab-on-grade floor: U = 0.196 W/(m2·K), with a marginal 

reduction of 0.004 W/(m2·K). 

The total design heat loss for the thermally modernised 

building, based on characteristic parameters from Journal of 

Laws 2022 [18], amounted to 9476 W, indicating a reduction of 

16 234 W. This includes a decrease for the ground floor storey 

from 14 817 W to 5814 W, and on the attic level from 10 893 W 

to 3662 W (from the uninhabitable attic to the residential attic). 

To improve the quality conclusions and enable a comprehen-

sive assessment of the thermal retrofit, two tables (Table 4 and 

Table 5) presenting the components of the building’s heat load 

have been added. Additional demand from converting an unused 

attic into living spaces is presented in Table 3. In the presented 

analysis, the reheat component of the building's thermal load 

balance was not considered, as the occupants do not utilise this 

function. According to standard [16], the reheat amount is not 

mandatory. Since the gas boiler is a single-function unit operat-

ing in conjunction with a domestic hot water heater, and the 

number of occupants (four persons) as well as the presence of 

two bathrooms remain unchanged before and after thermal ret-

rofitting, the domestic hot water demand also remains constant 

at 20 kW, assuming a high level of domestic hot water thermal 

comfort.  

Tables 4 and 5 present the distribution of individual compo-

nents to the building’s heat balance before and after thermal ret-

rofitting. Heat transmission losses were divided into two cate-

gories:  

(1) losses through external envelope components, calculated as 

the sum of products Ak ‧ Uk ‧ ek, 

(2) losses through partitions adjacent to unheated spaces (e.g. 

attic or garage), in accordance with the methodology of 

PN-EN 12831 [16]. 

Additionally, (3) linear losses caused by thermal bridges 

were considered separately, calculated using the relation 

ψl ‧ ll ‧ el. Losses due to minimum ventilation (Vmin) are lower 

than infiltration ventilation losses (Vinf) and, therefore, were not 

included in accordance with standard [16]. After thermal retro-

fitting, losses associated with unheated spaces were eliminated, 

as all rooms are heated following the modernisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Distribution of heat load components in the building prior to thermal retrofit. 

Type of room 
Heat losses by transmis-

sion - external parti-
tions [W] 

Heat losses by 
transmission to un-
heated spaces [W] 

Linear heat losses - 
thermal bridges 

[W] 

Ventilation heat 
losses - infiltra-

tion [W] 

Total heating load 
[W] 

Boiler room 643 120 31 77 871 

Room 354 152 24 173 703 

Utility room without window 0 6 0 9 18 

Bathroom without window 0 33 0 167 200 

Corridor 202 100 31 113 446 

Utility room without window 0 297 0 106 403 

Garage 1813 0 77 430 2320 

Room 268 159 22 183 632 

Bathroom 456 109 19 117 701 

Room 820 179 44 204 1247 

Room 923 188 45 221 1377 

Room 334 156 32 194 716 

Corridor 0 224 0 224 448 

Kitchen 359 249 72 157 837 

Living room 1675 402 169 805 3051 

Extrance hall 445 247 17 138 847 

Attic (non-heated) 6666 0 2069 2160 10893 

Total 14958 2621 2652 5478 25710 
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The tables provide a detailed breakdown of heat loss compo-

nents for individual rooms in the building before and after ther-

mal retrofitting. Comparing these data allows identification of 

the elements of the heat balance that contributed most to the 

achieved energy savings. (1) Insulation of external partitions. 

The greatest impact on reducing the heat load resulted from the 

decrease in transmission losses through external envelope com-

ponents, which dropped from 14 958 W to 3304 W, representing 

a 78% reduction. (2) Elimination of losses to unheated spaces. 

Prior to modernisation, a significant portion of losses originated 

from heat transfer from the ground floor to the unheated attic 

(2621 W). After retrofitting, the attic became a heated space, 

eliminating these losses entirely. (3) Reduction of thermal 

bridges, insulating structural details and improving window re-

veals and wall junctions reduced linear losses from 2652 W to 

875 W, a 67% decrease, highlighting the substantial role of ther-

mal bridges in the overall heat balance. (4) Ventilation losses 

decreased from 5478 W to 5201 W (a 5% reduction), primarily 

due to improved airtightness and reduced uncontrolled infiltra-

tion. Collectively, these measures resulted in a 63% reduction in 

the building’s total heat load.  

4.1. Heat source and central heating system after 

modernisation 

The location of the boiler room remains unchanged. The solid 

fuel central heating boiler, along with all associated equipment, 

has been removed from the room. The chimney previously used 

for flue gas discharge remains in place but will no longer be in 

use. The gas-fired boiler continues to operate in its original lo-

cation without modification. The burner of this boiler can oper-

ate not only on liquefied petroleum gas, but also, after appropri-

ate adjustment, on natural gas. Additionally, the heat source has 

been supplemented with flat-plate solar collectors and associ-

ated equipment, which have been connected to the existing bi-

valent domestic hot water heater. For the purpose of automatic 

regulation of the modernised heat source, a new controller has 

been installed in the boiler room. Furthermore, the central heat-

ing circulation pump has been replaced with a modern single-

speed circulating pump. 

The burner of the existing gas boiler has been adapted for 

operation with network-distributed natural gas GZ50; however, 

its factory settings will be adjusted due to the change in the type 

of fuel used (modified power output range 11–23 kW). The fuel 

will be delivered to the boiler from the existing gas distribution 

network via a gas connection routed across the property. The 

underground liquefied gas tank has been decommissioned, as it 

became feasible to design a direct gas connection to the network, 

thereby reducing the inconvenience associated with fuel deliv-

ery and tank maintenance. The tank had been in use for approx-

imately 20 years, which would soon necessitate its replacement, 

incurring additional costs. A gas connection has been installed 

from the gas network to a cabinet mounted on the building wall. 

The distance between the gas cabinet and the street is 12 meters. 

A 1.5-meter section of the connection from the cabinet was con-

structed using steel piping, while the remaining section was 

Table 5. Distribution of heat load components in the building after thermal retrofit. 

Type of room 
Heat losses by transmis-

sion - external parti-
tions  [W] 

Heat losses by 
transmission to un-
heated spaces [W] 

Linear heat losses- 
thermal bridges 

[W] 

Ventilation heat 
losses - infiltra-

tion [W] 

Total heating load 
[W] 

Boiler room 238 0 31 64 333 

Room 141 0 24 173 338 

Utility room without window 0 0 0 9 9 

Bathroom without window 76 0 0 36 112 

Corridor 89 0 31 113 233 

Utility room without window 126 0 0 106 232 

Garage 169 0 59 597 825 

Room 69 0 22 183 274 

Bathroom 241 0 19 117 377 

Room 204 0 44 204 452 

Room 292 0 44 221 557 

Room 119 0 32 194 345 

Corridor 72 0 0 324 396 

Kitchen 203 0 50 157 410 

Living room 368 0 144 805 1317 

Extrance hall 134 0 17 138 289 

Attic (residential) 

Room 199 0 169 481 845 

Bathroom without window 169 0 128 324 621 

Corridor 180 0 53 148 381 

Room 215 0 8 807 1130 

Total 3304 0 875 5201 9476 
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made of PE pipe. The pipes were laid 0.6 meters below the 

ground level with a slope of 4‰. Inside the gas cabinet mounted 

on the building, a self-actuating pressure regulator with two-

stage pressure reduction has been installed. The regulator in-

cludes an integrated shut-off valve, an overpressure quick-clos-

ing valve at the inlet, and a mesh filter. Additionally, a gas meter 

with a maximum flow rate of 4 m3/h and a stainless steel shut-

off valve have been installed. 

To support the domestic hot water (DHW) system, flat-plate 

solar collectors with a total surface area  of  3×2.06 m²  were  se-  

lected. The selected collector area covers 100% of the average 

daily DHW demand of the building's occupants during the sum-

mer period. The collectors were installed on the roof, facing 

southwest, due to optimal solar exposure on that side of the 

building (see Fig. 4). The building is located in Szczecin, at a lat-

itude of 53°23'N, where the average annual total sunshine dura-

tion is approximately 1700–1800 hours/year, and the annual av-

erage solar radiation on a horizontal surface amounts to  

1000−1100 kWh/m²/year [21].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The existing dual-coil domestic hot water (DHW) heater 

with a capacity of 300 dm³, previously used in conjunction with 

a solid fuel boiler, has been retained and integrated with the flat-

plate solar collector system. Overheating protection for the 

DHW system has been designed and is illustrated in the heat 

source schematic (see Fig. 5).  

Cold water is routed and connected to the DHW line via 

a three-way valve, allowing cold water to be introduced into the 

system when the DHW temperature exceeds the maximum per-

missible level, thereby cooling the medium. The solar installa-

tion is protected by a safety valve and a closed expansion vessel 

with a volume of 18 litres. Additionally, a vent has been installed 

on the roof to facilitate air removal from the system during fluid 

replacement or refilling. 

The design temperatures of the heating system water are 

55°C / 45°C. Due to insufficient thermal output of the existing 

radiators and piping, a complete replacement of all heaters and 

distribution lines was designed. The new hydronic heating sys-

tem utilises modern plastic piping technology, consisting of 

multilayer polyethylene pipes with an aluminium diffusion bar-

rier. The distribution network is routed through individual 

rooms within the thermal insulation layer of  the  structural  floor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Technical scheme of the heat source after modernisation. 

           

Fig. 4. Arrangement of flat-plate solar collectors on the building roof. 
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slab and connected to the designated radiators using a tee-branch 

configuration. Panel radiators were specified for general spaces. 

For the bathroom zone, modern bathroom type radiators were 

selected, characterised by flat heating surfaces, providing both 

functional and aesthetic integration with the interior. 

5. Conclusions  

The integrated thermal retrofit project for the single-family 

building located in Szczecin was undertaken due to the absence 

of thermal insulation in the external walls and roof structure. 

This deficiency resulted in high operating costs for the users, 

caused by excessive heat losses, rapid cooling of the building, 

and the inconvenience of restoring indoor thermal comfort dur-

ing the winter season. The lack of building envelope insulation 

led to increased energy demand for space heating in winter and 

reduced passive protection against overheating in summer, 

thereby compromising thermal comfort and energy efficiency. 

Calculations and analysis of the overall heat transfer coeffi-

cient (U-values) of the building envelope components in their 

existing condition, including thermal bridges and heat source 

performance, enabled the formulation of targeted thermal and 

technical modernisation measures. The comparative assessment 

of the building’s thermal performance before and after retrofit-

ting demonstrated that comprehensive thermal retrofit would 

significantly reduce the total heating load, from 25 710 W to 

9476 W. This reduction of over 63% provided a reduction in the 

useful heat output of the heat source and a shorter operating 

time, which is relevant in the context of using fossil fuels, for 

example natural gas. The substantial decrease in thermal de-

mand highlights the high energy-saving potential resulting from 

the following interventions: thermal insulation of external walls, 

insulation of the intermediate floor slab, roof insulation, and re-

placement of the roof covering. 

Based on the analysis of temperature distribution in building 

thermal bridge models conducted using the Therm 7.8.77 soft-

ware [18], it was determined that existing linear thermal bridges 

contribute significantly to the overall heat losses, with the cor-

responding thermal heat transfer values being relatively high. 

Thermal retrofitting measures, including additional insulation 

and airtightness improvements at thermal bridge locations, were 

proposed. The simulation results indicated that, for selected con-

struction details, the application of supplementary insulation led 

to a reduction in the U-value by more than 50%. This highlights 

the necessity of accounting for thermal bridges in energy retrofit 

projects, not only from the perspective of energy efficiency but 

also in terms of thermal comfort, hygienic conditions, and the 

durability of building envelopes. The computational results and 

temperature distribution visualisations confirm that thermal ret-

rofitting effectively eliminates local zones of reduced surface 

temperature in the analysed thermal bridge areas, thereby reduc-

ing the risk of surface condensation and mould growth in prac-

tice. 

The modernisation of the building’s existing heat source, in-

volving the replacement of an outdated solid fuel boiler system 

with a new central heating installation powered by a natural gas-

fired condensing boiler, along with the proposed integration of 

flat-plate solar collectors for domestic hot water (DHW) sup- 

port, contributed to a reduction in CO2 emissions and decreased 

dependence on solid fuels and local fuel storage systems. 

As a result of the design solutions prepared for the building 

owner, the boiler room was upgraded, flat-plate solar collectors 

were installed on the roof, and the DHW system was modern-

ised. Furthermore, a decision was made to prepare an applica-

tion for external state funding to support the thermal retrofitting 

of the building envelope in the near future. Further research, in-

cluding thermographic inspections and in-situ measurements of 

the actual U-values of the building envelope components, is 

planned to be conducted prior to, during and after the implemen-

tation of the envelope modernisation works. 

The findings presented in this study can be extrapolated to  

a broader category of buildings located within Polish Climate 

Zone I and regions exhibiting comparable thermal load charac-

teristics. The case study building represents a typical structural 

configuration of single-family houses constructed in the early 

2000s, characterised by uninsulated external walls made of 

lightweight aggregate concrete blocks, a reinforced concrete 

floor slab without thermal insulation, and insufficient roof insu-

lation. The observed 63% reduction in heating load, achieved 

through thermal insulation of building envelopes and mitigation 

of linear thermal bridges, may serve as a reference benchmark 

for buildings with similar geometric, material and operational 

parameters. The post-retrofit overall heat transfer coefficients 

(U-values) comply with the requirements specified in [18] for 

residential buildings, indicating that the adopted insulation strat-

egy can be considered a model configuration for structures lo-

cated in Climate Zone I. Furthermore, the analysis of thermal 

bridges confirms that, under temperature differentials of approx-

imately 36 K, reductions in linear thermal transmittance of up to 

50% are attainable. This finding is particularly relevant for 

buildings situated in northern regions of the country, where the 

influence of thermal bridges on energy losses is amplified by the 

extended heating season. 
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