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Abstract: With ecological problems and energy crises intensifying today, greening is essential to
sustainable development. Compared with other types of buildings, hospital buildings account for
a relatively larger proportion of building energy consumption. In order to realize the rapid cycle
optimization of a green hospital project in the design stage and improve the green grade of the
building, a pre-evaluation Building Information Model (BIM) of green hospital building performance
was established in this study. Firstly, the literature review and expert consultation established the
building performance pre-evaluation index system for green hospitals. Then, BIM technology is
taken to extract data needed for building a performance pre-evaluation system, and the Cloud
Model and the Matter–Element Extension Theory are used to build models. The final green grade
calculation is realized in MATLAB. Finally, the Maluan Bay Hospital is taken as an example to test
the applicability and effectiveness of the proposed model. The results show that the green hospital
building performance pre-evaluation model has advantages of simulation, cyclic optimization and
fuzzy quantification, which can effectively guide the design and construction of a green hospital.

Keywords: building information model; green hospital building; pre-evaluation; building performance

1. Introduction

With the rapid development of the construction industry, ecological problems and
energy crisis are becoming increasingly severe. The construction sectors account for nearly
40% of global energy consumption [1,2] and produce more than 30% of carbon dioxide
emissions [2] as well as more than 10 billion tons of construction waste per year [3].
Among them, environmental pollution and energy consumption problems caused by a
hospital building should not be underestimated. The 2018 Commercial Buildings Energy
Consumption Survey (CBECS) shows that healthcares’ total floorspace accounts for 4% of
commercial buildings in the United States but consumes nearly 6% of energy sources [4–6].
Energy consumption of the unit building area of hospitals can reach up to 2–3 times than
that of other public buildings [7]. Thus, examining how to improve hospital buildings to
achieve sustainable development is crucial.

The green concept is an inevitable requirement of building sectors to retain sustainable
development [8,9]. A green building has higher goals in promoting sustainability, such as
reducing energy and carbon emission and improving indoor comfort [10]. As an important
example of sustainable urban development, the green hospital is committed to realizing the
“Four Savings and One Protection” throughout the entire construction cycle, for instance,
saving land, water, materials, energy and environmental protection, so that people can live
in harmony with nature [11]. In particular, green hospitals are often designed to minimize
energy consumption and ecological pollution through monitoring, assessing and improving
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relevant performance, making green hospital buildings more attractive as an incentive to
prompt sustainability of the construction sector [12].

A scientific evaluation system is a significant force for promoting the development of
green buildings [10]. Currently, the green hospital building evaluation system is primarily
based on green measures where a lot of data need to be collected. However, the data
collection process is complex and inefficient; thus, it is difficult to evaluate the effectiveness
of green measures. By comparison, the performance index of hospital buildings is more
targeted. Performance means the result of sustainable measures, which will orient the
green evaluation process [13–15]. Moreover, the benefits of performance evaluation are
more visible in the design phase, which has the largest impact on a project throughout its
entire life cycle [13–15]. Therefore, performance optimization measures in the design stage
are critical for achieving the green grade goal.

BIM is an effective tool for building performance analysis. BIM integrates project
systems, building information and the project management team to provide safe and
convenient data transmission and storage methods, which improves the efficiency of green
evaluation [16,17]. However, the research of green BIM technology in the design stage is not
sufficient. Moreover, few studies focus on applying BIM for building simulation analysis,
with little analysis of hospital building performance. This paper will construct a simulative
and fuzzy quantitative pre-evaluation model of green hospital building performance by
BIM technology to assess the performance of hospital architecture during the design phase.
Furthermore, the study out feedback and optimization of hospital building design based
on pre-evaluation results to improve the green level of hospital construction. To achieve
these aims, there are some specific steps: (1) Create a green hospital building performance
pre-evaluation index system; (2) integrate the BIM and the BIM-related tools for building
performance pre-evaluation; and (3) obtain optimization measures based on the evaluation
results. These steps will demonstrate the application possibilities of the model.

2. Literature Review

As one of the most significant initiatives to address environmental issues, green hospi-
tal buildings have drawn widespread attention [18,19]. The green hospital building aims
to maximize resource savings, protect the environment and reduce pollution, providing
patients and medical staff healthy, applicable and efficient use spaces [20]. To reach this
goal, various performance assessment methods have been raised [21,22], such as Building
Research Establishment Environmental Assessment Method (BREEAM), Leadership in
Energy and Environmental Design (LEED), WELL building standard (WELL) and Evalu-
ation standard for green hospital building (GB/T 51153-2015). Unlike other methods,
WELL emphasises occupant health and places “human-centred” as a key issue [23,24].

The previous green hospital building performance studies mostly focus on indi-
vidual indicators, with a few referring to systematic indicators including users’ needs.
Chamseddine et al. temporally monitored the indoor air quality (IAQ) of hospitals to ana-
lyze seasonal variations and indoor-outdoor (IO) correlations [25]. Shi et al. investigated
energy consumption and building layout of 30 hospitals in the cold region of China to
conclude energy-saving strategies in hospital building layouts for architects in the design
stage [26]. Alzoubi and Attia measured sound transmission loss and insulation of two
selected inpatient wards to evaluate Sound Transmission Class (STC), aiming to achieve
acoustic comfort [27]. Leccese et al. performed illuminance and luminance analysis of
different activities in the hospital and matched them with the optimum visual task [28].
However, those studies rarely involve patients’ needs.

Building performance evaluation conducts constant assessment and feedback to op-
timize the entire lifecycle of buildings. As mentioned above, the building performance
pre-evaluation in the design stage has the greatest influence on the project, and scholars
discussed it from different perspectives. Based on the criteria of improving energy efficiency
and indoor thermal comfort, Si et al. established a model with high prediction accuracy by
using an artificial neural network, which replaced previous complex simulation models [29].
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Liu et al. analyzed colleges’ planning layout and energy consumption, and developed an
energy-saving model based on green performance analysis [30]. Jia et al. added dynamic
characteristics of users to building performance simulation coupled with EnergyPlusTM,
building energy consumption simulation engine PMFServ and habitant behaviour mod-
elling tools to solve the information exchange mechanism of dynamic characteristics of
users and static characteristics of buildings [31]. Building performance evaluation should
be supported by tools, and BIM is an ideal tool for it.

BIM technology is mature and introduced into green building performance evaluation.
For example, Gerrish et al. explored the suitability of BIM management for building
performance and demonstrated the ability of BIM and building management systems to
capture, organize and link data [32]. Zhuang et al. built a lifecycle data management and
application framework based on BIM technology [33]. Ansah et al. developed a BIM-based
approach to lifecycle assessment (LCA) prefabricated buildings that combine different
assessment levels with unique system boundaries and functional units [34]. Guo et al.
proposed a green building evaluation system based on BIM technology to highlight the
advantages of the BIM model and quickly conduct green building evaluation [35]. The
above research has made a great contribution to green BIM. However, the research on BIM
technology and green building evaluation mainly focuses on single building performance
analysis. There are few studies on building performance evaluation systems adapted to
BIM technology.

As reviewed, there are some studies for green hospital building performance evalu-
ation, but they often refer to individual indicators and lack an evaluation tool. The BIM
has huge potentials in promoting the development of green hospital buildings, such as
information integration and interaction, simulation and visualization. This paper aims
to construct a BIM-based performance pre-evaluation system for green hospital building,
which not only improves the systematicity and scientificity of traditional index but also can
efficiently achieve performance evaluation. Based on model results, optimization measures
should also be provided.

3. Materials and Methods

This research will adopt a BIM-based pre-evaluation system to achieve green hospital
building performance pre-evaluation. The system contains three steps. The first stage
is to propose an index system. To be specific, the first step is to identify performance
indexes and build a multifactor pre-evaluation framework around them, and then the
next step is to determine the weight of the indexes by the G1 Method and Entropy Weight
Methods. Then, a BIM model that contains all the needed information is needed. Finally,
simulate and evaluate green hospital buildings’ performance. In this stage, Ecotect is used
to simulate performance, Dynamo and Matlab are used to evaluate performance and then
green hospital building optimization strategies are presented according to the results.

3.1. Performance Pre-Evaluation System Construction

The evaluation starts from constructing an index system. The key indicators of green
hospital building performance were screened out by a literature review and expert inter-
views, and then the weight of each indicator was determined accordingly.

Step1: Performance Indicators Identification. According to the “people-oriented” con-
cept of “Green Building Evaluation Standard (GB/T 50378-2019)” and from the perspective
of patients’ building needs, the green hospital building performance pre-evaluation system
is divided into three sectors: indoor comfort, hospital environment and resource utilization.
The three first-level indicators are the basis for the selection of second-level indicators.
Second-level indicators are refined and expanded based on the literature search. The three
parts of the evaluation system and their related details are shown in Table 1.

Step2: Multi-factor Pre-evaluation Framework. The authors interviewed 21 experts to
construct a multi-factor pre-evaluation framework for green hospital building performance.
The respondents are all stakeholders in green hospital construction; thus, their views are
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relatively scientific (The background of 21 experts is detached in Table A1 of Appendix A).
They will answer the questionnaire according to the purpose and indicators of the research.
The multi-factor pre-evaluation framework is shown in Figure 1.

Figure 1. Multifactor pre-evaluation framework.

Step3: Index Weight Measurement. The index weight is related to the result accuracy.
In order to minimize the error of a single method, this study adopted the G1 method [36,37]
and the Entropy Weight Method [38–40] to assign index weight by linear weighting. By the
G1 Method, experts ranked indicators according to their importance and then calculated
the subjective weight by quantifying the importance between indicators. After that, the
Entropy Weight Method was used to determine the objective weight. Finally, the index
weight was determined after several repetitions (Table 1).

3.2. The BIM Model Construction

Then, a 3D model was established in the BIM to evaluate and optimize green building
performance. BIM is the process of intelligent 3D modeling, which provides tools for
planning, designing, constructing and operating [33,54]. Then, the the information required
by green hospital building performance pre-evaluation will be placed into the BIM model.

BIM provides technical support for the comprehensive pre-evaluation of green hospi-
tal building performance by simulating wind, lighting, sunshine and thermal environments.
The lighting environment simulation contains daylight factors, sunlight hours and illumina-
tion. Natural and artificial lighting can be simulated by loading urban meteorological data
and installing lamps. Moreover, combining natural and artificial lighting can be simulated.
Wind environmental performance analysis needs to simulate the impact of wind environ-
ment in different seasons on the building, which can be supported by a computational
fluid dynamics (CFD) model to obtain indicators such as airflow rate, airflow vector and
cell pressure. Sunshine simulation analysis is used to analyze the sunshine duration of
the building on a specified day. Thermal environment simulations can effectively analyze
the thermal performance of building envelope structures by setting outer wall materials,
which can be mainly reflected by fabric gains, hourly temperature, gains breakdown and
monthly degree days. Table 2 shows the assignment method and output of indicators based
on BIM technology.
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Table 1. Pre-evaluation index system of green hospital building performance.

First-Level
Indicator Second-Level Indicator Description References

Weight

Subjective Objective Comprehensive

U: Indoor
comfort

U1: Patient visit process
Patients in the hospital registration,
consultation, medicine and a series of
medical services.

Sun [41], Giao [42],
Zhou [43],

Mazaheri Habibi [44],
Wang [45].

0.2348 0.1337 0.1523

U2: Indoor background noise
The envelope structure of the main
functional space has good sound insulation
performance and low indoor noise value.

Candas [21], Sadatsafavi [46],
Nimlyat [47]. 0.0899 0.1072 0.1040

U3: Indoor natural lighting The indoor natural lighting of the main
function space.

Jamshidi [48], Enache-Pommer [49],
Candas [21], Sadatsafavi [46],

Wood [50].
0.0198 0.0723 0.0626

U4: Indoor natural ventilation Indoor ventilation of main functional space
in the hospital building.

Enache-Pommer [49],
Candas [21], Sadatsafavi [46],

Wood [50].
0.0299 0.0814 0.0719

E: Hospital
environment

E1: Outdoor wind environment
The wind environment of the outdoor
space in different seasons should be
conducive to walking and activities.

Wood [50],
Buonomano [51]. 0.0359 0.0344 0.0347

E2: Hospital humanized design
Humanized design inside hospital building,
outdoor rest place, privacy and
eye-catching sign system.

Giao [42], Zhou [43],
Jamshidi [48]. 0.0494 0.0553 0.0542

E3: Sunshine environment of
inpatient ward

Sunshine exposure in inpatient wards in
different seasons.

Enache-Pommer [49],
Sadatsafavi [46],

Wood [50].
0.0858 0.0525 0.0586

E4: Greening rate of the
hospita park

The greening situation in the hospital park
can meet the ornamental and recuperative
needs of inpatients and medical staff.

Jamshidi [48],
Wood [50]. 0.0291 0.0726 0.0646

E5: Smart medical services Intelligent medical services and intelligent
office systems.

Kim [52], Wang [45],
Shen [53]. 0.2348 0.0805 0.1088
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Table 1. Cont.

First-Level
Indicator Second-Level Indicator Description References

Weight

Subjective Objective Comprehensive

R: Resource
utilization

R1:Hospital parkland use Hospital building land use. Enache-Pommer [49],
Candas [21]. 0.1906 0.3102 0.0866

R2: Save materials The use of building materials in hospital
architectural design.

Enache-Pommer [49],
Candas [21],
Wood [50].

0.0404 0.0993 0.0885

R3: Thermal performance of
envelope structure

The thermal insulation performance of the
envelope can achieve the purpose of
energy saving.

Enache-Pommer [49],
Buonomano [51]. 0.1211 0.1114 0.1131

Table 2. BIM-based green hospital building pre-evaluation index assignment method and output.

First-Level Indicator Second-Level Indicator Indicator Assignment Mode Indicator Output

U: Indoor comfort

U1: Patient visit process BIM visualization—Revit roaming 3D animation and text information
U2: Indoor background noise BIM family type-wall and outside window family type parameters Design parameters and text information
U3: Indoor natural lighting Autodesk Ecotect Analysis building performance simulation Daylight factor and daylight compliance rate

U4: Indoor natural ventilation Autodesk Ecotect Analysis building performance simulation Indoor air flow vector and rate

E: Hospital environment

E1: Outdoor wind environment Autodesk Ecotect Analysis building performance simulation Outdoor airflow vector and rate
E2: Hospital humanized design Revit list-BIM visualization Design parameters and text information

E3: Sunshine environment in inpatient wards Autodesk Ecotect Analysis building performance simulation Sunlight hours and sunlight compliance rate
E4: Greening rate of the hospital park Revit list-area and volume calculations The area ratio

E5: Smart medical services Revit equipment list-BIM visualization Equipment list and text information

R: Resource utilization
R1: Hospital parkland use Revit list-area and volume calculations The area ratio

R2: Save materials Revit material list-define family type parameters Material list and text information
R3: Thermal performance of envelope structure Autodesk Ecotect Analysis building performance simulation Fabric gains and design parameters
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3.3. Green Hospital Building Performance Evaluation and Optimization

The last step is to evaluate green hospital building performance and find potential
optimization measures by using the constructed 3D model and integrated engineering
information.

3.3.1. Performance Simulation

The Ecotect contains a variety of simulation and analysis functions, providing technical
support for building performance optimization measures. Thus, it can perform a building
performance simulation, which allows the 3D model in Revit through gbXML or IFC
standards. Then, loading meteorological data and related technical parameter settings into
Ecotect software input building insolation, wind environment, lighting environment and
thermal environment for comprehensive simulation analysis and then then output energy
consumption, thermal comfort, wind environment and noise values.

Figure 2a depicts simulation parameter settings used: materials setting and the zone
properties setting of the thermal environment; and the grid should be drawn as a certain
size (b). Considering current climate temperature changes and wind speed being unstable,
this paper uses five-day sliding temperatures, wind speed and wind direction to determine
wind environment simulation parameters, shown in Figure 3. In addition, the building
information for the following evaluations, such as greening rate, land use and save materials
could ultimately be exported to excel files through Dynamo.

Figure 2. Screenshots of related settings in Ecotest for green building performance simulation:
(a) thermal environment simulation parameters setting; (b) grid drawing of indoor light environment
simulation.



Sustainability 2022, 14, 2066 8 of 21

Figure 3. Wind environment simulation parameters setting: (a) five-day sliding temperature;
(b) building optimum orientation; (c) wind rose.

3.3.2. Performance Evaluation

Based on evaluation rules, the indicators’ scores will be obtained after the building
performance simulation. Then, the membership degree will be calculated by the Cloud
Matter–Element Theory.

(Ex, En, He) is used to replace the representation of object features to construct a
cloud matter–element model where expectation (Ex) represents the classification of green
hospital building pre-evaluation indicators. Entropy (En) describes the fuzziness of the
pre-evaluation grade division of hospital building performance and the randomness of
obtaining evaluation samples. Hyper-entropy (He) indicates the dispersion degree of the
pre-evaluation sample of green hospital building performance. Specifically, the larger He is,
the more discrete the sample is. The Cloud Matter–Element model is expressed as follows.

R =


Nj c1 (Ex1, En1, He1)

c2 (Ex2, En2, He2)
...

...
cn (Exn, Enn, Hen)

 (1)

The interval division of index level is determined by Ex, En and He in the Cloud
Matter–Element Theory. As presented in the following Equations, expected value Ex is
calculated by the average value of the interval, and then the position of the cloud model is
fixed. Entropy En is calculated by the “3En” rule that indicates almost all cloud droplets
located in [Ex − 3En, Ex + 3En] and the left side can be neglected [55]. Taking the pre-
evaluation model of green hospital building performance and the characteristics of the
hospital building into consideration, each evaluation index is divided. Assuming that
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the grade interval of each index is (Cmin, Cmax), Ex, En and He in the cloud model are
represented, respectively, as follows [56,57]:

Ex =
Cmin + Cmax

2
(2)

Ex =
Cmax − Cmin

6
(3)

He = s (4)

where S is a constant, which is determined according to expert experience or practical
situation.

Moreover, by selecting the normal cloud generator to calculate x, we obtain x = Ex± 1.774En.
Then, set x as the boundary value of a fixed interval, and it can be defined as follows.

En =
Cmax − Cmin

2.3584
(5)

He is an uncertain value, which determines the thickness of the cloud. The smaller the
value is, the thinner the cloud is and the fuzzier the correlation coefficient is. The larger the
value is, the opposite is true.

x is any cloud droplet in the cloud map. The membership function is used to calculate
the correlation degree between cloud droplet and evaluation grade to finally determine the
green grade of the evaluation object. The membership function expression is as follows:

F(x) = exp

[
− (x− Ex)2

2En′2

]
(6)

where En’ is a normal random number generated by expected value Ex and variance He.

(1) The membership degree of secondary indicators determination

Firstly, the membership degree of the i-th evaluation index corresponding to Vp to
each green grade was calculated by Matlab programming. Secondly, the membership
degree of Vp to each green grade was calculated by weighting the following:

K j
(

Mp
)
=

n

∑
i=1

wpiKj
(
Vpi
)

(7)

where Kj(Mp) is the membership degree of p-th criterion matter–element to j-th green grade
(j = 0,1,2,3); Wpi is the weight of the i-th index to the p-th criterion matter–element; and
Kj(Vpi) is the measured value of the i-th indicator in the matter element of the p-th to the
membership degree of the j-th green grade.

(2) The membership degree of first-level indicators determination

After obtaining the membership degree of secondary indicators, the membership
degree of the first level index is weighted with second-level indexes by Equation (8).

K j(M) =
3

∑
p=1

wpKj
(
Vp
)

(8)

(3) Green grade determination

According to the principle of maximum membership degree, the green grade of
second-level indicators, first-level indicators and the matter element to be evaluated is
defined as follows.

K(R) = maxKj(R) (9)
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Finally, green hospital building performance grades could be divided into four cat-
egories according to calculation results: basic level, 1 star, 2 star and 3 star. The specific
classification is shown in Table 3.

Table 3. Classification of green hospital building performance pre-evaluation grades.

Total Score Classification

120
Basic level First level Second level Third level

Graded specific gravity 40% 50% 62.5% 80%
Range of grades [48,60] [60,75] [75,95] [95,120]

3.3.3. Performance Optimization Measures

According to the evaluation results, the optimization measures of green hospital
building performance can be obtained. This paper determines three aspects of green
hospital building performance evaluation and optimization. Following the evaluation, score
values of the first-level and second-level indices are determined, then some optimization
measures will be put forward after analyzing the cause of the low score items.

4. Case Study
4.1. Case Background

In order to verify the scientificity and validity of the proposed system, the Maluan
Bay Hospital is selected as an example for the application of this system. The Maluan Bay
Hospital is located in Xiamen and aims to be a Class 3A hospital (the top level hospital clas-
sification in the Chinese Mainland). The selected hospital intends to construct a gross floor
area of around 310,960 square meters, including 136,000 square meters and 174,960 square
meters (gross floor) above and under the ground level perspectively. The performance of
the hospital building will be evaluated, which contains six floors of the outpatient building
and the medical building and fourteen floors of the inpatient building. The rendering of
the target hospital building is presented in Figure 4, and the Revit model is presented in
Figure 5.

Figure 4. The rendering of the Maluan Bay Hospital. (The picture source is from the BIM team of the
Maluan Bay Hospital Tefang Company.)
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Figure 5. Revit model of the Maluan Bay Hospital: (a) elevation view; (b) plan view.

4.2. Building Performance Simulation

The existing Revit model of the Maluan Bay Hospital can be imported into the Ecotest
directly by using the gbXML standard to conduct simulations. In the indoor lighting
simulation example, the sky condition is set as the CIE on a complete cloud for avoiding
the influence of other factors so that only natural lighting is considered for this simulation.
Moreover, the third floor is chosen to conduct a simulation to obtain the daylight factor
and the daylight compliance rate. The daylight compliance rate of the outpatient building,
the medical building and the ward building are 85%, 60% and 99%, respectively. Figure 6
presents the indoor daylight factor.

Figure 6. Simulation of the indoor daylight factor.

Wind environment simulation uses statistics of five-day sliding temperature, wind
speed and wind direction in Xiamen from 2015 to 2020 to determine simulation parameters
and conditions. The results of the statistics show that the average daily temperature of
Xiamen is above 10 ◦C; there is no winter; and summer can last for 217 days per year. Thus,
the transition season will be taken to replace winter for simulation. In addition, the detail
parameters can be set by analyzing the wind environment: (1) wind direction: south wind
in summer and northeast wind in the transition season; (2) wind speed: 4 m/s in summer
and transition season. After simulation, the quantitative airflow rate and qualitative indoor
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airflow organization can be acquired. Figure 7 depicts indoor wind environment simulation
results, and wind speed is roughly 0–1.4 m/s. The wind speed is pleasant, and the wind
vector is reasonable. Furthermore, wind environment simulation can be used to simulate
the wind environment outside.

Figure 7. Simulation of the indoor wind environment: (a) indoor wind direction; (b) indoor wind
speed; (c,d) 3D renderings of indoor wind direction and wind speed correspondingly.

The envelope’s thermal performance is determined by simulating the thermal en-
vironment of the building. The relevant parameters need to be set before simulation,
and the physical parameters of the envelope layer of the hospital are demonstrated in
Table 4. Figure 8 (the fabric gains) shows that the building receives more heat from June
to September, and the maximum heat is obtained from 12:00 to 18:00. The maximum
heat is lost from 23:00 to 8:00 in January and December. The indoor hourly temperature
curve can depict indoor temperature changes quantitatively and reflects the envelope’s
thermal insulation ability when subjected to the effects of the outside environment. As
presented in Figure 9, the black line is the inside hourly temperature change curve, and
the blue line is the outdoor hourly temperature change curve. The temperature values
of the two lines are nearly identical so that the enclosure is adequately insulated. The
gains breakdown indicates the day-to-day heat shift from various sources. The simulation
results demonstrate heat conduction accounts for 64.1 percent, indicating that heat or cold
is mostly transmitted through heat conduction forms of the envelope. The amount of heat
removed by ventilation is 24.2 percent, showing that the wind speed near the building is
relatively high, and airtightness needs to be strengthened. In addition, 40.4 percent of heat
is obtained by solar radiation (Figure 10).
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Table 4. Physical parameters of envelope layer.

Structure Thickness
(mm)

Thermal Conductivity Coefficient
(W/m·k)

Thermal Storage Coefficient
(W/m·k2)

Thermal Resistance
(m·k2/W)

Thermal Inertia
Index

roof

Fine aggregate concrete 40 1.74 17.20 0.023 0.395
Composite mortar 10 0.87 10.75 0.011 0.124
Extruded polystyrene plate 35 0.03 0.31 0.972 0.365
Cement mortar 20 0.93 11.37 0.022 0.245
Lightweight aggregate concrete pouring and tamping 30 0.98 11.10 0.034 0.374
Reinforced concrete 120 1.74 17.20 0.069 1.186

Sum of layers 255 1.131 2.689

The solar radiation absorption coefficient of the outer surface 0.50

Thermal transfer coefficient 0.78

Outer wall

Cement mortar 15 0.93 11.37 0.016 0.183
Sintered gangue porous brick 200 0.40 5.55 0.50 2.775
Thermal insulation mortar 10 0.07 1.20 0.143 0.171
Anti-crack Mortar 5 0.93 11.37 0.005 0.061

Sum of layers 230 0.664 3.191

The solar radiation absorption coefficient of the outer surface 0.12

Thermal transfer coefficient 1.21
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Figure 8. Simulation of the fabric gains.

Figure 9. Simulation of the indoor hourly temperature curve.

Figure 10. Simulation of the gains breakdown.

4.3. Building Performance Evaluation

By conducting the above simulations, the scores of all secondary indicators are ac-
quired. Combined with the built evaluation model, MATLAB is used to calculate the
membership degree and the green grade of the hospital to be evaluated.

(1) Project Score

Based on the actual situation of the hospital, building performance simulation is
operated to obtain the pre-evaluation index data by using the BIM. Due to space constraints,
indoor comfort is taken as an example to analyze the scores of each index, as shown in
Table 5.
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Table 5. Evaluation criteria and project scores.

Evaluation
Standard Description Project Case Score

U1

The department layout is reasonable and the
treatment process is a sample; information

network is used to improve the convenience of
the treatment process.

Informationization registration services are
provided, and the departments are relatively

easy to reach.
6

U2
Hospitals require a high-quality indoor

background noise environment to meet the
current national standards.

The sound insulation performance of the
component meets the high current national

standard, and the impact performance of the
floor meets the low standard.

7

U3
The daylight factor of main functional rooms
in hospitals conforms to the current national

standard <GB/T 50033-2013>.

The daylight compliance rate of the ward
building, outpatient building and medical

building is 99%, 85% and 60%, respectively.
6

U4
Indoor ventilation airflow organization is

reasonable, and the airflow rate should be kept
0–1.4 m/s to ensure comfort.

The indoor airflow rate is 0–1.4 m/s, and the
airflow vector is reasonable. 10

(2) Project green level

The scores of the second-level indexes are obtained when the simulations are com-
pleted. The first-level indexes should then be computed as a result of the suggested model.
To begin, Equations can be used to find the matter–element to be evaluated:

R =


Nj M1 c1 (Ex1, En1, He1)

M2 c2 (Ex2, En2, He2)

M3
...

...
c12 (Ex12, En12, He12)


where Nj (j = 0,1,2,3) is the green grade, Mp (p = 1,2,3) is the first-level index and
Ci (I = 1,2,3, . . . ,12) is the second-level index.

According to the theory of matter–element extension, the classical domain is deter-
mined, wherein the basic level, 1-star, 2-star and 3-star of green hospital building grades
are represented by R1, R2, R3 and R4, respectively, as follows.

R1 =
(

N1, Ci, Vij
)
=


N1 c1 (0, 2.5)

c2 (0, 2.5)
...

...
c12 (0, 2.5)

 R2 =
(

N2, Ci, Vij
)
=


N2 c1 (2.5, 5.0)

c2 (2.5, 5.0)
...

...
c12 (2.5, 5.0)



R3 =
(

N3, Ci, Vij
)
=


N3 c1 (5.0, 7.5)

c2 (5.0, 7.5)
...

...
c12 (5.0, 7.5)

 R4 =
(

N4, Ci, Vij
)
=


N4 c1 (7.5, 10.0)

c2 (7.5, 10.0)
...

...
c12 (7.5, 10.0)


The node domain is the sum of all classical domain ranges, the node domain range is

(0,10), and the node domain is expressed as follows.

Rp =
(

Np, Ci, Vip
)
=


Np c1 (0, 10)

c2 (0, 10)
...

...
c12 (0, 10)
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After classical and nodal domains are obtained by the theory of matter–element
extension, Ex and En in the cloud model are obtained by the preceding formulas. MATLAB
programming is used to create the evaluation cloud map of He under the conditions of 0.10,
0.12, 0.14 and 0.16, as shown in Figure 11. The prerequisites for a cloud image are fuzziness
and unpredictability. The Cloud Model has good qualities when He = 0.14 and may be used
to calculate the precise membership degree. According to the constructed pre-evaluation
model, the membership degree of second-level indicators is calculated using MATLAB, and
the membership degree of first-level indicators and green grade are eventually produced.
Table 6 describes pre-evaluation outcomes.

Figure 11. Cloud map with different values of He.

Table 6. Indicator membership degree and green grade.

Second-Level Indicator
Degree of Membership

Green Rating
Basic Level First Level Second Level Third Level

U1: Patient visit process 0 0.1052 0.9726 0.0346 Second level
U2: Indoor background noise 0 0.0091 0.7785 0.0346 Second level
U3: Indoor natural lighting 0 0.1052 0.9726 0.0346 Second level

U4: Indoor natural ventilation 0 0 0.0019 0.4989 Third level
E1: Outdoor wind environment 0 0.0091 0.7785 0.0346 Second level
E2: Hospital humanized design 0 0 0.2561 0.7786 Third level

E3: Sunshine environment in inpatient wards 0 0 0.0346 0.9726 Third level
E4: Greening rate of the hospital park 0 0 0.0019 0.4989 Third level

E5: Smart medical services 0.019 0.4988 0.4989 0.1088 Second level
R1: Hospital parkland use 0 0 0.0019 0.4989 Third level

R2: Save materials 0 0.1052 0.9726 0.0346 Second level
R3: Thermal performance of envelope

structure 0 0.0091 0.7785 0.0346 Second level
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Table 6. Cont.

Second-Level Indicator
Degree of Membership

Green Rating
Basic Level First Level Second Level Third Level

First-level indicator max
Kj(R)

Indoor comfort 0 0.0236 0.2901 0.0469 0.2901 Second level
Hospital environment 0 0.0546 0.0973 0.1347 0.1347 Third level
Resource utilization 0 0.0103 0.1743 0.0502 0.1743 Second level
Project Green Grade 0 0.0297 0.1949 0.0760 0.1949 Second level

The results indicate that the green level of the Maluan Bay Hospital is 2-star, and the
trend of developing to 3-star is not obvious. The results are analyzed as follows:

(1) Five second-level indicators arrive at the 3-star standard, including U4, E2, E3, E4,
R1 and the first-level indicator of E also meets the 3-star standard. The result demon-
strates that the hospital has an excellent environment.

(2) The second-level indicators are mostly the 2-star level. Among those indicators, E5’s
degree is close to the 1-star and 2-star, for which their trends to 3-star is the worst.
Therefore, it should be optimized and improved based on the calculation results of
membership degrees.

(3) U and R both reached the 2-star level, which is consistent with the comprehensive
green level of the hospital. However, it can be observed that the index of indoor
comfort has the worst tendency to develop to the 3-star level, which should be
optimized and improved accordingly.

4.4. Building Performance Optimization

The pre-evaluation aims to evaluate completed drawings to find the existing problems
that can be optimized and provides dynamic feedback to improve the expected performance
of the building. According to the performance pre-evaluation results of Maluan Bay
Hospital, some optimization measures are summarized to improve its level.

(1) Improve the level of hospital intelligence

Smart medicine enables medical staff to improve their work efficiency and provides
patients with convenient medical services. Thus, the following areas can be optimized:
(1) Remote consultation is developed with 5G technology; (2) smart energy management
platform can help to save energy during the operation stage; and (3) the utilization of big
data, 5G and computer technology can improve the operation efficiency of hospitals.

(2) Reduce the opening area of the outer window

The membership degree calculation results show that indoor natural ventilation
reaches the 3-star level. Moreoveer, the thermal performances of the envelope structure
and indoor background noise are both 2-star level, with a trend to 3-star development.
Therefore, it is possible to reduce indoor background noise and improve the envelope’s
thermal performance by reducing the opening area of the outer window by satisfying
indoor natural ventilation.

(3) Improve the convenience of the medical treatment process

Among the first-level indicators, indoor comfort has the least obvious trend of devel-
oping to a 3-star level, and the patient treatment process is the index with the largest weight.
As a result, it should be optimized to improve the convenience of medical treatment by
adjusting the distribution of departments, the layout of buildings, and the use of intelligent
medical treatment.
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5. Discussion

This study introduced an approach integrated BIM and BIM-related tools for green
hospital building performance pre-evaluation. An innovative performance pre-evaluation
index system is established from a theoretical aspect to overcome the weakness of measure
indicators. Moreover, extra factors that aim to improve patient satisfaction are included
for green hospital performance pre-evaluation in addition to the general function. For
example, hospital humanized design refers to the privacy of patients and medical staff,
and smart medical services will promote treatment efficiency. Compared with previous
studies that largely concern individual indicators [25–28], this study proposed a complete
system to demonstrate the systematicity and scientificity of green buildings. Additionally,
rating methods, such as LEED, BREEAM, HKBEAM and GB/T 51153-2015, which serve
as guides for determining the green hospital building performance pre-evaluation score
standard, should consider regional characteristics to achieve compatibility. After that,
a BIM-based green hospital building performance pre-evaluation model is built. The
hospital building’s assessment is more complicated due to its special structure. Thus, a
specialized performance pre-evaluation model can ensure that green hospital buildings are
evaluated smoothly.

The case is taken to test the performance of the proposed assessment method. It
also benefits for promoting the application of pre-evaluation and further promotes the
development of green hospital buildings. Revit, a 3D model integrated project information,
is built to be transferred to BIM-related information exchange and collaboration tools.
Green hospital building performance simulations and evaluations are undertaken with
Ecotect and MATLAB, and some optimization measures can be gained according to the
index score. In addition, simulation can be repeated by resetting relevant parameters to find
optimal allocation. Thus, further optimization can be conducted with BIM and BIM-related
tools in the future. Although some scholars have started to evaluate performance indices by
using simulation software, these studies are limited to residences, schools and commercial
buildings [35] and hardly involve hospital buildings.

However, there are still some limitations. Although the proposed approach has proven
to efficiently apply in the green hospital field, smart medical is not explicitly mentioned.
Smart medical is a significant shift in the medical industry that must be incorporated in
detail. The built green hospital building performance pre-evaluation focuses mostly on
performance indicators that can be quantified and simulated. However, smart medical
lack the performance indicators’ properties; thus, it is difficult to apply. In addition, the
pre-evaluation index screening of green hospital building performance depends on the
expert consultation method. In the future, it can be improved for novel methods such as
Big Data. Further work should focus on solving shortcomings and developing a more
intelligent evaluation system.

6. Conclusions

In order to optimize the performance of green hospital buildings and promote sus-
tainable development, this study constructed a BIM-based performance pre-evaluation
system of the green hospital. The performance pre-evaluation index system is established
by theoretical research and weight model construction, and performance simulations
are guaranteed by BIM and BIM-based tools, gaining indicators’ scores and green levels.
Then, the Maluan Bay Hospital is taken to test the effectiveness and scientificity of the
proposed method.

In this study, inpatient satisfaction was regarded as an important indicator, because
some indicators involving inpatient satisfaction account for relatively large weight. Thus,
the evaluation results will be more scientific and reasonable when considering inpatient
satisfaction. In addition, a BIM and BIM-based pre-evaluation model is integrated, which
focuses on the efficiency and accuracy of the assessment. A green hospital building can
improve performance by simulation and feedback. However, there are also some limita-
tions. Among this index system, smart medical devices are relatively important but were
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underappreciated. Thus, some more details about smart medical should be absorbed into
the index system in the future.
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Appendix A

Table A1. Background of 21 experts in step 2 of Section 3.1.

Item Category Frequency Proportion

Employer
China Academy of Building Research 7 33.33%
Hospital Infrastructure Department 5 23.81%

Architecture Design Institute 9 42.86%

Working hours
(year)

<5 2 9.52%
5–10 6 28.57%
10–15 8 38.10%
15–20 3 14.29%
>20 3 14.29%

Education
background

Junior College 3 14.29%
College 9 42.86%
Master 7 33.33%
Doctor 2 9.52%

Seniority
Primary 5 23.81%

Intermediate 13 61.90%
Senior 3 14.29%
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