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Featuring energy efficiency, comfort, and economical efficiency, green buildings
facilitate resource conservation, environment protection, and sustainable development in
China, a country that is rapidly urbanized. However, there is not yet an effective means
to quantify the environmental impact of green buildings. Based on environmental
sustainability, this paper puts forward a novel method that comprehensively evaluates the
environmental impact of green buildings, which includes environmental benefits into
post-evaluation. Taking seven green buildings as examples, the indoor environment
improvement was measured by temperature, humidity, CO2 content, and illuminance.
Besides, the energy consumptions and carbon emissions of green buildings were
quantified. The results show that the environmental benefits of green buildings are
implicit, including energy-saving benefit, land-saving benefit, water-saving benefit,
material-saving benefit, and indoor environment improvement. The seven green
buildings were found to meet relevant standards on heating energy consumptions, and
have a clear edge in renewable energy consumption. the energy consumptions and indoor
environment scores of green buildings are positively correlated. In other words, for a
green building, the higher the environmental benefits, the better the comprehensive
evaluation result. The research results lay a theoretical basis for quantifying the
environmental impact of green buildings.

1. INTRODUCTION

The rapid economic growth has fuelled the desire for
material well-being, resulting in the overdevelopment of the
building industry. Currently, the building industry has
consumed a growing portion of energies and resources that are
utilized in China. The heavy consumption wastes lots of
resources and pollutes the environment [1]. Green buildings
provide an effective solution to this problem. Besides
improving living environment and livelihood, green buildings
pave the way towards ecological civilization and sustainable
development [2, 3].

Green buildings are still in their infancy in China. Most of
them are civil buildings and public buildings. Unlike those in
developed countries in Europe and North America, green
buildings in China are evolving from single buildings to an
entire ecological city [4]. In developed countries, the green
building evaluation system focuses on the integration between
post-evaluation and environmental benefits, and covers
building construction, material performance, work and living
environment, and natural environment. Apart from these
indices, incremental benefits are included in China’s green
building evaluation system, that is, environmental and
economic benefits are integrated into green buildings [5].

It is of great practical significance to evaluate the
environmental benefits of green buildings in the whole
lifecycle. Despite the inevitable growth in incremental cost,
the development of green buildings benefits the environment

449

and sustainable development in the long run. It is necessary to
promote green building evaluation system from the
perspective of whole lifecycle [6]. On the macroscale, green
buildings develop in sync with social economy, and relate to
the progress of our views on life and consumption. More
importantly, green buildings are correlated with social
harmony and stability, and facilitate resource conservation and
environment protection [7].

For the sustainability of building environment, it is
important to introduce environmental benefits into the post-
evaluation of green buildings. However, the existing green
building evaluation systems emphasize economic benefits
over environmental benefits [8, 9]. The few systems that
consider environmental benefits only focus on a single factor.
In the real world, however, environmental benefits are affected
by various factors. To fully evaluate environmental benefits,
these factors should be weighted according to relative
importance. Based on environmental sustainability, this paper
puts forward a novel method that comprehensively evaluates
the environmental impact of green buildings, which includes
environmental benefits into post-evaluation.

2. METHODOLOGY

At present, the construction of green buildings is not
mandatory but a market behavior. Green buildings refer to the
buildings that save resources as much as possible, protect
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environment, and reduce pollution, and coexist harmoniously
with the nature throughout the lifecycle [10]. As shown in
Figure 1, the number of green building projects in China
increased yearly from 2011 to 2018.

Green buildings have both explicit benefits and implicit
benefits. Explicit benefits refer to the most direct economic
benefits, while implicit benefits stand for environmental
benefits and social benefits. The environmental benefits of
green buildings need to be obtained through post-evaluation
[11].

The externality coefficients of building-related parameters
are important to the quantification of environmental benefits.
At present, these coefficients can be measured by market
transaction price method, opportunity cost method, recovery
and protection cost method, and shadow engineering method
[12]. The existing data show that, in the whole lifecycle, the
energy consumption in operation and maintenance phases far
exceeds that in design and construction phases. The
construction of green buildings directly bears on the
environmental benefits on the later stage.
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Figure 1. The green building projects in China from 2011 to
2018

3. RESULTS
3.1 Environmental benefits of green buildings

As shown in Figure 2, the environmental benefits of green
buildings include energy-saving benefit, land-saving benefit,
water-saving benefit, material-saving benefit, and indoor
environment improvement.

To improve building comfort and weaken negative
environmental impacts, green buildings are required to make
full use of industrial waste, save land resources, rationally
adopt green materials, thereby improving the air, thermal, light
and acoustic environments [13, 14].

Table 1 lists the carbon emission factors of main building
materials. It can be seen that steel is the highest carbon emitter,
followed in turn by cement, building glass, and cement block.

Each unit of cement block can emit 0.22 t/m? of carbon dioxide.
The environmental benefits of green buildings are the
environmental consequences of our use of these buildings.
Throughout its lifecycle, the carbon emissions E; of a green
building can be computed by:
Et:Em+Ec+Er+Etd‘Ebr‘Ebcs ( 1 )
where, En, E., E: and E are the total carbon emissions of the
building in the phases of material production, construction,
operation and maintenance, and demolition, respectively; Eu:
is the total carbon emissions of the building in the phase of
recycling; Epes is the total carbon emissions absorbed and
stored by the building in the whole lifecycle.

Energy-saving benefit

Carbon reduction Land-saving benefit

Environmental

Water-saving benefit
benefits

Indoor environment

improvement Material-saving benefit

Indoor environment improvement

Figure 2. Breakdown of environmental benefits of green
buildings

Table 1. Carbon emission factors of main building materials

Main building materials Carbon emission factors

Cement 1.35t/t

Steel 213 t/t

Building glass 0.96 t/t
Concrete block 0.22 t/m?

3.2 Indoor environment improvement

As shown in Figure 2, the environmental benefits of green
buildings fall into two broad categories: carbon reduction, and
indoor environment improvement. The latter of a green
building is mainly evaluated subjectively.

The physical indoor environment was measured by multiple
parameters, including temperature, humidity, air quality, and
CO; content. The lower and upper bounds of each parameter
were configured. If these parameters fall between the
corresponding bounds, the indoor environment will be
comfortable.

To weight these parameters, the relative importance of each
parameter was obtained through questionnaire survey. As
shown in Table 2, a judgement matrix was set up, subjected to
consistency check, and used for weight calculation. Table 3
lists the random consistency index (RI) of each parameter. It
can be seen that the consistency index (CI) of our
questionnaire was 0.0045<0.1, that is, our questionnaire is
sufficiently consistent.

The intervals and scores of the parameters are given in
Table 4, where C is the satisfaction of experts. The C values
serve as the scoring standard. Based on C values, it is possible
to obtain the mean satisfaction of each parameter.

Table 2. Relative importance of each parameter

Temperature Humidity CO2content Illuminance
Temperature 1 1.57 1.80 0.93
Humidity 0.64 1 1.03 0.80
CO: content 0.56 0.97 1 0.62
Illuminance 1.08 1.25 1.61 1
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Table 3. The RIs of each parameter

Order 1 2 3 4 5 6 7 8 9

RI 0 02 06 09 11 13 135 14 145
Table 4. Intervals and scores of the parameters
Intervals  Scores
0<C<0.15 1
0.15<C<0.3 2
0.3<C<0.45 3
0.45<C<0.7 4
0.7=C<1 5
4. DISCUSSION
4.1 Example analysis
Considering  environmental  sustainability, energy

consumption and carbon emissions are part of the
environmental benefits of buildings. In the post-evaluation of
green buildings, the indoor environmental improvement
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directly affects the subjective evaluation of green buildings
[15, 16].

Seven green buildings were selected from Shibei District,
Qingdao, eastern China’s Shandong Province for analysis on
indoor environmental improvement. The indoor environment
was evaluated by four parameters: temperature, humidity,
illuminance and CO; content. Temperature and humidity were
captured by an automatic temperature and humidity recorder,
the illuminance was measured by an illuminance meter, and
CO; content was obtained with a handheld CO2 recorder.

Figure 3 shows the mean distribution of indoor
environmental parameters of the green buildings in winter. As
shown in Figure 3(a), 82% of the green buildings meet the
range of comfortable temperature in winter (18°C-26°C),
while 18% of them surpassed that range. That is, some green
buildings are overheated in winter. As shown in Figure 3(b),
only 6.21% of the green buildings meet the range of
comfortable humidity in winter (30%-60%). As shown in
Figure 3(c), 92.86% of the green buildings meet the range of
comfortable illuminance (1001x-4001x). As shown in Figure
3(d), 100% of the green buildings meet the range of
comfortable CO, content (<1,000ppm). The range of
comfortable CO, content was extracted from The Assessment
Standard for Green Buildings (GB/T 50378-2014).
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Figure 3. Distribution of indoor environment parameters in winter

4.2 Statistics on energy consumption

The energy consumption is an important indicator of the
environmental impact of green buildings. It could be
quantified by terminal heat method, primary energy
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conversion algorithm, and equivalent electric conversion
algorithm [17, 18].

This paper calculates the consumption of each kind of
energy with the equivalent electric conversion algorithm [19-
21]. The annual mean energy consumptions per unit area of



the seven public green buildings were tracked and recorded
(Figure 4). Obviously, the seven green buildings differed in
annual mean energy consumption per unit area. The highest
power consumption is conventional system power
consumption, followed in turn by heating energy consumption,
and renewable energy consumption. The seven green
buildings were found to meet relevant standards on heating
energy consumptions, and have a clear edge in renewable
energy consumption.

Then, the carbon emissions from building energy
consumption were computed by formula (1). Since all target
buildings are green, no carbon is emitted in the operation and
maintenance phases. Hence, the total carbon emissions in
these phases, and the total carbon emissions absorbed and
stored by the building in the whole lifecycle, were both
neglected. As shown in Table 5, the total carbon emissions of
the seven green buildings were 4.25t, far smaller than those of
the other buildings being investigated.

Figures 5 and 6 are the carbon emission distributions of
public buildings and civil buildings, respectively. It can be
seen that the carbon emissions of public buildings mainly
come from unconventional power consumption, summer
cooling, and solar photothermal system. By contrast, the
carbon emissions of civil buildings mostly come from indoor
power consumption, followed by supply heating consumption
and indoor gas consumption.

Figure 7 compares the energy consumptions and indoor
environment scores of green buildings with those of ordinary
buildings. Based on the indoor environment improvement, the

energy consumptions and indoor environment scores of green
buildings were found to be positively correlated. In other
words, for a green building, the higher the environmental
benefits, the better the comprehensive evaluation result.
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Figure 4. Mean annual energy consumption per unit area of
each public green building

Table 5. Carbon emissions from building energy consumption

Energy types Electric energy Photovoltaic power generation Solar photothermal system
Consumption/kWh 5309 187 1715
Carbon emissions/t 6.57 2.32 2.09
Total/t 4.25 2.09
Area index/t/(m?-a) 0.458 0.153
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I Renewable energy 100 |
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Figure 5. Carbon emission distribution of public buildings
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Figure 6. Carbon emission distribution of civil buildings
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scores of green buildings and ordinary buildings

5. CONCLUSIONS

In pursuit of environmental sustainability, this paper
introduces environmental benefits of green building into post-
evaluation, creating an effective method to evaluate the
environmental benefits of green buildings. The main
conclusions are as follows:



(1) The environmental benefits of green buildings include
energy-saving benefit, land-saving benefit, water-saving
benefit, material-saving benefit, and indoor environment
improvement, which fall into two broad categories: carbon
reduction, and indoor environment improvement.

(2) The indoor environment of seven green buildings was
evaluated by four parameters: temperature, humidity,
illuminance and CO; content. The evaluation shows that 82%
of the green buildings meet the range of comfortable

temperature in winter, while 18% of them surpassed that range.

Only 6.21% of the green buildings meet the range of
comfortable humidity in winter. 92.86% of the green buildings
meet the range of comfortable illuminance. 100% of the green
buildings meet the range of comfortable CO> content.

(3) The evaluation of indoor environment improvement
shows that the energy consumptions and indoor environment
scores of green buildings are positively correlated. In other
words, for a green building, the higher the environmental
benefits, the better the comprehensive evaluation result. The
seven green buildings were found to meet relevant standards
on heating energy consumptions, and have a clear edge in
renewable energy consumption.
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