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ABSTRACT 13 

Building energy consumption in the severe cold regions of China is an important consideration in 14 

building energy conservation because of the high amount of energy consumed by heating. As an 15 

important thermal parameter, the thermal transmittance (U-value) of building envelopes can directly 16 

affect the operational energy consumption of buildings. Understanding the U-values of buildings in 17 

severe cold regions is important to predict building energy accurately. However, the U-values of 18 

envelopes fluctuate constantly due to environmental impacts. Therefore, this study aimed to 19 

examine the influence of dynamic U-values on building energy efficiency. To achieve this, this study 20 

focused on the in-situ measurement of the U-values of two typical building envelopes in Harbin 21 

from winter to summer in 2023 to determine the average and dynamic U-values of the tested 22 

envelope, comprising a brick envelope and reinforced concrete (RC) envelope. The building energy 23 

simulation results based on theoretical U-values were compared with the measured average and 24 

dynamic U-values of the tested envelopes. The findings revealed that the fluctuations in the U-25 

values were significant. In the dynamic U-values of tested brick and RC envelopes, the U-values in 26 

winter were 159.8% and 30.8% higher than those in summer, respectively. Furthermore, the 27 

dynamic U-values significantly influenced heating energy consumption, with an increase of up to 28 

15.9%.  29 

 30 

Keywords: In-situ U-value measurement; HFM method; Dynamic U-value; Residence energy 31 

consumption; Building envelopes 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 



2 

 

Nomenclature   

RC Reinforced concrete 

HDD18  Heating design days (base temperature 18 ℃) [℃ ∙ d] 

CDD26  Cooling design days (base temperature 26 ℃) [℃ ∙ d] 

HFM Heat flow meter  

RHS-HFM Removing the heat storage effect - heat flow meter  

RH Relative humidity [%] U Thermal transmittance [W/(m2 ∙ K)]  R Thermal resistance [(m2 ∙ K)/W] D Thickness of the material [mm] 
λ Thermal conductivity of the material [W/(m ∙ K)] q Heat flow density [W/m2] T Temperature [K] ∆T Temperature difference between indoor and outdoor environment [K] G Total solar energy transmittance 

Subscripts  

mea Measured 

theo Theoretical 

se External surface of the envelope 

si Internal surface of the envelope 

out Outdoor environment 

in Indoor environment 

max Maximum value 

min Minimum value 

period, i In the ith period 

N Total measurement duration 

n Number of periods comprising total duration of measurement 
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1 Introduction 62 

 63 

The construction industry is an important contributor to energy consumption in all sectors across 64 

the world [1-3]. According to the International Energy Agency, the construction industry accounts 65 

for 36% of final energy use [4]. China's building energy use comprises one billion tons of standard 66 

coal, representing 21.7% of the country's total energy use [5]. In China, the building energy use in 67 

severe cold regions is enormous because of centralised heating systems with long-term heating 68 

periods [6]. For example, as a major city in a severe cold region, Harbin has 5 months per year when 69 

the centralised heating systems are activated [7]. The heating energy consumption in severe cold 70 

regions accounted for 24.1% of the total energy use of the construction industry in 2010 [8]. The 71 

building sector is regarded as one of the most cost-efficient fields for reducing energy consumption 72 

[9]. Consequently, numerous researchers have concentrated on developing building energy 73 

simulations to precisely manage energy usage and ensure a comfortable indoor environment for 74 

occupants [10-14]. 75 

 76 

As an important thermal parameter of the envelope, the U-value, also called thermal transmittance, 77 

directly affects building energy simulations, particularly cooling and heating energy use simulations 78 

[15-17]. Well-insulated envelopes have low U-values while poorly insulated envelopes have high 79 

U-values. In recent years, there has been notable growth in building energy simulation studies 80 

focusing on the effects of U-values on operational energy consumption [16, 18-21]. For example, 81 

Fernandes et al. used EnergyPlus to study the impact of U-value variations on building energy use 82 

in the Mediterranean region [20]. Their results revealed that an increase in the U-values can decrease 83 

the operational energy consumption in the lower northern latitudes. Building energy consumption 84 

was reduced by 20% when the U-value of envelopes increased from 0.15 to 0.3 W/(m2 ∙ K) in 85 

Alexandria, Greece. Conversely, at higher northern latitudes, the operational energy consumption 86 

decreases with decreasing U-value. The operational energy consumption increased by 15% when 87 

the U-value of envelopes increased from 0.25W/(m2 ∙ K)  to 0.5W/(m2 ∙ K)  in Izmir. These 88 

studies indicate that different U-values significantly affect the operational energy simulation results. 89 

Therefore, the precise determination of U-values is essential for accurately predicting operational 90 

energy consumption. 91 

 92 

In most existing building energy simulation studies, the U-value parameters are set to theoretical U-93 

values rather than measured U-values [22-25]. The theoretical U-values of the envelopes can be 94 

calculated based on the thickness and thermal conductivity of every layer within building envelopes 95 

according to the ISO 6946 standard [26]. In an actual environment, several environmental factors 96 

can influence the thermal conductivity of building materials and the U-values of envelopes, most 97 

notably the atmospheric temperature and relative humidity (RH) [17, 24, 27, 28]. Thus, there is a 98 

discrepancy between the theoretical and actual U-values [25]. To obtain accurate U-values for 99 

envelopes in an actual environment, studies have conducted in-situ U-value measurements [29-32]. 100 

Four in-situ measurement methods have been used in past studies: heat flow meter (HFM), simple 101 

hot box-heat flow meter, thermometry, and quantitative infrared thermography method [17, 33-36]. 102 

Among these, the HFM method is a common method which necessitates the installation of a set of 103 

U-value measurement instruments in a tested room [37]. The standardised HFM method is governed 104 

by the ISO 9869-1 and ASTM C1155 standards [38, 39]. Numerous researchers have applied this 105 
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method to measure the average U-values of building envelopes [29, 30, 32, 33, 40-46]. These results 106 

revealed a large discrepancy between the theoretical and measured average U-values of the building 107 

envelopes. For example, O'Hegarty investigated seven concrete walls with different structures using 108 

in-situ U-value measurements. The results showed that The measured U-values of the four tested 109 

walls were more than twice the theoretical U-values [27].  110 

 111 

However, building energy simulations that involve inputting a single U-value cannot accurately 112 

reflect the real situation, even if the input U-value is the measured average U-value [25]. As 113 

environmental factors vary constantly, the hygrothermal behaviour of building materials is always 114 

changing, causing U-values to fluctuate [47]. The hygrothermal behaviour of building materials 115 

refers to the changes in their physical properties due to the absorbing, storing and releasing of heat, 116 

liquefying and vaporising of moisture [48]. This behaviour is associated with the microstructure of 117 

the building materials [49]. The microstructures of conventional building materials are inorganic 118 

and porous structures [50]. Changes in air temperature and RH affect the hygrothermal behaviour 119 

of building materials with different material porosities, including changes in the moisture content 120 

and internal temperature of materials [51]. Such changes affect the thermal conductivities of 121 

building materials [52, 53]. This results in dynamic U-values of the envelopes, as the U-value is 122 

positively correlated with the thermal conductivity of building materials [54]. Thus, compared to 123 

the theoretical and measured average U-values, the dynamic U-values were closer to the real 124 

conditions of the envelopes.  125 

 126 

Several researchers have realised the existence and impact of dynamic U-values [55-57]. Dynamic 127 

U-values show that the thermal properties of building envelopes are unstable [24, 25]. However, 128 

few researchers have realised the impact of dynamic U-values on operational energy. Bruno and 129 

Bevilacqua applied WUFI software to simulate the dynamic U-values of three conventional walls 130 

in a Mediterranean climate [16]. The results revealed that the monthly variation in U-values was 131 

significant. The operational energy consumption results obtained from the dynamic U-values were 132 

higher than those obtained from the average U-values. This confirms that inputting dynamic U-133 

values can significantly impact the operational energy simulation results. Notably, no studies have 134 

measured the dynamic U-values or used them for operational energy simulations. 135 

  136 

Compared to a mild climate region, the energy conservation of building heating systems in a severe 137 

cold region is a noteworthy issue, as a cold region consumes more than three times as much heating 138 

energy as a temperate region [58, 59]. The dynamic U-values of envelopes in a severe cold region 139 

may significantly influence operational energy consumption. There are two existing research gaps 140 

in dynamic U-values and operational energy consumption in the severe cold region of China: (1) 141 

existing dynamic U-value data are not supported by actual measured data. Although many 142 

researchers have conducted in-situ U-value measurements, they have focused on average U-values 143 

rather than dynamic U-values [30, 44, 46, 60-62]. (2) Limited related studies focused on climate 144 

zone where buildings consume more energy, such as severe cold zone. Compared to mild climate 145 

zone, energy conservation of building heating system in severe cold zone is a noteworthy issue. 146 

Severe cold zone consumes more than three times as much heating energy as temperate zone [58, 147 

59].   148 

 149 



5 

 

The novelty of this paper is studying the influences of measured dynamic U-values on simulation 150 

results of operational energy efficiency in severe cold regions of China. The study results expect to 151 

reduce the gap between building energy simulations and actual energy consumption by inputting 152 

the measured dynamic U-values. In-situ U-value measurements of typical brick and reinforced 153 

concrete (RC) envelopes were conducted from winter to summer in Harbin, China. The 154 

measurement method is according to the HFM method in ISO 9869-1 [38]. The measured average 155 

and dynamic U-values were obtained. The theoretical, average, and dynamic U-values were applied 156 

to the operational energy simulation. Finally, the operational energy results simulated by the three 157 

types of U-values were compared to quantitatively study the influence of the dynamic U-values of 158 

typical envelopes on the operational energy efficiency in a severe cold region of China. 159 

 160 

2 Methods 161 

 162 

The framework of this study is shown in Figure 1. The theoretical U-values of the tested envelopes 163 

were calculated based on the basic information of the tested envelopes and the average and dynamic 164 

U-values of the tested envelopes were obtained from the in-situ U-value measurements. Finally, the 165 

operational energy simulation results based on three types of U-values were compared.  166 

 167 

Fig. 1. Framework of the study 168 

 169 

 170 
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2.1. Weather Region of Harbin 171 

 172 

Two typical external envelopes were tested in two residential buildings in Harbin, China. Harbin is 173 

located at latitude 45.7567°N and longitude 126.6424°E with a monsoon-influenced humid 174 

continental climate (Köppen climate classification: Dwa) [63]. Under the Code for Thermal Design 175 

of Civil Buildings in China (GB 50176-2016), China is divided into five main climate regions, and 176 

Harbin is situated in a severe cold region, as shown in Figure 2 [7]. Harbin is one of the major cities 177 

in the severe cold region of China, with a population of nearly 10 million [64]. The climate in Harbin 178 

varies greatly in different seasons. The difference between the average January and July 179 

temperatures in Harbin can be up to 40 ℃ [7]. This obvious temperature fluctuation is beneficial 180 

for observing and studying the fluctuation of U-values under different temperature conditions. In 181 

addition, Harbin has a large population, and it is significant to study building energy consumption 182 

in this region. Therefore, Harbin was chosen as the case city. Detailed meteorological information 183 

for Harbin is presented in Table 1. 184 

 185 

 186 

Fig. 2. Five climate regions of China. 187 

 188 

Table 1. Meteorological information of Harbin 189 

Parameter Value 

Climate region Severe Cold Region 

Average annual temperature 3.6 ℃ 

Average temperature of January -16.9 ℃ 

Average temperature of July 23.8 ℃ 

Number of days with average daily temperatures below 5 ℃ 167 days in a year 

Heating design days (base temperature 18 ℃) (HDD18) 5032 ℃ ∙ d 

Cooling design days (base temperature 26 ℃) (CDD26) 14 ℃ ∙ d 

Data source: the Code for Thermal Design of Civil Building (GB 50176-2016) [7] 

 190 

2.2. Tested envelopes 191 

 192 
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The two residential buildings tested were constructed in the 1980s and the 2010s using brick and 193 

RC constructions, respectively. The building envelopes of these two structures have been widely 194 

applied in the severe cold regions of Northeast China in recent decades. Before the 1990s, clay 195 

bricks were the principal building material in China. Clay is a non-renewable resource obtained 196 

from arable land that has caused the reduction and depletion of land resources; thus, the use of clay 197 

bricks was gradually restricted in the 2000s. Since the 2000s, concrete has replaced clay bricks as 198 

the primary building material in China [65].  199 

 200 

Numerous brick buildings are built over three decades in Northeast China. The insulation 201 

performances of the envelopes are affected by material ageing in these buildings. According to 202 

existing studies, the measured U-values of envelopes of brick buildings around 30 years old were 203 

around twice the theoretical U-values of these envelopes, whereas the measured U-values of 204 

envelopes of brick buildings around 15 years old were around 1.3 times as much as the theoretical 205 

U-values of these envelopes [66]. It means that the actual insulation performance is lower than the 206 

expected insulation performance in older brick buildings. 207 

 208 

Photographs of the test rooms and the room dimensions are shown in Figure 3. Both test rooms were 209 

bedrooms with one exterior envelope and one exterior window. The room and window dimensions 210 

of two test rooms were slightly different. This difference could have an effect on indoor temperature. 211 

According to the HFM method [38], the measured U-values were calculated by measuring the 212 

indoor and outdoor temperatures and heat flow density. Although dimensional factors affecting 213 

indoor temperature, they were not considered in the measured U-value calculation in this study. 214 

Case A was the brick envelope in test room A and Case B was the RC envelope in test room B. The 215 

test envelopes were multilayered. Detailed information on Cases A and B is presented in Table 2.  216 

 217 

The theoretical U-values of the tested envelopes were obtained in accordance with ISO 6946 [26]. 218 

Using this method, the theoretical U-values can be estimated using the envelope parameters, as 219 

shown in Eqs.(1-2): 220 

 221 U = 1/(Rse + Rsi + R1 + R2 + R3 + ⋯ + RN) [W/(m2 ∙ K)] (1) R = D/λ [(m2 ∙ K)/W] (2) 
 222 

where Rse is thermal resistance of exterior surface, Rsi is thermal resistance of interior surface, 223 R1 + R2 + R3 + ⋯ + RN is the sum of thermal resistance of every layer within the envelope, D is 224 

the thickness of the building material, and λ is the thermal conductivity of the building material. 225 

In this study, Rse was estimated as 0.04 (m2 ∙ K)/W and Rsi was estimated as 0.13 (m2 ∙ K)/W 226 

according to the ISO 6946 [26]. Based on the envelope parameters and Eqs.(1-2), the theoretical U-227 

values for Cases A and B were calculated, as shown in Table 2. 228 

 229 
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(a) (b) 

(c) (d) 

Fig. 3. In-site photos and room dimensions of the test rooms 230 

(a) Photograph of test room A, (b) photograph of test room B, (c) model of test room A, and (d) model of test room 231 

B 232 

 233 

Table 2. Building material dimensions and thermal properties of Cases A and B 234 

Case Material Thickness [𝐦𝐦] Conductivity [𝐖/(𝐦 ∙ 𝐊)] Density  [𝐤𝐠/(𝐦𝟑)] Specific Heat Capacity  [𝐉/(𝐤𝐠 ∙ 𝐊)] Layering sketch 

A 1 Cement mortar  20 0.93 1800 1050 

 

2 EPS insulation 80 0.03 28.5 1650 

3 Clay brick 240 0.78 1700 840 

4 Cement mortar  10 0.93 1800 1050 

B 1 Cement mortar  15 0.93 1800 1050 

 

2 EPS insulation 100 0.03 28.5 1650 

3 Reinforced 

concrete 

210 1.75 2500 920 

4 Cement mortar  10 0.93 1800 1050 

Theoretical U-value: case A: 0.315 W/(m2 ∙ K) ; case B: 0.274 W/(m2 ∙ K) 

 235 

2.3. In-situ U-value measurements 236 

 237 

2.3.1 Measurement conditions and instrumentation 238 

 239 

Due to the huge temperature difference between the winter and summer in the severe cold region, 240 

the U-values of the building envelopes may fluctuate differently under different seasonal conditions. 241 

In order to comprehensively study the fluctuation of U-values in different seasons, the measurement 242 
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period included summer, transition season, and winter. As shown in Table 3, the in-situ 243 

measurements were conducted from 17 January 2023 to 1 July 2023. Each tested envelope was 244 

measured six times, including three seasons, and each measurement lasted no less than twelve days 245 

to obtain reliable results according to ISO 9869-1 [38]. The measured dynamic U-values of each 246 

tested envelope included six values, which were the average U-values of the six measurement 247 

periods. To minimise the influence of human factors on the heat flow, no one entered the test rooms, 248 

and the windows and doors were kept closed during the measurement periods. There was no cooling 249 

system in the test rooms and the heating system was always switched off. 250 

 251 

The in-situ U-value measurement system consisted of three parts: (1) two heat flux meters that 252 

generated an electrical signal when heat flowed through the tested envelopes; (2) indoor and outdoor 253 

environment recorders that recorded the temperature and RH every five minutes; and (3) a data 254 

logger for recording the measured heat flow every five minutes. A sketch of the tested envelope with 255 

all instruments is shown in Figure 4 (a), and the placement spots of heat flow sensors on the internal 256 

surfaces of two tested envelopes is shown in Figure 4(b) and 4(c). Photographs and parameters of 257 

the instruments are shown in Figure 5 and Table 4, respectively. Prior to the measurements, the 258 

tested envelopes were examined using an infrared imager to ensure homogeneous heat transfer in 259 

the tested area, as shown in Figure 5(b) and 5(d), respectively. All the instruments were calibrated 260 

by the manufacturer before use. The heat flux meters were installed at 1.5 m height from the floor 261 

to avoid incorrect measurements [67]. To reduce the influence of solar radiation on the U-value 262 

measurements, both tested envelopes were oriented north [38].  263 

 264 

Table 3. In-situ U-value measurement periods of Cases A and B 265 

Case No. Measurement periods Case No. Measurement periods 

Case A-1 2023.01.16–2023.01.29 (14D) Case B-1 2023.02.02–2023.02.13 (12D) 

Case A-2 2023.02.15–2023.03.01 (15D) Case B-2 2023.03.03–2023.03.14 (12D) 

Case A-3 2023.03.16–2023.03.31 (16D) Case B-3 2023.04.03–2023.04.14 (12D) 

Case A-4 2023.04.16–2023.04.29 (14D) Case B-4 2023.05.01–2023.05.14 (14D) 

Case A-5 2023.05.16–2023.05.31 (16D) Case B-5 2023.06.02–2023.06.14 (13D) 

Case A-6 2023.06.16–2023.07.01 (16D) Case B-6 2023.07.03–2023.07.15 (13D) 

 266 

Table 4. Parameters of instruments 267 

Instrument Brand Model Measuring range Accuracy Resolution 

Heat flux meter Hukseflux HFP01 -2000 to +2000 W/m2 ± 3 % 0.001W/m2 

Indoor and outdoor 

environment recorders 

JDRK COS-04 T: -40 to +80 ℃ 

RH: 0 to +100% 

T: ±0.1 ℃ 

RH: ±1.5% 

T: 0.1 ℃ 

RH: 0.1% 

Data logger Yustek IUDAQ 256-8 NA NA NA 

 268 

 269 
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(a) 

  

(b) (c) 

 270 

Fig. 4. Sketches of tested envelopes 271 

(a) The tested envelope with all instruments, (b) the placement of two heat flow sensors on the internal surface of 272 

the tested envelope in Case A, (c) the placement of two heat flow sensors on the internal surface of the tested 273 

envelope in Case B 274 

 275 

 276 

    

(a) (b) (c) (d) 
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(e) (f) (g) 

Fig. 5. In-situ measurement photos 277 

(a) Heat flux meters in Case A, (b) infrared image of Case A, (c) heat flux meters in Case B, (d) infrared image of 278 

Case B, (e) sensor of the outdoor environment recorder, (f) indoor environment recorder, and (g) set of data 279 

loggers 280 

 281 

2.2.2 Removing the heat storage effect ‒ heat flow meter (RHS-HFM) method 282 

 283 

Because the measurement period included summer, the direction of the indoor and outdoor 284 

temperature differences sometimes changed. The changes in the direction of the heat flow were 285 

slower than the changes in the direction of the temperature difference owing to the heat storage 286 

capacity of the envelopes. This delay in the heat flow can lead to errors according to ISO 9869-1 287 

[38]. To overcome errors caused by unstable temperature differences and heat flow, the removing 288 

the heat storage effect - heat flow meter (RHS-HFM) method was proposed by Shi et al. to remove 289 

the heat storage effect and overcome seasonal limitations [68] and has been the focus of many 290 

researchers [69-71]. According to this method, the average U-values and dynamic U-values 291 

consisting of the average U-values of the six measurement periods were calculated using Eqs.(3-6): 292 

 293 U = qN̅̅̅̅∆TN̅̅ ̅̅ ̅ [W/(m2 ∙ K)] (3) 

∆TN̅̅ ̅̅ ̅ = ∑ ∆Tperiod,i̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ni=1 n  [K] (4) 

∆Tperiod,i̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ≈ |Tin,max − Tout,max| + |Tin,min − Tout,min|2  [K] (5) 

qN̅̅̅̅ = ∑ |qperiod,i|̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ni=1 n  [W/m2] (6) 

 294 

The U-value equals the average temperature difference of total measurement duration (∆TN̅̅ ̅̅ ̅) divided 295 

by the average heat flow density of total measurement duration (qN̅̅̅̅  ), as formulated in Eq.(3). 296 

Compared with outdoor temperature fluctuations, indoor temperature fluctuations are delayed due 297 

to the heat storage effects of the envelopes. To remove the effects of heat storage, the calculation of 298 ∆TN̅̅ ̅̅ ̅ can be approximated and simplified, as shown in Eqs.(4-5). The total measurement duration 299 

(N) includes n periods of 24 hours each. ∆TN̅̅ ̅̅ ̅ is the sum of average temperature difference of each 300 

period (∆Tperiod,i̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  ) divided by the number of periods, as formulated in Eq.(4). In each period, 301 ∆Tperiod,i̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅   approximates the average of two values: (a) the temperature difference between the 302 

highest indoor temperature and the highest outdoor temperature and (b) the temperature difference 303 
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between the lowest indoor temperature and the lowest outdoor temperature, as formulated in Eq.(5). 304 qN̅̅̅̅  is the sum of the average heat flow densities for each period (qperiod,i̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) divided by the number 305 

of periods, as shown in Eq.(6). 306 

 307 

2.3. Building energy simulation  308 

 309 

The operational energy based on theoretical, average, and dynamic U-values was obtained through 310 

building energy simulations. EnergyPlus was used in this study because it has been widely adopted 311 

[69, 72, 73]. The building energy simulations were divided into two groups: Group A (the brick 312 

building) and Group B (the RC building). For each group, the reference building was simulated in 313 

Harbin by changing the U-values of the envelopes. For simulating building energy of each group 314 

based on the dynamic U-values, six simulations were performed to correspond to the six 315 

measurement periods. The input U-value was changed for each simulation. The input U-value in the 316 

simulation for each measurement period was the measured average U-value per period. Six 317 

simulations were also performed to estimate the building energy consumption based on the 318 

theoretical or average U-value. The input theoretical or average U-values were kept constant during 319 

each simulation. 320 

 321 

Three types of U-values were applied to perform operational energy simulations for a reference 322 

building (Figure 6). The reference building is a widely used dwelling in a severe cold region of 323 

China. It consists of six floors, each with an area of 520 m2. For each group, the simulation time 324 

was consistent with the measurement period. Weather files for Harbin were derived from in-situ 325 

measurements (Tout and RHout) and weather station data during the measurement periods (solar 326 

radiation, wind speed, and direction). Because the two tested envelopes were built in different years 327 

in China, the major parameters of the building materials in Groups A and B were set according to 328 

two versions of the Design Standard for Energy Efficiency of Residential Buildings in Severe Cold 329 

and Cold Regions of China (JGJ 26-1986 and JGJ 26-2010) [74, 75], as shown in Table 5.  330 

 331 

To investigate the effect of U-value changes on building energy consumption, all simulations were 332 

set to no occupants and no windows or doors were open. Heating and cooling systems only were 333 

activated when the indoor temperature was below 20 ℃ or above 27 ℃. To change the U-values of 334 

the envelopes without affecting the thermal mass of the envelopes, the envelopes of the reference 335 

building were set by changing the airgap thermal resistance to match the measured U-values in 336 

operational energy simulation [16]. Meanwhile, other parameters related to building materials were 337 

not changed.  338 

 339 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/polar-regions
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 340 

Fig. 6. Reference building model 341 

 342 

Table 5. Major parameters of reference buildings in Group A and Group B 343 

 Group A Group B 

Building envelope type Brick envelope RC envelope 

Design standard JGJ 26-1986 JGJ 26-2010 

U-values of roof [W/(m2 ∙ K)] 0.2 0.2 

U-values of floors [W/(m2 ∙ K)] 0.50 0.43 

U-values of windows [W/(m2 ∙ K)] 1.85 1.55 

G-value of windows 0.55 0.39 

Infiltration ACH [h−1] 0.51 0.50 

 344 

3 Results  345 

 346 

3.1. Measured U-values of test envelopes 347 

 348 

The indoor and outdoor temperatures and heat flow density in Cases A and B were recorded, and 349 

the measurement data are presented in Figures 7-8. During the measurement period (16/01/2023-350 

15/07/2023), the outdoor temperature in Harbin varied significantly, with a minimum temperature 351 

of -28.7 ℃ in winter and a maximum temperature of 36.8 ℃ in summer. The indoor temperature 352 

in Case A varied from 16.0 ℃ to 32.4 ℃. The indoor temperature in Case B varied less, ranging 353 

from 19.7 ℃ 28.8 ℃. The indoor temperature in Cases A and B was approximately 20 °C in winter. 354 

Although the heating system was switched off in the test rooms, the neighbouring rooms contained 355 

heating systems that influenced the indoor environment. In Case A, the heat flow density was always 356 

positive in winter and early spring (Cases A-1 to A-4), indicating that the direction of the heat flow 357 

density did not change. In contrast, in late spring and summer (Cases A-5 and A-6), the heat flow 358 

density was sometimes negative, indicating a change in the direction of the heat flow. This is because 359 

the outdoor temperature is not always higher than the indoor temperature during late spring and 360 

summer in severe cold regions, and the direction of the temperature difference changed, resulting in 361 

a change in the direction of the heat flow. This phenomenon was also observed in Case B-6. Owing 362 

to the thermal storage of the envelopes, there was a delay in heat transfer, and the change in the 363 

direction of the temperature difference preceded the change in the direction of the heat flow density. 364 

If the heat transfer delay is not processed, the calculated U-value appears negative when the 365 

temperature difference is opposite the direction of the heat flow density, which leads to an error. 366 

Therefore, to reduce the effect of a delay in heat transfer, the RHS-HFM method was chosen to 367 
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calculate the U-values of the envelopes. 368 

  369 

As depicted in Figure 9, the measured U-values included dynamic and average U-values. The 370 

dynamic U-values in Case A included six values that were the average U-values for Cases A-1 to A-371 

6. Meanwhile, the dynamic U-values in Case B included six values, which were the average U-372 

values of Cases B-1 to B-6. The average U-value in each case was calculated based on the data for 373 

all the measurement periods. The average U-values exceed the theoretical U-values by 37.8% and 374 

22.3% for Cases A and B, respectively. The dynamic U-values of Cases A and B displayed 375 

decreasing trends from winter to summer, which were more remarkable in Case A. For both Cases 376 

A and B, the U-values in winter exceeded those in summer by 159.8% and 30.8%, respectively. This 377 

indicates that the decrease in U-values from winter to summer was not negligible, especially for 378 

brick buildings built several decades ago.  379 

 380 

Fig. 7. Measured indoor and outdoor temperature and heat flow density in Case A 381 

 382 

Fig. 8. Measured indoor and outdoor temperature and heat flow density in Case B 383 
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(a) (b) 

Fig. 9. Theoretical and measured U-values in Cases A and B 384 

（a) dynamic U-values for Case A; (b) dynamic U-values for Case B 385 

 386 

3.2. Influence of dynamic U-values on operational energy efficiency in different buildings 387 

 388 

The theoretical U-values, measured average U-values, and dynamic U-values of Cases A and B were 389 

applied to the building energy simulation of the reference building. The building energy simulations 390 

were divided into two groups: Groups A and B. Group A included six simulations, named Groups 391 

A-1 to A-6. The simulation times of the six simulations were based on the measurement periods in 392 

Case A (cases A-1 to A-6). Group B also included six simulations, named Groups B-1 to B-6; hence, 393 

the simulation times of the six simulations were based on the measurement periods in Case B (Cases 394 

B-1 to B-6). In all simulations, when the indoor temperature exceeded 20–27 ℃, the heating or 395 

cooling system was switched on.  396 

 397 

The heating and cooling energy consumption based on the theoretical, average, and dynamic U-398 

values in Groups A and B are presented in Figure 10. Figures 10 (a) and (b) show that the heating 399 

energy consumption is much more than the cooling energy consumption in Groups A and B. For 400 

example, heating energy consumption accounted for 98.2 % and 97.5 % of the total energy 401 

consumption in Groups A and B in the building energy consumption based on dynamic U-value, 402 

respectively. This result was related to the climatic region. In severe cold regions, heating energy is 403 

the major component of energy consumption, accounting for one-third of the total energy use [23].  404 

 405 

As shown in Figure 10 (a), the heating energy consumption in Group A was 16.06 kWh/m2, 14.49 406 kWh/m2, and 13.18 kWh/m2 more than that in Group B according to building energy simulation 407 

results based on the dynamic, average, and theoretical U-values, respectively. It suggested that the 408 

more aged brick envelope had worse insulation properties compared to the RC envelope. Compared 409 

with the measured average U-values, the measured dynamic U-values exerted a more significant 410 

effect on heating energy. The influence of the measured dynamic U-values on heating energy 411 

consumption was more significant in Group A than in Group B. Figure 10 (a) shows that the heating 412 

energy based on the measured dynamic U-values exceeded that based on the theoretical U-values 413 

by 15.9% and 7.2% in Groups A and B, respectively. The heating energy based on the measured 414 

average U-values exceeded that based on the theoretical U-values by 8.1% and 5.4% for Groups A 415 

and B, respectively.  416 
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 417 

However, the differences of the cooling energy consumption between Groups A and B were not as 418 

significant as that of the heating energy consumption between Groups A and B. As shown in Figure 419 

10 (b), the cooling energy consumption in Group A was more than 0.13 kWh/m2, 0.17 kWh/m2, 420 

and 0.15 kWh/m2 more that in Group B according to building energy simulation results based on 421 

the dynamic, average, and theoretical U-values, respectively. In Groups A and B, the measured 422 

average and dynamic U-values showed insignificant differences in cooling energy consumption. 423 

The cooling energy based on the measured dynamic U-values was less than that based on the 424 

theoretical U-values by 2.1% in Group A. The cooling energy based on the measured dynamic U-425 

values exceeded that based on the theoretical U-values by 3.0% in Group B. The cooling energy 426 

based on the measured average U-values exceeded that based on the theoretical U-values by 2.1% 427 

in Group A. The cooling energy based on the measured average U-values was less than that based 428 

on the theoretical U-values by 3.0 % in Group B.  429 

 430 

  
(a) (b) 

Fig.10. Operational energy simulation results for the reference building in both Group A and Group B based on 431 

different U-values 432 

(a) Heating energy simulation results; (b) cooling energy simulation results 433 

 434 

3.3. Influence of dynamic U-values on operational energy efficiency in different seasons 435 

 436 

The heating and cooling energy consumption for each period is presented in Figure 11. The energy 437 

consumption based on the three types of U-values exhibited different characteristics during different 438 

seasons. The heating energy consumption in winter (including Groups A-1, A-2, and B-1) was 439 

higher than that in the transition season (including Groups A-3, A-4, A-5, B-2, B-3, and B-4). The 440 

gaps between the heating energy consumption based on the three types of U-values were more 441 

noticeable in winter than in the transition season. For example, in winter, the heating energy based 442 

on measured dynamic U-values exceeded that based on the theoretical U-values by 1.31 and 0.34 443 k𝑊h/m2 in Groups A-1 and B-1, respectively. The heating energy based on measured dynamic U-444 

values exceeded that based on measured average U-values by 0.58 and 0.11 k𝑊h/m2 in Groups 445 

A-1 and B-1, respectively. In the transition season, the heating energy based on measured dynamic 446 

U-values exceeded that based on the theoretical U-values by 0.17 k𝑊h/m2 and 0.07 k𝑊h/m2 447 

in Groups A-4 and B-4. The heating energy based on measured dynamic U-values was less than that 448 

based on measured average U-values by 0.03 k𝑊h/m2in Group A-4 and more than that based on 449 

measured average U-values 0.05 k𝑊h/m2 in Group B-4. 450 
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 451 

The gaps between the cooling energy consumptions based on the three types of U-values were 452 

unremarkable in summer (including Groups A-6, B-5, and B-6). The cooling energy based on 453 

measured dynamic U-values was less than that based on the theoretical U-values by 0.01 k𝑊h/m2 454 

in Group A-6 and more than that based on the theoretical U-values by 0.01 k𝑊h/m2 in Group B-455 

6. The cooling energy based on measured dynamic U-values was less than that based on measured 456 

average U-values by 0.02 k𝑊h/m2in Group A-6 and more than that based on measured average 457 

U-values 0.02 k𝑊h/m2 in Group B-6.  458 

 459 

  

(a) (b) 

Fig. 11. Detailed information on heating and cooling energy simulation results for both Group A (from A-1 to A-6) 460 

and Group B (from B-1 to B-6) 461 

(a) Detailed simulation results for Group A and (b) detailed simulation results for Group B 462 

 463 

4 Discussion 464 

 465 

The decrease in U-values observed from winter to summer is a prominent phenomenon. During 466 

winter in severe cold regions, the porous materials containing moisture in the building envelopes 467 

are frozen and gradually thawed in the summer. According to existing studies, the thermal 468 

conductivity of pure ice is approximately 2.22 W/(m ∙ K) at –10 ℃, whereas that of water is 0.60 469 W/(m ∙ K) at 20 ℃ [76]. The change in the physical state of the moisture within the envelopes 470 

from freezing to thawing may contribute to a decrease in the thermal conductivity of porous building 471 

materials. The U-values of the envelopes also decreased as they were proportional to the thermal 472 

conductivity of the building materials. Several researchers have reported similar findings for 473 

moisture-containing porous materials. For instance, Chuvilin et al. found that frozen porous 474 

sediments with high moisture contents had higher thermal conductivities than the unfrozen 475 

sediments [77]. Tang et al. revealed that the thermal conductivity of frozen soil-rock mixture 476 

decreased by 30.18% from -10 to 0 ℃ because of water-ice transition [78]. Vu et al. focused on the 477 

thermal conductivity of sandy soils in different states and revealed that the thermal conductivity of 478 

frozen sandy soils was considerably higher than that of unfrozen frozen sandy soils during the 479 

freeze–thaw process [79]. 480 

 481 

The decreasing trend in the U-values of the tested brick envelope was more significant than those 482 
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of the tested RC buildings and the tested brick envelope had higher U-values in winter. The tested 483 

brick envelope has been built decades before the tested RC envelope, and it may have had a higher 484 

moisture content. There may be various reasons for the higher moisture content in the older brick 485 

envelope. For example, the deterioration of the building materials or technical weaknesses in the 486 

construction process may lead to an increased infiltration rate through the older brick envelope, 487 

thereby leading to a higher moisture content [66, 80, 81]. These findings illustrate the importance 488 

of moisture barriers in envelopes, especially old envelopes, to mitigate excessive heat loss during 489 

the heating-intensive season. Many buildings were built several decades ago in the severe cold 490 

regions of China. The insulation performance of these buildings does not meet contemporary 491 

building standard requirements [82, 83]. One of the practical retrofit options could be adding a 492 

moisture barrier to the external surface of envelopes to reduce heating energy use in winter.  493 

 494 

Some cities in various countries have similar energy requirements with Harbin. The HDD18 and 495 

CDD26 of several typical cities are shown in Table 6, and data were derived from weather station 496 

data [84]. In-situ U-value measurements over the long term can contribute to improving heating 497 

energy consumption simulations in these cities. The inputs of both the measured dynamic and 498 

average U-values can influence the heating energy simulation. When simulating the long-term 499 

operational energy in a severe cold region, inputting the measured dynamic U-values could have a 500 

more significant impact on the heating energy simulation results of order brick buildings than those 501 

of newer RC buildings. However, the input of the measured U-values does not significantly affect 502 

the cooling energy simulation results. This may be associated with a relatively low proportion of 503 

cooling energy consumption in severe cold regions [85].  504 

 505 

 Table 6. The HDD18 and CDD26 of several typical cities 506 

City  HDD18 [℃ ∙ 𝐝] CDD26 [℃ ∙ 𝐝] 

Harbin 5032  14  

Oslo 4431 2 

Helsinki 4312 8 

Edinburgh 3138 1 

Stockholm 3762 5 

Reykjavík 4586 0 

 507 

This study had three limitations: (1) only the northern envelopes were chosen for measurement to 508 

minimise the effects of solar radiation on the accuracy of the measurements. The dynamic U-values 509 

of the other oriented envelopes may have different characteristics, which require systematic and 510 

detailed research in the future. (2) In-situ measurements were conducted on only two envelopes for 511 

several months. In future studies, more envelopes with different orientations should be measured 512 

throughout the year to obtain more comprehensive data. The tested envelopes included not only 513 

conventional envelopes but also bio-based envelopes, such as cross-laminated timber envelopes. (3) 514 

The building parameters that affect U-values were not measured, such as infiltration rates of tested 515 

envelopes. In future studies, the infiltration rates of different envelopes can be measured, and the 516 

quantitative relationship between the dynamic U-values and the infiltration rates can be discussed. 517 

This relationship can explain the process that generates dynamic U-values more clearly. It can 518 

inform building maintenance, especially retrofitting of old buildings. 519 
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 520 

5 Conclusion 521 

 522 

In-situ U-value measurements of two typical building envelopes in Harbin were conducted from 523 

winter to summer in 2023. The measured average and dynamic U-values of the brick and RC 524 

envelopes were obtained. To study the influence of dynamic U-values on building energy efficiency, 525 

the building energy simulation results based on the theoretical U-values, measured average U-values, 526 

and dynamic U-values of the tested brick and RC envelopes were compared. The main conclusions 527 

of this study are as follows. 528 

 529 

(1) The fluctuations in U-values of typical building envelopes were substantial in severe cold 530 

regions. In the dynamic U-values of both brick and RC envelopes, the higher U-values were 531 

observed in winter months. The more aged brick envelopes displayed more significant U-value 532 

fluctuations than the RC envelopes. The higher U-values of typical building envelopes in 533 

winter may be attributed to the higher moisture content, illustrating the importance of moisture 534 

barriers in envelopes. In the severe cold regions of China, adding a moisture barrier should 535 

become an important retrofitting solution to reduce heating energy consumption in winter. 536 

(2) The effect of dynamic U-values on the heating energy consumption of the reference brick 537 

building was greater than that of the reference RC building in severe cold regions. This 538 

indicates that inputting dynamic U-values can have a more significant impact on the heating 539 

energy simulation results of brick buildings built several decades ago than on those of newer 540 

RC buildings.  541 

(3) The impact of dynamic U-values on operational energy consumption depends on the season in 542 

severe cold regions. The heating energy consumption based on dynamic U-values exceeded 543 

that based on theoretical U-values by 15.9% and 7.2% in the reference brick and RC buildings, 544 

respectively. Conversely, the differences between the cooling energy simulation results based 545 

on different types of U-values were not significant. This indicates that long-term dynamic U-546 

value measurements could contribute to improving heating energy consumption simulations in 547 

severe cold regions.  548 

 549 

This study contributes to minimising the gap between building energy simulations and actual energy 550 

consumption. Reliable measured data can be used to optimise building performance simulations and 551 

manage energy use more efficiently and accurately. This paper builds a foundation for further study 552 

on the dynamic U-values of different types of envelopes, including inorganic material envelopes 553 

and bio-based envelopes, in various climate regions. This dataset of dynamic U-values will provide 554 

more comprehensive and reliable references for building thermal attributes in building energy 555 

simulation. 556 
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