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Abstract 18 

Intermittent heating has been considered to be an effective way to achieve energy 19 

savings compared with continuous heating. However, recent studies have found that 20 

actual energy savings from intermittent heating vary greatly, depending on actual 21 

building conditions, terminals and heating supply systems. For multi-zone buildings 22 

adopting heat pumps with specific terminals, a comprehensive analysis of energy 23 

savings resulting from intermittent heating still needs to be done. In the present study, 24 

an integrated dynamic model is developed by considering the interaction of thermal 25 

processes among building envelopes, terminals, and heat pumps. Its reliability is 26 

verified in field tests, and a better accuracy was achieved when considering the 27 

radiant heat ratio of terminals. On this basis, the model together with a source and 28 

terminal control strategy is applied to simulate the thermal behavior of heat pump 29 

heating systems for buildings under various conditions. The effect of different 30 

terminals and building envelopes on room temperature variation and energy 31 

utilization by intermittent heating is analyzed. The simulation results and practical 32 

projects indicate that heat pump power consumption under intermittent heating may 33 

be lower, close to or even higher than that under continuous heating. The factors that 34 

affect the efficient of intermittent heating, including building and system thermal 35 

inertia, heat pump operation COP, the radiant heat ratio of terminals, need to be 36 

systematically considered. Specifically, fan-coil heating systems could use 16.48% 37 

less energy, while radiant floor heating systems consume more energy under 38 
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intermittent heating. Heat pumps under continuous heating are more efficient in 39 

buildings with radiative heating systems and heavy envelopes. 40 

Keywords: Heat pump; Intermittent heating; Heating terminal; Integrated simulation; 41 

Thermal response 42 

 43 

1. Introduction 44 

In 2020, the total space that was heated in northern urban China was 15.6 billion 45 

m2, and the energy used for heating was 214 million tce/a (ton of standard coal 46 

equivalent per year), accounting for 20% of the total building energy consumption in 47 

China [1]. It is expected that the area to be heated in northern urban China will reach 48 

20 billion m2 in the near future [2]. Since the Chinese government proposes that CO2 49 

emissions peak around 2030 and that CO2 emissions are neutralized around 2060 [3], 50 

the adoption of effective energy saving measures that aim to control the growth of 51 

heating energy consumption is important. For some urban buildings that have 52 

difficulty connecting to district heating networks, about 20% of all urban buildings, 53 

Jiang et al. [2] proposed that electric heat pumps could be used as heating supply 54 

devices, to obtain a higher efficiency than gas boilers. Apart from extremely cold 55 

areas where outdoor temperatures can be as low as -20 ℃, air source heat pumps 56 

(ASHPs) have great application potential for heating buildings across most of China. 57 

In addition, intermittent heating has been considered to have a high energy saving rate 58 

compared with continuous heating [4], especially for office buildings which have a 59 
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more defined operating schedule and longer unoccupied periods than residential 60 

buildings [5]. 61 

Many studies into intermittent heating have been conducted recently, with 62 

varying results and views of the energy saving potential. The possibility exists that 63 

intermittent heating, when compared to continuous heating, can provide: significant 64 

energy savings [6-9]; about the same [4,10,11]; or have higher energy consumption 65 

[12]. For example, Deng et al. [9] investigated the use of thermostat setback and 66 

occupancy control in office buildings using EnergyPlus simulations and actual tests. 67 

According to the results, energy consumption could be reduced by 30% with 68 

thermostat setback control. However, an on-site measurement carried out on a 69 

residence in Cambridgeshire, England, indicated that the energy saving rate was only 70 

about 5% compared with the continuous heating system [4]. In addition, 71 

Benakopoulos et al. [10] pointed out that intermittent heating requires a high 72 

supply-temperature to ensure a rapid reheating process, and according to the specific 73 

building case results, a continuous low-temperature control strategy resulted in similar 74 

energy savings to intermittent heating, and secured a low supply and return 75 

temperature to the district heating network. In contrast, a comparative study of 76 

continuous versus intermittent heating performed in Amman, Jordan [12], found that 77 

more comfort and more fuel saving, and lower initial and running costs, were 78 

achieved when continuous heating at low temperature was adopted. 79 

Considering the variations in energy savings presented in these previous articles, 80 
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it suggests that intermittent heating savings depend on the factors that affect the 81 

efficacy of intermittent heating. These factors include thermal capacity and heat 82 

transfer coefficient of the envelope [4, 5, 12, 13], different types of heating terminals 83 

[4, 5, 13], the operating characteristics of the heating supply devices, the supply water 84 

temperature [10, 8], and the control strategy [5, 8, 13], etc. The prior studies just focus 85 

on some of these impact factors while ignoring the others. As far as the different 86 

heating terminals are concerned, various numerical analysis, experimental studies and 87 

field tests have been conducted in the past 10 years, to assess the heating 88 

characteristics of air conditioner, radiator, and radiant floor [14-16]. Hu et al. [15] 89 

conducted an experimental study to evaluate the heating performance of different 90 

heating terminals used in heat pump heating system. Wang et al. [14] built a dynamic 91 

heat transfer model based on thermal-electrical analogy to compare the convective 92 

and radiative heating systems in intermittent heating. 93 

However, there were few discussions on the variation of heating supply device’s 94 

efficiency under different operating modes. By adopting intermittent heating, the 95 

reheating process requires a higher supply temperature to perform quickly when the 96 

buildings are reheated to increase the indoor temperature and secure the expected 97 

comfort [10]. For multi-zone buildings adopting ASHPs for space heating with 98 

specific terminals (radiators, radiant floors, and fan coils), the question that remains is: 99 

what heating strategy is more energy effective, continuous operation at a relatively 100 

low temperature, or intermittent operation at a higher temperature? Thus, an 101 
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integrated building and heating system model would be useful to simulate the 102 

dynamic thermal response of the system, and to thus provide a comprehensive 103 

understanding of this problem. 104 

Numerical methods [14,17] and R-C (thermal resistance - thermal capacity) 105 

models [18] have been widely used by previous researchers to study the dynamic 106 

process of intermittent heating. Wang et al. [4] built a two-stage lumped parameter 107 

model, and concluded that the system with a small thermal constant time was able to 108 

elevate indoor temperature quickly, and had great energy saving potential. The heat 109 

storage and release processes of internal walls for intermittently heated rooms were 110 

studied by employing CFD techniques [17]. Furthermore, different heating terminals 111 

exhibit different intermittent heating performances, including heating capacity and 112 

thermal response speed, which further influences the indoor thermal environment and 113 

energy performance [5,18,19]. 114 

The prior modelling or experimental studies can only reveal information for parts 115 

of the intermittent heating system, while there is lack of research taking into account 116 

combinations of different heating terminals, building thermal processes, and the 117 

heating supply system’s operation characteristics, all of which are necessary to 118 

analyze a system’s thermal properties and energy performance in its entirety. In 119 

addition, most of the prior studies adopted an intermittent heating strategy based on an 120 

on-off schedule and assumed the local thermostat to be an idealized controller [20]. 121 

These studies don’t simultaneously consider the strategy of supply water temperature 122 
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control at the heat source, and thermostatic control at the terminals. Therefore, a 123 

coordinated control strategy for the source and terminals is worthy of further 124 

investigation. 125 

To address the aforementioned problems and challenges, a systematic simulation 126 

platform is developed for evaluating the thermal process and energy performance of 127 

heat pump heating systems for multizone buildings with different terminals. The main 128 

novelties of this study are: (I) a detailed physical model is built to systematically 129 

describe the dynamic thermal processes of heat pumps, multi-zone buildings and 130 

heating terminals, in which the room temperature and the heat supply quantity are 131 

simultaneously resolved by a series of equations; (II) based on the state space method, 132 

the radiant heat ratio of terminals is introduced in the thermal balance equation, and 133 

the influence of different terminals on room temperature performance is quantitatively 134 

analyzed; (III) the integrated model is incorporated into the operating characteristics 135 

of heat pumps and the control strategies of the terminals. Validation and case 136 

implementation of the model indicate that, the proposed model can be taken as a 137 

virtual platform to conduct systematic simulations for heat pump heating systems 138 

under various scenarios, and shed light on the choice of heating mode for different 139 

building thermal insulation levels and heating terminals. 140 

The rest of this paper is organized as follows. Section 2 introduces the overview 141 

of the proposed model integrating the multi-zone building thermal model, the terminal 142 

model, and the ASHP model. Section 3 implements the model and a coordinated 143 
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source-terminal control strategy (including model predictive control for intermittent 144 

heating, supply water temperature control and local thermostat control), to simulate 145 

the dynamic thermal process of an ASHP heating system for a typical office building 146 

in Beijing. The simulation is carried out for various building envelopes and terminals. 147 

In Section 4, the validation for the proposed method is presented, and the dynamic 148 

thermal characteristics of the ASHP heating system is analyzed with respect to the 149 

effect of varying the radiant heat ratio, the room temperature response parameters and 150 

the energy saving rate. Finally, conclusions and suggestions for how to choose the 151 

best heating operation mode for different situations are presented in Section 5. 152 

2. The modeling approach 153 

The integrated model consists of three parts: a multi-zone building thermal 154 

model, a terminal model and a heat pump model. The integrated model systematically 155 

describes the dynamic thermal processes of an entire heating system, by considering 156 

the influencing mechanisms of different heating terminals on the multi-zone indoor 157 

thermal environment, and the operating characteristics of ASHPs. 158 

2.1 Building thermal model 159 

There are some well-known building energy simulation tools with advanced 160 

modeling capabilities, such as TRNSYS, EnergyPlus, Modelica, DeST, and etc. 161 

However, when it comes to control strategy analysis, an accurate prediction of room 162 

temperature variations during response process will be particularly important. One of 163 

the challenges is that the room temperature and the heating supply quantity of the 164 
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terminals exist in both the building thermal model and the terminal model. Some 165 

approximations have been adopted for decoupling. Taking multizone building model 166 

(Type 56) of Trnsys as an example [21], it is required to define or input heat power of 167 

the heating device to calculate the dynamic room temperature. This approach is 168 

appropriate for electric heating devices or when the heating supply quantity of the 169 

terminal is already known or calculated. However, in district hot water heating 170 

systems, the room temperature and the heating supply quantity of the terminals were 171 

interacted and influenced by variations of supply water temperature and flowrate, 172 

which should be simultaneously resolved. 173 

In this study, the building thermal model was built based on the core algorithm of 174 

DeST [22], which successfully passed the ASHRAE-140 standard test. To the best of 175 

our knowledge, heat emitting from a terminal device is taken as convective heat in the 176 

heat balance equation of indoor air in current platform of DeST. The above-mentioned 177 

simulation method is applicable to convective heating terminals. But for 178 

convective-radiant heating terminals such as radiators, the method cannot reflect 179 

radiation characteristics of the heat transfer between heating terminals and building 180 

envelopes, which causes a certain deviation between dynamic simulation results and 181 

the actual room temperature variations. Therefore, some changes were made in the 182 

process of establishing multizone thermal mode, by integrating the ratio of convection 183 

heat to radiation heat of terminals, to improve accuracy of the dynamic simulation. 184 

Accounting for the convection and radiation-heat of terminals is very important 185 
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for an accurate analysis of the thermal performance of buildings. The differences in 186 

the heat transfer process between typical terminals and buildings are shown in Fig.1. 187 

Radiators emit heat by convection and radiation, while fan coils affect the temperature 188 

of indoor air by convective heat transfer, and radiant floors emit heat mainly by 189 

radiation. Therefore, a definition of the radiant ratio ( r ) of heat emitted from 190 

terminals is proposed and introduced in the following thermal-balance equation for 191 

indoor air. 192 
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       (1) 193 

where ,p a a aC V  represents the total heat capacity of indoor air, J/K; aT  is the 194 

indoor air temperature, oC; ih  stands for the convective heat transfer coefficient 195 

between the interior surface i and the air, W/(m2·K); if  denotes the area of the interior 196 

surface i, m2; iT  represents the temperature of surface i, oC; outG  and adjG  is the 197 

air exchange rate between the room and the outdoors, and the room and adjacent 198 

rooms respectively, m3/s; outT  is the outdoor air temperature, oC; jT  is the air 199 

temperature in the adjacent room j; ,1inQ  denotes the convective portion of the 200 

internal disturbance, calculated by the calorific value of each person, lighting 201 

equipment and computer equipment, W; termQ  denotes the heat power from terminals, 202 

W; r  is the proportion of radiant heat to total heat emitted from terminals; t is the 203 

time. 204 
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 205 

(a) Convective terminal 206 

 207 

(b) Radiative-convective terminal 208 
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 209 

(c) Radiative terminal 210 

Figure 1. Building thermal processes for three typical heating terminals. 211 

Most residential buildings in China are multi-family buildings. The heating 212 

demand of residents differs according to the implementation of terminal thermostatic 213 

control, and the coupling effect between adjacent residents is greater for radiative 214 

heating systems than for convective heating systems. This is because, in radiative 215 

heating systems, heat transfer between neighbors is caused by room temperature 216 

differences, as well as the indirect effects of radiant heat. It is necessary to consider 217 

the radiation effects of terminals between adjacent residences, as described in the 218 

following heat balance equation for a partition wall outer surface temperature node 219 

Tn+1: 220 

1
, 1 1, 1 1 , 1 ,2

1
( ) ( ) ( )

2

n n
p n n n n n a n n n rad n in term

n

dT
C x h T T T T Q Q r Q t

dt x


 +

+ + + + + = − + − + + +  


  (2) 221 

where ,p nC  represents the heat capacity of the discrete layer n, J/(kg· K); n  is the 222 

density of the discrete layer n, kg/m3; x  stands for the thickness of the discrete 223 
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layer of the partition wall, m; n  stands for the heat conductivity coefficient of the 224 

discrete layer n, W/(m·K); 1,n aT +  denotes the air temperature next to node Tn+1, 
oC; 225 

1nh +  represents the convective heat transfer coefficient between the outer surface of 226 

the partition wall and the air in the neighboring room, W/m2; , 1rad nQ +  is the solar 227 

gain by node Tn+1，calculated by the solar radiation penetrating through the window, 228 

W; ,2inQ  denotes the radiant portion of internal disturbance obtained by node Tn+1, 229 

calculated by the calorific value of a person, lighting equipment and other exothermic 230 

equipment, W;   is the proportion of terminal radiant heat obtained by the partition 231 

wall outer surface. 232 

The thermal processes within a building can be described with the state space 233 

method [23]: 234 

( ) ( ) ( )C t A t B H t  =  +   (3) 

where   is an N-dimensional column vector describing the temperature of all nodes 235 

in the state space;   represents the derivative of   with respect to time; C is a 236 

diagonal matrix describing the thermal capacity of all nodes; A is an N×N symmetric 237 

matrix describing heat conduction, heat convection and long wave heat radiation 238 

among all nodes; B is an N×M matrix describing the impact of the M heat 239 

disturbances on the node temperatures; H is an M-dimensional column vector 240 

standing for the M heat disturbances, including outdoor temperature, solar radiation, 241 

indoor casual gains, heat input from terminals, heat disturbance from adjacent rooms 242 

and infiltration or ventilation through openings; C and A depend on the building 243 
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structures and B depends on the thermal boundary conditions. The detailed foundation 244 

of Eq. (3) can be found in Ref. [24]. 245 

The solar gains of the building, including the solar radiation reaching the outer 246 

surface of the building and penetrating through the window to enter the building, were 247 

considered in the thermal-balance equations for the outer or inner layer of envelopes. 248 

The detail calculation method can be found in Ref [25]. In addition, the thermal model 249 

of the building considering thermal bridges can be obtained, by adopting a thermal 250 

bridge additional heat loss model and an order reduce method [26]. 251 

The difference approach of setting up the dynamic thermal model for systems 252 

with different terminals, results in the difference of thermal disturbance incidence 253 

matrix B in Eq. (3). Correspondingly, the influence coefficients of heat on room 254 

temperature ( 11, , 1 0, ) in Eq. (4) is different for different terminal forms. Detailed 255 

simulation results can be found in Section 4.2. 256 

( ) ( ) ( ) ( )( )1 0+i t

a ai k , k k , k

i k

T t e T t t u t t u t
  

= − + −               (4) 257 

where ( )aiT t t−  represents the room temperature component corresponding to the 258 

eigenvalue i  of the matrix B at the previous time; 1k ,  is the influence coefficient 259 

of heat disturbance k on room temperature at the previous time; 0k ,  is the influence 260 

coefficient of heat disturbance k on room temperature at the current time; in particular, 261 

11,  is the influence coefficient of heat emitted from terminals on room temperature at 262 

the previous time; 1 0,  is the influence coefficient of heat emitted from terminals on 263 

room temperature at the current time. 264 

2.2 Terminal model 265 
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Three typical heating terminals (radiator, radiant floor, and fan coil), are chosen 266 

as the research objects, and corresponding dynamic models are built using the lumped 267 

parameter method. 268 

2.2.1 Radiator 269 

As shown in Fig. 2, the dynamic model of a radiator can be thought of as a 270 

lumped structure from Eulerian perspective. The energy balance of the model is 271 

rad

s re rad rad a

w rad w rad

m m ( )
( ) ( ) ( )

( ) ( ) ( ) ( )
dT q q

T T K T T
dt V V

t t t
t t t t

 
= − − −  

(5) 

where K (s-1) denotes the equivalent heat transfer coefficient 272 

rad a rad

rad

w w rad

( )
( ( ) ( ))

K t
T t T t F

c V




=

− 
 

(6) 

qm is the quality flow rate, kg/s; radT  denotes the average water temperature in the 273 

radiator, ℃; reT  represents the water temperature at the outlet of the radiator, ℃; sT  274 

represents the water temperature at the inlet of the radiator, ℃; α and β are 275 

characteristic coefficients of the radiator, which can be gained from standard 276 

experiments; F denotes the surface area, m2; and Vrad is the water capacity of the 277 

radiator, m3; wc  stands for specific heat capacity of water, J/kg∙K; w  is water 278 

density, kg/m3. The subscript ‘rad’ stands for radiator. 279 

 

Figure 2. Lumped model of radiator. 
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The total heat power from the radiator radQ (W) can be described as 280 

rad rad w aw w rad( ) ( ( ) ( ))Q t K T t T tc V= −  (7) 

2.2.2 Radiant floor 281 

By using the lumped parameter method, the heat conservation equation of a 282 

radiant floor can be described as follows: 283 

flr

fl s re flr flr flr aw

( )
( ( ) ( )) ( ( ) ( ))m

dT t
C q T t T t h F T t T t

dt
c= − − −  (8) 

where flC  denotes the total heat capacity of the radiant floor, W/K; flrT  is the 284 

average temperature of the radiant floor, ℃; flrh  is the integrated heat transfer 285 

coefficient, W/m2∙K; The subscript ‘flr’ stands for radiant floor. 286 

The total heat power from the radiant floor flrQ (W) can be described as 287 

flr flr flr aflr( ) ( ( ) ( ))Q t h T t T tF= −  (9) 

2.2.3 Fan coil 288 

The model of a fan coil unit adopts the ε-NTU method [27], which has been 289 

verified by experiments [28]: 290 

fc s afc,min( ) ( ) ( )( ( ) ( ))Q t t t T t T tC= −  (10) 

fc, max fc, min0.22 0.78

fc,min fc,max

( ) ( )
( ) 1 exp( (exp( ) 1))

( ) ( )

C t C t
t NTU NTU

C t C t
 = −   − −  

(11) 

where fcQ  is the heating capacity of the fan coil, W;   represents the heat transfer 291 

efficiency of the fan coil; fc, maxC  and fc,minC  stands for total heat capacity of water and 292 

air in the fan coil respectively, W/K; NTU  represents the number of heat transfer 293 

units of the fan coil. 294 

 295 
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2.3 Heat pump model 296 

The associated parameters of the heat pump and the building heating system 297 

include: the water flow rate, the supply and return water temperature. Ignoring the 298 

heat loss of the building's heating supply and return pipe network, the heat pump 299 

power consumption W (w) can be calculated as: 300 

w s R,tottot w,tot ( )( ( ) ( ))( )
( )

( ) ( )

c t T t T tQ t
W t

COP t COP t

G −
= =  (12) 

where COP  is the coefficient of performance (COP) of the ASHP; totQ  is the 301 

quantity of heat supplied by the ASHP, W; w,totG  denotes the total water flow rate, 302 

kg/s; R,totT  stands for the return water temperature at the entrance of the ASHP, ℃. 303 

For a certain heat pump, its operating COP depends primarily on the evaporation 304 

temperature and condensation temperature. The condensation temperature is related to 305 

the supply water temperature, while the evaporation temperature is mainly affected by 306 

the outdoor temperature. Therefore, the COP of the ASHP can be expressed as a 307 

function of supply temperature and outdoor temperature, as follows: 308 

( ) ( ( ), ( ))s outCOP t f T t T t=  (13) 

The specific functional relationship in Eq. (13) can be built by the parameter 309 

identification, based on the product sample data of the ASHP, as shown in Fig. 3. 310 
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Figure 3. COP of the ASHP under different operating conditions. 

2.4 Formulation of an integrated model 311 

The models of the multi-zone building, terminals and the heat pump are not 312 

independent. As shown in Fig. 4, the variables in one model always interact with 313 

those in the other models. For example, the room temperature and the heating 314 

capacity of the terminals exist in both the building thermal model and the terminal 315 

model, which can be simultaneously resolved by the group of equations. 316 

 317 

Figure 4. Diagram of the integrated model. 318 

The integrated simulation model developed in this study can be applied for 319 

different buildings by inputting different constructer and thermal characteristic 320 
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parameters of buildings. The integrated model takes weather parameters, supply water 321 

temperature, indoor casual heat gains, and the characteristic value of each component 322 

as input parameters. For each step in the calculation, the terminal flow rate, outlet 323 

water temperature, heating power, and air temperature for each room can be obtained. 324 

Then, the time series response of total water flow and return temperature in the 325 

building can be calculated according to the mass and heat quantity conservation. 326 

Finally, the dynamic electricity consumption of the ASHP can be obtained. 327 

3. Simulated system 328 

3.1 Building description 329 

The simulated building is located in Beijing. The geometry of the building is 330 

shown in Fig.5. There are two different room sizes: the size of rooms adjacent to the 331 

stairs is 3.25 m  3 m  2.8 m, and the size of the other rooms is 4 m  3 m  2.8 m. 332 

The ratio of window to wall area of the north-south face and east-west face are 0.5 333 

and 0.1, respectively. 334 

 335 

Figure 5. Diagram of the simulated building. 336 
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To compare the influence of envelopes with different thermal inertia on the 337 

energy saving potential of intermittent heating systems, two kinds of envelopes were 338 

simulated: light walls and heavy walls. The heat transfer coefficients of the two kinds 339 

of envelopes are given in Table 1, which was confirmed in accordance with Design 340 

Standard for Energy Efficiency of Public Buildings [29] and the database in the 341 

building performance simulation platform DeST [22]. The g-value of the windows is 342 

0.8. A concept of equivalent slab was applied to solve the problem of dynamic heat 343 

transfer through underground zone between building and ground [30]. The 344 

temperature outside the equivalent slab is taken as the local average annual surface 345 

temperature, which is about 11.8 oC in this study. 346 

Table 1. Physical thermal parameters of building envelopes. 347 

Type of envelope 
Thickness Density Specific heat 

Heat transfer 

coefficient 

/mm /(kg/m3) /(J/(kg·K)) /(W/(m2·K)) 

Light 

walls 

Exterior walls 340 589 1218 0.37  

Interior walls 170 706 1319 1.19  

Heavy 

walls 

Exterior walls 500 1934 841 0.30  

Interior walls 440 2245 895 0.66  

Roof 300 1800 879 0.25  

Ground 1200 1930 1010 - 

Windows 4 2500 837 1.80  

For each office room, there is one people during working period (8:00-18:00 348 

from Monday to Friday), and the calorific value of each person is 53 W. The calorific 349 

value of lighting equipment and computer equipment are 5 W/m2 and 10 W/m2, 350 

respectively. The infiltration rate is 0.5 h-1. 351 
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For the integrated model, the input weather parameters can be either the 352 

measured data or the typical meteorological data, depending on the requirements of 353 

the study. In this study, the climate information used in the simulated system is 354 

generated from the Typical Meteorological Year Database for Beijing [31], as shown 355 

in Fig. 6. The relative humidity was not considered. 356 

 357 

Figure 6. The weather data during a heating season. (Start from 00:00 on Nov 15). 358 

 359 

3.2 Terminal heating device parameters 360 

According to the Design Code for Heating Ventilation and Air Conditioning of 361 

Civil Buildings (GB 50736-2012) and the Design Standard for Energy Efficiency of 362 

Public Buildings (DB 11/687-2015), as well as performance data for the ASHP, 363 

different design supply/return water temperatures are considered for different heating 364 

terminals under continuous heating and intermittent heating, as shown in Table 2. 365 

Table 2. Design supply and return water temperature for different scenarios. 366 
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Type of terminals 
Supply/return temp. under 

intermittent heating (oC) 

Supply/return temp. under 

continuous heating (oC) 

Fan-coil 55/40 45/30 

Radiator 60/45 50/35 

Radiant floor 45/35 40/30 

According to the thermal characteristics of different heating terminals, and 367 

experimental results [32], the ratios of convection heat and radiation heat over total 368 

heat emitted by typical terminals are set as listed in Table 3. 369 

Table 3. The ratios of convection heat and radiation heat over total heat emitted by 370 

terminals. 371 

Type of terminals 
Ratios of convection heat and radiation heat 

over total heat emitted by terminals 

Fan-coil 1:0 

Radiator 0.6:0.4 

Radiant floor 0.32:0.68 

 372 

3.3 Control strategy 373 

3.3.1 Intermittent heating 374 

The goal of using an intermittent heating control strategy is to reduce the runtime 375 

of the system while maintaining a comfortable room temperature during working 376 

hours. The key factor for an intermittent heating strategy is the optimal start time of 377 

the heating system for each working day, which should be predicted. 378 

As shown in Fig. 7, an iterative method is adopted to determine a detailed 379 

operating schedule for the heating system for each working day. Firstly, an initial start 380 

time is set according to operating experience. Temperature variations for each room 381 

during each working day, are obtained from dynamic simulations. Warm-up time is 382 
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defined as the time needed for the room temperature to reach the lower limit of the 383 

comfortable range from when the heating system is started. Thus, the warm-up time 384 

can be confirmed by the simulation results of room temperature, and is used as an 385 

updated input parameter (heating start-time) to perform the simulation again. By using 386 

this iterative method, the optimal start schedule will be obtained. 387 

 

Figure 7. Iterative process for determining the optimal start-time of the intermittent 

heating system. 

 388 

3.3.2 Supply water temperature control 389 

The supply water temperature of the building heating system should be adjusted 390 
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according to the variation of the heating load. The relative heat load ( rQ ) can be 391 

expressed as a function of outdoor temperature, solar radiation, and ventilation rate. 392 

z a out p,a a w,tot a out sol

z a out p,a a w,tot a out sol

( ) ( )

( ) ( )
r

K F T T c G T T q
Q

K F T T c G T T q





 − + − −
=

    − + − −
 

(14) 

where zK  represents the overall heat transfer coefficient of the building's outer 393 

envelope, W/(m2∙K); F  denotes surface area of the building's outer envelope, m2; 394 

aT   is the design room temperature, ℃; outT   is the design outdoor temperature, ℃; 395 

solq  stands for solar radiation heat gain, W. 396 

According to the Law of Conservation of Heat, principles of climate 397 

compensators for water supply temperature control were built. The heating supply 398 

quantity of the heat pump is equal to the total heat emitted by terminals, which will be 399 

adjusted based on the variation of the heating load, as described in Eq (15).  400 

r

2
=

2 ' '

s R a s R

r

s R a s R
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+ − −
=

  + − −
 

(15) 

Then, the supply water temperature can be derived from Eq. (15) to Eq. (16). 401 

r r

s a s R a s R( 2 ) ( )
2 2 r

Q Q
T T T T T T T

G
    = + + − + −  

(16) 

where sT   is the design temperature of supply water, ℃; RT   denotes the design 402 

temperature of the return water, ℃; Gr= Gw,tot/G’w,tot is the relative flowrate of the 403 

system; Gw,tot is the actual flowrate of the system, kg/s; G’w,tot is the design flowrate of 404 

the system at time t, kg/s. 405 

3.3.3 Thermostatic control 406 

To maintain a comfortable room temperature during working hours, there are 407 
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thermostatic control valves installed in the inlet of the heating terminals, and a simple 408 

control strategy is followed: when room temperature goes above 20 ℃, the valves will 409 

be closed; and when the temperature falls below 18 ℃, the valves will be fully open. 410 

 411 

3.4 Simulation cases 412 

For the purpose of analyzing the thermal response characteristics and the energy 413 

saving rate of intermittent heating with different terminals and different building 414 

envelopes, simulations were performed for twelve groups of cases summarized in 415 

Table 4. 416 

Table4. Simulation cases. 417 

Cases Type of envelopes Type of terminals Operation mode 

1 Heavy Fan coils Intermittent 

2 Light Fan coils Intermittent 

3 Heavy Radiators Intermittent 

4 Light Radiators Intermittent 

5 Heavy Radiant floor Intermittent 

6 Light Radiant floor Intermittent 

7 Light Fan coils Continuous 

8 Light Radiators Continuous 

9 Light Radiant floor Continuous 

10 Heavy Radiators Continuous 

11 Heavy Fan coils Continuous 

12 Heavy Radiant floor Continuous 

A program based on the integrated model is established using MATLAB for 418 

modelling and simulation. The dynamic simulation can be performed with any time 419 

step according to the requirements of the study. We use a simulation time step of 30 420 

min in this study. For each step in the calculation, the terminal flow rate, outlet water 421 

temperature, heating power, and air temperature for each room in the building of Fig.5 422 
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can be obtained. 423 

4. Results and discussion 424 

4.1 Field tests for model validation 425 

4.1.1 Model validation under various conditions 426 

To test the model, two district heating systems, one in Beijing and another in 427 

Tianjin, were investigated in our previous studies [5, 23, 33]. The accuracy of the 428 

multi-zone building model was verified by experimental data for different rooms and 429 

heating systems under three operation modes. In Mode I, the heating system were 430 

regulated intermittently according to a work schedule. In Mode II, the thermostatic 431 

valves of terminals were kept on an intermediate setting and self-adjusted to control 432 

the room temperature. In mode III, the valve at the heat entrance of the apartment was 433 

on-off adjusted to verify the coupling between the apartments in the multizone 434 

building heating systems. There was good agreement between the measured and 435 

simulated values for the room temperature, return water temperature, and flow rate of 436 

the terminals [23]. 437 

4.1.2 Comparison with typical simulation tool 438 

In this study, the building thermal model was built based on the core algorithm of 439 

DeST, and improved by integrating the ratio of radiant heat of terminals. Therefore, 440 

the further validation was mainly focused on the influence of considering or not 441 

considering the radiant heat ratio of the terminals. The validation was carried out in a 442 

multizone building with a radiator heating system in Beijing. The typical simulation 443 

tool DeST was taken for comparison. A northern room on second floor of the building, 444 

was chosen for detail validation of the simulated room temperature under intermittent 445 

heating mode. 446 

Surface temperature self-record meters (30 min time intervals) were installed at 447 

the inlet and outlet pipes of the radiator (Fig.8 (a))., and an ultrasonic flowmeter was 448 

installed in the return pipe of the radiator (Fig.8 (b)). Self-recording room temperature 449 
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meters were installed in the studied room and in all of the neighboring rooms (Fig.8 450 

(c)). These temperature recording meters were placed in the same relative position, 451 

one for each room. The meter sensors were placed away from the radiators, and at a 452 

height of about 1.5 m. An additional outdoor weather logger was mounted in the 453 

leeward and shaded side of the building, to eliminate direct solar and wind radiation 454 

(Fig.8 (d)). Table 5 shows the measurement instruments and their parameters used in 455 

the field test. 456 

  

(a) Pipe surface temperature (b) Flowrate and water temperature 

   

            (c) Room temperature (d) Outdoor temperature 

Figure 8. Field test measurement situation. 457 

Table 5. Parameters of the main measurement instruments. 458 

Instrument Type Parameter Image 

Air temperature 

and humidity 

self-recording 

meter 

WSZY-1 
Ambient temperature 

in field test (±0.3 ◦C) 
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Surface 

temperature 

self-recording 

meter 

WZY-1 

Surface temperature 

of the terminal (±0.3 
◦C) 

 

Flowmeter 
Ultrasonic 

flowmeter 

Flow rate of the 

terminal (±0.5 %) 

 

Thermal 

resistance 

Platinum 

thermistor 

Inlet and outlet water 

temperature (±0.1 ◦C)  

The experimentally measured neighboring room temperature, outdoor 459 

temperature, supply water temperature and radiator flow rate were used as inputs (see 460 

Fig. 9) for the model and the simulation tool, and then the simulated room temperatures 461 

were compared with the measured values. Solar radiation and indoor casual heat gains 462 

can be ignored in the northern empty tested room. 463 

  

(a) Outdoor temp. and adjacent room temp (b) Supply temperature and flow rate 

Figure 9. Input parameters of the validation. 

As shown in Fig. 10, the simulation accuracy for room temperature is obviously 464 

better when the radiant ratio of the heat emitting from the radiators is considered. The 465 

performance of the model is evaluated by four statistical indices, including the 466 

coefficient of variation of the root-mean-square error (CV-RMSE), the coefficient of 467 

variation of the standard deviation (CV-STD), the normalized mean square error 468 
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(NMSE), and the mean-square error (MSE). The first two indices are recommended 469 

by the ASHRAE Guideline 14-2014 [34], and the last two indices are also usually 470 

used to characterize the calculation accuracy. The evaluation results listed in Table 6 471 

demonstrate the effectiveness of the proposed model in this study. 472 

 473 

Figure 10. Comparison of the simulated and measured room temperatures. 474 

Table 6. Model performance evaluation results. 475 

 CV-RMSE CV-STD NMSE  MSE  

Results by model in 

this study 
0.0152 0.0384 0.1009 0.1398 

Results by DeST 0.0199 0.0429 0.1733 0.2403 

The formula for NMSE calculation is 476 

2

2

ˆ( )

( )

i i

i i

y y
NMSE

y y

−
=

−




                               (17) 477 

The formula for MSE calculation is 478 

2ˆ( )i iy y
MSE

n

−
=


                                 (18) 479 

where ŷ  is the simulation predicted data, y  is the utility data used for calibration, 480 

y  is the arithmetic mean of the sample of n  observations, n  is the number of data 481 
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points. 482 

4.2 The effect of varying the radiant heat ratio 483 

From the simulation results, it can be seen that the influence coefficients 11,  484 

and 1 0,  in Eq. (13) both have a linear relationship with the radiant heat ratio of 485 

terminals. As shown in Fig. 11, with the increase of radiant heat ratio, the influence 486 

coefficient of heat emitted from terminals on the room temperature at the current 487 

moment and the previous moment both decreases. Fig. 12 indicates that, the room 488 

temperature response rate decreases with the increase of radiant heat ratio, at the 489 

initial stage of heating system restart. 490 

 491 

Figure 11. Influence coefficient varies with the radiant heat ratio of terminals. 492 

 493 

Figure 12. Room temperature rise rate varies with the radiant heat ratio of terminals.  494 
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4.3 Room temperature response characteristics 495 

4.3.1 Influence of different heating terminals 496 

A northern room on first floor of the building, was chosen for analysis. Figure 497 

13 shows the simulated results of room temperature variations during a typical week 498 

under daily intermittent heating. Room temperatures fluctuated the most for fan coil 499 

heating terminals. After reaching the target room temperature, frequent switching of 500 

the regulating valve leads to frequent fluctuations in the room temperature. When a 501 

radiant floor is used as the heating terminal, the room temperature fluctuation is the 502 

least. That is, the larger the radiant heat ratio of terminals, the slower the thermal 503 

response speed of the system, and the smaller the temperature fluctuation during 504 

intermittent heating. 505 

 506 

Figure 13. Variation in room temperature for different terminals during a typical week 507 

under daily intermittent heating. 508 

Table 7 lists the room temperature response parameters under daily intermittent 509 
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heating during a typical week (from Jan 1 to Jan 7). The warm-up time for radiator 510 

heating systems is obviously longer than that for fan-coil heating systems, and the 511 

time needed on Monday morning is much longer than that needed on Tuesday to 512 

Friday mornings. Due to the large thermal inertia of radiant floor heating systems, the 513 

room temperature variation is minimal, and there is almost no need to preheat during 514 

the daily intermittent heating process. 515 

Table 7. Room temperature response parameters for different terminals under daily 516 

intermittent heating. 517 

  Fan coils Radiators Radiant floor 

Monday 
Warm-up time /h 0.33 4 0 

Temperature increasing rate /(℃/h) 10.79 0.86 - 

Tuesday 
Warm-up time /h 0.2 1.83 0 

Temperature increasing rate /(℃/h) 14.72 1.47 - 

Wednesday 
Warm-up time /h 0.13 0.83 0 

Temperature increasing rate /(℃/h) 16.26 2.22 - 

Thursday 
Warm-up time /h 0.12 0.47 0 

Temperature increasing rate /(℃/h) 16.56 2.31 - 

Friday 
Warm-up time /h 0.09 0.23 0 

Temperature increasing rate /(℃/h) 16.62 2.51 - 

 518 

4.3.2 Influence of different building thermal inertias 519 

Figure 14 shows the simulation results of the room temperature response for 520 

buildings with different types of envelopes in the case of long-term intermittent 521 

heating where the heating system is re-started at 8 am after a long period of no heating 522 

(e.g., the spring festival). Three typical heating terminals (fan coils, radiators, and 523 

radiant floor) were both considered and analyzed for the light and heavy envelopes. 524 
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 525 

(a) Fan coil 526 

 527 

(b) Radiator 528 
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 529 

(c) Radiant floor 530 

Figure 14. Variation in room temperature in buildings with different envelopes on 531 

typical days under long-term intermittent heating. 532 

The room temperature response parameters for buildings with different kinds of 533 

envelopes and terminals are listed in Table 8. 534 

Table 8. Thermal response parameters for buildings with different envelopes. 535 

Type of envelopes Type of terminals 
Response time*  

/h 

Temperature 

increasing rate / 

(℃/h) 

Time constant** 

/ h 

Heavy Fan coils 3.50 1.94 1.83 

Light Fan coils 1.33 5.65 0.67 

Heavy Radiators 25.50 0.26 6.17 

Light Radiators 5.17 1.43 2.83 

Heavy Radiant floor 30.13 0.22 29.50 

Light Radiant floor 28.83 0.26 29.00 

*: Response time is the time that it takes from heating system start-up to reach a room temperature 536 

at the lower limit of the comfort zone, in the case of long-term intermittent heating. 537 

**: Time constant is the time required for the indoor temperature to rise through approximately 63 538 

percent of its total increasing amplitude since the heating system is started. 539 
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From Table 8, it can be seen that the response time for buildings with heavy 540 

envelopes is longer (3.5 h-30.1 h) than for buildings with light envelopes (1.33 541 

h-28.83 h), and that the temperature increasing rate for buildings with heavy 542 

envelopes is slower than that for buildings with light envelopes. In other words, the 543 

greater the thermal inertia, the slower the thermal response and the smaller the 544 

fluctuation in room temperature. When the heating terminal is a radiant floor, the 545 

difference in room temperature response parameters between the two kinds of 546 

building envelopes is the least. In contrast, when the heating terminals are radiators, 547 

the difference in room temperature response parameters between those two kinds of 548 

building envelopes is the highest. 549 

4.4 Factors affecting energy savings with intermittent heating 550 

4.4.1 Influence of different heating terminals 551 

For buildings with light envelopes, the power consumptions of heat pumps for 552 

buildings with different kinds of terminals in the first heating month, are compared in 553 

Fig. 15. The average COP of the system under different scenarios was listed in Table 554 

9. 555 
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 556 

Figure 15. Heat pump power consumption with different heating terminals under 557 

intermittent heating versus continuous heating. 558 

Table 9. The average COP of the system under different scenarios. 559 

 Fan Coils Radiators Radiant floor 

Intermittent heating 2.92 2.52 3.85 

Continuous heating 3.85 3.36 4.38 

These results contradict the generally accepted notion that intermittent heating 560 

will obviously uses less energy. Instead, the results of the calculation show that, 561 

compared with the power consumption of the heat pump under continuous heating, 562 

the power consumption of the heat pump under intermittent heating may be lower, 563 

similar or even higher, depending on the terminal type. Specifically, under intermittent 564 

heating, fan-coil heating systems can significantly achieve energy savings (with an 565 

energy saving rate of 16.48%), while radiant floor heating systems consume more 566 

energy. The heat pump power consumption in radiator heating systems for 567 

intermittent heating and continuous heating is very similar. Therefore, from an energy 568 
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saving perspective, an intermittent heating strategy is more suitable for heating 569 

systems with convective terminals. 570 

4.4.2 Influence of different building thermal inertias 571 

For radiator heating systems, the first month power consumption of heat pumps 572 

for buildings with different kinds of envelopes are compared in Fig. 16. 573 
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 574 

Figure 16. Heat pump power consumption for buildings with different envelopes 575 

under intermittent heating or continuous heating. 576 

As shown in Fig. 16, heat pump power consumption is similar under intermittent 577 

heating versus continuous heating for buildings with light envelopes, while a heat 578 

pump operated continuously is more energy efficient for buildings with heavy 579 

envelopes. These results indicate that intermittent operation is more suitable for 580 

buildings with less thermal inertia. 581 

4.5 Analysis on practical examples 582 

Two typical practical examples, concerning about the comparative analysis of 583 
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continuous versus intermittent heating performed in Northern China, are given. The 584 

operation data shows a good agreement with the simulation results. 585 

The first project is a ground source heat pump heating system with radiative 586 

heating terminals (radiant floors) for a passive energy-saving house in Qingdao [35]. 587 

The building thermal parameters are listed in Table 9. When the outdoor climate 588 

conditions are basically similar, as shown in Fig. 16, the average daily power 589 

consumption for the heat pump is approximately 1238 kWh under 24-hour continuous 590 

operation mode with a lower supply water temperature of 35 oC, and the average daily 591 

power consumption is about 1432 kWh under 10-hour intermittent operation mode 592 

with a higher supply water temperature of 40 oC. Fig. 17 gives the measured room 593 

temperature variations under these two operating modes, which can both meet indoor 594 

thermal comfort. In this practical case, the continuous operation is more efficient for 595 

the heat pump heating system. 596 

Table 10. Thermal parameters of the passive house envelopes. 597 

Envelope types 
Heat transfer coefficient 

(W/(m2·K)) 
Structure 

Exterior walls 0.17 250 mm rock wool panels  

Roof 0.12 430 mm extruded polystyrene 

panels 

Exterior windows 0.8 Triple glazed double insulated 

aluminum clad low-e glass window 

Ground 0.085 200 mm phenolic insulated panels 

Partition walls 0.18 250 mm rock wool panels 

 598 
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 599 

Figure 17. Measured power consumption of heat pump under different heating 600 

modes. 601 

 602 

 603 

Figure 18. The measured room temperature variations on a typical day under different 604 

heating modes. 605 

 606 

Field regulation and tests were also carried out in multi-zone buildings of a 607 

district radiator heating system in Beijing, China [36]. The envelope structure of the 608 

buildings was designed in accordance with Design Standard for Energy Efficiency of 609 
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Residential Buildings [37]. As shown in Fig. 19, when the heating system of an 610 

apartment was turned off for 8 h, the maximum decrease in room temperature was 611 

less than 1 oC, compared with that of the reference apartment with continuous heating. 612 

The results also show that the energy-saving ratio of the intermittent heating system 613 

was only about 6% compared with the continuous heating system, which is not 614 

significant. Similar results can be found in several other tests of radiator heating 615 

systems [4]. 616 

 617 

Figure 19. Measured temperature under intermittent versus continuous heating mode. 618 

 619 

5. Conclusions 620 

A dynamic integrated model for simulating the thermal process of buildings with 621 

heat-pump heating systems was proposed, and its reliability was experimentally 622 

verified by field tests. The proposed model was implemented to simulate the thermal 623 

performance of heat pump heating systems for office buildings, under intermittent 624 
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heating and also under continuous heating. The effect of different terminals and 625 

building envelopes on room temperature variation and heat pump power consumption 626 

was analyzed. The main conclusions are: 627 

(1) The ratio of convection heat to radiation heat of the heating terminal, which was 628 

introduced in the dynamic thermal balance equations, is a key parameter to describe 629 

the characteristic of heat transfer between the terminal and the building. Field tests 630 

demonstrated that the simulated results were closer to the tested values when 631 

considering the proposed ratio. 632 

(2) The effect of varying the terminal’s radiant heat ratio on room temperature 633 

performance was analyzed. When the radiant heat ratio increases from 0 to 0.6, the 634 

influence coefficient of heat emitted from terminals on the room temperature at the 635 

current moment represents a reduction of 57.1 %. 636 

(3) For buildings with convective terminals (such as fan coils), the warm-up time is 637 

0.17 h to 0.5 h, and for those with convective-radiative terminals (such as radiators), 638 

the warm-up time is 0.83 h to 4 h under daily intermittent heating, while there is 639 

nearly no need to preheat in buildings with radiative terminals (such as radiant floors). 640 

(4) The response time for buildings with heavy envelopes is 3.5 h to 30.1 h, while it is 641 

1.33 h to 28.8 h for buildings with light envelopes under long-term intermittent 642 

heating. When radiative heating terminals are adopted, the influence of different kinds 643 

of building envelopes on the temperature response time is the least. 644 

(5) From a comprehensive analysis considering not only the heat consumption but 645 
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also the COP variation of the heat pump heating system, the power consumption of 646 

heat pumps might be less, close or even more under intermittent heating versus 647 

continuous heating. Intermittent heating operation is more appropriate for heating 648 

systems with convective terminals and light envelopes, which can achieve an energy 649 

saving rate of 16.48% in the simulated case. 650 
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