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A B S T R A C T

This study explores the efficient heating strategy for passive houses in severely cold climates to improve the 
indoor thermal environment. Intermittent heating strategies based on indoor temperature to radiant floor 
heating system are applied and various heating methods under three heating strategies for passive houses are 
simulated. We proposed three metrics to rate the effectiveness of heating strategies: the indoor comfort rate 
(ICR), the physical comfort rate (PCR), and the thermal response coefficient (TRC), which are integrated to 
evaluate the performance of heating strategies comprehensively. It is shown that outdoor temperature fluctua-
tion has little influence on the choice of heating strategy for passive houses. Furthermore, the short-interval 
heating strategy’s ICR and PCR are above 90 %, and the TRC is above 0.2 h− 1, demonstrating better perfor-
mance than the continuous low temperature and long interval heating strategies. The results suggest the 
adoption of a short-interval heating mode for passive houses, with a suggested inlet water temperature of 60 ◦C 
and an indoor temperature control range of 22–26 ◦C. The study compares and analyzes three control strategies 
(continuous low-temperature heating, long interval heating, and short-interval heating), providing a reference 
for selecting appropriate heating strategies under different usage scenarios.

Nomenclature

ICR Indoor comfort rate
PCR Physical comfort rate
TCR Thermal response coefficient
CFD Computational fluid dynamics
PMV-PPD Predicted Mean Vote - Predicted Percentage of Dissatisfied
EPS Expanded Polystyrene Board
COMSOL COMSOL Multiphysics
NMBE Normalized Mean Bias Error
CV 

(RMSE)
Coefficient of Variation of Root Mean Square Error

R2 R-squared or Coefficient of Determination
δ Thickness, m
ρ Density, kg/m3
λ Thermal Conductivity, W/m⋅K
Cp Specific Heat Capacity, J/kg⋅K
U U-value, W/(m2⋅K)
hr Radiation heat transfer coefficient, W/(m2 •K)
ε Surface emissivity of the ground
σ Stefan-Boltzmann constant

(continued on next column)

(continued )

Ts,1 Surface temperature of the ground, K
Tfj Area-weighted average temperature of the indoor non-heated surfaces, 

K
Ai Surface area of the ith envelope structure in the sample room, m2
qr Radiation heat flux density, W/m2

Nu Nusselt number
C Experimentally determined constant
Gr Grashof number
Pr Prandtl number
n Experimentally determined constant
hc Surface heat transfer coefficient, W/(m2⋅K)
l Characteristic dimension, m
qc Convection heat flux density, W/m2
Ta Indoor air temperature, K
Ttotal Total monitoring time, h
Vt Volume
Dt Diameter of the floor heating pipe
Subscripts 
in Indoor
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1. Introduction

1.1. Background

With the rapid development of the global economy, energy con-
sumption levels have steadily increased, with residential buildings ac-
counting for approximately 35 % of total energy use. This proportion is 
expected to rise significantly in the coming years [1]. In cold regions, 
attention has shifted toward passive houses to meet the heating demands 
of residential buildings while reducing energy consumption [2–4]. 
Studies have shown that the energy consumption of passive houses is 
only one-tenth that of conventional residential buildings [5,6]. Addi-
tionally, research indicates that if passive houses and similar 
ultra-low-energy buildings expand to one-third of the global building 
stock by 2050, this could help limit the global temperature rise to within 
1.5 ◦C by 2050 [7,8].

Despite their widespread popularity worldwide [9], passive houses 
often fail to meet the indoor comfort demands of residents in cold re-
gions due to their extreme climate conditions. Studies indicate that 
passive houses often present issues related to discomfort despite their 
energy-saving features [10,11]. For example, a previous study con-
ducted a survey and interviews on the satisfaction of residents living in 
passive houses, revealing that 48 % of the homes did not meet the 
WHO’s recommended indoor temperature [12]. Liu et al. investigated 
whether passive houses in cold regions satisfy human thermal comfort 
requirements and found that these buildings often suffer from inade-
quate heating, necessitating additional heating systems to raise indoor 
temperatures [13]. Zhang et al. employed statistical methods to observe 
and analyze temperature fluctuations in a passive house in a cold region. 
Their results showed that significant heat loss occurred at night, 
requiring 315.51 kg of fuel to maintain an appropriate indoor temper-
ature [14]. Moreover, comparative studies [15–17] demonstrated that 
improving the airtightness and insulation of passive houses could reduce 
electricity consumption by 20.76 % during the entire heating season. 
However, cold regions still require supplementary heating systems to 
achieve thermal comfort indoors during the winter.

1.2. Literature review

Previous studies have extensively explored radiant floor heating 
systems to improve the indoor thermal environment of passive houses in 
cold regions, providing residents with a more comfortable living expe-
rience. Research on radiant floor heating systems indicates that they 
ensure indoor air distribution that meets human thermal comfort re-
quirements [14,18] while also offering advantages such as energy effi-
ciency [19,20] and space-saving benefits [20–22]. Additionally, 
experimental studies show that residents using radiant floor heating 
systems report a satisfaction rate of up to 71 % with the comfort of in-
door spaces compared to other heating systems [23]. Recent research 
has changed the focus from continuous high-temperature operation to 
intermittent high-temperature heating (long breaks, short heating pe-
riods, relying on the building’s thermal inertia to maintain indoor 
temperatures) [24–28] and continuous low-temperature operation 
[29–32]. The goal is to improve the temperature and thermal conditions 
inside passive houses in cold areas while using less heating energy. For 
instance, Benakopoulos et al. tested and simulated the energy and cost 
savings of these two heating strategies, finding that both ensured indoor 
thermal comfort and achieved approximately 11 % energy savings in 
specific buildings [33]. However, the study did not analyze the advan-
tages and disadvantages of intermittent high-temperature and contin-
uous low-temperature strategies or examine the appropriate scenarios 
for applying these heating methods.

Moreover, heating control strategies based on indoor air temperature 
or thermal comfort (short-intervals, with frequent on-off cycles based on 
indoor temperature) have significantly improved indoor comfort [22,
34]. However, due to poor airtightness in existing buildings, 

short-interval heating strategies tend to cause frequent cycling, leading 
to high energy consumption. Consequently, air conditioning systems 
commonly apply this method [25,35,36], but no studies have yet 
explored its application in radiant floor heating systems. For instance, 
Zhang et al. [37] proposed a method for dynamically controlling indoor 
air temperature through air conditioning systems using the HRE (Heat 
Recovery Efficiency) index, which is based on exhaust air temperature, 
supply air temperature, and indoor air temperature. The PMV (Predicted 
Mean Vote) equation determines the desired indoor air temperature to 
achieve optimal thermal comfort. This method helps update supply 
conditions to meet the required thermal comfort levels. Similarly, 
Zampetti et al. [38] used PMV measurements taken from various sub-
zones as control variables to regulate the air conditioning system, 
achieving energy savings of up to 17 % compared to traditional on-off 
control systems. Fang et al. [39] investigated the performance of 
ground-source heat pumps in maintaining indoor environments, estab-
lishing a relationship between heat pump power and indoor PMV values 
to identify optimal performance for balancing low energy consumption 
and suitable thermal comfort. Mao et al. [40–42] proposed a method to 
reduce the energy consumption of bedroom TAC (Temperature and 
Airflow Control) systems while keeping PMV values at thermally neutral 
levels. Given that passive houses are highly airtight compared to tradi-
tional buildings, applying short-interval heating control strategies to the 
radiant floor heating systems in passive houses could significantly 
enhance thermal comfort in indoor spaces.

There are many methods available to evaluate the thermal comfort of 
heating strategies, such as PMV-PPD calculation analysis [43–47], in-
door temperature field [36,48,49], and CFD comfort simulation analysis 
[50–52] with consideration of asymmetric thermal radiation impact 
[53]. However, these methods evaluate heating outcomes mainly based 
on static environmental control scenario, without considering the 
practical implications in dynamic control applications. Furthermore, 
intermittent heating strategies involve multiple on-and-off cycles, 
leading to significant fluctuations in indoor temperature. Evaluating 
indoor thermal comfort solely based on temperature changes may not 
comprehensively assess the thermal environment [54,55]. In fact, when 
evaluating heating strategies for residential buildings, it is essential to 
consider not only temperature variation and energy consumption but 
also factors such as occupant satisfaction with thermal comfort [56], 
actual human thermal comfort [57], and system response time [58,59], 
all of which offer significant practical value. This is particularly relevant 
because intermittent heating strategies have the following characteris-
tics: 1) unpredictable timing of changes [29], 2) uncertain amplitude of 
temperature fluctuations [60], and 3) unpredictable frequency of 
intermittence [61]. Therefore, analyzing heating strategies from an en-
gineering application perspective can provide valuable insights into 
water supply temperature and operational timing, as well as improve 
energy management efficiency.

As previously mentioned, numerous researchers have studied the 
control methods of passive houses and radiant floor heating systems. 
First, while passive houses have become a key focus in developing 
energy-efficient buildings, relying solely on passive design in cold re-
gions often fails to meet indoor comfort requirements. On the other 
hand, continuous heating using traditional methods leads to significant 
energy waste. Second, control strategies based on indoor air tempera-
ture have been shown to improve thermal comfort significantly, but 
their application to radiant floor heating systems still needs to be 
explored. Third, comparative studies on the three control strategies for 
radiant floor heating systems—continuous low-temperature heating, 
long-interval heating, and short-interval heating—are still lacking. 
Lastly, there is a lack of comprehensive methods for evaluating heating 
strategies from the perspective of engineering applications.

1.3. Objectives of the study

In this study, to achieve an optimal heating strategy, enhance energy 
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efficiency, and improve indoor thermal comfort in cold regions, a 
comparative experiment was conducted. This paper introduces a radiant 
floor heating model based on passive houses in cold regions. It simulates 
the performance of three control strategies under varying outdoor 
temperatures in these cold climates. Based on the simulation results, a 
comparative analysis of the three control strategies for floor radiant 
heating systems in passive houses is conducted, providing useful insights 
for future heating mode selection. Therefore, the novelty of this study 
lies in three key aspects. 

(1) This study explores an efficient heating strategy for passive 
houses to improve their indoor thermal environment.

(2) It provides a reference for selecting the appropriate heating 
strategy under different usage scenarios.

(3) From an engineering application perspective, three evaluation 
criteria for heating strategies are proposed.

This paper begins with on-site measurements of the radiant floor 
heating system in passive houses located in severely cold regions. Based 

Fig. 1. Comparative study flow.
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on the measurement results, a numerical model was developed to 
simulate the operational modes of three heating strategies. Subse-
quently, from an engineering application perspective, the numerical 
model was used to evaluate the energy consumption, occupant satis-
faction with thermal comfort, actual human thermal comfort, and sys-
tem response time for each heating strategy. Finally, based on the 
evaluation results, an efficient heating strategy suitable for passive 
houses in extreme climate conditions is proposed to improve their in-
door thermal environment and provide a reference for selecting an 
appropriate heating strategy in different usage scenarios.

2. Methodology

To facilitate an understanding of the research methodology, Fig. 1
outlines the process of the comparative study on heating strategies for 
passive houses. First, a passive house model is established using COM-
SOL Multiphysics, with simulations conducted based on the software’s 
heat transfer in solids and non-isothermal pipe flow modules. Next, the 
validated heat transfer model simulates three different heating strate-
gies: continuous low-temperature heating, long-interval heating, and 
short-interval heating. The simulation results are then evaluated in 
terms of indoor comfort rate (ICR), personal comfort rate (PCR), thermal 
response coefficient (TRC), and energy consumption. Finally, based on 
the analysis, recommendations are provided for the appropriate appli-
cation scenarios for the three heating strategies.

2.1. Establishment of heat transfer model

2.1.1. Building simulation model
Harbin, located in the north-east of China, is a typical city in the 

country’s severe cold regions. Its winters (from December to February) 
are extremely cold, with average temperatures typically ranging from 
− 16 ◦C to − 22 ◦C. The lowest historical temperature recorded in the 
coldest month (usually January) has reached an astonishing − 38.1 ◦C, 
according to meteorological data, making Harbin one of the coldest 
cities in China during the winter. Furthermore, during extreme cold 
weather, Harbin is often struck by "cold waves," a drastic temperature 
drop caused by the rapid southward movement of cold air from the 
north. When a cold wave strikes, daytime temperatures can drop by 
more than 10 ◦C, accompanied by strong north winds that further 
intensify the sensation of cold. These climatic conditions necessitate 
buildings to have excellent insulation properties and place higher de-
mands on energy consumption, particularly in terms of heating. 
Therefore, this study is about a passive residential building located in 
Harbin (Fig. 2). The building has three floors with two rows of 24 rooms 
(Fig. 3 (a)). The primary heat sources for this building are a high- 
efficiency air-source heat pump and a solar thermal system, which are 
supplemented by an energy storage system and an auxiliary heating 
system (electric heating) to meet heating demands during extreme 
weather conditions. Under normal heating conditions, the building 
typically relies on the air-source heat pump and solar thermal system to 
provide energy, storing any excess energy. However, in extreme climate 
conditions, when the efficiency of the air-source heat pump and solar 
thermal system is reduced due to external environmental factors and 

Fig. 2. Climate zones of China.
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they can only provide limited heat, the heating system activates the 
energy storage device or auxiliary heating unit to supplement the heat 
supply. These performance parameters comply with the German Passive 
House Standards. The building also features a centralized ventilation 
system that operates year-round to meet residents’ needs for fresh air.

For this study, one unit of the building was selected for the simula-
tion, and a simplified model was developed (Fig. 3 (a)). The simulated 
unit measures 6.8 m in length, 4.8 m in width, and 3 m in height Fig. 3 
(b). Fig. 3 (c) depicts the floor geometry model. The heating pipes are 
made of PB material, laid in a serpentine pattern, with an inner diameter 
of 0.016m, an outer diameter of 0.020m, and a spacing of 0.250m be-
tween pipes. The distance from the floor’s bottom surface to the center 
of the pipes is 0.070m. The structural and design parameters for the 
simulation are listed in Table 1.

2.1.2. Boundary condition settings
To accurately simulate the indoor temperature field, set the 

following boundary conditions after establishing the model. 

(1) Determine the boundary conditions for the water pipe’s inlet and 
outlet. The inlet boundary condition for the water pipes is defined 
as a velocity boundary, with the inlet water flow velocity set at 
0.3 m/s based on experimentally measured parameters. A ther-
mal outflow serves as the outlet boundary.

(2) Define the interface between the pipes and the ceiling: The pipe 
walls are heat transfer surfaces, with a thermal conductivity of 
0.12 W/m⋅K and a wall thickness of 0.002m. Additionally, an 
internal thermal resistance is applied. The heat transfer equation 
is expressed as Eq. (1) [26]:

Nuint =
(fD/8)(Re − 1000)Pr

1 + 12.7(fD/8)1/2( Pr
2/3 − 1

) (1) 

where, 

Pr=
Cpμ
k 

hint =Nuint
k
dh 

(3) Define the ceiling boundary: The upper and lower surfaces are set 
with radiation and convection heat transfer boundaries, respec-
tively, and the other surfaces are set as thermal insulation, that is, 
Eq. (2):

− n⋅q = 0 (2) 

2.1.3. Model validation
This study validates the simulation platform through a series of ex-

periments. The operating conditions of the selected simulation target 
were measured from January 1 to January 18, 2018, and the same 
conditions were simulated using the software. The simulated tempera-
ture values at corresponding measurement points in the model were 
then extracted and compared with the actual test results to verify the 
accuracy of the simulation method used in this study. To assess the 
model’s performance, this study uses the following validation metrics: 
calibration criteria (NMBE, CV(RMSE) and R2) [62–64], and S-M devi-
ation (range, IQR, and median) [65,66]. Fig. 4 illustrates the model 
validation process, while Fig. 5 shows the measurement process and 
corresponding data. Table 2 presents the three experimental conditions.

The critical test parameters included the floor surface temperature, 
indoor air temperature, supply and return water temperatures, and the 
surface temperatures of other building envelope components. Five 
measurement points were placed on both the ceiling and the floor. In 
comparison, three points were evenly distributed along the horizontal 
centerline of the inner wall, outer wall, and inner surface of the exterior 
windows. Thermocouples were also positioned at 0.1 m, 0.6 m, 1.7 m, 
and 2.2 m above the ground to measure the indoor temperature. Fig. 6
displays the arrangement of the measurement points. 

(1) Supply and return water temperatures: These were measured 
using a temperature and humidity recorder, with the measure-
ment points located on the pipe walls at the thermal inlet of the 
experimental room.

(2) Surface temperatures of building envelope components and in-
door temperature: The measurements were taken using copper- 
constantan thermocouples with the instrument model Agilent 
34970.

(3) Experimental data were collected to calculate the radiation heat 
transfer coefficient, surface heat transfer coefficient, radiation 

Fig. 3. Simulation Object:(a) Passive house façade, (b) Simplified Model, (c) Floor geometry model.

Table 1 
Parameter settings.

Physical quantity Parameter Value

Wooden floor δ = 0.010m, λ = 0.173 W/m⋅K, ρ = 700 kg/m3, Cp =

2310 J/kg⋅K
Foam padding δ = 0.003m, λ = 0.047 W/m⋅K, ρ = 100 kg/m3, Cp =

1380 J/kg⋅K
Blockboard δ = 0.012m, λ = 0.017 W/m⋅K, ρ = 600 kg/m3, Cp =

2510 J/kg⋅K
Leveling layer δ = 0.015m, λ = 0.093 W/m⋅K, ρ = 1800 kg/m3, Cp 

= 1050 J/kg⋅K
Reinforced concrete floor δ = 0.160m, λ = 1.74 W/m⋅K, ρ = 250000 kg/m3, Cp 

= 920 J/kg⋅K
Internal plastering δ = 0.020m, λ = 0.93 W/m⋅K, ρ = 1800 kg/m3, Cp =

1050 J/kg⋅K
Exterior wall (brick, EPS) δ = 0.670m, U = 0.13 W/(m2⋅K)
Windows (triple-layer Low-E 

glass)
δ = 0.044m, U = 0.8 W/(m2⋅K)

Door δ = 0.080m, U = 1 W/(m2⋅K)
fluid Selected from COMSOL material library
Tube spacing 0.250m
Water flow rate 0.3 m/s
Buried pipe depth 0.070m
Heating indoor temperature 22 ◦C
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and convection heat flux densities, as well as the total heat flux 
density. Radiation heat transfer:

The radiation heat transfer coefficient for the ground is as follows, as 
shown in Eqs. (3) and (4). 

hr = εσ
T4

s,1 − T4
fj

Ts,1 − Tfj
(3) 

Tfj =
AiTs,i

∑7

i=2
Ai

(4) 

hr is the radiation heat transfer coefficient, W/(m2 •K); ε is the surface 
emissivity of the ground, which is taken as 0.9; σ is the Stefan-Boltzmann 
constant, with a value of 5.67 × 10− 8W/(m2 •K4); Ts,1 represents the 

surface temperature of the ground, K; Tfj is the area-weighted average 
temperature of the indoor non-heated surfaces, K; non-heated surfaces 
include the ceiling, south exterior wall, south exterior window, east 
wall, west wall, and the inner surface of the north wall. Ai is the surface 
area of the i-th envelope structure in the sample room, m2.

The formula for calculating radiation heat flux density is as follows, 
as shown in Eq. (5). 

qr = hr
(
Ts − Tfj

)
(5) 

Where qr is the radiation heat flux density, W/m2.
Convection heat transfer: The surface heat transfer coefficient and 

convection heat flux density in this test are calculated based on the 
empirical correlations for natural convection heat transfer, as shown in 
Eqs. (6) and (7). 

Fig. 4. The building model calibration process.
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Nu=C(Gr⋅Pr)n (6) 

Where Nu is the Nusselt number; C is an experimentally determined 
constant, with a value of 0.54; Gr is the Grashof number; Pr is the Prandtl 
number; n is an experimentally determined constant, with a value of 
0.25. 

hc =
Nu⋅λ

l
(7) 

Where hc is the surface heat transfer coefficient, W/(m2⋅K); λ is the 
thermal conductivity, W/(m⋅K); l is the characteristic dimension, taken 
as the average length and width of the envelope surface, m.

The formula for calculating the convection heat flux density is as 
follows, as shown in Eq. (8). 

qc = hc
(
Ts,1 − Ta

)
(8) 

Where qc is the convection heat flux density, W/m2; Ta is the indoor air 
temperature, K。

The daily average radiation heat flux densities for operating condi-
tions 1–3 were 15.38 W/m2, 20.59 W/m2, and 22.68 W/m2, respec-
tively, while the daily average convection heat flux densities were 1.42 
W/m2, 1.89 W/m2, and 2.13 W/m2, respectively. A comparison reveals 
that radiation heat transfer contributes approximately 91.5 % to the 
total heat flux density, which is one order of magnitude higher than 
convection heat transfer. In calculating the ground radiation heat 
transfer, the total heat flux density can be estimated based on the ra-
diation heat flux density. Both the radiation heat transfer coefficient and 
the surface heat transfer coefficient increase with the supply water 
temperature.

Finally, the simulation model V3 demonstrated excellent perfor-
mance in terms of calibration criteria and S-M deviation for all measured 
variables, meeting the expected calibration standards and fulfilling en-
gineering accuracy requirements (Figs. 7 and 8 and Table 3). Regarding 
calibration indicators, the NMBE was − 0.94 % for both hourly and daily 
intervals. The CV(RMSE) was 1.13 % (hourly) and 1.15 % (daily). 
Additionally, the coefficient of determination (R2) reached 0.90. For the 
S-M deviation parameters, the Range was 1.29, the IQR was 0.31 ◦C, and 
the Median was − 0.23 ◦C. These results indicate that the model’s pre-
dicted values closely align with the observed values, with the data dis-
tribution being compact and the central tendency nearly zero. This 
suggests that the model excels at temperature prediction under varying 
conditions. Overall, the results indicate that simulation model V3 can 
accurately reflect the operational characteristics of the actual system, 
making it suitable for replacing real systems in studies of passive house 
operation and control.

2.2. External conditions

2.2.1. Necessity of outdoor temperature control
In this study, when conducting the radiant floor heat transfer simu-

lation using COMSOL Multiphysics, it was decided after discussion and 
analysis to use stable outdoor temperature data for the simulation. In 
this study, both long-interval and short-interval heating strategies 
necessitate transient simulations. Considering outdoor temperature 

Fig. 5. Measured data from January 1 to January 18, 2018:The first 2 days 
(0–2) represent the transition of the passive house from the initial heating phase 
to the heat release stage. Days 2–9 correspond to the steady state after the heat 
release is completed. From days 9–12, the heating phase is set with an inlet 
water temperature of 30 ◦C and a flow rate of 0.22 m3/h. Days 12–14 corre-
spond to Condition 1, while days 14–16 correspond to Condition 2, and days 
16–18 correspond to Condition 3. The parameter settings for Conditions 1, 2, 
and 3 are shown in Table 2.

Table 2 
Test conditions.

Working conditions Date Water temperature Flow

1 January 12–14 30 ◦C 0.22 m3/h
2 January 14–16 31 ◦C 0.36 m3/h
3 January 16–18 32 ◦C 0.36 m3/h

Fig. 6. (a) Measurement point layout, (b) Test equipment and field test photos.
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variations over time in transient simulations would significantly in-
crease the complexity of the model [67,68]. If the model becomes overly 
complex, it may lead to increased computational difficulty or even result 
in the inability to obtain meaningful outcomes. Therefore, in the early 
assessment phase, fixed outdoor temperatures were chosen to conserve 
computational resources. To eliminate the complex impact of 

fluctuating outdoor temperatures on the indoor thermal environment 
and make the heat transfer model easier to analyze and understand 
[69–73]. Additionally, to focus the study on comparing the control 
strategies of indoor radiant floor heating systems, fixed outdoor tem-
perature was selected.

Fig. 7. Measured and simulated temperature values of the 1.7m height during the monitoring period.

Fig. 8. The floor surface temperature calibration, shown as Simulation-Measurement (S–M) deviation histograms: (a) building model V0; (b) building model V1; (c) 
building model V2; (d) building model V3.
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2.2.2. Outdoor air temperature setting
Harbin, as one of the representative cities in cold regions, experi-

ences extremely low winter temperatures, particularly in January, when 
the average minimum temperature can reach − 22 ◦C [72,74]. Meteo-
rological data and historical temperature records indicate that many 
winter days in Harbin see temperatures below − 20 ◦C, with extreme 
weather occasionally bringing prolonged periods of outdoor tempera-
tures as low as − 30 ◦C [75,76].

The study of heating strategies for passive houses is only meaningful 
under such low outdoor temperature conditions [77,78]. Due to their 
excellent insulation and energy efficiency, passive houses generally 
require little to no active heating during typical cold seasons [79,80]. 
Designed with auxiliary heating systems, passive houses primarily aim 
to manage extreme weather conditions to maintain indoor comfort in all 
situations [5,81,82].

To determine the appropriate outdoor temperature setting for the 
passive house used in this study, a heat dissipation simulation was 
conducted under normal indoor temperature conditions (Fig. 9). The 
results show that when the outdoor temperature is below − 20 ◦C, the 
cooling rate of the passive house, initially at 22 ◦C, increases signifi-
cantly. Therefore, to ensure indoor comfort in the passive house, acti-
vate the auxiliary heating system when the outdoor temperature drops 
below − 20 ◦C.

Lower outdoor temperatures are advantageous for comparing heat-
ing systems under different control strategies [11]. When other condi-
tions are the same, the lower the outdoor temperature, the more obvious 
the comparison of research results from different heating control stra-
tegies [34,83–86]. According to statistics, Table 4 presents the 
commonly used outdoor temperature reference values from existing 

studies.
In summary, to reduce the simulation duration while evaluating the 

impact of outdoor temperatures on passive house heating modes in cold 
regions, this study ultimately selected outdoor temperatures of − 20 ◦C, 
− 25 ◦C, and − 30 ◦C for the simulations.

2.3. Adaptive thermal environment

Table 5 and Fig. 10present the statistical results of the indoor envi-
ronmental parameters for passive houses in Harbin during winter. This 
study conducted on-site investigations of the indoor thermal environ-
ment and thermal comfort in different households within passive resi-
dential buildings in Harbin. The indoor air temperature during winter 
was found to range primarily between 22.7 ◦C and 26.5 ◦C, with an 
average indoor air temperature of 25.5 ◦C and an average relative hu-
midity of 31.3 %.

People generally prefer indoor temperatures to range from 22 ◦C to 
26 ◦C, as this is considered optimal for both comfort and energy effi-
ciency [87,88]. From a health perspective, this temperature range is also 
associated with reduced susceptibility to illness [89]. Consequently, 
setting the indoor temperature between 22 ◦C and 26 ◦C better aligns 
with individuals’ thermal expectations and practical usage needs 
compared to the 18 ◦C–22 ◦C range.

2.4. Typical heating patterns of passive houses

Passive house heating strategies generally include continuous and 
intermittent operation modes. Intermittent operation can be further 
divided into two categories: the long-interval heating strategy, which is 
based on energy consumption, and the short-interval heating strategy, 
which employs a start-stop control pattern regulated by indoor 
temperature.

2.4.1. Continuous low temperature heating
A continuous low-temperature heating strategy aims to maintain 

comfortable indoor temperatures through sustained, low-intensity 
heating while optimizing energy efficiency. The simulation of this 
strategy set the inlet water temperature of the heating system at 30 ◦C, 
33 ◦C, and 35 ◦C, with a flow rate of 0.3 m/s. The heating system was 
activated at hour 0 and deactivated after 72 h.

2.4.2. Long-interval heating
In the long-interval heating strategy, the heating system operates at 

longer intervals rather than continuously, briefly activating to maintain 
indoor temperatures within a comfortable range [81]. In the simulation 
of this strategy, the inlet water temperature was set at higher values of 
50 ◦C, 55 ◦C, and 60 ◦C, with a flow rate of 0.3 m/s. The heating system 
was turned on for 6 h and then off for 18 h. Fig. 11 and Table 6 provide 
the on-off control schedule for the long-interval heating strategy.

2.4.3. Short-interval heating
The short-interval heating system operates based on real-time fluc-

tuations in indoor air temperature to maintain the temperature within 
the specified comfort range. In the simulation of this strategy, the inlet 
water temperature was set to higher values of 50 ◦C, 55 ◦C, and 60 ◦C, 
with a flow rate of 0.3 m/s. The comfort range was set between 22 ◦C 

Table 3 
Averaged values of statistical calibration indicators (NMBE, CVRMSE and R2) 
and S-M deviations (range, IQR, and median) for all measured temperature 
variables in the final calibrated model (V3).

Statistical indicators Calculation intervals

Calibration criteria NMBE Hourly intervals − 0.94 %
 Daily intervals − 0.94 %
CV(RMSE) Hourly intervals 1.13 %
 Daily intervals 1.15 %
R2 Total measurement time 0.90

S-M deviation Range (◦C)  1.29
IQR (◦C)  0.31
Median (◦C)  − 0.23

Fig. 9. Automatic heat release time of passive houses at different outdoor 
temperatures.

Table 4 
Commonly used outdoor temperature benchmarks.

Temperature Applicable regions

0 ◦C Cold winter areas
10 ◦C Mild temperatures, spring or fall transition season
− 5 ◦C Colder winters in temperate regions
− 20 ◦C Cold regions
− 30 ◦C Extremely cold regions or low temperature environments
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and 26 ◦C, with the heating system activating when the indoor tem-
perature dropped below 22 ◦C and deactivating as it approached 26 ◦C.

2.5. Evaluation indicators

To accurately evaluate the heating performance of different strate-
gies, this study introduced three additional evaluation metrics alongside 
energy consumption. The comparison of heating strategies was con-
ducted from three perspectives: indoor thermal comfort satisfaction, 
actual human thermal comfort, and system response time. The following 
section provides an overview of these four evaluation criteria.

2.5.1. The indoor comfort rate (ICR)
Fig. 12 illustrates the significant fluctuations in indoor temperature, 

particularly during intermittent heating. Thus, evaluating the perfor-
mance of heating strategies requires calculating the ratio of the total 
effective time that the indoor temperature remains within the thermal 
comfort zone to the overall heating duration. To quantify the effec-
tiveness of different heating strategies in maintaining comfortable in-
door conditions, this study introduces the Indoor Comfort Rate (ICR) 
concept. According to Eq. (9), a lower ICR reflects a more significant loss 
in thermal comfort, while a higher ICR signifies a better-maintained 
indoor thermal environment. 

ICR=

(∑n
i=11{Tin,i∈[22,26]}

Ttotal

)

× 100% (9) 

Where 
∑n

i=11{Tin,i∈[T22,26]} is the time that the indoor temperature is be-

tween 22 and 26 ◦C; Ttotal is the total monitoring time, h; n is the number 
of temperature records.

2.5.2. The physical comfort rate (PCR)
The floor surface temperature in heating systems significantly in-

fluences user comfort (mainly when walking barefoot), system effi-
ciency, and long-term economic performance. As shown in Fig. 13, 
excessively high floor surface temperatures may cause discomfort or 
even burns, while overly low temperatures fail to provide adequate 
warmth, leaving occupants feeling cold. The optimal floor surface 
temperature depends on the specific usage scenario. The Chinese na-
tional design standard GB/T 50824-2013, Residential Building Energy 
Efficiency Design Standard, outlines the recommended average floor 

Table 5 
Winter indoor environmental parameters of passive housing in Harbin.

Environmental 
parameters

Mean Maximum Minimum Standard 
Deviation

Sample size

Air temperature 
(◦C)

25.5 26.5 22.7 1.58 Continuous 
testing

Relative 
humidity (%)

31.3 46.1 18.4 8.62 101

Air velocity (m/ 
s)

0.05 0.15 0.03 0.03

Black globe 
temperature 
(◦C)

26.1 28.8 22.9 1.30

Operating 
temperature 
(◦C)

26.2 27.7 22.8 1.27

Fig. 10. Indoor and outdoor air temperature and relative humidity on January 
15, 2016.

Fig. 11. Long-interval heating mode.

Table 6 
On-off control schedule for long-interval heating system.

Time 0h 6h 24h 30h 48h 54h 72h

Heating system On Off On Off On Off Finish
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surface temperature in Table 7 [85]. This study focuses on areas where 
people remain for extended periods, with the appropriate floor tem-
perature range being 24 ◦C–26 ◦C.

To quantify the effectiveness of different heating strategies in 
maintaining actual human thermal comfort during heating, this study 
introduces the concept of the Physical Comfort Rate (PCR). PCR de-
termines the percentage of time the floor surface temperature remains 
within the human comfort range during the heating system’s operation. 
It can be calculated using Eq. (10). A higher PCR indicates that the 
heating strategy performed better at meeting actual human thermal 
comfort requirements. 

PCR=

(∑n
i=11{Tfloor,i∈[24,26]}

Ttotal

)

× 100% (10) 

Where 
∑n

i=11{Tfloor,i∈[T24,26]} is the time that floor surface temperature is 

between 24 and 26 ◦C; Ttotal is the total monitoring time, h; n is the 
number of temperature records.

2.5.3. Thermal response coefficient (TRC)
In addition, the Thermal Response Coefficient (TRC) reflects the 

speed at which the system affects indoor temperature when it is on, or its 
settings are adjusted. TRC is typically used to quantify the time required 
for a radiant floor heating system to reach the desired indoor tempera-
ture. By calculating the TRC, the performance of heating strategies can 
be better assessed. It can be determined using Eq. (11). A lower TRC 
indicates a faster system response, meaning the system can achieve the 
desired indoor temperature more quickly. 

TRC=
1

T22◦C − Topen (11) 

where T22◦C is the time when the indoor temperature reaches 22 ◦C for 

Fig. 12. Schematic diagram of indoor temperature changes: (a) Schematic diagram of indoor temperature changes in a residential building under continuous heating 
pattern, (b) Schematic diagram of indoor temperature changes in a residential building under intermittent heating pattern.

Fig. 13. Schematic diagram of floor surface temperature changes: (a) Schematic diagram of residential floor surface temperature changes under continuous heating; 
(b) Schematic diagram of residential floor surface temperature changes under intermittent heating.

Table 7 
Average floor surface temperature requirements.

Environmental conditions Suitable range(◦C) Maximum limit(◦C)

Long-term occupancy areas 24–26 28
Short-term occupancy areas 28–30 32
Non-occupancy areas 35–40 42
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the first time, h; Topen is the time when the heating system is turned on, h.

2.5.4. Energy consumption
Furthermore, the previously discussed evaluation metrics assess only 

the performance of heating strategies. To evaluate the energy efficiency 
of these strategies, this study uses energy consumption as a critical in-
dicator. The energy consumption is calculated using Equations 12–14. A 
higher value of Et indicates that the heating strategy consumes more 
energy. 

Et =MCΔt (12) 

M=Vtρ (13) 

Vt =DtvtT0 (14) 

Where M is mass; C is specific heat capacity; Δt is the temperature dif-
ference between inlet and outlet water; Vt is the volume of water; ρ is the 

density of water; Dt is the diameter of the floor heating pipe; vt is the flow 
rate of the pipe diameter; T0 is the operating time.

3. Results

3.1. Outdoor temperature

Fig. 14 depicts the indoor temperature variation of passive houses 
under the influence of different outdoor temperatures. Table 8 shows 
how outdoor temperature affects indoor temperature in passive houses.

As shown in Fig. 14(a)–(c) and (d)-(f), with consistent outdoor 
temperatures, the indoor temperature increases as the supply water 
temperature rises in both the continuous low-temperature heating mode 
and the long-interval heating mode. Fig. 14(g)–(i) illustrate that in the 
short-interval heating mode, the indoor temperature is less affected by 
the inlet water temperature, remaining stable between 22 ◦C and 26 ◦C. 
Additionally, Table 8 shows that for the same heating method under 
different outdoor temperatures, the maximum average temperature 

Fig. 14. Indoor temperature changes: (a)–(c) changes in indoor temperature under continuous low-temperature heating at outdoor temperatures of − 20 ◦C, − 25 ◦C, 
and − 30 ◦C; (d)–(f) changes in indoor temperature under long-interval heating at outdoor temperatures of − 20 ◦C, − 25 ◦C, and − 30 ◦C. (g)–(i) changes in indoor 
temperature under short-interval heating at outdoor temperatures of − 20 ◦C, − 25 ◦C, and − 30 ◦C.
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difference is 0.5 ◦C, with a maximum temperature variation of 1.7 ◦C. 
The study results indicate that outdoor temperature minimally in-
fluences the selection of heating modes for passive houses. This is pri-
marily due to the excellent insulation properties of passive houses, 
which significantly reduce heat loss and mitigate the impact of outdoor 
temperatures on indoor conditions. Therefore, user preferences pri-
marily determine the choice of heating mode in passive houses. Based on 
this, the analysis in this paper uses simulation data at an outdoor tem-
perature of − 25 ◦C for further investigation.

3.2. Indoor comfort rate (ICR)

Fig. 15 illustrates indoor and pipe water temperature variation over 
time for the three heating strategies and ten heating methods applied in 
passive houses. For the continuous low-temperature heating strategy 
with inlet water temperatures of 30 ◦C, 33 ◦C, and 35 ◦C, the corre-
sponding times to achieve thermal comfort were 0 h, 34 h, and 50.5 h, 
respectively. For the long-interval heating strategy with inlet water 
temperatures of 50 ◦C, 55 ◦C, and 60 ◦C, the times to reach thermal 
comfort were 34.5 h, 35 h, and 24.8 h, respectively. As shown in Fig. 15 
(c), the overall average indoor temperature under the long-intermittent 
heating mode was relatively high; therefore, an additional simulation 
with an inlet water temperature of 45 ◦C was conducted, resulting in a 
thermal comfort time of 30 h. In contrast, for the short-interval heating 
strategy, with inlet water temperatures of 50 ◦C, 55 ◦C, and 60 ◦C, the 
corresponding thermal comfort times were 67.5 h, 68 h, and 68.3 h, 
respectively.

The Indoor Comfort Rate (ICR) for the ten heating methods is shown 
in Fig. 16. For the continuous low-temperature heating mode, the ICR 
values were 0 %, 47.2 % (50 %), and 70.1 % (70 %), respectively. In the 
long-interval heating mode, the ICR values were 41.6 % (40 %), 47.9 % 
(50 %), 70.1 % (70 %), and 34.4 % (30 %). For the short-interval heating 
mode, the effective indoor temperature guarantee rates were 93.8 % (90 
%), 94.4 % (90 %), and 94.9 % (90 %), respectively. Therefore, the ICR 
for the short-interval heating mode remained above 90 %, out-
performing both the continuous low-temperature heating mode and the 
long-interval heating mode. It can be seen that the short-interval heating 
strategies have certain advantages in ensuring indoor comfort.

3.3. The physical comfort rate (PCR)

Fig. 17shows the floor surface temperature variation over time for 
the three heating strategies. As shown in Fig. 17(a) and (b), the floor 
surface temperature increases with the rise in supply water temperature 
in both continuous low-temperature and long-interval heating modes. In 
the continuous low-temperature heating mode, the floor surface tem-
perature remained within the optimal range for 0 h, 18 h, and 24.5 h, 
respectively. In the long-interval heating mode, the optimal floor surface 
temperature was maintained for 15.5 h, 23.5 h, 2.5 h, and 19 h, 
respectively. In contrast, the floor surface temperature remained within 
the optimal range for 67.5 h, 66.5 h, and 65 h for the short-interval 
heating mode.

Fig. 18 presents the Physical Comfort Rate (PCR) for the different 
heating strategies. The PCR for the continuous low-temperature heating 
mode was 0 %, 25 % (30 %), and 34 % (30 %), while for the long-in-
terval heating mode, the PCR values were 21.5 % (20 %), 32.6 % (30 %), 
3.5 % (0 %), and 26.3 % (30 %). For the short-interval heating mode, the 
PCR values were 93.8 % (90 %), 92.4 % (90 %), and 90.3 % (90 %). 

Therefore, the short-interval heating mode outperforms the continuous 
low-temperature and long-interval heating modes in terms of floor 
surface temperature comfort.

3.4. Thermal response coefficient (TRC)

Table 9 presents the thermal response times for the three heating 
control strategies in passive houses located in cold regions. Fig. 19 shows 
the Thermal Response Coefficients (TRC) for the different heating 
methods. For the continuous low-temperature heating mode, the TRC 
values were -, 0.026, and 0.047 h− 1. For the long-interval heating mode, 
the TRC values were 0.034, 0.222, 0.250, and 0.270 h− 1, while for the 
short-interval heating mode, the TRC values were 0.222, 0.250, and 
0.270 h− 1. The TRC clearly relates to the supply water temperature—the 
higher the supply temperature, the higher the TRC. Therefore, the 
continuous low-temperature heating mode exhibited the least favorable 
TRC. However, an exception occurred in the long-interval heating mode 
with a 45 ◦C inlet water temperature, where the system had not yet 
reached the target indoor temperature of 22 ◦C before entering the 
second heating cycle, resulting in a longer thermal response time.

3.5. Energy consumption

Fig. 20 displays the operating time of the three heating strategies. 
Table 10 displays the energy consumption of the three heating strategies 
over a 72-h period.

For both the continuous low-temperature heating strategies and the 
long-interval heating strategies, energy consumption increases as the 
supply water temperature rises, given that the heating duration remains 
constant. The energy consumption for the three continuous low- 
temperature heating strategies is 36.43 kWh, 46.13 kWh, and 50.77 
kWh, respectively. Similarly, the long-interval heating strategies 
consume 40.25 kWh, 55.21 kWh, 64.18 kWh, and 73.78 kWh of energy. 
In contrast, for the short-interval heating strategies, energy consumption 
decreases as the supply water temperature increases. The system’s 
operating time reduces as the water temperature rises, partially off-
setting the effect of the higher water temperature. As a result, the energy 
consumption for the three short-interval heating strategies remains 
relatively stable, at 63.95 kWh, 62.83 kWh, and 62.17 kWh, respec-
tively. This demonstrates a strong correlation between the energy con-
sumption of short-interval heating strategies and the building’s 
airtightness and thermal insulation performance. The better the 
airtightness and insulation, the less energy is consumed.

In summary, while continuous low-temperature heating strategies 
may only achieve indoor thermal comfort slowly, they are more energy- 
efficient. Short-interval heating strategies have a manageable and rela-
tively stable energy consumption, though slightly higher than contin-
uous low-temperature strategies. However, because this study focuses 
on improving passive houses’ indoor thermal environment, short- 
interval heating strategies are generally more effective than contin-
uous low-temperature and long-interval heating strategies, making them 
more suitable for passive house use. For the case studied, the recom-
mended indoor temperature control range is 22–26 ◦C, and a short- 
interval heating strategy with a water supply temperature of 60 ◦C can 
significantly enhance indoor thermal comfort.

Table 8 
Impact of outdoor temperature on indoor temperature.

Heating strategy Continuous low temperature heating Long-interval heating Short-interval heating

Inlet water temperature (◦C) 30 33 35 50 55 60 50 55 60
Average temperature difference (◦C) 0 0.5 0.3 0.5 0.5 0.3 0.2 0.5 0.4
Maximum temperature difference (◦C) 0.05 0.9 0.65 1.4 1 0.8 0.8 2.08 1.7
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4. Discussions

This study compared and analyzed heating strategies for passive 
houses in cold regions, proposing a control strategy for floor radiant 
heating systems based on indoor air temperature. Short-interval heating 
strategies significantly enhance indoor thermal comfort compared to 

continuous low-temperature and long-interval heating strategies. The 
analysis considered not only energy consumption but also the indoor 
comfort rate (ICR), physical comfort rate (PCR), and thermal response 
coefficient (TRC) to evaluate the heating strategies from an engineering 
perspective. Compared to traditional evaluation methods like the PMV- 
PPD index [45–47,86,90], this approach offers a more comprehensive 

Fig. 15. Changes in indoor temperature and pipe water temperature: (a) and (b) changes in indoor temperature and pipe water temperature under the continuous 
low-temperature heating strategies, (c) and (d) changes in indoor temperature and pipe water temperature under the long-interval heating strategies, (e) and (f) 
changes in indoor temperature and pipe water temperature under the short-interval heating strategies.
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and intuitive assessment of heating performance.
The study simulated ten heating methods across three heating stra-

tegies at outdoor temperatures of − 20 ◦C, − 25 ◦C, and − 30 ◦C. The 
results showed that the maximum average temperature difference for 
the same heating method was only 0.5 ◦C. While previous studies on 
traditional houses examined the influence of outdoor temperature on 
heating strategies [25,36,48], research on passive house heating stra-
tegies did not address this factor [21,22]. Comparative analysis revealed 
that passive houses have excellent thermal insulation, which signifi-
cantly reduces heat loss and limits the effect of outdoor temperature on 
indoor conditions. Consequently, the simulation revealed that user 
needs, rather than the outdoor temperature, primarily determine heat-
ing strategy selection for passive houses, offering a novel direction for 
future research on passive house heating. Additionally, the study found 
that applying indoor air temperature-based heating strategies to radiant 
floor heating systems in passive houses is both feasible and effective, as 
shown by their superior performance compared to air conditioning 
systems [12,13,25]. For buildings with excellent airtightness, short--
interval heating strategies are highly customizable and controllable, 
making them suitable for passive house heating.

Furthermore, in contrast to previous studies [37,38], this research 
used ICR, PCR, TRC, and energy consumption metrics to evaluate the 
three heating strategies comprehensively. Continuous low-temperature 
heating strategies had significantly lower ICR, PCR, and TRC values 
than short-interval strategies, although their energy consumption was 

also considerably lower. This suggests that short-interval heating stra-
tegies are more suitable for buildings requiring long-term heating with a 
focus on energy efficiency. In contrast, the long-interval heating strategy 
caused significant indoor temperature fluctuations, making it chal-
lenging to control ICR, PCR, and energy consumption. Thus, 
long-interval strategies are better suited for buildings with precise 
control needs (such as those with variable electricity pricing) and high 
thermal response coefficient requirements.

Based on indoor temperature control, the short-interval heating 
strategy resulted in ICR and PCR values above 90 % and a TRC above 0.2 
h− 1, demonstrating its ability to respond quickly to indoor temperature 
changes while maintaining a thermally comfortable environment. 
Although its energy consumption was about 1.4 times higher than the 
continuous low-temperature heating strategy, it significantly improved 
indoor thermal comfort, meeting passive house heating needs. There-
fore, adopting a short-interval heating strategy with an inlet water 
temperature of 60 ◦C and an indoor temperature range of 22 ◦C–26 ◦C is 
recommended to improve indoor comfort in passive houses.

5. Conclusion

This study aimed to provide efficient heating solutions for passive 
houses in cold regions by comparing three heating strategies’ charac-
teristics. It also examined the potential causes of differences in these 

Fig. 16. The indoor comfort rate (ICR).

Fig. 17. Changes in floor surface temperature: (a) is the change in floor surface temperature under the continuous low-temperature heating strategies, (b) is the 
change in floor surface temperature under the long-interval heating strategies, and (c) is the change in floor surface temperature under the short-interval heat-
ing strategies.

Fig. 18. The physical comfort rate (PCR).
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strategies, offering insights into more precise heating demand modeling 
in the future. The findings provide valuable references for selecting 
appropriate heating strategies for passive houses, as well as practical 
applications for improving indoor comfort. The main conclusions are as 
follows:

The impact of outdoor temperature fluctuation on the choice of 
heating strategies for passive houses is minimal. This study modeled 
nine heating methods across three heating strategies under three out-
door temperature conditions and compared the results to ensure 
rigorous simulation. The findings indicate that indoor users primarily 
influence the choice of heating strategy for passive house needs rather 

than outdoor temperature fluctuation. The continuous low-temperature 
heating strategy is suitable for buildings with long-term heating needs 
and a focus on minimizing energy consumption. This strategy has a 
higher Thermal Response Coefficient (TRC) because the inlet water 
temperature is lower. This implies that selecting the appropriate inlet 
water temperature is crucial to ensure that the Indoor Comfort Rate 
(ICR) and Physical Comfort Rate (PCR) satisfy user requirements in a 
thermally stable state.

For buildings with specific control requirements (e.g., peak-valley 
electricity pricing) and a high demand for a low TRC, the long- 
interval heating strategy is appropriate. However, controlling this 
strategy is more challenging, as it depends on operating time and inlet 
water temperature. Testing the optimal operating mode is necessary to 
ensure that the ICR and PCR meet user expectations. The short-interval 
heating strategy is ideal for spaces where high ICR, PCR, and TRC are 
required, but energy consumption is less of a concern. The energy con-
sumption of this strategy closely correlates with the building’s 
airtightness and insulation, providing high controllability. As a result, 
the short-interval heating strategy is a great choice for buildings with 
excellent airtightness and insulation performance.

Based on these findings, this study recommends adopting the short- 
interval heating mode for passive houses, with an inlet water tempera-
ture of 60 ◦C and an indoor temperature control range of 22–26 ◦C. This 
strategy achieves ICR and PCR values above 90 %, as well as a TRC 
above 0.2 h− 1. Although its energy consumption is 1.4 times that of the 
continuous low-temperature heating strategy, the fluctuating outdoor 
temperatures in cold regions, which do not consistently fall below 
− 20 ◦C for long periods, result in shorter heating durations. Thus, the 
short-interval heating strategy is recommended in passive houses, where 
high ICR, PCR, and TRC are prioritized over energy consumption.

In this research, three types of floor radiant heating systems in pas-
sive houses in severely cold regions are simulated and analyzed, 
considering the effects of outdoor and inlet water temperatures. 

Table 9 
Response time.

Heating strategy Continuous low temperature heating Long-interval heating Short-interval heating

Water supply temperature 30 ◦C 33 ◦C 35 ◦C 45 ◦C 50 ◦C 55 ◦C 60 ◦C 50 ◦C 55 ◦C 60 ◦C
Thermal response (h) – 38.0 21.5 29.0 4.5 4.0 3.7 4.5 4.0 3.7

Fig. 19. Thermal response coefficient.

Fig. 20. Operating time: (a) is the operating time of continuous low-temperature heating, (b) is the operating time of long-interval heating, and (c) is the operating 
time of short-interval heating.

Table 10 
Energy consumption of different heating strategies.

Heating strategy Continuous low temperature heating Long-interval heating Short-interval heating

Water supply temperature 30 ◦C 33 ◦C 35 ◦C 45 ◦C 50 ◦C 55 ◦C 60 ◦C 50 ◦C 55 ◦C 60 ◦C
Energy consumption (kWh) 36.43 46.13 50.77 40.28 55.21 64.18 73.78 63.95 62.83 62.17
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However, several limitations remain. The study did not examine the 
impact of factors such as the number of occupants or furniture on the 
heating strategies of passive houses. Moreover, the effects of occupant 
movement and window ventilation on the indoor thermal environment 
were not considered. Furthermore, with respect to the heat source, the 
research mainly focuses on heating strategies under extreme cold con-
ditions (− 20 ◦C, − 25 ◦C, − 30 ◦C) and briefly describes the application of 
high-efficiency air source heat pumps, solar thermal systems, energy 
storage systems, and auxiliary electric heating systems. However, the 
comprehensive coordination among different heat sources and their 
specific impacts on heating performance have not been explored in 
depth. Therefore, as passive house technology evolves, future research 
could further investigate the optimization of heating strategies in com-
plex dynamic environments. Moreover, the synergistic effects of various 
heat source combinations under extreme climatic conditions should be 
explored, alongside an investigation of how smart control systems can 
optimize heat source distribution to improve system energy efficiency 
and occupant comfort.
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