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Abstract  9 

This study aimed to identify the most effective passive design measures to prevent overheating in a log 10 

house in a temperate climate. The study was conducted with a calibrated thermal model under a future 11 

climate projection (SRES A2 scenario) utilising an EN 16798-1 adaptive comfort model for the building 12 

operated under free-run mode during summer. The effects of six building-related and three 13 

organisational measures on the projected future thermal comfort in the studied log house were evaluated. 14 

During 2011–2040 and 2041–2070, thermal insulation and thermal mass paired with natural ventilation 15 

with or without shading were among the best-performing combinations. During 2071–2100, three of the 16 

six best-performing combinations were thermal insulation and thermal mass paired with natural 17 

ventilation with or without shading. Comparing the first and the last periods, the most effective 18 

organisational measure reduced the operative temperature by an average of 0.35 or 0.34 °C in the first 19 

two periods and by 0.36 or 0.33 °C in the third period. By outlining the potential effectiveness of specific 20 

measures in preventing overheating discomfort under climate change conditions, the findings 21 

significantly contribute to climate change adaptation of log houses and buildings in general. These 22 

findings can be used as design guidelines for future buildings and to formulate future building 23 

regulations as well as a decision-making support for policy-makers. 24 
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1.  Introduction 36 

Anthropogenic climate change has been a major cause of increasing temperatures and intense heat 37 

weather extremes in the last 70 years [1]. According to the Annual Global Climate Report of the World 38 

Meteorological Organization (WMO) [2], 2020 was one of the three warmest years in the history of 39 

measurements, with the average global air temperature about 1.2 °C above the pre-industrial average. 40 

The same report states that the last decade (2011–2020) was the warmest in the history of measurements, 41 

continuing a trend since 1950, where each subsequent decade is warmer than the previous one. 42 

Climate warming undeniably already affects the thermal response of the existing building stock, and 43 

these effects will only intensify in the future depending on the concentration of greenhouse gases (GHG) 44 

in the atmosphere. In terms of energy use in buildings, global warming will have both positive and 45 

negative consequences. Benestad [3] and Mima & Criqui [4] analysed the impact of projected climate 46 

change on the number of heating and cooling degree days in Europe in the future and found that the 47 

need to heat buildings is predicted to decrease. In contrast, the need to cool buildings is anticipated to 48 

increase substantially. As air conditioners are primarily used to cool buildings [5], this raises the 49 

question of potential indirect GHG emissions associated with using electricity for their operation. This 50 

can lead to a stalemate in which the cooling of buildings is both a consequence and a cause of climate 51 

change [6]. Therefore, appropriate passive cooling measures for buildings can play a crucial role in 52 

reducing GHG emissions, thus helping to achieve the EU's 2050 carbon neutrality target in the Member 53 

States [7]. 54 

Moreover, climate change affects energy use in buildings and poses a greater risk to health (especially 55 

for the elderly). An example of the impact of heat waves on the urban population is the heat wave of the 56 

summer of 2003, which is considered one of the largest natural disasters in European history, causing 57 

more than 30,000 deaths [8]. For this reason, research on adapting the existing building stock to climate 58 

change is of utmost importance. 59 

1.1.  Literature Review 60 

Log houses are a traditional way to build homes in Northern Europe [9]. In recent decades, they are 61 

becoming popular also elsewhere, such as in the Alpine region, because they are characterised by 62 

significantly lower environmental impact, even compared to framed wooden buildings [10]. In addition,  63 

Kosonen and Keskisaari [11] demonstrated that a highly energy-efficient log house can be achieved 64 

without additional insulation of the logs by utilising renewable energy sources. Furthermore, Vinha et 65 

al. [12] and  Päätalo [9] emphasised that careful consideration of airtightness due to seams between logs 66 

is essential for achieving high energy efficiency. However, log houses are adapted to colder climates, 67 

while most studies deal with winter energy performance, omitting the potential for summer overheating. 68 

On the other hand, log houses have a low thermal mass due to the use of structural wood. In this context, 69 

Hudobivnik et al. [13] showed that when daily fluctuations of external air temperatures are high, the 70 

thermal response of buildings with high thermal mass is significantly more stable than those with low 71 

thermal mass, such as massive timber walls. Furthermore, studies have shown that the highest risk of 72 

overheating is present in buildings with low energy efficiency and low thermal mass (see refs. [14–16]). 73 

One of the earliest studies in the field of climate change impacts on low thermal mass houses was 74 

conducted by Vidrih and Medved [17], studying the influence of thermal mass in building envelope on 75 

the energy required for heating and cooling a low-energy single-family house in Ljubljana (Slovenia). 76 

Their results showed that a high thermal mass should significantly reduce the need for cooling the 77 

building by a factor of 5 in the future. Similarly, Rodrigues et al. [18] designed a highly thermally 78 

insulated single-family house with low thermal mass by analysing the risk of overheating by the end of 79 

the century in Nottingham (England). The study examined external shading, natural ventilation and a 80 
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ground-to-air heat pump. The authors concluded that even if all these measures are applied 81 

simultaneously, temperatures could be too high for more than 30 % of the year. Hence, it would not be 82 

possible to prevent building overheating in the future. Furthermore, Pajek and Košir reached similar 83 

conclusions for numerous European locations [19], where the cooling energy need is expected to reach 84 

values up to 100 and 130 kWh/m2 in temperate and warm climates, respectively. Another study was 85 

conducted by van Hoff et al. [20], who considered several passive adaptations, such as lower thermal 86 

transmissivity and higher solar reflectivity of the building envelope, green roof, external shading and 87 

natural ventilation, for the case of a typical Dutch single-family house. Since its thermal mass was very 88 

high, the authors also examined what would happen if it was reduced and concluded that the cooling 89 

energy required in the building would be highest with improved thermal insulation but could be 90 

significantly reduced by a large extent (59–74 %) by implementing shading and natural ventilation 91 

measures. The lower thermal mass increased the energy required for cooling by approx. 4 %, while the 92 

effects of the higher envelope solar reflectivity and the green roof were negligible. Moreover, the study 93 

conducted by Pajek et al. [21] in the case of a multi-apartment building in Montenegro identified that 94 

organisational measures, such as occupant-controlled natural ventilation and shading, have great 95 

potential for overheating reduction. In particular, the energy need for heating and cooling would be 96 

reduced by 32–35 %. 97 

Furthermore, Dodoo and Gustavsson [22] studied climate change impact on thermal response and 98 

primary energy use for heating and cooling in three different multi-apartment buildings in Sweden. Their 99 

results showed that the risk of overheating is expected to be slightly higher in buildings with higher 100 

window-to-wall ratios. They also analysed various active and passive cooling measures, of which 101 

shading was the most effective solution in terms of primary energy use, while the combination of 102 

shading and ventilation measures proved to be the most effective in limiting overheating. A similar study 103 

was conducted by Berger et al. [23], who examined the impact of additional thermal insulation and 104 

improved efficiency of electrical appliances and lighting (lower heat load) on the energy use for heating 105 

and cooling of four large office buildings in Vienna (Austria) by the middle of the century. They 106 

concluded that the excess heat emitted by electrical appliances and lighting during operation has a 107 

significantly more substantial impact on the cooling energy need than global warming would have. In 108 

their case, the thermal insulation of the buildings led to a slight deterioration in the efficiency of night 109 

cooling with ventilation. However, the authors emphasised that this phenomenon can be eliminated with 110 

a properly designed ventilation system. Similar conclusions were drawn by Al-Rukaibawi et al. [24] in 111 

the case of a steel-bamboo building. Pajek and Košir [25] studied the relationship between the energy 112 

efficiency of buildings and their resistance to overheating in the future climate of Ljubljana. In terms of 113 

future climates, the most energy-efficient buildings are also, on average, the most susceptible to 114 

overheating, but the low-mass buildings are even more susceptible to overheating. Notably, by the end 115 

of the 21st century, in temperate climates, such as Ljubljana, the cooling energy need of buildings is 116 

expected to increase by at least 59 % and up to 60 kWh/m2. However, the thermal response of less 117 

energy-efficient buildings is significantly less predictable, and in specific building designs, the risk of 118 

overheating is almost five times higher than average. 119 

The literature review showed that research in this area mainly focuses on larger mechanically ventilated 120 

commercial and multi-apartment buildings or highly thermally insulated single-family houses. Less 121 

energy-efficient naturally ventilated single-family houses with low thermal mass are significantly less 122 

studied. On the other hand, studies such as those conducted by Zavrl et al. [26,27], Kuczyński et al. [28], 123 

and Pajek et al. [29] showed that numerous building or organisational measures could be practised in 124 

order to improve the thermal performance of low-mass buildings. However, during the literature review, 125 

no studies focused on the thermal response of an existing log house under future climate conditions. 126 
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2.  Objectives of the study 127 

The authors investigated a naturally ventilated log house near Ljubljana, Slovenia. According to 128 

occupants’ self-reports and field measurements, the building overheats in summer (Možina et al. [30]). 129 

The study identified the most effective passive design strategies to prevent building overheating. A 130 

calibrated building thermal model was used for the study, presented in the paper by Možina et al. [30]. 131 

Since the building in question is in a free-run mode during the summer, the effectiveness of the studied 132 

solutions was evaluated based on the adaptive thermal comfort of the occupants during the warmer half 133 

of the year (April–October). The problem was approached from two different aspects. Firstly, six 134 

building-related passive design overheating prevention measures were considered, and secondly, three 135 

organisational measures related to occupant interaction with the building were studied. Overall, a total 136 

of 28 different scenarios were evaluated. All the building-related and organisational measures were 137 

analysed both individually and in combination. The results of this research could be of particular benefit 138 

to owners of existing log houses and building designers because the impact of climate change on the 139 

thermal response of log houses is almost entirely unexplored. Therefore, the following research goals 140 

were addressed: 141 

 142 

• To explore combinations of organisational and building-related overheating prevention 143 

measures that are beneficial to occupant thermal comfort. 144 

• To study the possibility of providing adequate thermal comfort in a free-run mode during the 145 

cooling season (i.e., without mechanical cooling). 146 

• To analyse the detrimental effects on occupant thermal comfort caused by a combination of 147 

building and organisational overheating prevention measures. 148 

 149 

3.  Methods 150 

The study consisted of two primary sections. The first part included the modelling and calibration 151 

process (points a–d) presented in the paper by Možina et al. [30], while the second section focused on 152 

overheating prevention measures (points e–h). The following steps outline the complete procedure: 153 

a) Acquiring building data: geometry and orientation, building construction properties, window 154 

data, and the properties of internal heat sources (radiators, electrical devices and heat storage), 155 

obtaining data about the surroundings of the building (topology, neighbouring buildings and 156 

trees, surface properties) (Možina et al. [30]). 157 

b) Preliminary measurements and analyses to reduce the uncertainty in the calibration of the 158 

building model, such as the operation of radiators, airflow around the building and temperature 159 

gradient of indoor air (Možina et al. [30]). 160 

c) Measurements of the thermal response of the building, external weather conditions, and 161 

recording of all internal variables that influenced the thermal response of the building, such as 162 

opening and shading of windows, presence of occupants, and operation of electrical devices and 163 

other heat sources (Možina et al. [30]). 164 

d) Design of the building thermal model and calibration of the simulated thermal response to the 165 

actual measured thermal response of the building (Možina et al. [30]). 166 

e) Definition of building-related and organisational overheating prevention measures. In the study, 167 

a total of 28 scenarios were analysed. 168 
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f) Preparing weather files, including climate change projections for the Ljubljana area. The 169 

Special Report on Emissions Scenarios (SRES) A2 climate change scenario was used for future 170 

weather files for 2011–2040, 2041–2070 and 2071–2100. 171 

g) Analysing the projected thermal response of the building model in all three future periods. 172 

h) Evaluation of the effectiveness of building-related and organisational adaptations in future 173 

periods based on occupant adaptive thermal comfort according to EN 16798-1 [31]. 174 

3.1.  Location and building characteristics 175 

The selected log house is located in the suburbs of Ljubljana, Slovenia, on a south-oriented, slightly 176 

sloping terrain. The building has three floors - basement, ground floor and first floor with a total net 177 

floor area of 240 m2 and a total volume of 928 m3. The façade's surface is 294 m2, while the roof surface 178 

is 181 m2. The total window surface is 50.2 m2, with 5.7 m2 oriented north, 12 m2 oriented east, 22.6 m2 179 

oriented south and 9.9 m2 oriented west. Windows are triple-glazed without low-e coating, with a U 180 

value of 1.646 W/m2K. All windows except the basement and clerestory windows on the first floor 181 

(Figure 1) are equipped with manually operated external aluminium Venetian louvres. The north side 182 

of the basement is dug into the hill slope, while the south side is on the level of the terrain (Figure 1). 183 

The area of the external wall in contact with the ground is 49 m2. The basement houses service and 184 

residential spaces, while the remaining two floors are purely residential. The external wall of the 185 

basement (U = 0.367 W/m2K) is composed of external insulated cement blocks, finished on both sides 186 

with render. The walls on the ground floor are made of 0.18 m thick pine logs with a U value of 0.776 187 

W/m2K, while the first-floor external wall (U = 0.256 W/m2K) is timber framed with sheep wool in the 188 

framing cavity as insulation. The clerestory roof is insulated with sheep wool between the rafters (U = 189 

0.214 W/m2K) and covered with ventilated dark grey (αsol = 0.90) roof tiles. Finally, the floor slab is 190 

composed of a concrete slab internally insulated with mineral wool and finished with cement screed and 191 

ceramic tiles (U = 0.458 W/m2K) or wood planks (U =0.395 W/m2K). A detailed description of the log 192 

house envelope is given in Appendix A.  193 
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Figure 1: Studied log house model, with key characteristics of building envelope elements and its 

surroundings 

The building is heated by a central radiator heating system connected to a wood-burning boiler with an 194 

insulated hot water storage tank. There is an additional wood-burning furnace in the ground-floor living 195 

room. Since there is no mechanical cooling system, the building is in free-run operation during the 196 

warmer part of the year – typically from late April to mid-October. The main electrical appliances in the 197 

building considered in the energy model were induction cooking surface with electric oven, dishwasher, 198 

refrigerator, washing machine, desktop computer, laptop, TV and luminaries. There are four occupants 199 

of the house.  200 

3.2.  Model definition and calibration 201 

The initial energy model of the log houses was developed based on the available information about the 202 

building geometry, thermal envelope characteristics, surrounding obstructions (i.e., trees, neighbouring 203 

buildings) and climate data. Each room in the building was modelled as a separate thermal zone, while 204 

the interior was considered empty except for internal partitions. The natural ventilation and infiltration 205 

were modelled during the studied period using the wind pressure coefficient (WPC) determined by the 206 

wind speed and direction data from the climate files and by modelling the airflow through effective 207 

openings (i.e. windows, cracks) in the building envelope [36]. The model is in free-run operation, as the 208 

simulations consider only the warmer half of the year (April–October). The model was defined in the 209 

Design-Builder software [32] and calibrated according to the methodology presented by Možina et al. 210 

[30], which was partially based on the work by Raferty et al. [33]. The normalised mean error of bias 211 

(NMBE), the coefficient of variation of the root mean square error (CV(RMSE)) and the coefficient of 212 

determination (R2) were used to evaluate the uncertainty of the model. For these statistical indicators, 213 

criteria and recommendations for hourly and monthly intervals were adopted according to ASHRAE 214 

[34,35].  215 

For model calibration purpose, on-site indoor dry bulb temperature and surface temperature 216 

measurements on all three floors were used, with a measuring period of 94 days (mid-April to mid-July 217 

2020). During this period, the occupants used self-reporting to log window opening activity, shading 218 

use, electrical appliance use and occupancy. The self-reported logs were used to construct building-219 

specific occupancy, ventilation, shading and electrical equipment activation schedules (Možina et al. 220 

[30]). The external dry bulb temperature was measured on-site. At the same time, additional 221 

meteorological parameters (e.g., solar radiation, wind speed and direction, etc.) were sourced from the 222 

nearby weather stations of Ljubljana-Bežigrad and Vrhnika, operated by the Slovenian Environment 223 

Agency [37]. 224 

Because model calibration is a process of solving an indeterminate system, the final solution is always 225 

unique as it depends on the calibrator's skill. Therefore, the statistical indicators only show to what 226 

extent the measured and simulated data match, but not which parameters must be adjusted. To overcome 227 

this drawback, the graphical calibration method was implemented [38], minimising the histogram of 228 

deviation between the simulated and measured values (S-M deviation). This technique enables the 229 

evaluation of deviations of the simulated values concerning the change of an individual parameter. The 230 

model calibration was then undertaken in steps, starting with the development of the model based on the 231 

available information and moving step by step by modifying several building-related parameters. The 232 

calibration process consisted of 28 sub-steps, including modifying internal thermal capacity, air 233 
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infiltration levels, building usage patterns (schedules), modification of material thermal and optical 234 

properties, etc. The final calibrated model predicted the actual thermal response of the log house with ± 235 

1 K for 71.6 % of the evaluated period and with ± 2 K for 98.4 %. A more detailed description of the 236 

implemented calibration methodology and model validation is given in Možina et al. [30]. The calibrated 237 

model was used to simulate the thermal response of the building. The results were evaluated using the 238 

operative temperature as a performance indicator and the adaptive thermal comfort model through the 239 

data obtained from the simulations of the calibrated model (see Section 3.5). 240 

3.3.  Weather data and climate change projections 241 

Anthropogenic climate change in the future cannot be accurately predicted, as it is primarily based on 242 

the course of GHG emissions over time [1,39,40]. Therefore, climate change projections use global 243 

socio-economic development scenarios to estimate GHG emissions [41]. These scenarios are considered 244 

in climate models that combine a range of physical, chemical, and biological processes in the Earth's 245 

atmosphere to predict the likely consequences of future climate change. 246 

The study used the CCWorldWeatherGen software tool [42,43], which covers the SRES A2 scenario. 247 

The software tool is based on the HadCM3 model [44] and the "morphing" technique developed by 248 

Belcher and Hacker [45] to translate the relative climate changes to the existing weather file. However, 249 

according to Jentsch et al. [46], such morphing slightly overestimates the impact of climate change. The 250 

used climate scenario A2 describes a very diverse world with a rapidly growing population, a gradually 251 

growing economy, and the slow development of new technologies, accompanied by a gradual 252 

degradation of the natural environment [47]. The SRES A2 scenario is often compared to a newer 253 

RCP8.5 scenario, and both are considered worst-case scenarios. Therefore, the A2 scenario was used in 254 

the study to evaluate the worst possible outcomes of global warming and to achieve the redundancy of 255 

overheating prevention measures. 256 

The future weather files were morphed based on the meteorological data from the main meteorological 257 

station in Ljubljana for three periods: 2011–2040, 2041–2070 and 2071–2100. The Elements software 258 

tool (version 1.0.6) [48] was used to edit the weather files. 259 

The projected impact of climate change on meteorological parameters was observed using dry-bulb air 260 

temperature and global solar radiation, as well as the indicators of extreme heat according to the 261 

Slovenian Environment Agency [49] classification, namely the number of warm and hot days and 262 

tropical nights per year. Compared to the climate data from the baseline period (i.e., 1982–1999), the 263 

following changes are projected for the analysed location under the SRES A2 scenario: 264 

• The dry-bulb temperature increase is expected in all three future periods, with an average ∆T of 265 

0.5 °C in the first period (i.e., 2011–2040), 1.6 °C in the second (i.e., 2041–2070), and 2.1 °C 266 

in the last period (i.e., 2071–2100), whereas the temperatures would primarily increase in 267 

summer. 268 

• Global solar radiation is expected to increase (except in winter) in all three future periods. 269 

Namely, the average ∆G in the first period is expected to be 13.7 kWh/m2, in the second 37.1 270 

kWh/m2, and in the last period 52.0 kWh/m2. In contrast, the increase in global solar radiation 271 

is most pronounced in summer. 272 

• The number of warm (Tmax > 25 °C) and hot (Tmax > 30 °C) days is expected to be significantly 273 

higher in the future. Compared to the baseline period, the number of warm and hot days is 274 

expected to increase by 16 in the 2011–2040 period, in 2041–2070 by 38 or 35, and in 2071–275 

2100 by 65 or 67. In other words, it is projected that the number of warm days will double, 276 
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while the number of hot days will be 4.9 times higher by the end of the century. Moreover, the 277 

number of tropical nights (Tmin > 20 °C) is expected to increase by 2 in the first period, 8 in the 278 

second and 25 in the last period. 279 

3.4.  Overheating prevention measures 280 

The on-site monitoring of the indoor thermal environment in the log house (Možina et al. [30]), 281 

conducted between mid-April and mid-June 2020, showed that a maximum temperature of 30.4 °C was 282 

recorded on the first floor despite the use of shading and night ventilation. Furthermore, 56 % of the 283 

time during the monitored period, indoor dry bulb temperatures exceeded 26 °C. Therefore, it is evident 284 

that summer overheating is a significant problem in the investigated log house, which will presumably 285 

increase under global warming. 286 

In order to address this issue, a simulation study using a calibrated building model (Section 2.2) (Možina 287 

et al. [30]) was executed. The study aimed to analyse the potential impact of climate change on thermal 288 

comfort in the log house and to determine the most effective overheating prevention measures, which 289 

were divided into two groups: 290 

• Building-related overheating prevention measures include all interventions applied on the 291 

external side of the building or in the interior of the log house. All the evaluated measures are 292 

passive and do not require additional energy to operate after installation. The study considered 293 

six building-related overheating prevention measures presented in Table 1.   294 

• Organisational (i.e., occupant-building interaction) overheating prevention measures include all 295 

measures actively taken by the occupants of the log house as a response to indoor thermal 296 

conditions. The study considered and evaluated three organisational measures presented in 297 

Table 2.  298 

Table 1: Descriptions of building-related overheating prevention measures and corresponding graphical labels. 299 

Measure Graphical label Description 

Installation of 

additional blinds 

 

All windows on the upper two floors of the log house are 

equipped with external blinds, except for clerestory windows 

(total area of 3.84 m2). These windows are highly exposed to 

solar radiation due to the southern orientation, contributing to 

summer overheating. As a first building-related measure, 

external blinds with identical properties to the others were added 

to these windows. 

Additional thermal 

insulation of the 

external walls 

 

Adding thermal insulation was considered the second building-

related measure because the pine logs on the ground floor are 

thermally uninsulated. For that reason, 0.08 m (ground floor) and 

0.10 m (1st floor) thick wood-fibre boards (λ = 0.051 W/mK, cp 

= 2100 J/kgK, ρ = 260 kg/m3) were added to the external walls. 

The external layer of the new construction was a wooden 

ventilated façade with a 0.015 m thick air layer. 

Installation of a 

green roof 

 

According to D'Orazio et al. [35], green roofs have a significant 

cooling effect due to the combined effects of lower solar 

absorptivity of the greenery, the thermal conductivity of the 

substrate, evapotranspiration and shading provided by the 

greenery. However, the benefits of green roofs for the indoor 
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thermal environment are conditioned by thermal insulation 

thickness (U value), climate and type of green roof [50,51]. The 

measure would be somewhat invasive since the roof structure 

must be substantially modified. The thickness of the added 

vegetated layer was 0.10 m on a 0.06 m substrate. 

Reducing the solar 

absorptivity of roof 

tiles 

 

Currently, the installed roof tiles are dark grey and, as such, have 

a solar absorptivity of 0.90. Therefore, this measure considers 

the replacement of the existing dark grey tiles with new ones 

with a solar absorptivity of 0.50. Other properties of the tiles 

would remain unchanged. 

Additional thermal 

mass (1st layer) 

 

The measure would be carried out by replacing the internal 

wooden panelling with clay boards (λ = 0.130 W/mK, cp = 1450 

J/kgK, ρ = 700 kg/m3) of the same thickness (0.02 m) in the 

ceilings, partitions, and external walls on the 1st floor. 

Additional thermal 

mass (2nd layer) 

 

This measure is an upgrade of the previous one, where another 

layer of clay boards would be added. Hence, the total thickness 

of the clay boards would be 0.045 m on the 1st floor and 0.025 m 

on the ground floor. The thickness of the clay boards on the 

partition walls would remain unchanged. 

No measures 

 

The building as is in its current configuration. See section 2.1 

and Appendix A. 

 300 

Table 2: Descriptions of organisational overheating prevention measures and corresponding graphical labels. 301 

Measure Graphical label Description 

Shading using 

external blinds 

 

Occupants respond to overheating-related thermal discomfort 

by lowering the external blinds. The blinds are lowered at 6:00 

if the 6-hour average dry-bulb air temperature on the 1st floor is 

higher than 24 °C. In this case, the blinds remain lowered until 

18:00 on the same day. 

Night ventilation 

 

Occupants respond to overheating-related thermal discomfort 

by applying night ventilation. The night ventilation is activated 

at 22:00 if the 6-hour average dry-bulb temperature on a given 

floor is higher than 24 °C and, at the same time, the outdoor 

temperature is lower. The windows open on individual floors, 

thus reducing the risk of overcooling the building, and remain 

open until 7:00 the following day. The natural ventilation was 

modelled using wind pressure coefficients and effective 

opening area in EnergyPlus – for more details, see Možina et al. 

[30].   
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Combination of 

shading and night 

ventilation 

 

This organisational overheating prevention measure is a 

combination of the above two. An example of the programming 

code developed for modelling natural ventilation and shading 

management in EnergyPlus simulations is presented in 

Appendix B. 

No measures 

 

Occupant-building interaction as recorded during the three-

month monitoring of indoor environmental conditions, see 

section 2.1 and (Možina et al. [30]). 

 302 

3.5.  Evaluation of the effectiveness of adaptation measures 303 

Occupant thermal comfort was chosen as a performance indicator for overheating prevention measures 304 

because the building model is in free-run mode during summer, and all the measures are passive. 305 

Adaptive thermal comfort models best replicate naturally ventilated buildings [5]. The study considered 306 

an EN 16798-1 adaptive thermal comfort model [31]. The standard defines the optimal indoor operative 307 

temperature Tc according to the running mean outdoor dry-bulb temperature Trm. The definitions of Trm 308 

and Tc are given in equations (1) and (2), where α is a dimensionless constant between 0 and 1 309 

(recommended 0.8 [52]) and Tout(d–n) is the average dry-bulb air temperature for the n-th day before the 310 

observed day [53]. The adaptive thermal comfort model can only be considered if the Trm value is 311 

between 10 and 30 °C. Otherwise, thermal comfort can only be ensured by using active heating or 312 

cooling systems. 313 

𝑇𝑟𝑚 = (1 − 𝛼)  ∙ [ 𝑇𝑜𝑢𝑡 (𝑑−1) + 𝛼 ∙ 𝑇𝑜𝑢𝑡 (𝑑−2) + 𝛼2 ∙ 𝑇𝑜𝑢𝑡 (𝑑−3) + 𝛼3 ∙ 𝑇𝑜𝑢𝑡 (𝑑−4) + 𝛼4

∙ 𝑇𝑜𝑢𝑡 (𝑑−5) + 𝛼5 ∙ 𝑇𝑜𝑢𝑡 (𝑑−6) + 𝛼6 ∙ 𝑇𝑜𝑢𝑡 (𝑑−7) ] 
(1) 

  𝑇𝑐 = {

𝑇𝑟𝑚 < 10°𝐶                                         𝑀𝑜𝑑𝑒𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑎𝑝𝑝𝑙𝑦

10 °𝐶 ≤ 𝑇𝑟𝑚 ≤ 30 °𝐶                       𝑇𝑐 = 0.33 ∙ 𝑇𝑟𝑚 + 18.8      

𝑇𝑟𝑚 > 30 °𝐶                                       𝑀𝑜𝑑𝑒𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑎𝑝𝑝𝑙𝑦

 (2) 

Optimal operative temperature determines thermal comfort in three acceptability levels/comfort 314 

categories. These are defined in equation (3), where the Top is the measured operative temperature in 315 

the building [53]. It is considered that thermal comfort is achieved when the value of the Top is within 316 

the given temperature range. The study considered the strictest category of comfort (i.e., category I) to 317 

assess the effectiveness of each measure. 318 

𝑇𝑜𝑝 = {

𝑇𝑐 ± 2 °𝐶                                             𝐶𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝐼 (90 % 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒)  

𝑇𝑐 ± 3 °𝐶                                            𝐶𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝐼𝐼 (80 % 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒) 

𝑇𝑐 ± 4 °𝐶                                             𝐶𝑎𝑡𝑒𝑔𝑜𝑟𝑦 𝐼𝐼𝐼 (65 % 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒)

 (3) 

The operative temperature in the building model was determined by the weighted average (depending 319 

on individual thermal zone size), the indoor dry-bulb air temperature and the mean radiant temperature. 320 

Since the expected velocity of air movement in the building is low, the operative temperature calculation 321 
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was simplified to the average value of both measured temperatures. An example of a programming code 322 

for calculating the average dry-bulb air temperature in a group of thermal zones is shown in Appendix 323 

B. Calculating the mean radiant temperature works according to the same principle. 324 

4.  Results 325 

This section presents the building thermal response results after applying different studied overheating 326 

prevention measures under the three investigated future periods. Firstly, the baseline thermal response 327 

in future periods is presented in Section 4.1, followed by the impact of overheating prevention measures 328 

on the diurnal operative temperature in the building in Section 4.2. Lastly, the influence of individual 329 

measures and their combinations on indoor thermal comfort is studied in Section 4.3.  330 

4.1.  Thermal response evaluation of the baseline model 331 

Figure 2 shows the monthly thermal response of the building for each floor, namely the basement, 332 

ground floor and first floor, in all three considered future periods. Global warming is projected to induce 333 

a gradual increase in the indoor dry-bulb temperature on all floors. In the results, July and August stand 334 

out as the months with the highest average air temperatures. During these two months, the first floor is 335 

the most critical, with the average dry-bulb air temperature of 28.9 °C in 2011–2040, 31.3 °C in 2041–336 

2070, and 33.8 °C in the last period. Additionally, in August, the dry-bulb air temperature on the first 337 

floor reached a maximum of 33.0 °C in the 2011–2040 period, 35.7 °C in the 2041–2070 period, and as 338 

much as 38.8 °C in the 2071–2100 period. In May, especially in the 2011–2040 period, a drop in the 339 

minimum air temperature below 21 °C was observed on all three floors, which is lower than in April 340 

and October. The phenomenon is due to the sharp transition of the building conditioning regime between 341 

the heating mode (in April and October, the building is still heated if necessary) and the free-run state 342 

(May-September). 343 
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Figure 2: Thermal response of the baseline building model, expressed as monthly interval dry-bulb 

temperature quantile diagrams for the studied future periods. 

4.2.  Impact of the overheating prevention measures on indoor operative temperatures 344 

The analysis of the indoor dry bulb temperatures of the baseline model in the previous section 345 

demonstrated that the most significant impact of the projected climate change could be expected on the 346 

first floor. Therefore, this section presents the diurnal influence of the analysed overheating prevention 347 

measures on the obtained operative temperatures only for the first floor, as this is the most affected part 348 

of the log house. The influence of the considered combinations of building-related and organisational 349 

overheating prevention measures on the thermal response of the building is shown in Figure 3. 350 

Compared to the baseline model, the results are presented as a 30-day average deviation of the operative 351 

temperature on the first floor. In calculating the 30-day average, the days when the occurrence of 352 

overheating was most pronounced were considered. 353 

The results showed that some overheating prevention measures (e.g., additional thermal mass (2nd layer), 354 

installation of the green roof) could positively or negatively affect the thermal response of the building 355 

during particular parts of the day. This phenomenon is most pronounced in the case of the model with 356 
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additional thermal mass (2nd layer) combined with the implementation of night ventilation (Figure 3). 357 

In this case, the diurnal difference in thermal response averages from –0.21 to 0.28 °C in 2011–2040, 358 

from –0.25 to 0.26 °C in 2041–2070, and from –0.26 to 0.27 °C in the last period. A similar phenomenon 359 

can be observed with the installation of a green roof combined with night ventilation. In this case, the 360 

difference in the thermal response averages is from –0.19 to 0.24 °C in 2011–2040, from –0.20 to 0.21 361 

°C in 2041–2070, and from –0.17 to 0.23 °C in 2071–2100. 362 

The results also illustrate that specific building-related overheating prevention measures are 363 

more efficient than others when combined with specific organisational measures (Figure 3). This 364 

contrast is most evident when implementing shading using external blinds organisational measure. 365 

Combined with external blinds or lower solar absorptivity of the roof, the shading organisational 366 

measure in the first two periods reduced the operative temperature by an average of 0.35 or 0.34 °C and 367 

in the last period by 0.36 or 0.33 °C, respectively. In contrast, if the shading organisational measure was 368 

combined with the additional thermal insulation of external walls, the operating temperature increased 369 

on average by 0.53 °C in 2011–2040, 0.47 °C in 2041–2070 and 0.41 °C at the end of the century. 370 

However, in the case of additional thermal insulation of the external wall, the worst option is not to pair 371 

it with any organisational overheating prevention measures. In such a case, this leads to an average 372 

increase in operative temperature by 0.79 °C in 2011–2040, 0.74 °C in 2041–2070 and 0.72 °C at the 373 

end of the century.  374 
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Figure 3: 30-day average operative temperature deviation on the 1st floor of the models with implemented 

overheating prevention measures relative to the baseline model. For graphical labels of the overheating 

prevention measures, see Tables 1 and 2. 

 375 
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Figure 4: Percentage of discomfort hours according to EN 16798-1 (category I) for the 1st floor, ground 

floor and basement for all three future periods. For graphical labels of the overheating prevention measures, 

see Tables 1 and 2. 

 376 

 377 

 378 
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4.3.  Impact of the overheating prevention measures on the thermal (dis)comfort 379 

The indoor thermal conditions of the log house were evaluated in terms of the estimated annual duration 380 

of thermal discomfort according to EN 16798-1. The results for all three floors are shown in Figure 4. 381 

Overall, the largest relative changes in the duration of thermal discomfort due to global warming impacts 382 

were observed for the first floor and basement. For the ground floor, the impacts are less pronounced. 383 

Based on the simulations, the thermal comfort duration in the entire building would, on average, 384 

decrease by 13.3 % by the end of the century compared to 2011–2040. The stated difference is 385 

approximately 49 days of thermal comfort not being achieved. 386 

The most effective building-related overheating prevention measure was to reduce the solar absorptivity 387 

of roof tiles. Compared to the baseline model, this measure reduced the duration of thermal discomfort 388 

due to overheating by 0.1 to 1.6 % in 2011–2040, 0.5 to 1.6 % in 2041–2070, and 0.2 to 1.5 % at the 389 

end of the century. Furthermore, it should also be noted that specific building-related overheating 390 

prevention measures increased the duration of discomfort due to overheating compared to the baseline 391 

model. The increase in overheating was identified in the case of additional thermal insulation of external 392 

walls, installation of a green roof, and both cases with additional thermal mass. This negative 393 

phenomenon was present on one, two or all three floors. Although the exposed negative impact of these 394 

measures is noticeable in combination with all the organisational measures, it is most pronounced when 395 

no organisational measures are paired with them. Hence, the most significant increase in the duration of 396 

thermal discomfort due to overheating was identified in the case of the additional thermally insulated 397 

external walls. In this case, the duration of thermal discomfort was increased by 3.9 % for the first 398 

period, 4.7 % for the second, and 7.4 % for the last period. A similar phenomenon was observed if the 399 

additional thermal insulation of the external wall was combined with the organisational overheating 400 

prevention measure of shading. For this case, the duration of thermal discomfort increased by 3.4 % for 401 

the first period, 3.1 % for the second and 5.2 % for the last period. 402 

Unlike building-related measures, implementing any organisational overheating prevention measure 403 

reduced the thermal discomfort due to overheating. If no building-related measures were applied, the 404 

most effective organisational measure would be the implementation of night ventilation combined with 405 

shading. Compared to the baseline, this measure reduces the duration of thermal discomfort due to 406 

overheating by 8.2 to 18.3 % in 2011–2040, 16.0 to 23.2 % in 2041–2070, and 28.0 to 30.4 % in the last 407 

period. However, it should be noted that thermal discomfort in some cases also increased due to too low 408 

indoor temperatures (i.e., overcooling), most markedly during the first studied period (Figure 4). These 409 

adverse effects of organisational overheating prevention measures are most pronounced when using 410 

night ventilation in combination with shading. In this case, the duration of thermal discomfort compared 411 

to the baseline model increased by a maximum of 11.4 % in 2011–2040, 11.8 % in 2041–2070, and 7.8 412 

% in 2071–2100. Overcooling was least pronounced when organisational measures were paired with the 413 

additional thermal insulation. Hence, when using additional thermal insulation, shading and night 414 

ventilation together, the duration of thermal discomfort due to overcooling increased only by a 415 

maximum of 3.5 %, 2.6 % and 0.8 % for the first, second and last future periods, respectively. 416 

Moreover, the six most effective combinations of building-related and organisational overheating 417 

prevention measures in each of the future periods are shown in Table 3. In the 2011–2040 and 2041–418 

2070 periods, the most effective solution was additional thermal insulation of external walls paired with 419 

night ventilation (with or without shading). However, in the 2071–2100 period, the most effective 420 

combination would be additional thermal mass (2nd layer) combined with night ventilation with shading, 421 

as cooling by natural ventilation becomes increasingly crucial in reducing overheating due to climate 422 
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change. Nevertheless, in 2071–2100, the differences between the six best combinations are within 0.50 423 

%, which is more than half of that in 2041–2070. However, the impact of the six best combinations on 424 

increased indoor thermal comfort almost doubled in 2041–2070. Three of the 28 studied combinations 425 

negatively affect the thermal comfort of occupants. For these three combinations, the reduced duration 426 

of thermal comfort, compared to the baseline, is shown in Table 4. The worst solution in all three future 427 

periods is thermal insulation of the external walls without implementing additional organisational 428 

overheating prevention measures. The same is true for the other two combinations, where additional 429 

thermal mass (2nd layer) and green roof implemented without additional organisational measures 430 

resulted in decreased thermal comfort duration. Therefore, it must be emphasised that applying 431 

additional thermal mass or thermal insulation does not increase thermal comfort duration unless paired 432 

with appropriate organisational overheating prevention measures (e.g., night ventilation or shading). 433 

This conclusion is further emphasised if Tables 3 and 4 are compared. There, it can be seen that adding 434 

thermal insulation and thermal mass paired with natural ventilation with or without shading are among 435 

the most effective of the studied combinations – 4 out of 6 best-performing combinations during 2011–436 

2040 and 2041–2070 and 3 out of 6 during 2071–2100. 437 

 438 
Table 3: Increase in thermal comfort duration for the six most effective combinations of measures in each of the 439 

three future periods in relation to the baseline. Thermal comfort was evaluated by category I in the EN 16798-1 440 

standard [31]. The label legend is given in Tables 1 and 2. 441 

Future periods 

2011–2040 2041–2070 2071–2100 

  X    
+ 7.50%   X    

+12.98%   X    
+ 23.43% 

  X    
+ 7.48%   X    

+ 12.63%   X    
+ 23.13% 

  X    
+ 6.39%   X    

+ 12.34%   X    
+ 23.12% 

  X    
+ 5.90%   X    

+ 12.32%   X    
+ 23.10% 

  X    
+ 5.89%   X   

+ 11.83%   X    
+ 23.07% 

  X    
+ 5.63%   X    

+ 11.76%   X    
+ 22.96% 

 442 

  443 
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Table 4: Decrease in thermal comfort duration in the three future periods compared to the baseline, shown for all 444 

combinations where the negative phenomenon is present. The values are calculated under the strictest level of 445 

acceptability in the EN 16798-1 standard [31]. The label legend is given in Tables 1 and 2. 446 

Future periods 

2011–2040 2041–2070 2071–2100 

 X    
–0.56%   X    

–3.03%   X    
–4.75% 

  X    
–0.08%   X    

–0.41%   X    
–0.85% 

    X    
–0.21%   X    

–0.30% 

 447 

Furthermore, the occupant thermal comfort was evaluated according to all three categories of 448 

acceptability as defined by EN 16798-1 [31]. The results are presented in Table 5 and show the number 449 

of floors (circles) where thermal comfort was achieved during > 95 % (empty circles) or > 99 % 450 

(coloured circles) of the studied period. Even at the least stringent acceptability level (i.e., category III), 451 

complete thermal comfort during the warmer part of the year could not be achieved with any of the 452 

measures or their respective combinations. Nevertheless, the achieved results are encouraging, as they 453 

show that implementing night ventilation as an overheating prevention measure (with or without 454 

shading) makes it possible to achieve a very high level of thermal comfort in all three future periods. 455 

The results clearly show that with all building-related overheating prevention measures, it is relatively 456 

easy to achieve a high level (i.e., > 95 % of the time) of thermal comfort according to category III when 457 

they are combined with night ventilation with or without shading (Table 5). On the other hand, 458 

combining building-related measures with shading or without any organisational measures can provide 459 

comfort only during 2011–2040. Unfortunately, it is impossible to achieve the restrictions of categories 460 

I and II with all measures and their combinations. This is particularly true for category I, where thermal 461 

comfort could not be achieved for more than 95 % of the studied period with any of the measures or 462 

combinations during 2011–2040 and 2041–2070. However, category I acceptability at > 95 % of the 463 

time could be reached during 2071–2100 when night ventilation with or without shading was paired 464 

with specific building-related overheating prevention measures (Table 5). The stated testifies of the 465 

increased importance of night ventilation in overeating prevention under the studied projected global 466 

warming trends, which is also evident from the data in Table 3.  467 

  468 
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Table 5: Simplified occupant thermal comfort for all three acceptability levels defined by the EN 16798-1 standard 469 
[31]. The label legend is given in Tables 1 and 2. 470 

Categories of 

thermal 

comfort 

 Future periods  

2011–2040 2041–2070 2071–2100 

            

C
at

eg
o

ry
 I

 

           ○ ○ 

           ○ ○ 

             

             

            ○ 

           ○ ○ 

 
           ○ ○ 

C
at

eg
o

ry
 I

I 

   ○○ ○○   ○○ ○○   ● ● 

   ○○ ○○   ○○ ○○    ● 

   ○○ ○○   ○○○ ○○○    ○ 

   ○○ ○○   ●● ●●   ○ ●● 

   ○○ ○○   ●● ●●    ●● 

   ○○ ○○   ●● ●●   ○ ○ 

 
   ○○ ○○   ●● ●●   ○ ●● 

 

 ● ○○● ○○○ ○○○  ● ○○● ○○●   ○○● ○○● 

C
at

eg
o

ry
 I

II
 

 ● ○○● ○○○ ○○○  ● ○○● ○○●   ○○● ○○● 

 ● ○● ○○● ○○●  ○ ○○● ○○●   ○○● ○○● 

 ● ○○● ○○○ ○○○  ● ○○● ○○●   ○○● ○○● 

 ● ○○● ○○● ○○●  ● ○○● ○○   ○○● ○○● 

 ● ○○● ○○○ ○○○  ● ○○● ○○●   ○○● ○○● 

 ● ○○● ○○● ○○○  ● ○●● ○●●   ○○● ○○● 

○ Thermal comfort is achieved for at least 95 % of the studied period. 471 

● Thermal comfort is achieved for at least 99 % of the studied period. 472 

○○○ Number of floors where thermal comfort was achieved during the studied period (e.g. ○ on one floor, ○○ on two floors and ○○○ on 473 
three floors). 474 

5.  Discussion 475 

The study results show that the considered building-related overheating prevention measures have a 476 

relatively limited impact on reducing the future projected overheating in the studied log house. In some 477 

instances (additional thermal insulation, additional thermal mass and installation of a green roof), the 478 

effect of building-related measures can even be negative if not combined with appropriate organisational 479 

measures. Furthermore, several building-related measures (i.e., green roof, additional thermal mass) 480 

decrease overheating during one part of the 24-hour cycle while increasing it during other parts of the 481 
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day. In the latter case, the positive effects of overheating prevention measures can be observed mainly 482 

during the afternoon. The negative effect partially or entirely negates them during the morning. Overall, 483 

it could be argued that these measures are beneficial from about 16:00 to 6:00 when the building is 484 

expected to be at its highest occupancy. 485 

The effectiveness of the considered building-related overheating prevention measures in terms of 486 

thermal comfort during the warmer part of the year can be summarised as follows: 487 

1) Installation of additional blinds: As expected, this measure has the most significant impact on 488 

thermal comfort when paired with the organisational measure of shading by external blinds. 489 

Hence, installing additional blinds on the clerestory windows is effective with the night ventilation 490 

and shading measure. However, its overall contribution to overheating reduction is relatively low. 491 

2) Additional thermal insulation of external walls: The effect of this measure depends mainly on 492 

the type of organisational measure with which it is combined. Adding thermal insulation alone 493 

decreases the summer thermal comfort of the log house. However, the opposite is true when paired 494 

with night ventilation, which decreases overheating during the first and last third of the day. When 495 

combined with night ventilation, this building-related overheating prevention measure is the best 496 

choice under the projected climate of 2011–2040 and 2041–2070. 497 

3) Installation of a green roof: Due to the combined effect of evapotranspiration, higher thermal 498 

mass, and lower solar absorptivity of the external surface, this building-related measure is 499 

potentially very effective in limiting the occurrence of overheating if the roof structure is not 500 

heavily insulated (i.e., has a high U value) [50]. However, as the green roof in the study had a 501 

very low U value, the influence of adding the green layer on the existing roof on the indoor thermal 502 

conditions was minimal. Based on the results of studies conducted by D'Orazio et al. [54] and 503 

Jaffal et al. [50], the main reason for its inefficiency is the low thermal conductivity of the roof. 504 

Furthermore, the distinct diurnal variability (i.e. negative in the morning and positive in the 505 

afternoon) of the green roof’s impact on indoor thermal conditions could have been expected as 506 

it has been previously shown that the added thermal mass of the substrate can increase the 507 

downward thermal flux during summer [55,56].  508 

4) Reducing the solar absorptivity of roof tiles: This overheating prevention measure represents 509 

the best choice. Furthermore, the measure is also very effective when combined with shading 510 

organisational measures, while its effect is significantly lower when combined with night 511 

ventilation. These results underscore the increasing importance of using bright materials in the 512 

building envelope as a passive measure to prevent overheating, which Pajek et al. [57] emphasised 513 

in the examples of Moscow, Ljubljana, Milan, Porto and Athens for the SRES A2 climate change 514 

scenario. 515 

5) Additional thermal mass (1st layer): The effect of this overheating prevention measure on the 516 

thermal comfort of the building is negligible. However, if combined with shading and night 517 

ventilation, it can substantially reduce overheating during the last studied period. 518 

6) Additional thermal mass (2nd layer): The effect is similar to the additional thermal insulation, 519 

as it is most significant in combination with night ventilation. However, additional thermal mass 520 

intensifies overheating during the first half of the day, while it is beneficial in the afternoon and 521 

at night. The measure combined with night ventilation becomes one of the most effective 522 

combinations during 2071–2100. 523 

Compared to building-related overheating prevention measures, organisational measures are 524 

considerably more effective in limiting summer overheating. In addition, organisational measures are a 525 
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low-cost solution as they only use the installed building elements. Their only drawback is that they 526 

require the time and effort of occupants or an automated system to control their operation. This 527 

conclusion aligns with the results presented by Pajek et al. [21] on an example of energy retrofit of a 528 

multi-apartment building in Podgorica under the projected future RCP4.5 and RCP8.5 climate scenarios. 529 

The effectiveness of the considered organisational overheating prevention measures in terms of limiting 530 

overheating can be summarised as follows: 531 

1) Shading using external blinds: This overheating prevention measure is most effective during the 532 

2011–2040 period when overheating intensity is lower and nights are still relatively cool, which 533 

means that using the night ventilation measure can result in substantial overcooling. Overall, 534 

shading using the external blinds measure is (not surprisingly) most effective when installing 535 

additional shading devices on clerestory windows. 536 

2) Night ventilation: The implementation of the night ventilation measure is a highly effective 537 

solution, as, in the first two periods (i.e., 2011–2040 and 2041–2070), it practically eliminates the 538 

overheating occurrence, while in the last period, the overheating is reduced to a moderate level. 539 

However, implementing the measure has a significant drawback, namely the risk of overcooling 540 

the building to such an extent that the occupants will feel thermal discomfort. Nevertheless, the 541 

results suggest that this negative phenomenon can be reasonably mitigated by improving the 542 

thermal insulation of the building envelope. 543 

3) Combination of shading and night ventilation: Because the night ventilation overheating 544 

prevention measure is very effective during the first two future periods, combining it with shading 545 

does not significantly improve the occupant's thermal comfort. Minor differences occur only 546 

during the 2071–2100 period when combining the two measures slightly reduces the overheating 547 

period compared to the night ventilation measure alone. 548 

Given these points, it needs to be stressed that one of the limitations of the study is that it has considered 549 

the present adaptive comfort boundaries defined by EN 16798-1. In the context of climate change, the 550 

adaptive model will be relevant in the future, but the extent of adaptation the occupants will go through 551 

and the corresponding range of thermal comfort parameters may vary for the projected periods [58]. 552 

Therefore, it is unclear if human beings would adapt to climate change more than the current 553 

expectations, and it will not be easy to answer and precisely evaluate future adaptations under the present 554 

conditions. So, in the present study, the authors have used the currently defined adaptive thermal comfort 555 

parameters range to estimate the impact of climate change. 556 

The study results should be used in building design to incorporate the most effective passive design 557 

strategies. Given the typical lifespan of buildings ranging from 50 to 70 years, it is imperative to 558 

integrate passive design strategies into new buildings in the context of changing climate. This can be 559 

achieved through a regulatory mechanism that incorporates recommended design features, such as night 560 

ventilation, shading, and their combinations, which will prove highly effective in temperate climates 561 

until the end of the century. Policies and building codes should advocate the widespread adoption of 562 

these strategies in new constructions.  563 

Accordingly, study results are helpful for building code revisions. Building codes need to be updated to 564 

include provisions tailored for future climates. Guidelines related to building envelopes, fenestration, 565 

night ventilation systems, shading techniques, and their optimal combinations should be included. By 566 
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mandating these features, building codes can ensure that new constructions are resilient to rising 567 

temperatures and shifting climate patterns. 568 

6.  Conclusions 569 

The present study investigated the potential of selected building-related and organisational overheating 570 

prevention measures to reduce overheating in a log house during the warmer part of the year when the 571 

building is in free-run mode. The investigation was conducted with a calibrated thermal model under 572 

future projected climate (SRES A2 scenario) using an adaptive comfort model from EN 16798-1. It was 573 

demonstrated that the overheating duration in naturally ventilated log houses is projected to increase in 574 

the future and that implementing appropriate combinations of building-related and organisational 575 

measures can increase the thermal comfort of the log house in its current state. The following log house-576 

specific findings were emphasised: 577 

• The most effective organisational overheating prevention measure is night ventilation. 578 

However, this measure can result in overcooling of the log house, particularly in the first half 579 

of the 21st century. Nevertheless, adding external thermal insulation on the uninsulated logs 580 

eliminated the potential negative effect of night ventilation on the summertime thermal response 581 

of the log house. 582 

• Building-related measures of using roof tiles with lower solar absorptivity and applying 583 

additional thermal mass on the internal side of the log house walls were the most effective in 584 

increasing thermal comfort. When combined with night ventilation, both measures resulted in 585 

the overall highest increase in thermal comfort of the log house under projected global warming. 586 

This finding underscores the importance of thermal mass in overheating prevention of log 587 

houses. 588 

• Extensively thermally insulating log houses might increase summertime overheating. Since it 589 

is the most frequently used energy efficiency measure to reduce wintertime energy use in 590 

temperate and cold climates, the results of this study point to the fact that when increasing 591 

thermal insulation thickness in log houses, a change in organisational patterns should be 592 

implemented during the warmer part of the year in order to increase the thermal comfort. 593 

The presented results are an important contribution to the climate change adaptation of log houses and 594 

buildings in general, as they outline the potential effectiveness of specific measures in reducing 595 

overheating discomfort under climate change. Organisational measures play a primary role in limiting 596 

overheating in naturally ventilated log houses without mechanical cooling. Building-related measures 597 

are of secondary importance due to their relatively small effect on reducing indoor temperature under 598 

free-run operation. Finally, acknowledging that organisational measures are highly effective in 599 

overheating prevention opens up many possibilities for future-proofing existing and new log houses by 600 

implementing occupant-centred smart technologies that can fully utilise the potential of such measures. 601 
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APPENDIX A762 

 763 
Figure A1: Building facade section with individual building components composition and respective U values. 764 

 765 
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 766 

  767 

Figure A2: A typical window, its composition and external blind properties. 768 

 769 
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APPENDIX B 771 

Appendix B1: EMS program code for the operation of natural ventilation and shading, based on average indoor 772 

and outdoor dry-bulb temperature for a specific time interval. The parts of the code that can be modified if 773 

necessary are marked in red. 774 

 775 
<ForAllWindows> ! Window opening sensor 

EnergyManagementSystem:Sensor, ! EMS variable sensor 
   Win_Vent_<LoopWindowIDFName>, ! Sensor name of the specific window 

   <LoopWindowIDFName>, ! IDF name of the specific window 

   AFN Surface Venting Window or Door Opening Factor; ! EMS variable type 
  

Output:Variable,  ! Export of measured sensor values 

   <LoopWindowIDFName>,  ! IDF name of the specific window 
   AFN Surface Venting Window or Door Opening Factor, ! EMS variable type 

   Timestep; ! Frequency of reporting schedule values (Timestep, Hourly, Daily, 

RunPeriod, etc.) 
<LoopNextWindow>  

  

<ForAllShadedWindows> ! Window shading sensor 
EnergyManagementSystem:Sensor, ! EMS variable sensor 

   Win_Shade_<LoopWindowIDFName>, ! Sensor name of the specific window 

   <LoopWindowIDFName>, ! IDF name of the specific window 
   Surface Shading Device Is On Time Fraction; ! EMS variable type 

  

Output:Variable,  ! Export of measured sensor values 
   <LoopWindowIDFName>,  ! IDF name of the specific window 

   Surface Shading Device Is On Time Fraction, ! EMS variable type 

   Timestep; ! Frequency of reporting schedule values (Timestep, Hourly, Daily, 
RunPeriod, etc.) 

<LoopNextWindow>  

  
EnergyManagementSystem:Sensor, ! Outdoor dry-bulb air temperature sensor 

   AirTemp_Outside, ! Sensor name 
   Environment, ! Sensor operating environment 

   Site Outdoor Air Drybulb Temperature; ! EMS variable type 

  
EnergyManagementSystem:Sensor, ! Indoor dry-bulb air temperature sensor 

   AirTemp_ZoneExa,  ! Sensor name 

   ZoneExa, ! Sensor location (zone name) 
   Zone Mean Air Temperature; ! EMS variable type 

  

EnergyManagementSystem:TrendVariable, ! Logging sensor values of indoor air temperature 
   TrVar_Temp, ! The name of the sensor value logging program 

   AirTemp_ZoneExa, ! Indoor dry-bulb air temperature sensor name 

   72; ! Number of logged values 
  

EnergyManagementSystem:Sensor, ! Window opening schedule sensor 

   Sen_Sched_Vent, ! Sensor name 
   Sched_Vent, ! Window opening schedule name 

   Schedule Value; ! EMS variable type 

  
EnergyManagementSystem:Sensor, ! Window shading schedule sensor 

   Sen_Sched_Shade, ! Sensor name 

   Sched_Shade, ! Window shading schedule name 
   Schedule Value; ! EMS variable type 

EnergyManagementSystem:ProgramCallingManager, ! The window operation manager 

   Win_Management, ! Program manager name 
   BeginTimestepBeforePredictor, ! Program operation control 

   Sched_Vent, ! Program names 

   Sched_Shade;  
  

EnergyManagementSystem:Actuator, ! Actuator for changing the window opening schedule 

   Act_Vent, ! Window opening schedule names 
   Sched_Vent,  

   Schedule:Compact, ! Window opening schedule type 

   Schedule Value; ! EMS variable type 
  

EnergyManagementSystem:Actuator, ! Actuator for changing the window shading schedule 

   Act_Shade, ! Window shading schedule names 
   Sched_Shade,  

   Schedule:Compact, ! Window shading schedule type 

   Schedule Value; ! EMS variable type 
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EnergyManagementSystem:Program, ! Program for changing the window opening schedule 

   Sched_Vent, ! Window opening schedule name 
   Set T_day = @TrendAverage TrVar_Temp 6, ! Defined variables in the program 

   Set Tin = AirTemp_ZoneExa,  

   Set Tout = AirTemp_Outside,  
   Set dT = Tin - Tout,  

   Set f = 0,  

   If (Hour > 6) && (Hour < 22), ! The windows are closed from 7:00 till 22:00 
      Set Act_Vent = 0, 

   Endif, 

   If (Hour == 22) && (T_day > 24) && (dT > 0), ! If at 22:00 the average indoor air temperature over the past 6 hours 
is higher than 24 °C and the air in the zone is warmer than the outside 

air, the windows in the zone open. 

      Set Act_Vent = 1, 

      Set f = 1, 

   Endif, 
   If f == 1, ! The windows remain open until 7:00 

      Set Act_Vent = 1,  

   Endif;   
  

EnergyManagementSystem:Program, ! Program for changing the window shading schedule 

   Sched_Shade, ! Window shading schedule name 

   Set T_night = @TrendAverage TrVar_Temp 6, ! Defined variables in the program 

   Set f = 0,  

   If (Hour < 6) || (Hour > 18), ! Shades can only be lowered from 6:00 till 18:00 
      Set Act_Shade = 0, 

   Endif, 

   If (Hour == 6) && (T_night > 24), ! If at 6:00 the average indoor air temperature during the past 6 hours 
is higher than 24 °C, the blinds are lowered.       Set Act_Shade = 1, 

      Set f = 1, 

   Endif, 
   If f == 1, ! Shades remain lowered until 18:00 

      Set Act_Shade = 1,  

   Endif;        

 776 

  777 
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Appendix B2: EMS program code for calculating average dry-bulb temperatures inside individual thermal zones. 778 

The parts of the code that can be modified if necessary are marked in red. 779 

 780 
EnergyManagementSystem:Sensor, ! Indoor dry-bulb air temperature sensor 

   AirTemp_ZoneExa,  ! Sensor name 

   ZoneExa, ! Sensor location (zone name) 

   Zone Mean Air Temperature; ! EMS variable type 
  

EnergyManagementSystem:Sensor, ! Zone volume sensor 

   Vol_ZoneExa,  ! Sensor name 
   ZoneExa, ! Sensor location (zone name) 

   Zone Air Volume; ! EMS variable type 

  
EnergyManagementSystem:ProgramCallingManager, ! Average air temperature manager 

   PrCal_AverageTemp,                      ! Program manager name 

   EndOfZoneTimestepBeforeZoneReporting,                ! Program operation control 
   AverageTemp;                                   ! Program name 

     

EnergyManagementSystem:GlobalVariable, ! Average indoor dry-bulb air temperature variable 

   AverageTemp_ZoneExa; ! Global variable name 

     
EnergyManagementSystem:OutputVariable, ! Variable for exporting calculated values 

   AverageTemp_Output, ! Variable name 

   AverageTemp_ZoneExa,  ! Global variable name 
   Averaged,  ! Variable value type 

   ZoneTimeStep, ! Variable update interval 

   ,   
   C; ! Variable unit 

       

EnergyManagementSystem:Program, ! Program for the average indoor dry-bulb air temperature 
   AverageTemp, ! Program name 

   Set N = AirTemp_ZoneExa * Vol_ZoneExa + ..., ! Defined variables in the program 

   Set D = Vol_ZoneExa + ...,  
   If D > 0, ! The average air temperature of each floor is calculated based on the 

size of individual zones       Set AverageTemp_ZoneExa = N / D, 

   Endif; 
  

Output:Variable,  ! Export of the average air temperature of each floor 

   *,   
   AverageTemp_Output,  ! Variable name 

   Timestep;    ! Frequency of reporting schedule values 

 (Timestep, Hourly, Daily, RunPeriod, etc.) 

 781 


