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Abstract: China is striving to reach a peak in its carbon dioxide emissions by 2030 and achieve carbon
neutrality by 2060. The accurate accounting of carbon emissions is important for achieving these dual
carbon goals. An extensive literature review and field measurements were conducted to investigate
the specific impact of population density on carbon emissions in large integrated healthcare organi-
zations. This research uses VOSviewer to visualize the literature analysis. We determined that the
flow of people is a key factor affecting carbon emissions during the operational phase of large-scale
comprehensive medical institutions. Through field measurements, the relationship between the
density of pedestrian flow and indoor environment measurements was derived, and the incremental
equipment operating loads caused by changes in the indoor environment were analyzed. Using the
carbon emission factor method advocated by the IPCC, a carbon emission accounting model based
on different flow intervals was constructed, and the energy consumption of different equipment was
fully considered according to its proportion. The validation results showed that the error between
the calculated value and the actual values of the model was 3.07% (less than 5%), which has good
validity. The model calculates the direct and indirect carbon emissions in the operational phase based
on the population flow perspective, which can provide a reference for the energy-saving design and
green operation of large-scale comprehensive medical institutions. The research will continue to
focus on the population flow, and the accounting model will be further optimized through machine
learning algorithms.

Keywords: population flow; influencing factor of carbon emissions; large-scale comprehensive
medical facilities; accounting model of carbon emissions

1. Introduction

Due to the good heat-preservation ability of carbon dioxide, the denser this layer of
gas is, the easier it is to cause the global temperature to rise. Global warming will lead to
dramatic changes in the climate, a reduction in human activities, crop yield reductions, air
pollution, and other more prominent issues. Therefore, carbon neutrality is very necessary
for global environmental governance. In 2020, the dual carbon strategic goals were formally
proposed by China at the seventy-fifth session of the United Nations General Assembly,
which strive to reach a peak in carbon emissions by 2030 and achieve carbon neutrality
by 2060.

Carbon emission accounting models are the basis for the study of carbon emissions in
the construction field. The accuracy of the accounting boundary directly determines the
reliability and representation of the results, and is also an important basis for assessing
carbon emissions in the construction field. However, the boundary definition of carbon
emission accounting in China’s construction sector is not uniform, resulting in inconsistent
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accounting results, and thus the reliability and validity of the accounting results cannot
be verified. When calculating the carbon emissions of buildings in a certain area, there
are differences in the existing accounting boundaries. For example, whether the emissions
generated by people in a building are included in the corresponding carbon emissions
accounting, how to accurately calculate the carbon emissions of each type of building,
and the boundary ranges are not clear. The current number of studies in this field is
small, and further research is needed. Large-scale comprehensive medical facilities account
for 45% of the total carbon emissions from public buildings. Their energy consumption
intensities are 1.5-2.0 times that of general public buildings that are in a high-emission
state [1]. Miles [2] first proposed the theory that human behavior can significantly affect
energy use and introduced the concept of behavioral models in 1980. In 2009, Liao [3] first
used the flow of people as a parameter to optimize the energy-saving control of a central
air-conditioning system by calculating the cooling load of a shopping mall’s building
equipment. According to existing surveys [4], carbon emissions caused by biological
respiration account for more than 1% of the total carbon output, and its impact on total
carbon emissions exceeds 75% in nearly half of the countries in the world. Geng [5] analyzed
the carbon emission sources of school buildings using the carbon balance method and
found that the main carbon emission sources were construction, people, and transportation.
Existing studies have shown that population flow and personnel behavior are the main
factors affecting building energy consumption, and their impact on the annual energy use of
buildings is as high as 75-150% [6]. Jeong [7] used a t-test and variance analysis to conduct
regression research. The analysis showed that the total building area of medical facilities,
the number of staff, and the number of outpatients determined the energy consumption
level of hospital buildings to a certain extent. By adjusting the research variables, the total
energy consumption of general hospitals can be reduced. Shi [8] compared the carbon
emission calculation systems of public buildings in China, the United States, and Finland
and used the One-Click LCA model to calculate the carbon emissions of the buildings’
whole life cycles. Through empirical analysis, it was found that the OCL model has
good accounting validity. Pan [9] explained the boundary of architectural LCA from the
dimensions of time, space, function, and method. Luo [10] optimized the carbon emission
calculation model of residential buildings, and analyzed the content of the calculation. It
was found that the content of carbon emission calculations in the operational stages of
a building is more complicated. Zhang [11] proposed a full carbon emission calculation
method, which includes carbon emissions from energy consumption, potential carbon
emissions from biomass resource consumption, and potential carbon consumption from
waste emissions. Based on BIM, Wang [12] established a carbon emission accounting model
for the construction operation stage, and analyzed the carbon emission calculation model
for a school building in the operational stage based on the time dimension.

However, calculations in existing studies are based on the perspective of fixed energy
consumption, and the dynamic factors affecting the calculation results of carbon emissions
are not considered. In the calculation of carbon emissions during the operation of a building,
if the calculation is carried out according to a fixed working time or fixed operating power
of a machine, the calculation result will have a certain degree of error compared with the
actual situation. Different population flows will lead to different environmental changes,
and the length of time that the equipment needs to operate in order to account for these
environmental changes is not uniform or fixed, so the final results of carbon emissions
calculated using population flow will be more in line with the actual situation and be
more accurate.

According to the statistical data, the uncertainty and variability in personnel activ-
ities are the main reasons for the difference between building performance and design
expectations. When calculating the total load of relatively closed buildings, the influence of
personnel factors on the total load is not considered, and only conventional superposition
is used [13]. The existing calculation specifications are calculated with fixed parameters,
which cannot fully meet the actual situation. The uncertain huge flow of people is not
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fully considered, resulting in a large difference between the design conditions and the
actual situation. In order to better calculate the carbon emissions based on the dynamic
flow of people, it is necessary to establish an accounting model with the flow of people
as an independent variable to solve the problem of inaccurate calculation results. Based
on the existing research, it can be seen that the flow of people is an element that cannot
be ignored in the calculation of carbon emissions, but the current calculation model has
not yet considered it. Therefore, this paper will intensively study this part and analyze its
specific mechanism of action. The research process and method framework are shown in
Figure 1.
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Figure 1. Research process and method framework.

2. Analysis of Influencing Factors of Carbon Emissions in Large-Scale Comprehensive
Medical Facilities

2.1. Definition of Large-Scale Comprehensive Medical Facilities

The average annual number of visits to large-scale comprehensive medical facilities
is 4.6-6.7 times that of general comprehensive medical facilities, and the number of beds
opened is 3.5-4.6 times that of general medical facilities. Its energy consumption area is
more complex, and the difference in energy consumption per unit of building area can be
2.53 times greater compared with specialized hospitals of the same level [14]. The Standard
for Building Carbon Emission Calculation [15] states that calculating carbon emissions
during the operational stage should cover the number of indoor personnel on working
days and holidays and consider the impact of human heat dissipation and partial load
characteristics on energy consumption. According to the Basic Standards for Medical
Institutions, the per capita area of tertiary general hospitals should not be less than 4 m?;
therefore, the flow density should not be greater than 0.25 person/m?. However, the actual
flow density of large-scale comprehensive medical facilities can reach 1.3 person/m?, which
exceeds five times the design flow threshold [16,17].

China stipulates that the number of beds in large-scale comprehensive medical fa-
cilities should not be less than 1000 and that the number of beds should be used as the
main indicator for the classification of three levels and ten grades [18]. Japan and South
Korea stipulate that the number of beds in large-scale comprehensive medical facilities
should not be less than 800, whereas the United States stipulates that it should not be
less than 500 [19]. Through the statistics of the number of visitors to medical facilities in
different regions of China in the past 10 years, as shown in Figure 2, this study defines
public medical buildings with an average annual population flow of not less than 50% of
the total population of the region and a bed number of not less than 1000 as large-scale
comprehensive medical facilities.



Buildings 2024, 14, 748

40f21

The population flow and total population of
large-scale comprehensive medical facilities in each region

N

[

10 - ™

12 =22

30 14 2
14 1 1y g7z L
— T — =
— )
=) - E
14 o011 =
— 4140
20 L 1= gz E
— 2
=
13 5226 =
-
12 — T T 413.8 ¢
5
(-]
=
2
_ﬂ
-8
=
[&]

113.6

5F T 1™ Tt

in various regions( 100 million people )
&
T
1

1 1 1 1 1 1 1 1 1 1 1
2011 2012 2013 2014 2015 2006 2017 2018 2019 2020 A1 2022 2023 }"EEII’)
—a— Northeast China : Lisoning, Jilin, Heilongjisng
—+— Narth China : Beijing, Tianjin, Hebei, Sharxi, Inner Mongolia
—a#— Central China : Henan, Hubei, Hunan, Jiangxd
East China : Shanehai, Jisngm, Zhejisng, Anbui, Fujian, Shandong
—g— South China : Guangd ong, Guangri, Hainan
—4— Southwest China : Chongging, Sichuan, Guizhou, Yunnan
— g Northwest China : Shaamxi, Gansu, Qinghai, Ningxia, Xinjiang, Tibet

The flow of people in large-scale comprehensive medical facilities

Figure 2. Annual footfall data for medical facilities by region in China [20].

Obviously, the number of visits in the economically developed eastern region are
significantly higher than that in the western region, and the flow of people in hospital
buildings is greater. Therefore, the carbon emission accounting model of medical facilities
in the eastern region should fully consider the flow of people, thereby reducing the error
between the calculated value and the actual value. However, the influence of dynamic
human flow factors has not been mentioned in existing building carbon emission accounting
models [15]. The estimation of static load carbon emissions based on fixed parameters
will cause inconsistency between the estimated running time of the equipment and the
actual running time, which will lead to the extensive accounting results [21]. Based on the
Standard for Building Carbon Emission Calculation and research, this study clarifies that the
carbon emission sources during the operational period of buildings are various facilities,
systems, and the flow of people. This study analyzed the carbon emission behavioral
characteristics of large-scale comprehensive medical facilities, distinguished the direct
and indirect emissions caused by the flow of people, and constructed a carbon emission
accounting model for large-scale comprehensive medical facilities based on changes in the
flow of people.

2.2. Grounded Theory Analysis

Grounded theory is a qualitative research method based on quantitative means. It
constructs a theoretical model after coding the data step-by-step and draws a universal con-
clusion. However, China’s comprehensive survey of the energy conservation and emission
reduction performance of large-scale comprehensive medical facilities is insufficient, and
there is a lack of comprehensive energy survey data relating to hospitals at different levels
across the climate zone. By sorting out the existing energy audit reports and the database
of energy resource conservation demonstration cases of public institutions, the influencing
factors of carbon emissions of medical facilities are studied. A total of 117 phenomenon
abstracts (a+ codes) were extracted, and 81 concept sentences (aa+ codes) were further
summarized according to the extracted phenomenon abstracts. In order to avoid the re-
peated intersection of concept sentences, the repeated concept sentences were re-condensed
to obtain five category labels (A+ codes); that is, the main influencing factors of carbon
emissions in large-scale comprehensive medical facilities. The five category labels are
energy structure, system energy consumption, overall layout of medical areas, population
flow, and equipment density. An example of open coding is shown in Table 1.
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Table 1. Examples of open codes.

Source of Original Materials

Open Coding

Phenomenon Summary

Conceptualization

Categorization

China Energy News

al The functional orientation
of the building is diverse
a2 There is a great deal of
equipment and facilities
a3 Large flow of people
a4 Types of energy supply
ab Complex energy system
a6 More energy-consuming
equipment
a7 The continuity
requirements of energy
system are high.
a8 Extensive manual
management

aal Scale of medical facilities
(al,a?)

aa2 The density of the system
terminal (a2, a6)

aa3 Personnel density (a3)

aa4 Energy consumption
monitoring system (a4, a5)

aa5 Energy management (a8)

A1 Overall layout of the
medical area (aal)

A2 Equipment density (aa2)

A3 Population flow (aa3)

A4 Energy of formation (aa4,
aab)

Through the open coding shown in Table 1, the influencing factors of energy consump-
tion and carbon emissions of large-scale comprehensive medical facilities are extracted; that
is, five categories of categorical labels. According to the geographical boundary division
in the medical facilities area, the main category is divided into two parts: external factors
and internal factors. External factors directly or indirectly affect the carbon emissions of
medical facilities through internal factors. Internal factors influence each other and then
affect carbon emissions, forming a theoretical framework for the influencing factors of
carbon emissions in large-scale comprehensive medical facilities, as shown in Figure 3.
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Figure 3. Theoretical model of carbon emission influencing factors for large-scale integrated medi-

cal facilities.

From Figure 3, it can be seen that the main categories of carbon emission influencing
factors of large-scale medical facilities include energy structure, system energy consump-
tion, overall layout of medical areas, flow of people, and equipment density. Among them,
the energy structure, overall layout, and equipment density belong to the static influencing
factors, which are determined in the design and construction stage, while the system energy
consumption and human flow belong to the dynamic influencing factors in the operation
stage. The system energy consumption increases the operating load due to the change in
human flow, and the human flow itself will lead to the direct emission of CO,. In order
to study the factors related to the flow of people, the bibliometric visualization analysis is
carried out through the correlation degree and hot spot distribution.
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2.3. Visualization Analysis of Literature Based on VOSviewer

Keywords such as “energy consumption of medical facilities” and “influencing factors
of carbon emissions from building operation” were searched through the Web of Science
platform. As shown in Figure 4a,b, VOSviewer was used to analyze the existing research
basis of the clustering view and density view analysis by studying 528 studies in the
literature. The frequency of connections between the modules of each influencing factor
was counted, and the corresponding relationship between the flow of people and other
influencing modules was analyzed. The degree of correlation between different clusters
and carbon emission modules in the literature visualization analysis is shown in Table 2.
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Figure 4. (a). Network visualization; (b). density visualization.

Table 2. The degree of correlation between different clusters and carbon emissions.

. Total Link Recurrence
Item Links Occurrences
Strength Frequency
carbon footprint 171 1947 108 24.36%
patients 302 6283 265 56.78%
indoor air quality 135 1641 58 3.6%

indoor temperature 152 825 56 15.68%

The correlation analysis (Figure 4a) showed that carbon emissions (recurrence fre-
quency: 52.33%) had the highest correlation with the number of patients (56.78%) and had
a direct correlation with indoor air quality (3.6%), indoor temperature (15.68%), and carbon
footprint (24.36%). Cluster 1 (purple) reflects the research hotspots of the impact of patient
numbers and staff turnover rate on hospital building carbon emissions using “patient”,
“mobility”, and “rate” as the main keywords; cluster 2 (green) focuses on the research
hotspots of medical energy consumption and group carbon footprint behavior through
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the keywords of carbon footprint, scope, health care, and practice; cluster 3 (blue) focuses
on the research hotspots of the influence of air quality inside public medical facilities
on carbon emissions from building operations through keywords such as concentration,
source, exposure, and indoor air; and cluster 4 (red) discusses the research hotspots of
equipment energy structure optimization from the aspects of power and heat capacity and
the air-conditioning system.

Cluster analysis (Figure 4b) showed that the number of people, indoor environmen-
tal parameters, medical energy consumption, and equipment energy structure were the
influencing factors affecting the carbon emissions of medical facilities. Medical energy
consumption is a special function of medical facilities which belongs in the fixed energy
consumption category. Changes in human flow, indoor environmental parameters, and
equipment energy structure belong to the energy floating consumption category. This pop-
ulation produces a certain amount of CO,. Different population bases affect the changes
in the indoor environment because of the strict constraints of the indoor environmental
indicators of medical facilities, increasing the operating load of equipment and additional
carbon emissions.

The classification module test was designed according to the research correlation
between the flow of people and the indoor gas concentration, indoor temperature, and
humidity. The number of patients was expanded to the total number of people in and out
of the hospital, and an indoor environment measurement was used as an intermediate
variable to establish the relationship between the flow of people, indoor environment
measurement, and operating load of facilities and equipment.

3. Experimental Analysis
3.1. Purpose of the Experiment

The changing indoor environment measurement and the total amount of carbon
dioxide emitted under different personnel densities were calculated using the sensing test
under different environmental conditions. Furthermore, the energy consumption changes
in the corresponding equipment were analyzed, and the carbon emission measurement
model obtained from the measurement test was established.

3.2. Experimental Organization Design
3.2.1. Experimental Theoretical Basis

Existing research can predict the cooling load and change the operating frequency of
air conditioners using the human flow and temperature prediction models [22]. Through
the experiment of 1~5 people’s airtight measurement, it is found that the indoor air quality
of office buildings becomes worse with the different number of people [23]. According to
the statistical data on electric energy consumption and natural gas consumption of existing
medical facilities, the energy consumption of large-scale comprehensive medical facilities
in different regions is audited annually, and the correlation between population density
and different types of energy consumption was analyzed, as shown in Table 3.

Table 3. Correlation analysis table of density of people and consumption of power natural gas [24].

The Density of Power Natural Gas
People Consumption Consumption
The density of people 1 0.731 ** 0.706 **
Power consumption 0.731 ** 1 0.123
Natural gas consumption 0.706 ** 0.123 1

**: significant correlation at the 0.01 level.

Table 3 shows that the power and natural gas consumption were significantly posi-
tively correlated with population density. According to statistics, electricity consumption
accounts for 60% of the total energy consumption of medical facilities [19]. By analyzing
existing research data [25] and the energy consumption limit specification of comprehensive
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medical institutions in various regions [25-27], the annual per capita power consumption
limit was used as the evaluation index to compare the design reference and the actual
consumption values [28], as shown in Table 4.

Table 4. Hospital flow density, electric energy reference value, and actual value [25-27].

H; DP (p/m?) BV (10* kW-h) AV (10* kW-h) H; DP (p/m?) BV (10* kW-h) AV (10* kW-h)
H, 0.066 578.16 651.067 His 0.323 3296.2 3722.2
H, 0.085 868.7 874.833 Hyy 0.35 3579.5 3963.6
H; 0.137 1400 1547.91 His 0.381 3898.9 4286.7
H, 0.1529 1562.7 1790 Hig 0.407 4158 3104.7
Hs 0.1813 1852.9 1872 Hyy 0.411 4200 2834.9
H, 0.1933 1975.5 2120 Hig 0.43 4396 2953.1
H; 0.2111 2157.4 1571 Hig 0.431 4406.5 4742 5
Hg 0.2187 2235.1 2294 Hao 0.449 4588.8 2991
Ho 0.22 2246.4 2491 Hy 0.462 4721.6 3097.6
Hi 0.2339 2390.5 2764 Ha» 0.465 4752.3 2999.7
Hy; 0.278 2840.2 3192.2 Has 0.479 4900 5000.91
Hip 0.298 3043.7 3422.1

Hi: hospital i; DP: the density of people; BV: the base value of electric energy consumption; AV: actual value of
electricity consumption.

Through the data in Table 4, it can be seen that the H16-H18 and H20-H22 hospitals
have built energy intelligent management platforms to adjust the energy consumption
of different types in real time, and their actual energy consumption values have obvious
advantages compared with other hospitals. The actual power consumption value of
each comprehensive medical facility was fitted based on the population density variable
according to the data in Table 4, and the benchmark and advanced values under different
population densities were compared. The cftool command stream in MATLAB was used to
fit the actual values of power energy consumption in different hospitals, and the curve in
Figure 5 was obtained. The concavity and convexity of the curve were analyzed using the
quadratic derivative method.

5000 f—m— The advanced value(10*k-wh) . 4
—8— The fiducial value(10*k-wh)
7] Benchmark region

A The actual value(10*k-wh) N

4000 [ y—1883-1672c0s(6.77x)+686.5sin(6.77x) R3=0.74 7/ %
A

3000

2000

1000

///

0.2

Power consumption of medical facilities (10*kw-h)

The density of people flow (p/mz)

Figure 5. Relationship between population density and power consumption of medical facilities.

Figure 5 compares the benchmark and advanced values of power consumption, and
the shaded area is the benchmark power consumption under different flow densities.
Nearly 70% of large-scale comprehensive medical facilities do not meet the benchmark per
capita power consumption requirements. The power consumption values under different
flow densities were fitted, as shown by the curve in Figure 5. With an increase in population
density, the growth rate of power consumption first accelerated, slowed, and then changed
irregularly. In order to better analyze the change law of the curve, the relationship obtained
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by fitting is subjected to continuous second-order derivation to further analyze its convexity.
The power consumption has an inflection point when the flow density is 0.17 p/m?. The
growth is irregular when the flow density exceeds 0.41 p/m?. In order to study the law
clearly, the analysis is focused on the (0, 0.4).

The thermal effect of the human flow in a room is divided into two parts: latent and
sensible heat [29]. Heat exchange with the indoor air occurs through moisture dissipation,
heat dissipation, and convective radiation [30]. To study the effects of human flow on energy
consumption in large-scale comprehensive medical facilities, the relationship between
human flow and indoor environmental changes must be determined. A field measurement
test for temperature, humidity, and CO, concentration was designed. The corresponding
relationships were deduced according to the measured data, which provided the basic data
for model construction.

3.2.2. Experimental Scheme

The experiment was conducted in indoor areas of 20 and 25 m?, covering six different
human flow densities between 0 and 0.4 people/m?. We designed five groups of equal
numbers of people and four groups of equal numbers of people, ie., al,2, 3,4, and 5 people
array and a 1, 2, 4, and 8 people array. In order to avoid the test error caused by outdoor
temperature, humidity, enclosure structure, and other factors, a 240 min continuous test
was carried out at different time periods to compare the operation cycle of the medical
facilities. The arithmetic array was measured from 8:00 to 12:00, and the geometric array
was measured from 13:30 to 17:30. To avoid extreme error values, each group was repeated
three times, and a mean value analysis was performed.

Different functional measurement probes were connected to the sensor to upload
real-time data to an IoT cloud platform. To prevent temperature changes affecting the
concentration measurement value, a temperature compensation setting of the CO, sensor
was performed, as shown in Figure 6. The upload time interval was 10 min, and the indoor
CO; concentration overrun benchmark was set to 1000 ppm.

6 loT cloud platform Home Large-screen visualization @ Eye-catching alerts ¥ & Luo Qinyu, Hebei University of Technology ™ quit

@ 21052185

co2ppm)

Figure 6. Environmental monitoring terminal IoT cloud platform.

3.3. Experimental Process

According to the area of various indoor areas in the medical facilities, two areas of
20 m? and 25 m? were selected for 4 h of continuous control test. In order to prevent
thermal disturbance caused by outdoor temperature differences, according to the require-
ments of the Technical Specifications for Monitoring of Indoor Air Quality [31], the sensor
probes of each module were placed at 50 cm away from the outer wall side and uniformly
installed, as shown in Figure 7a,b. In the three repeated tests, the sensor probes of each
module were exchanged, and the indoor wind speed measuring device was placed at the
ventilation position.
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Figure 7. (a). Test point location1 (20 m?); (b). test point location2 (25 m?).

The temperature analog signal was transmitted to the numerical control table through
an electrical wire, and the control signal was then transmitted to the IoT platform. The
flow temperature was calculated by measuring the infrared radiation intensities emitted by
different groups of people, as shown in Figure 8a. The humidity sensor fixed the external
probe of the humidity transmitter and connected it to the monitoring host. The converter
was connected to a 10-30VDC power supply for data reading, as shown in Figure 8b. The
CO; sensor has a built-in probe, which was connected to the 12 V power supply interface
through the adapter, and the power supply and communication terminals were connected
to 10 A and 250 V wiring, as shown in Figure 8c. After adjusting the secondary parameters
of the digital display meter of the wind speed measurement terminal, the indoor ventilation
volume was measured, as shown in Figure 8d.

(d)

Figure 8. (a). Temperature sensor; (b). humidity sensor; (c). CO, sensor; (d). wind speed sensor.

3.4. Experimental Analysis

The data measured by the sensor were recorded using a cloud platform at a recording
time interval of 10 min. The measured data for each module test are shown in Figure 9a—c.

According to the horizontal and vertical axes of each map, the number of people and
their residence time were positively correlated with temperature and CO, concentration
and negatively correlated with humidity. A quantitative analysis of human flow density
and environmental measurement increments was conducted every 30 min to analyze
further the mechanism of human flow in indoor environment measurements.
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Figure 9. (a). Temperature variations for different groups of people; (b). humidity variations for
different groups of people; (c). the change in CO, concentration in different groups of people.

3.4.1. Temperature Increment Analysis Based on People Flow Density

The incremental calculations for the temperature test every 30 min are presented in
Table 5. The difference between the measured and initial values at different time points
was defined as the increment. The relationship between the test time and temperature
increment for different person arrays is shown in Figure 10a. The relationship between
the flow density and the temperature increment at different time periods is shown in
Figure 10b.

Table 5. The calculated value of temperature increment (°C).

0 min 30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min
1P 0 0.3 0.9 14 1.7 2 2.6 3.3 3.7
2P 0 0.5 1.5 1.8 2.7 29 3.1 34 3.9
3P 0 0.5 1.6 2.2 2.8 3.7 4.0 4.6 49
4P 0 0.6 1.7 2.2 3.7 42 48 5.6 6.1
5P 0 0.6 1.3 2.0 2.7 3.8 5.0 5.7 6.2
8P 0 0.8 1.9 2.5 3.7 4.7 54 6.1 7.2

According to Figure 10a, there was a clear proportional relationship between the
number of personnel and the temperature increment in the same period. The number of
people was converted into the density of people, and a total of eight equal time points of 30,
60, 90, 120, 150, 180, 210, and 240 min was taken for the quantitative analysis of the density
of people and the increment in temperature, as shown in Figure 10b. There was a consistent
trend between the temperature increment change and the flow density in different time
periods. The scatter points were fitted using MATLAB, and the different coefficients were
determined using the weighted coefficient method, as shown in Equation (1):

i,
a;j = -1 xa; 1)
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where g; is the coefficient of the x term of class j; RZZI j is the goodness of fit of the relationship
in i period; a;; is the j-coefficient of x in i-period i. Using Equation (1), the relationship
between the flow density and indoor temperature increment was calculated, as shown in
Equation (2):

T, = 0.94In(6.5x) + 3.5 (R* = 0.85) ()

where Ty, is the temperature increment (°C) and x is the population flow density (people/m?).
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Figure 10. (a). Variation in temperature increments for different groups of people; (b). temperature
increments of different flow density.

3.4.2. Humidity Increment Analysis Based on Population Flow Density

The humidity increment was analyzed every 30 min. The humidity increment values
for different groups of people are listed in Table 6. The relationship between the test
time and humidity increment for different groups of people is shown in Figure 11a. The

relationship between stream density and humidity increment in different time periods is
shown in Figure 11b.

Table 6. The calculated value of humidity increment (%).

0 min 30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min
1P 0 0.2 0 -0.3 -0.3 —-0.5 —0.6 —-14 -15
2P 0 0.6 0.3 —-04 -1.0 -1.5 -1.7 —2.6 -3.0
3r 0 —-0.2 —0.5 —-0.5 -1.3 —14 -1.9 —2.9 —4.6
4P 0 —-0.3 -1.0 —-14 —-2.3 -1.7 —2.6 —4.2 —5.1
5P 0 -0.6 -1.8 -2.0 —2.6 —-3.5 —44 —54 -75
8P 0 —-0.8 —-0.9 -1.9 —2.6 —-3.8 —4.8 —6.9 —9.5
e
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Figure 11. (a). Variation in humidity increments for different groups of people; (b). humidity
increments of different flow density.

During the same period, there was a significant negative correlation between the
number of personnel and the absolute value of the humidity increment. According to the
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quantitative analysis of human flow density and humidity increment at eight equal time
points, as shown in Figure 11b, there was a consistent trend between humidity increment
and human flow density in different periods. However, the degree of negative correlation
was different. The weighted mean of the coefficients for the different goodness of fit values
was obtained, and the relationship between the two is expressed in Equation (3):

H, = —10.35x — 0.51 (R? = 0.82) 3)
where H, is the humidity increment (%) and x is the population flow density (people/m?).

3.4.3. Incremental Analysis of CO, Concentration Based on Population Flow Density

The CO; concentration increment was analyzed every 30 min, as shown in Table 7. The
trend of the relationship between the test time and the increment in the CO, concentration
under different person arrays is shown in Figure 12a, and the trend of the relationship
between the flow density and the increment in the CO, concentration under different time
periods is shown in Figure 12b.

Table 7. The calculated value of CO; concentration increment (ppm).

0 min 30 min 60 min 90 min 120 min 150 min 180 min 210 min 240 min
1P 0 27 57 78 91 103 115 144 112
2P 0 67 114 107 104 116 146 187 227
3P 0 80 119 174 212 258 308 340 402
4P 0 86 127 189 283 316 379 418 447
5P 0 96 166 242 302 373 391 502 497
8P 0 184 343 452 525 530 515 510 570
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Figure 12. (a). The incremental change in CO, concentration in different arrays of people; (b). CO,
concentration increment in different human flow densities.

There was a clear proportional relationship between the increase in CO, concentration
and the number of personnel during the same period. Quantitative analysis of the flow
density and increment in CO, concentration was performed at eight equidistant time points.
Figure 12b displays a consistent trend between the increase in CO, concentration and flow
density at different time periods. Curve fitting of the CO, concentration increment and
human flow density was performed, the coefficient was weighted, and the relationship
between the two was obtained, as shown in Equation (4):

Cc = 178In(18.5x) + 352 (R* = 0.87) (4)

where C. is the CO, concentration increment (ppm) and x is the population flow density
(people/m?). The population produced a certain amount of CO, emissions, as measured
by the test. The increase in CO, concentration was related to the volume of indoor space,
ie, 1 ppm = (M + 22.4) mg/m?, and M is the molecular weight of CO,. For every
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1 ppm increase in CO, concentration measured in the test, 37.63 x 1072 kg CO, increased
correspondingly. The direct emission of CO, measured during the tests is presented in
Figure 13.

Figure 13. Direct emissions of CO, under different numbers of people and time.

Based on the analysis of the average value of CO, emissions in different test groups,
the direct emission of indoor CO; was 0.301 kgCO, /(p-h). The relationship between the
density of people and the direct emission of CO, is shown in Equation (5):

Cy=5x%xA x0.3x 5)

where Cy, is the CO, direct emission increment (kgCO;); S is the area of population
flow (m?); A is the personnel residence time (h); and x is the population flow density
(people/m?).

Therefore, Equation (5) can be used to obtain the CO, directly emitted by the flow of
people and the CO; indirectly emitted by the flow of people affecting the operating load of
the equipment which together constituted the carbon emissions caused by a change in the
flow of people.

4. Accounting Model Construction and Verification

Accurate carbon emission accounting is an important basis for achieving dual-carbon
goals, and countries have made corresponding provisions in accounting standards. China
issued an Implementation Plan on Accelerating the Establishment of a Unified and Stan-
dardized Carbon Emission Statistical Accounting System to formulate a unified accounting
method. The United Kingdom promulgated the PAS2050 specification to regulate the
carbon emissions of facilities during their life cycle, while the United States proposed the
ASTMD 6866 standard as a reference index for calculating carbon emissions from various
facilities [32]. Medical facilities are crowded high-density crowded buildings. The flow of
people is concentrated and releases large amounts of heat and CO, into the surroundings,
causing the actual performance of the building to deviate significantly from the design
conditions. To ensure the control effect of various systems and realize energy-saving op-
erations, the carbon emission boundary must be clarified based on the existing carbon
emission measurement framework and construct a carbon emission accounting model for
large-scale comprehensive medical facilities based on changes in population flow [29].

4.1. Framework of Accounting Model
4.1.1. Accounting Basis

The Standard for Building Carbon Emission Calculation stipulates that the carbon
emission model of the building operation stage is as shown in Equation (6) [15]. System
energy consumption is further divided into two parts: a floating and a fixed system.
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The floating system constructs a dynamic carbon emissions accounting model based on
changes in the flow of people. Compared to the static input calculation of fixed equipment
parameters, it is more suitable for actual working conditions and simpler than annual
hourly statistics.

(il (T (Eij — ERij)EF) — Cp] x y
v (6)

In Equation (6), Cy is the carbon emission per unit building area in the building
operation stage; A is the building area; E;; is the i-th energy consumption of the j-class
system; ER;; is the class j system’s consumption of the class i energy provided by the
renewable energy system; EF; is the carbon emission factor of class i energy; C, is the annual
carbon reduction in the building’s green space carbon sink system; y is the design life of the
building; i is the building’s energy consumption terminal type, including electricity, gas,
oil, and municipal heating; and j is the type of building energy system, including heating,
air conditioning, lighting, domestic hot water, and other systems. Because the floating
energy system in this study is an air-conditioning HVAC system and fresh air system, the
parameter m in Equation (6) is analyzed by 2.

Cm =

4.1.2. Environmental Constraints

Owing to the strict requirements of large-scale comprehensive medical facilities on
indoor environmental indicators, the indoor environmental requirements of public medical
facilities were compared with existing norms, as shown in Table 8.

Table 8. Code requirement indoor environmental standard values.

Environmental Requirements

. GB 37488-2019 GB/T 18883-2022 GB/T 51366-2019 GB 50333-2013
Indicators
concentration of CO, <0.1% <0.1% <0.1% /
requirement of fresh air >20 m3/(h-p) / >10 m3/(h-p) /
indoor air velocity <03 m/s <0.5m/s <02m/s /
humidity of design 40-65% / 55% <60%
temperature of design 16-20 °C(w)/26-28 °C(s) 20 °C(w)/26 °C(s) 21-25°C

(w) means winter and (s) means summer.

By comprehensively comparing the requirements of various indicators, the indoor envi-
ronmental parameters of medical facilities are limited to a concentration of CO, < 1000 ppm;
according to the different functional areas of the hospital, the temperature should be be-
tween 18 and 22 °C or 22 and 24 °C; the temperature constraint condition is set according
to the area proportion of different regions; humidity should be in the range of 50-60% [33].

4.2. Construction of Accounting Model

Ji R [21] investigated and found that the consumption of electrical power was the
highest proportion of the total energy consumption in Chinese hospitals, accounting for
64%. Air conditioning accounted for the largest share in the terminal energy of power
consumption, which was 50%. Out-patient and emergency areas accounted for 40%, while
in-patient areas accounted for 63%. The direct carbon emissions and indirect carbon
emissions of medical institutions are distinguished, which are composed of carbon dioxide
directly emitted by the flow of people themselves and indirect carbon emissions that affect
the indoor environment and affect the operating load of the equipment. According to
the experimental calculations, the changes in the indoor temperature, humidity, and CO,
concentration were caused by the flow of people, as shown in Equations (2)—(4). Equation (5)
expressed the direct emission of CO, caused by a crowd.

The energy consumption of the system included the energy consumption of the
floating and fixed systems. The energy consumption of the HVAC system and the central
fresh air system floated because of the flow of people; therefore, it was included in the
floating system accounting [34]. The energy consumption of domestic hot water systems,
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elevator systems, office equipment, medical gas systems, auxiliary power systems, and
other departments had a weak correlation with the number of people, which belonged to
the scope of fixed-system energy consumption accounting and was calculated according to
the proportion of the corresponding facilities.

The carbon sequestration capacity of different types of plants is different, and the
carbon sequestration capacity of different density vegetation systems is also different.
According to this experiment, the annual average carbon sink of the green space carbon
sink system is estimated to be (0.41, 1.24) gCO,/m? according to the existing research [33],
so the carbon neutral value of the carbon sink system within the geographical boundary
of the building can be estimated according to the green area. The amount of carbon
sequestration per unit of green area needs to be measured according to different types of
vegetation, and this study does not make uniform provisions.

4.2.1. Carbon Emission Model of Air-Conditioning System Based on People Flow

According to the Standard for Building Carbon Emission Calculation, the carbon
emissions generated by the equipment caused by the temperature change were substituted
into the seasonal outdoor average temperature T, in different regions, and the heat transfer
coefficient ¢ of different envelope structures was taken to obtain the temperature starting
value ¢T,. According to the variation law of temperature increment T, obtained from the
test and the temperature constraint value Ty in the medical facility, the temperature overrun
part was obtained, i.e., AT = ¢T, + T, — Tf. Equation (7) is obtained by substituting the
personnel density into the equation:

AT = T, — Ty + 0.94In(6.5x) + 3.5 7)

where AT is the over-limit part of the indoor temperature; ¢ is the heat transfer coefficient of
envelope structure; T, is the seasonal outdoor average temperature (°C); Ty is the upper limit
of indoor temperature constraint (°C); and x is the population flow density (people/m?).
According to AT and the rated cooling capacity of the air-conditioning system, the
operating time t required for the air-conditioning system to reach the temperature limit
was calculated. Furthermore, the carbon emission increment in the air-conditioning system
due to the change in the indoor environment was obtained, as shown in Equation (9):

AT x V x p x 1008

b= 36007

(8)

Cy=txP; xEF 9)

In Equations (8) and (9), t is the running time of the air-conditioning HVAC system
(h); V is the interior space (m®); C; is the carbon emissions of air-conditioning temperature
control system (kgCO,); p is the average density of air (kg/m?); 7; is the cooling capacity
of air-conditioning equipment (W); the air specific heat is 1008 ] /kg-°C; P; is the power of
equipment using category i energy; and EF; is the carbon emission factor of the i-th energy.

The starting humidity value Ha was determined by referring to the average humidity
in different regions. The humidity increment change H, obtained from the experiment
and the corresponding humidity constraint value H¢ were used to obtain the required
dehumidification amount in the environment AH = H, + H, — H ¥ and the personnel
density was substituted to obtain Equation (10):

AH = H, — Hy —10.35x — 0.51 (10)

where AH is the overrun part of indoor humidity; H, is the seasonal outdoor relative
humidity (%); Hy is the restricted upper limit of indoor relative humidity (%); x is the
population flow density (people/m?).

According to the dehumidification capacity per input power in the specified dehumid-
ifiers [35], the relationship between the humidity changes and the operating load increment
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in the air-conditioned wet system was calculated, as shown in Equation (11). And the energy
form of unit input power takes the form of electric energy because the dehumidification
equipment in medical facilities is dominated by electric energy consumption.

C _ 12xAH xV xp x EF;
b= 1000P,,

(11)

where Cy, is the carbon emission of the air-conditioning wet system (kgCO;); V is the interior
space (m?); 1.2 is the assurance coefficient; p is the average density of air (kg/m3); EF; is
the carbon emission factor of the i-th energy; and Py, is the amount of dehumidification per
unit input power (kg/kW-h).

4.2.2. Carbon Emission Model of Fresh Air System Based on People Flow

The concentration of CO; in the atmosphere was 400 ppm. According to the CO,
concentration increment change C. and the corresponding concentration constraint value Cr
obtained from the experiment, the transfinite part of the concentration AC = 400 + C. — Cy
can be obtained, and the calculation in Equation (12) can be combined as follows:

AC = 178(In18.5x) + 752 — C; (12)

where AC is the transfinite part of indoor CO; concentration; Cy is the upper limit of indoor
CO, concentration constraint; and x is the people flow density (people/m?).

According to the Design Standard for Energy Efficiency of Public Buildings [36], the
fresh air demand corresponding to the CO, concentration exceeding the limit is calculated.
The power consumption per unit air volume is given by Equation (13):

_Px1073
Ws - /(3600 X Ncp X 771:) (13)

where W; is the power consumption per unit air volume (kW-h/ m3) ; P is the fan wind
pressure of the fresh air system (Pa); 77¢p is the motor and transmission efficiency (take
0.855); and #F is the fan efficiency (%).

According to the requirements of the gas environment in medical facilities, the calcula-
tion method for the carbon emission increment caused by the change in the indoor CO,
concentration environment in a central fresh air system is shown in Equation (14):

_ AC-V-W;-EF,

F 19.77

(14)
where F is the carbon emissions of the central fresh air system caused by the flow of people
(kgCO»); V is the interior space (m?); EF; is the carbon emission factor of the i-th energy;
and the gaseous density of CO, is 19.77 mg/L.

4.2.3. Carbon Emission Model Based on People Flow

The increase in the operating load of the equipment aimed to achieve and maintain
indoor environmental parameters that meet the requirements, and the environmental
indicators in medical facilities are strictly constrained. In Equation (12), x was in the range
of (0.218, +o0) AC > 0, which means when the crowd density exceeded 0.218 people/ m?, the
indoor CO; concentration exceeded the upper limit threshold, and the energy consumption
of the fresh air system was generated during the start-up operation. The survey showed
that the inflection point of hospital energy consumption increment (Figure 5, x = 0.17) was
near x = 0.2, the model was constructed in the interval of (0, 0.2), (0.4, +o0).
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The relationship between the carbon emissions of various equipment systems and the
indoor environment measurement changes caused by the flow of people were simplified
and merged to obtain Equation (15):

C. =

{ C+C,=AxZxV-EF,  x€(0,02) (15)

Ci++C,+F=A"x¢*xV-EF x € (0.2,400)

where C; is the increment in carbon emission of type i equipment system caused by the flow
of people (kgCOy); C; is the carbon emissions of the air-conditioning temperature control
system (kgCQO,); Cj, is the carbon emission of the air-conditioning wet system (kgCO5); F is
the carbon emissions of the central fresh air system caused by the flow of people (kgCO,);

V is the interior space (m?); and EF, is the carbon emission factor of the i-th energy

A, &, A*, £*—the corresponding vector matrix, where A = [AT AH|, £ = [a f] T,

AN*=[AT AH AC|,&=[a B 7] T a=0.336Pi/1t, B =0.00144/Pw,y =P x 103 /60852nF.

The indirect increment in carbon emissions was the increment in the equipment
operating load caused by the change in human flow, as shown in Equation (15). The direct
increase in carbon emissions was caused by the CO, produced by the population itself,
which was obtained from Equation (5). The direct and indirect increments were substituted
into the accounting framework to obtain the carbon emissions accounting model caused by
the flow of people, as shown in Equation (16):

C.
zZ=( 271:1 al] +Cu) Xy (16)

where Z is the carbon emissions of large-scale comprehensive medical facilities based
on population flow (kgCOy); C; is the increment in carbon emissions of type I equipment
system caused by the flow of people (kgCO,); 0; ; is the type i equipment using the correction
coefficient of type j energy (determined by the energy consumption category and energy
consumption ratio of equipment operation); Cy, is the CO, direct emission increment
(kgCOy); and y is the design life of the building.

According to the energy-consuming structure of medical facilities and the density of
energy-consuming equipment in different functional zones, Equation (16) was simplified
and merged to determine 01 . € (0.36, 0.46), 0, . € (0.03, 0.04) [37], as shown in Equation (17):

7= { (aln45x +cx+d) xy x € (0,0.2) 17
(aln45x +bIn185x +cx+e) Xy x € (0.2, +00)

where Z is the carbon emissions of large-scale comprehensive medical facilities based on
population flow (kgCO,); x is the population flow density (people/m?); y is the design
life of the building; a is the coefficient, take (10V-EF;, 70V-EF,); b is the coefficient, take
(0.16V-EF;, 0.5V -EF)); c is the coefficient, take (0.35-0.001V-EF;, 0.65-0.002V-EF;); d is the
coefficient, take (0.001V-EF;, 0.002V-EF;); e is the coefficient, take (0.002V-EF;, 0.003V-EF;).

4.3. Verification of Accounting Model

The model was verified according to the energy-saving report data of a hospital
in Sichuan Province, as listed in Table 9. The air-conditioning heating and ventilation
system in medical facilities adopted electric multi-connected units with a rated power of
260 kW, an average annual flow of 250.77 million passers-by, and an average annual power
consumption of 3883.72 x 10* kW-h. The carbon emission factor of the Sichuan power grid
is 0.5257 kgCO, /kW-h [38], and the actual total carbon emission caused by the average
annual power consumption is 2.042 x 10 tCO,.
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Table 9. Energy audit table of a hospital in Sichuan province.
Year Electric Power Number of Visits Medical Area
(10* kW-h) (10* Person) (10* m?)

2005 3192.2 202.87 23.82
2006 3422.1 217.41 29.99
2007 3722.2 235.44 33.67
2008 3936.6 255.68 3491
2009 4286.7 278.49 39.40
2010 4742.5 314.75 41.73

Mean Value 3883.72 250.77 33.92

The HVAC system accounted for 40% of the total power consumption, the fan efficiency
was 50%, and the unit input dehumidification power was 30 kg/(kW-h) [38]. The central
air-conditioning design reference specification and standard stipulated that the cooling
capacity of the public area of the hospital should be 95 w/m?. Therefore, the flow density
in the medical facility was calculated to be 0.237 people/m? because the out-patient and
emergency flow area accounted for 6-20% of the total area (approximately 30,000 m?) [18].
The average annual temperature in Sichuan Province is 16.8 °C, and the average humidity is
74% [20]. After being substituted into the model, the floating carbon emissions accounting
value based on human flow was 2.106 x 10* tCO,, and the error with the actual value
was 3.07%, less than 5%. Therefore, the accounting value of the model interacts well with
the actual value. The CO; emissions directly generated by the flow of people were not
proposed in the statistical report. According to the model calculation, the annual carbon
emission statistics of the hospital had an error of 646.703 tCO,. Therefore, this model is
based on the flow of people. The error in the accounting results is low, and the dynamic
accounting model is optimized by integrating the indirect effects of the flow of people
and equipment.

5. Conclusions

Starting with the flow of people, this study examined the related influencing factors,
indoor environment changes, and the construction of an accounting model for carbon emis-
sions in large-scale comprehensive medical facilities. The following conclusions are drawn:

(1) The flow of people is a key factor affecting carbon emissions from medical facilities.
The flow of people discharges carbon emissions that increase the operating load of equip-
ment by affecting the indoor environment, which in turn constitute the carbon emissions
from large-scale comprehensive medical facilities.

(2) The changes in the indoor environment under different personnel densities are
analyzed, and the environmental changes in high-density personnel areas are predicted
by MATLAB simulation. The over-limit part of environmental parameters caused by the
change in population flow in large-scale comprehensive medical facilities was determined.

(3) The model constructed in this study is compared with the energy audit report of
the actual large-scale comprehensive medical facilities. The calculation error is only 3.07%,
which has good accuracy and considers the carbon emission sources not included in the
actual statistics. This shows that the accounting model has good interactivity with the
actual project, and the calculation accuracy is more accurate than the calculation method of
fixed parameters, which provides a theoretical basis for the promotion of a green medical
building evaluation system.

(4) The calculation model derived from the experimental data eliminates the problem
of the inaccurate calculation results of the existing model to a certain extent. Under the
dynamic operating conditions of the hospital building, the carbon emission accounting
value can be directly output after the model operation by inputting the ‘people flow’
parameter. The calculation results can not only make the calculated value more in line with
the actual situation, but also predict the future carbon emission trend and provide a better
strategy for the hospital’s energy management.
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This research only tests the actual human flow conditions, and the extreme conditions
of greater load have not been discussed. In the follow-up study, the calculation data
and algorithm software will be used to simulate and predict different extreme working
conditions, and the calculation accuracy of the model will be further optimized.
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