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Abstract: In the context of global population growth and energy scarcity, building energy consump-
tion has become a critical issue with implications for the sustainable development of human society.
Winter heating consumption constitutes a large portion of total energy used in buildings, especially
in regions with cold climates. This paper employs the degree-day method to analyze the energy
consumption of central heating in northern Chinese cities. The study sample consists of 60 target
cities, including 30 located in severe cold regions and the remaining 30 in cold regions. By utilizing
heating energy consumption and climate data from 2019, the relationships between heating intensity
(kWh/m?) and heating degree days (HDDs) are established for the selected cities. Additionally, sta-
tistical analysis and model comparisons are conducted. The results show strong positive correlations
between heating intensity and HDDs in both severe cold regions and cold regions, with the actual
heating base temperatures for the two regions being 21 °C and 22.3 °C, respectively. Moreover, the
deviation index of heating intensity is introduced to analyze the energy consumption characteristics of
central heating in northern cities from three perspectives: city size, level of heating development, and
geographical regions. The analysis suggests that cities with large population, strong economies, and
high levels of development exhibit better energy-saving performance. Lastly, several improvement
suggestions are proposed to address the potential problems related to energy conservation of central
heating systems in cities of northern China.

Keywords: central heating; northern Chinese cities; sustainable development; degree-day method;
statistical analysis; base temperatures; energy consumption characteristics

1. Introduction

Currently, China is the largest energy consumer in the world [1]. Among all energy
consuming departments, the building industry accounts for the highest energy consump-
tion, exceeding 30% [2]. Thus, the subject of building energy conservation has become
extremely topical. The majority of building energy consumption occurs during its op-
erational phase, which includes heating, cooling, ventilation, lighting, appliance usage,
domestic hot water, and cooking. Collectively, these activities contribute to approximately
80% to 85% of the building’s life cycle energy consumption [3]. Based on statistical data, the
operational energy consumption of buildings accounts for approximately 25% of China’s
national total energy consumption [4]. A substantial portion of it is utilized for heating and
cooling purposes, closely tied to climatic factors [5].

As more than half of China’s territory is situated in the northern areas [6], there exists
a notable demand for heating in buildings. To ensure indoor thermal comfort during
winter, cities in northern China commonly adopt the central heating mode, with a coverage
rate surpassing 85% [7]. Unlike other countries, central heating in China is centrally
controlled by state-owned thermal companies. Thermal energy originates from a heat
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source, passes through heat-exchange stations, and ultimately reaches building terminals
via the pipe network. The heating supplied is controlled by heat-exchange stations at
different levels [8], and residents are typically unable to adjust it individually on the user
end [9]. Central heating coverage is roughly north of the Qinling Mountains-Huaihe River
line [10], which is the north-south boundary line of China. By the end of 2019, central
heating has covered a building area of 9.251 billion m? in northern cities, providing a
total heating supplied of 3.926 billion GJ, which constituted approximately 21% of the
overall operational energy consumption of buildings across the country [7]. This means
that China’s energy consumption for heating significantly surpasses that of other countries
worldwide [11]. Since 2010, the total energy consumption of central heating has steadily
increased despite a decline in heating energy consumption per unit area [12,13], primarily
due to the rapid growth of building areas (Figure 1).
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Figure 1. Progress of central heating in northern China (2010~2019). (Source: Obtained from
reference [13]).

At present, several studies have analyzed the energy consumption system of central
heating in China. For example, Yuan et al. [14] established modified models for the heating
parameters based on a series of climate factors to correct the supply heating temperature
of urban heat-exchange stations, aiming to achieve energy-saving objectives. Liu and
Cao [15] constructed a heating consumption regression model for Beijing based on the
real data from 170 heat-exchanging stations. Lin and Lin [16] used the co-integration
method to investigate the long-term relationship between energy consumption of the
heating industry and the factors including urban GDP, population density, central heating
areas, and fuel price. Liu et al. [17] developed econometric models at the provincial level
by multiple linear regression, which linked the energy consumption of central heating with
outdoor temperature, the heat generation method, energy structure, and heating areas.
Wang et al. [18] made predictions on the total energy consumption of central heating in five
typical northwest cities of China for the upcoming five years, which were derived from
empirical values of building heating energy consumption indicators of these cities, as well
as statistical data on heat sources and the total building areas. Overall, existing research
predominantly concentrates on the city and regional levels, with data primarily sourced
from local heat-exchanging stations or local energy balance sheets. However, there is a
scarcity of studies that comprehensively cover the entire northern central heating areas
from a macro perspective. Therefore, it is imperative to examine the pivotal factors that
influence central heating in Chinese cities and establish a correlation based on climate
variables to describe the energy consumption characteristics of central heating. This can
serve as a reference at the national level.
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To assess the impact of climate factors on building heating energy consumption,
energy simulation or simplified calculations are commonly adopted [19]. Simulation
methods rely on sophisticated computational software (such as DOE-2.2, Energy Plus
22.2, etc.), which require considerable time to establish an energy consumption model. By
comparison, a suitable simplified calculation method can also efficiently yield reasonable
results. The degree-day method, a simplified calculation approach based on the theory
of steady-state heat transfer, has been widely used in various fields such as industry,
agriculture, and construction. In the degree-day method, the independent variable is
“Degree Day” (HDD or CDD), which is defined as the cumulative sum of the positive
differences between the daily average temperature and the base temperature for each day
of a year. “Degree Day” serves as a climate indicator that can be used to relate building
heating energy consumption [20]. The fundamental theory of this method posits that,
in long-term calculations, a building’s energy consumption is nearly proportional to the
temperature difference between its external and internal environments [19,20]. Thus, the
degree-day method is one of the simplest approaches for estimating a building’s energy
consumption [21]. Some previous studies have established relational models linking
heating demand to HDD [22-24], encompassing estimates of building space heating energy
demand at the city or regional scale [23,24]. The heating demand “Q” (kWh) in the degree-
day method can be calculated using Equations (1) and (2):

Q = P-HDD (1)

365
HDD =) (T, ~T;)" )
i=1
where P (kWh/°C), is the constant of proportionality, which stands the building’s overall
rate of heat loss; T}, represents the base temperature, determined by the setpoint of heating
temperature; T; is the daily average temperature on day i. The plus sign (+) indicates that
only positive values are calculated.

This study intends to analyze central heating of cities by the degree-day method based
on national statistical data. The advantage of this approach is its ability to effectively depict
the energy consumption status of central heating in northern Chinese cities exclusively
through the most critical climate parameter (HDDs) in a clear and straightforward manner.
The scope of this study encompasses the entire central heating regions in China, and the
objectives are fourfold: (1) to construct predictive models of the heating energy consump-
tion for the target cities and evaluate the accuracy of the models; (2) to determine heating
base temperatures close to reality; (3) to investigate the discrepancy of the deviation index
of heating intensity among the target cities and the factors that determine it, including
city size, level of heating development, and geographical regions; (4) to provide scientific
advice for effective planning and rational utilization of energy on central heating, with the
goal of energy conservation.

2. Materials and Methods
2.1. Target Cities and Data Collection

In northern China, there are 14 provinces connected to central heating systems, in-
volving a total of more than 300 cities and autonomous regions. For this study, 60 typical
cities were selected as research samples. The total heating areas of these target cities are
5.16 billion square meters, covering a population of approximately 150 million. Based on
climate classification, there are 30 cities in severe cold regions and another 30 cities in cold
regions (Table 1). To guarantee the precision and persuasiveness of the research findings,
the selection principles for the target cities are as follows: (1) The research samples has
broad coverage, including three to five typical cities from each province; (2) The selected
cities span all climate types in northern China, with a balanced distribution in various
HDD intervals; (3) The number of cities in each category, divided by population and GDP
scale, is close as far as possible; (4) Excluding cities with a tiny scale, the target cities have a
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minimum building area larger than 1 million square meters and a total population of at
least 100,000. Details of selected cities are shown in Figure 2. It should be noted that due to
the limited number of super- and mega-sized cities in northern China, this study includes
all provincial capital cities and central cities within the central heating regions. However,
their total number is slightly lower than cities of other types.
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Figure 2. Selection details of target cities. (Source: Drawn by authors. The cities statistical data
are obtained from the “China Urban Construction Statistical Yearbook” [25], which can be found in
Supplementary Materials).

The statistical data for each city are obtained from the “China Urban Construction
Statistical Yearbook (2019)” [25], including urban district population, total heating supplied,
heating area, and fixed asset investment of central heating. Historical weather data are
sourced from the daily temperature records of national meteorological stations in 2019,
accessible through the China Meteorological Data Website [26]. “GB 50176-2016 (Thermal
Design Code for Civil Building)” [27] is a national standard that provides comprehensive
guidelines for the thermal design of civil buildings in China. This code presents specific
building design principles for the performance of insulation, heat transfer, ventilation, air
conditioning, and heating in various regions, with the overarching goal of ensuring indoor
comfort while concurrently addressing energy efficiency in buildings. In accordance with
the relevant provisions in “GB 50176-2016”, the base temperature should be set at 18 °C [27].
Thus, “HDD18” is taken as the independent variable analyzed at the beginning.

According to the academic definition, the calculation of HDD should include each
day throughout a year. However, in China, the timing and length of central heating are
concentrated on specific timeframes, which vary based on the local policies of different
cities [28]. Consequently, conventional methods of calculating HDD for all 365 days
inevitably result in inaccuracies. In this regard, the study has adjusted the calculation of
HDD by only considering the days within the heating period of a year. Table S1 presents the
geographical information, heating data, and adjusted HDD18 values for the target cities.
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Table 1. Regional distribution of target cities.

Climate Regions Name of Target Cities

Altay, Baotou, Benxi, Changchun, Dunhua, Golmud, Hailin, Hami,
Harbin, Heihe, Hezuo, Hohhot, Holingol, Huadian, Hulunbuir,
Hunchun, Jayuguan, Qitaihe, Shenyang, Shuozhou, Songyuan, Urumgi,
Xilinhot, Xining, Yichun, Yining, Yulin, Yushu, Zhangjiakou, Zhangye
Anyang, Baoji, Beijing, Cangzhou, Changyi, Changzhi, Dalian, Gaizhou,
Guyuan, Jiaozuo, Jinan, Jinzhou, Kashi, Lanzhou, Liaocheng, Linfen,
Linyi, Lvliang, Qingdao, Sanmenxia, Shijiazhuang, Taiyuan, Tangshan,
Tianjin, Wuan, Wuwei, Xian, Yinchuan, Zhengzhou, Zhongwei

(Source: Drawn by authors. Climate regions of cities refer to GB 50176-2016 [27].)

Severe cold regions

Cold regions

2.2. Establishment and Evaluation of Predictive Model

Under ideal conditions, the variables in Equation (1) exhibit a direct proportionality,
and some studies have verified the relationship between heating energy consumption and
HDD by linear regression models [29,30]. However, the heating supplied data collected
in this study come from heat sources counted by the official department, which may
experience heating losses during pipeline transportation and which may not accurately
reflect the energy consumption at the building terminals under ideal conditions. So, the
independent variable here does not equal the heating demand in Equation (1). Given
the disparities in heating transfer efficiency among pipelines across different regions, it is
challenging to consider it as a standalone variable in macro-level analysis. Therefore, only
HDD, the most critical factor affecting heating energy consumption, is considered during
the modeling process. According to “GB 50176-2016" [27], the requirements for thermal
performance of the building envelope are different in severe cold regions and cold regions.
Therefore, we need to establish predictive models separately for the severe cold regions
and the cold regions to improve accuracy. The models show as follows:

y = ki-x+Db ©)

where y (kWh/m?) is heating intensity; x (°C) is adjusted HDD.

The value of i can be either 1 or 2; k; (kWh/m?-°C) and b; (kWh/m?) are regression
coefficients in severe cold regions, while k; and b, are regression coefficients in cold regions.

It should be noted that although variances in pipeline thermal losses and building
terminal energy efficiency bring some uncertainties, HDD remains a decisive factor affecting
heating demand. While the regression coefficient b; provides a certain degree of correction
for these factors, it remains essential to verify the applicability of the models through
accuracy analysis and validity testing.

To evaluate the precision of the predicted models, two statistical indices are used to
describe the fitting characteristics of the models, including coefficient of determination (R?)
and coefficient of variation of root mean square error (CV-RMSE) [31]. The larger the R?
value and the smaller the CV-RMSE value, the closer the predicted values are to the actual
values. Their values can be calculated using Equations (4)—(6). Moreover, the significance
of the models is detected through the F test here.

R2—1_ Y (i _?i)z (4)
(i —7)°
. \2
CV — RMSE = RMSE/yx100 (6)

where y; represents the actual heating intensity value (kWh/m?) for the ith city, and ¥; is
the corresponding predicted value (kWh/m?); n is the number of target cities; ¥ is the
average heating intensity value (kWh/ m?) of all selected cities.
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2.3. Calculation of Base Temperatures

The principle of central heating is to supply heat to spaces when the outdoor tem-
perature is below a specific balance point temperature, maintaining it until the indoor
temperature reaches equilibrium. This temperature, known as the base temperature, repre-
sents the balance point [32]. Determining the base temperature is crucial for utilizing HDD
as a variable to estimate building heating energy consumption [33], as HDD represents the
cumulative difference between the outdoor temperature and the base temperature over the
heating period. The base temperature setpoint in Chinese regulations is the same as the
ASHRAE standard at 18 °C [27]. However, in practice, the base temperature specified in
regulations is merely an ideal value. Obtaining the actual base temperature is a complex
process influenced by factors such as heating control, envelope thermal performance, and
building operational and management conditions [32-35]. Several decades ago, it was
commonplace for indoor temperatures in northern cities to fall below 18 °C during the
heating period [36]. However, much recent survey data have revealed a substantial shift in
this trend. In particular, a significant majority of indoor temperatures during the central
heating period now surpass 18 °C [11,36]. Consequently, the excessive supply of heating
has become an important issue in the current context [37].

Thus, this study aims to investigate the actual HDD base temperature for northern
cities of China. The specific methods are as follows: First, taking 1 °C as the temperature
gradient, sets 10 different base temperatures ranging from 16 °C to 25 °C. Subsequently,
the base temperature is adjusted, and statistical indices are calculated for each temperature
gradient. Lastly, the actual HDD base temperature is determined through the analysis of
these statistical indices.

2.4. Deviation Index and City Classification

In the context of an ideal model with constant heat transfer performance, and near-zero
thermal losses throughout the entire process, the predicted values can accurately represent
the heating supplied [19]. However, in reality, thermal losses occur at various stages
of the heating process, and these losses are variations across different cities. Therefore,
the outcomes obtained from the predictive model are inevitably subject to some degree
of deviation.

In the field of mathematical statistics, the term “residual” denotes the disparity be-
tween the actual value and the predicted value. By standardizing the value of residual, we
define it as the deviation index (i.e., the standard residual), which can be used to assess the
extent of deviation between the actual heating intensity and the predicted values across
different cities. Statistically, the deviation indices generally fall within the range of (-2, 2)
under normal conditions (95% confidence envelope) [38]. Positive values indicate that the
actual energy consumption exceeds the predicted value, while negative values indicate
that the actual energy consumption falls below the predicted value. When meeting the
prerequisite of ensuring indoor temperature requirements, the smaller of the deviation
index indicates greater energy efficiency. The calculation method for the deviation index is
as follows:

~

D; = Yi ; Yi )

where D; represents the deviation index for the ith city; S is the standard deviation.

In order to analyze the energy consumption characteristics of central heating of dif-
ferent cities, this study categorizes target cities from three perspectives: city size, level of
heating development, and geographical regions. The objective is to explore the correlation
between various corresponding indicators and the deviation index, conducting correlation
and significance analysis [15]. City size is classified based on the urban district population
into four classes, including small cities, medium cities, big cities, and super-/mega-sized
cities [39]. The level of heating development is categorized into A, B, C, and D cities ac-
cording to the fixed asset investment in central heating over the past decade. Geographical
regions are divided into Northeast China, Northwest China, North China, and Central
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China based on ecological geography. The classification criteria and number of cities are
shown in Table 2. All statistics for each city are sourced from the “China Urban Construction
Statistical Yearbook” (2010-2019). Related raw data can be obtained in Table S2. (Note: Due
to the lack of reliable heating asset investment data for the cities of Hezuo and Dunhua in
the past 10 years, they were excluded from the research sample during statistical analysis.)

Table 2. The classification criteria and number of cities.

Population Size Ten-Years Investment Geographical Regions

Scale (Thousand) Number  Level (Million CNY) Number  Region Number
Small city Class D .

Population < 500 17 Investment < 500 16 Northeast China 17
Medium city Class C .

500 < Population < 1000 16 500 < Investment < 1500 13 Northwest China 19

Big city Class B .

1000 < Population <5000 ' 1500 < Investment <5000  .* North China 15
Super-/mega-sized city 1 Class A 15 Central China 9

Population > 5000

Investment > 5000

(Source: Drawn by authors based on the classification results. The statistical data are obtained from the “China
Urban Construction Statistical Yearbook” (2010~2019), which can be found in Supplementary Materials).

3. Results
3.1. Model Equations and Accuracy

Figure 3 depicts the relationship between central heating intensity and HDD18 in
severe cold and cold regions. The calculation results of relevant statistical indices can be
observed in Table 3. The R? values for the predictive model in severe cold and cold regions
are 0.767 and 0.666, respectively, indicating a strong correlation between the variables. The
CV-RMSE values of the two regions are 9.684% and 12.020%, both below 15%, indicating
high model accuracy [31]. In the piece-wise predictive model of central heating, the slope is
smaller in the severe cold regions, reflecting a higher thermal efficiency than cold regions.
In general, utilizing a simple linear predictive model to describe the relationship between
heating intensity and HDD18 meets the engineering requirements, holding a practical
reference value.

250 -
200 +

150 +

100 =+

Heating intensity (kWh/m?)

50 +

Severe cold regions

= Cold regions

B e T L T e e e T e
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

HDD18 (°C)

Figure 3. Piece-wise predictive model of HDD18. (Source: Drawn by authors based on the calculation
results).
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Table 3. Statistical indices of the HDD18 model.

Piece-Wise Model Evaluation Indices

Climate Classification Equations R? CV-RMSE p-Value
Severe cold regions y =0.0302x + 21.027 0.767 9.684% 0.000
Cold regions y = 0.0357x + 20.769 0.666 12.020% 0.000

(Source: Drawn by authors based on the calculation results. The p-value is less than 0.001 by F test).

3.2. Result of Actual Base Temperatures

By sequentially adjusting the values of the base temperature, we can obtain 10 sets of
predictive models corresponding to different HDDs. The calculation results of statistical
indices for these HDD models can be found in Table S3. We have utilized the statistical
indices of these predictive models as dependent variables and plotted trend graphs to
illustrate their variations in response to changes in the base temperature (Figure 4). The
highest accuracy of the fitted model is achieved when R? is maximized and CV-RMSE is
minimized, suggesting that the value of the independent variable corresponds to the actual
base temperature. Figure 4 reveals that the base temperature is approximately 21 °C in
severe cold regions and approximately 22.3 °C in cold regions. This implies that regardless
of being in severe cold regions or cold regions, the actual base temperature for central
heating in northern cities is higher than the 18 °C specified in the code provisions.

0.7680 R ) 4 9.7150%
21°C
4
0.7675 9.7050%
0.7670 9.6950% M
3 4
o 2
~ ~
>
- 4 ) 5
0.7665 9.6850%
0.7660 9.6750%
4
0.7655 TR S S S S S S M N S S ST A B S S ! TR S S S S S S M 9.6650%
16 17 18 19 20 21 22 23 24 25
(a)
).6685 1 12.0850%
0.6685 R2 22.3°C 12.085(
/-RMSE
0.6675 12.0650%
0.6665 12.0450%
B
o 2
X 0.6655 12.0250% %
>
O

0.6645 12.0050%

0.6635 11.9850%

0.6625

11.9650%

Figure 4. Results of actual heating base temperatures: (a) in severe cold regions; (b) in cold regions.
(Source: Drawn by authors based on the calculation and analysis results).
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3.3. Analysis of Heating Characteristics in Different Categories of Cities

Distribution of deviation index for the 60 target cities in this study is presented in
Figure 5. The heating deviation index ranges from —1.932 to 2.161 within the research
sample (details in Table 54). Only one city shows a deviation index slightly higher than 2,
suggesting that the impact of anomalous data on the study can be disregarded.

Deviation index

-
3

;5]

'S 4 . * *

The serial number of cities

Figure 5. Scatter plot of deviation index for the 60 target cities. (Source: Drawn by authors based on
the calculation results).

The average deviation index of different types of cities, classified by urban district
population size, is as follows: small cities (0.226) > medium cities (0.0626) > big cities
(—0.273) > super-/mega-sized cities (—0.401). The overall level of the deviation index
decreases with an increase in the population size of cities, indicating that larger cities
have a higher downward degree of deviation in actual heating intensity compared with
the predicted values. Pearson’s product-moment correlation analysis shows a negative
correlation between population size and the deviation index (r = —0.28, p < 0.05).

When classified by fixed asset investment of central heating, the average deviation
index of different categories of cities is as follows: class D (0.359) > class C (0.0544) > class
B (—0.150) > class A (—0.210). The overall level of the deviation index decreases with an
increase in heating investment, indicating that cities with higher heating investment in
the past decade have a higher downward degree of deviation in actual heating intensity
compared with predicted values. Pearson’s product-moment correlation analysis shows
a negative correlation between fixed asset investment and the deviation index (r = —0.38,
p <0.01).

Based on the natural geographical regions, the average deviation index of different
categories of cities is as follows: Northwest China (0.212) > North China (0.0817) > Northeast
China (—0.173) > Central China (—0.256). The actual heating intensity in the Central and the
Northeast is lower than the predicted values, indicating better energy-saving performance
in these two categories of cities. This could be attributed to the imbalance in regional
development: the economically developed (Central China) and industrially advanced
(Northeast China) areas have more advantages.

Table 4 lists the five cities with the lowest deviation index in this study, which is the
highest proportion of negative deviation between actual and predicted values. These cities
include Urumgi, Taiyuan, Beijing, Zhengzhou, and Changchun. It can be observed that,
except for Urumgqi (which has a population of 4.7 million, just slightly below 5 million),
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the remaining four cities are all super-/mega-sized cities. Moreover, Zhengzhou, the only
non-class A city in heating development level, has the highest total investment among class
B cities (4606.8 million yuan). These five cities are all provincial capitals or central cities
with the largest scale, the strongest economies, and the highest level of development in
their respective associated regions.

Table 4. Categories of top five cities with the lowest deviation index.

City Ranking

(from the Lowest) Deviation Index City Scale Investment Level
1. Urumgi —1.932 Big city Class A
2. Taiyuan —1.913 Super/mega-sized city Class A
3. Beijing —1.729 Super/mega-sized city Class A
4. Zhengzhou —1.618 Super/mega-sized city Class B
5. Changchun —1.617 Super/mega-sized city Class A

(Source: Drawn by authors based on the calculation results).

4. Discussion

The energy consumption for winter heating in northern cities of China is enormous,
and the central heating system, which entails unified generation and distribution of thermal
energy, holds significant importance. Analyzing and summarizing past heating experiences
through scientific methods can directly reveal the heating energy consumption status of
different cities. This is crucial for optimizing heating schemes and suggesting improvement
strategies. The predictive models and statistical analysis results from this study can provide
valuable references for these purposes.

From the results of the accuracy analysis of the base temperatures in this study, it
can be seen that the base temperature for central heating in severe cold regions was
approximately 21 °C, and even exceeded 22 °C in cold regions during 2019. Meanwhile,
Zhou et al. [11] and Chang et al. [40] conducted investigations to examine the indoor
temperature of some buildings during the heating period in Tianjin and Inner Mongolia,
respectively. They found that all surveyed cases exhibited indoor temperatures above
18 °C, with a common phenomenon of overheating. These findings are consistent with
Jiang’s [36] comprehensive statistical results after a large-scale investigation on northern
cities. All of these research results indicate that, with the rapid economic development and
improved living standards in China, the problem of insufficient heating and low indoor
temperatures (below the standard 18 °C) in central heating areas no longer exists. The
focus of current work should be on dealing with energy waste. Thus, after excluding
the factor of insufficient heating, the deviation index used in this study can reflect the
energy consumption conditions in urban central heating systems, where a smaller value
corresponds to better energy-saving performance.

The correlation analysis results of the deviation index for heating energy intensity
across various types of cities reveal that larger cities possess better performance compared
with smaller cities, those with higher fixed asset investment surpass those with lower
investment, and developed regions also outperform underdeveloped regions. This is
similar to the research findings conducted by Jiang et al. [24], which demonstrated a
strong negative correlation between building heating energy intensity and per capita GDP
in underdeveloped regions. The survey results of Xia and Zhang [41] illustrated that
central heating systems in small towns often suffer from low efficiency and serious energy
waste. It can be deduced that the fundamental reasons for differences in energy-saving
performance among cities are discrepancy of urban scale, development level, and economic
gap between regions. For cities with large deviation indices and high energy consumption
levels, specific factors could be sought from the following aspects: (1) Overall thermal
performance of building envelope structures, including the thermal insulation properties of
external walls, roofs, glass parts, and the air tightness of joints such as doors and windows.
Obviously, good envelope structures correspond to the application of advanced materials
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and technologies, while underdeveloped areas lack the necessary economic strength and
industrialization level to support the construction of high-standard new buildings and the
renovation of existing ones, resulting in generally outdated building envelope performance;
(2) Thermal conversion efficiency of heating equipment, including heat source boilers,
thermal transfer pipelines, and terminal control systems. Cities with insufficient investment
of heating fixed assets often face challenges in updating and maintaining relevant facilities,
and there may be problems such as inefficient heat sources, aging pumps, and outdated pipe
networks, which result in low efficiency in energy generation and transmission processes
and excessive thermal losses; (3) Urban energy regulation policies and management systems.
Because of their large scale and significant impact, super- and mega-sized cities attract
substantial attention to their total energy consumption. Consequently, managers have to
intensify their control over the whole process of central heating.

In low-efficiency cities characterized by a high number of old buildings and outdated
equipment, the primary focus should be on improving the performance of building en-
velope structures and enhancing the efficiency of corresponding equipment to minimize
heating loss in central heating systems. Increasing investment in foundational heating
equipment and actively promoting projects such as updating pipeline networks and ren-
ovating building performance are necessary to address this issue. For instance, Beijing,
being a highly developed city, has allocated substantial funding towards energy-saving
transformation measures for existing buildings and heating systems [42], emphasizing
efficiency improvement throughout the entire heating process, encompassing the heat
source, transfer systems, and building terminals. The findings of this study show that
Beijing’s heating deviation index is only —1.729, ranking the third lowest among all the
sample cities, indicating a remarkably effect.

The problem of excessively high indoor temperatures in some areas due to overheating
can be attributed to the current extensive operational management mode of heating. At
present, the main regulation point for central heating is at the heat source, and the manage-
ment personnel make rough adjustments based on past experience. Due to the diversity of
building terminals, it is difficult to achieve a balance between heating supply and demand.
Especially when the weather changes dramatically, in order to reduce the possibility of
individual users complaining about thermal comfort issues, heating staff members often
increase the overall heating supply, causing systemic waste [36,37]. Investigations con-
ducted by Chang et al. in multiple locations in Inner Mongolia have shown that there is
widespread overheating in residential buildings, with the indoor temperatures of most
surveyed subjects exceeding 23 °C, and some even reaching 28 °C, forcing residents to open
windows for ventilation and cooling [40]. It is evident that we currently lack a scientific
and systematic heating management framework to guide heating energy allocation, which
will be one of the key research points in the future.

At the same time, strengthening control at the building terminals is another focal point
of the work. The differences at the building terminals prevent accurate maintenance of
all rooms near the specified temperature throughout the heating period solely by overall
system adjustments [7]. The fundamental solution to solve the problem of uneven heating
is to achieve individual regulation of each heating unit based on real-time temperature.
Therefore, implementing some measures at the user end (such as installing automatic
control valves for each building or arranging staff for real-time monitoring and manual
adjustment in residential quarters) is necessary to reduce energy consumption and prevent
indoor overheating. Additionally, building operation conditions and user behavior also
have an impact on heating energy consumption. For residential buildings, raising energy-
saving awareness among users through education and promotion can help avoid wasteful
behaviors like opening doors and windows at will. For public buildings, the heating
intensity and heating duration can be adjusted according to the spatial layout, function,
and attributes of the building, such as maintaining lower temperatures during idle periods
or in secondary spaces.
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5. Conclusions

This paper has selected 60 representative cities located in central heating regions of
northern China and analyzed their central heating energy consumption based on official
statistical data by the degree-day method. The main conclusions can be drawn as follows.

Firstly, a strong positive correlation exists between central heating intensity and
heating degree days (HDDs) in cities of northern China. The established predictive models
have passed the significance testing, simultaneously with the values of R> and CV-RMSE
in reasonable ranges, which can provide a valuable reference for practical applications.
Compared with cold regions, the predictive model in severe cold regions has a lower slope,
smaller data dispersion, and higher accuracy.

Furthermore, from accuracy analysis based on statistical indices, the calculated results
of central heating base temperatures in severe cold regions and cold regions are 21 °C and
22.3 °C respectively, both exceeding the 18 °C specified in GB 50176-2016. This suggests that
excessively high indoor temperatures during the heating period is a prevailing occurrence
across all regions. Several other studies have obtained similar findings [11,36,37,40].

Finally, the correlation analysis of energy consumption characteristics across different
types of cities reveals that urban population size, fixed asset investment in heating, and
regional development level are the important factors influencing the deviation index of
heating intensity. Notably, larger cities and developed regions exhibit superior overall
energy efficiency. For cities with large deviation index corresponding to poor energy-saving
performance, we should actively find out the causes from aspects such as building envelope
performance, heating equipment efficiency, and overall system control and management. It
is crucial to implement effective measures and appropriate policies to solve these problems,
especially in terms of the equipment efficiency of heating system and the comprehensive
performance of building terminals.

However, there are some limitations in this study. Due to the unique central heating
system in China, the analysis results based on official data can solely reflect the Chinese
context. Additionally, this study provides macro-level analysis models where the anal-
ysis effects based on the main factor, HDD, are susceptible to interference from various
uncontrollable factors such as differences in energy efficiency of heating equipment and
building terminals. Consequently, the precision of the predictive models may be affected,
and the effectiveness can only be verified through statistical evaluation. For individual
buildings, “dynamic simulations” are more suitable for accurately analyzing building
energy consumption.
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