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Abstract 

The building sector is one of the three major energy consumption areas and one of the main areas responsible for 
carbon emissions. In 2019, carbon emissions related to construction and building operations in China accounted for 
38% of the total social carbon emissions, of which construction accounted for 16% and operations accounted for 
22%. Due to its large volume and high energy consumption per unit area, public buildings account for 38% of the 
operating energy consumption of all buildings, that is, 8% of the total national energy consumption. At this time, the 
building industry must take decarbonization actions to avoid a delay in realizing carbon neutrality and an emission 
peak. We need to form a unified process for the implementation boundary, implementation path, and index system 
to build a zero-carbon implementation plan for China’s public building sector. Based on bottom-up practical cases, 
this paper proposes the KAYA model, which is applicable to different scales and different types of public buildings/
communities, and proposes specific and feasible plans. Through the implementation of demand reduction, energy 
efficiency improvement, and the fully-use of renewable energy in all five clear steps, this paper promotes the imple-
mentation of decarbonization in China’s building industry.
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1 Introduction
On September 22, 2020, President Xi Jinping announced 
an unprecedented and ambitious climate goal. The car-
bon peak and neutrality goals represent the greatest 
positive progress in the global climate governance pro-
cess since the 2015 Paris Agreement. However, China is 
also facing huge challenges in achieving its carbon neu-
tralization goal. Today, architecture has become the main 
location for human activity, and the total building area 
is continuously growing. In 2019, the annual completed 
building area reached 4.02 billion square meters and has 
maintained an annual growth rate of 5% [1]. From the 
perspective of the entire building life cycle and all types 
of energy, In 2019, carbon emissions related to construc-
tion and building operations in China accounted for 38% 
of the total social carbon emissions, of which construction 

accounted for 16% and operations accounted for 22%. 
Due to their large volume and high energy intensity, pub-
lic buildings account for 34% of the total building energy 
consumption and are one of the main contributors to 
social energy consumption and carbon emissions [2].

A comprehensive, specific, and implementable plan 
is required to achieve carbon neutrality in the public 
building sector. At present, most of China’s research on 
building carbon neutrality are concentrated on the anal-
ysis of economic growth and building carbon emissions 
between industries and regions, as well as the decarboni-
zation effects of specific technologies. Li et al. discussed 
the overall characteristics and basic laws of building car-
bon emissions in each province [3, 4]. Wang et al. applied 
Tapio decoupling model to quantity the decoupling elas-
ticity between China’s economy and  CO2 emission [5, 6]. 
Aiming at the future carbon emissions of the building 
sector, the CBEM model [7–9] developed by Tsinghua 
University, the DREAM model [10] developed by Law-
rence Berkeley Lab, the TIMES model [11], CAS model 
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[12], CBCEM model [13], and PECE-Building model 
[14] all have carried out trend predictions and research 
on the carbon emission path of the building sector. Sun 
Wei et al. used LMDI model to study the influencing fac-
tors of carbon emission in Guangzhou, and studied the 
peak path of Guangzhou under different scenarios based 
on the influencing factors. The results show that, Under 
the low economic growth rate, the policy scenario ena-
bles Guangzhou to reach the carbon peak in 2020 [15]. 
Zhou Lina et  al. used LEAP model to predict the peak 
time and carbon emissions in Shandong Province, and 
put forward corresponding policy suggestions on this 
basis [16]. Yang Xiu et al. used KAYA model to study the 
correlation between population, per capita GDP, energy 
consumption intensity, carbon emission factor of input 
energy and carbon emission, and estimated the carbon 
peak time and carbon emission in Beijing [17]. To sum 
up, the current research is mainly based on the scenario 
analysis method, adopting different analysis models to 
carry out prediction and path planning for a variety of 
scenarios at the national, urban or industrial level. On 
the whole, it is more of a top-down work path with con-
straints, and there is a lack of building carbon neutrali-
zation programs supported by energy data from actual 
building decarbonization projects. In this context, this 
study is based on the community scale and supported 
with energy data. A bottom-up implementation model, 
boundary, and path will be discussed for promoting the 
decarbonization of China’s public building sector and to 
provide suggestions for additional new/existing building 
decarbonization. This paper aims to promote the devel-
opment of energy conservation and emission reduction 
in the building industry.

2  Research methods and implementation paths
2.1  Boundaries of carbon emission measurements 

in the public building sector
Building carbon emission models can be divided into 
top-down and bottom-up methods [18]. The top-down 
estimation starts with a building’s overall carbon emis-
sions, and then a downscaling analysis of time and space 
is performed [19]; the bottom-up method starts with 
the hourly energy consumption of a single building, 
and then the calculation scale for carbon emissions is 
enlarged. Kavgic et  al. compared the two methods [18]. 
The top-down method is usually used at the macro level 
and emphasizes the impact of macro rather than physical 
factors on building energy consumption. The bottom-up 
approach is based on architectural details, which is more 
helpful in focusing on the contribution of the technol-
ogy itself to the decarbonization of buildings than is the 
top-down approach. The calculation of public building 
carbon emissions for China is shown in Fig. 1, which is 
divided into three parts: carbon emissions from fossil fuel 
combustion, Carbon emissions from the use of electricity 
and heat, and Carbon emissions from construction and 
demolition. The sum represents the carbon emissions of 
the entire life cycle of the building.

Specifically, the overall carbon emissions of the public 
building sector can be categorized into energy and mate-
rial consumption carbon emissions. Energy consumption 
includes coal, coke, crude oil, gasoline, kerosene, diesel, 
fuel oil, natural gas, and electricity as statistical objects; 
material consumption takes cement, steel, glass, wood, 
and aluminum as the statistical objects [20]. Equation 1 
can be used as a model to calculate carbon emissions in 
the public building sector.

Fig. 1 Building carbon emissions classification
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where C is the total carbon emissions of the public 
building sector; Cenergy is the carbon emissions from the 
energy consumption side of the public building sec-
tor; Cmaterial is the carbon emissions from the material 
consumption side of the public building sector; Ei is the 
i-th energy consumption; αi is the carbon emission coef-
ficient of the i-th energy; Mj is the consumption of type 
j-th materials; βj is the carbon emission coefficient of the 
j-th material; and µj is the recycling coefficient of the j-th 
material.

2.2  Five section model for decarbonization in the public 
building sector

Based on the research and definition of carbon emissions, 
they can be divided into the following three categories:

1) Carbon emissions from fossil fuel combustion: direct 
carbon emissions from the burning of fossil energy in 
the building operation process;

2) Carbon emissions from the use of electricity and 
heat: indirect carbon emissions caused by energy 
consumption during the building operation;

3) Carbon emissions from construction and demolition: 
indirect carbon emissions during building construc-
tion, maintenance and demolition.

The above three categories clarify the specific scope of 
carbon emissions in the public building sector; however, 
it is easier to categorize carbon emissions compared to 
specific implementations. Based on a new perspective 

(1)C = Cenergy + Cmaterial =
∑n

i=1
Ei × �i +

∑n

j=1
Mj × �j ×

�

1 − �j

� and the feasibility of the project’s actual decarboniza-
tion operation, starting from the five steps in Fig. 2, each 
step focuses on reducing demand, improving energy effi-
ciency, and expending the source of energy. Compared 
with the original carbon emission classification, this 
method can more directly and effectively describe the 
decarbonization activities of the public building sector.

2.3  Construction of the KAYA model at the community 
scale of the public building sector

The KAYA model was proposed by the Japanese scholar 
Kaya Yoichi to study carbon dioxide emissions and its 
driving factors, linking carbon dioxide emissions with 
factors such as population, economy, and energy and 
exploring the main driving factors of carbon dioxide 
emissions [21], as shown in Eq. 2:

where P is the population, G is the regional GDP, E is 
energy consumption, GP  is the GDP per capita, EG is the 
energy consumption per unit of GDP, and CO2

E  is the car-
bon dioxide emission per unit of energy consumption.

As a black box model, the KAYA model is often used in 
conjunction with factor analysis to calculate and analyze 
the main influencing factors of city-scale carbon emis-
sions. Decomposed to the level of the building depart-
ment, the KAYA model can be changed to guide the 
decarbonization action of the public building department 
in the form of a white box model. In the public building 
sector, the parameters in the model can be changed to 
building area, production output value per building area, 

(2)CO2 = P ×
G

P
×

E

G
×

CO2

E

Fig. 2 Implementation boundaries of decarbonization actions in the public building sector (buildings/communities)
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energy consumption per production output value within 
the building range, and carbon emissions per unit energy 
consumption, as shown in Eq. 3:

where S is the built-up area, G is the GDP within the 
scope of building, E is the energy consumption, GS  is the 
production output value per unit building area, EG is the 
energy consumption per unit production value within the 
scope of the building, and CO2

E  is the carbon dioxide emis-
sion per unit of energy consumption.

This model can not only be used to describe the decar-
bonization action of single buildings, but it can also 
expand the dimension to communities/towns and expand 
the scale range to unit square kilometers or unit square 
hectares; it can also be based on per capita and unit ser-
vice volume as main calculation objects, which can help 
multiple types of buildings in the building sector plan 
decarbonization paths. In the future, as more types and 
sizes of buildings embark on decarbonization actions, 
this enrichment of the index system can help the entire 
public building sector to unify the measurement and sta-
tistical methods and achieve the expected carbon emis-
sion reduction goals.

2.3.1  Index Interpretation: building area ( S)
The building area is an important indicator of carbon 
emissions in the affected area. In the case of the same 
regional economic and technical conditions, changes in 
building area are generally related to changes in resource 
and energy demand and directly affect regional carbon 
emissions.

2.3.2  Index Interpretation: production output value per unit 
building area ( G

S
)

The production output value per unit of the building area 
is the calculation range of the building department. The 
ratio of the total production output value during the cal-
culation period to the building area within the calcula-
tion range is a standard for quantitatively evaluating the 
development and operation level of public. Generally, the 
production output value per unit building area is related 
to the service quality of public buildings. If a high-carbon 
economic development model is adopted, carbon emis-
sions will change proportionally with the production 
output value per unit building area; however, under the 
development of a low-carbon economy, the increase in 
the production output value per unit building area will 
not lead to excessive growth in carbon emissions. Low-
carbon economic development is a key driver of decar-
bonization in the building sector.

(3)CO2 = S ×
G

S
×

E

G
×

CO2

E

2.3.3  Index Interpretation: energy consumption per unit 
production value of the building ( E

G
)

Energy consumption per unit of production output value 
within the context of a building refers to the amount of 
energy consumed per unit of production output. The 
greater the value, the stronger is the dependence of ser-
vice quality on energy. For the public building sector, this 
indicator can also measure the level of energy-saving 
work. In addition, the total energy consumption can be 
split into two areas: energy classification and implemen-
tation path sub-items. The energy classification is shown 
in Fig. 3. The first-level indicator is the total energy con-
sumption by item, the second-level index is the total cool-
ing and heating consumption, the third-level index is the 
energy consumption of each sub-item energy node, and 
the fourth-level index focuses on the energy consump-
tion of sub-equipment. The indicator level is helpful 
to the building department to identify key energy con-
sumption links in the production and operation process 
and to explore the potential of energy saving and emis-
sion reduction. At the same time, the implementation of 
an indicator system that details the equipment, process, 
and even product levels helps the building department to 
unify the accounting standards and standardize the veri-
fication tool, each of which can be horizontally and verti-
cally benchmarked.

Deviations from the implementation path should be 
based on the actual operation of the project in accordance 
with the five levels of decarbonization actions described 
above. Priority is given to measurements of the main build-
ing’s heating, cooling, ventilation, temperature and humid-
ity control, lighting, and heat (steam) energy consumption. 
Then, statistics are obtained on the energy consumption 
for specific activities, for vehicle operation, and during pro-
duction, construction, and demolition. This work can help 
the building department to unify the decarbonization path 
and realize a work classification that can be benchmarked, 
verified, and advanced.

2.3.4  Index Interpretation: carbon dioxide emissions per unit 
of energy consumption ( CO2

E
)

The amount of carbon dioxide emissions per unit of energy 
consumption is an important indicator for measuring the 
carbon energy structure and emission levels of the building 
sector. Owing to the difference in heat value and combus-
tion efficiency, the carbon dioxide emissions produced by 
different energy sources are very different. The calculation 
model of carbon dioxide emissions per unit of energy con-
sumption is as follows (Eq. 4) [17]:

(4)
CO2

E
=

n
i=1

Ui • γi
n
i=1

Ui
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where Ui is the class i energy consumption, γi is the 
carbon emission coefficient of class i energy, and n is the 
type of energy.

2.4  Implementation path and indicator system 
of decarbonization in the public building sector

At present, the construction department should con-
struct a set of implementation paths aimed at achiev-
ing the goal of decarbonization. It is used to guide 
buildings, communities and cities to achieve the near 
zero carbon goal, and at the same time to achieve 
the zero-carbon goal by connecting more renewable 
energy. According to the types of carbon emissions, 
the total carbon emissions of buildings can be divided 
into direct carbon emissions generated by using fossil 
energy, direct carbon emissions and indirect carbon 
emissions generated by using electricity and heat, and 
carbon emissions generated by outsourcing energy. The 
direct carbon emissions generated from the use of fossil 
energy are mainly related to coal, oil and natural gas. In 
daily life, these energy sources are mainly used to pro-
duce domestic hot water, steam and cooking. For this 
part of carbon emissions, the direct carbon emissions 
generated by the use of fossil energy can be made zero 
through the use of air source heat pumps, electric heat 
pumps for waste heat recovery, cooking electrification 

and other technologies. The carbon emissions gener-
ated by the purchased energy mainly consist of the 
carbon emissions generated by the purchased power 
and the purchased heat. The purchased power can be 
replaced by the clean power of the power grid, and the 
purchased heat can be replaced by technologies such 
as cogeneration and the consumption of clean waste 
heat, so that the carbon emissions generated by the 
purchased energy can be zero. As for the direct and 
indirect carbon emissions generated by the use of elec-
tricity and heat in the building itself. As mentioned 
above, in the process of implementing the 5-section 
decarbonization model, three main tasks should be 
considered: demand-side reduction, conversion chain 
efficiency, and tapping more renewable resources to 
realize zero-carbon goals.

As shown in Fig.  4, the demand side represents the 
basic energy demand of buildings. Under the zero-carbon 
index system, demand-side consumption needs to be 
reduced. There are three main types of energy require-
ments in buildings: cooling, heat, and electricity. Cool-
ing and heat are measured at the community scale, and 
energy consumption is measured by the indicators of unit 
area and unit square kilometers. In addition to the above 
two indicators, electric energy should be added to the per 
capita indicator.

Fig. 3 Classification of energy consumption in the public building sector
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The conversion chain is split into equipment and 
system, pursuing the highest two parts, the highest 
equipment energy efficiency ratio, and the high-
est matching. A seamless and efficient connection 
needs to be ensured between the demand and supply 
sides.

The supply side is divided into renewable energy 
and additional purchased energy, and the proportion 
of renewable energy should be expanded as much as 
possible. The additional purchased electricity is only 
applied in advance in extreme cases (extremely cold, 
continuous cloudy days), and the trough electricity is 
purchased from the grid for storage. The additional 
purchased heat should be supplied or supplemented 
with cogeneration or clean waste heat, according to 
local conditions.

KAYA model is a starting point that can well describe 
and guide the community to carry out decarbonization 
work. The key lies in reasonable energy consumption 
and reducing carbon emission factors while the com-
munity prospers and develops. This paper takes exist-
ing public communities and new public communities as 
cases to illustrate the application of this view in practi-
cal projects.

3  Case study: zero‑carbon reconstruction 
for existing public buildings / communities

This study used a public building community in Qingdao, 
China, as an example for a specific analysis. This public 
building community covers an area of 45 ha, with a build-
ing area of 227,000 square meters, including conference 
centers, hotels, office buildings, and other types of busi-
nesses, with a total of ten buildings. The typical annual 
energy cost is 20.81 million yuan, the power consumption 
is 21.39 million kWh, the heat consumption is 62,000 GJ, 
and the gas consumption is 340,000 Nm³.

The project was planned in accordance with the above-
mentioned work path, starting with high-level energy 
conservation, comprehensive electrification, upgrading 
of the zero-carbon operating power energy system with 
new energy as the main body, and comprehensive and 
full life cycle decarbonization of public building commu-
nities. The specific work is as follows:

1) High-level energy saving: the basis for achieving 
zero-carbon operation.

• The building’s winter heating demand/actual cumu-
lative heating: <0.1 GJ/m2·year; building (end) low 

Fig. 4 Implementation path and indicator system of decarbonization in the public building sector
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temperature (water supply temperature < 50 ℃) heat-
ing and low return water temperature of the pipe 
network become the normal operation of the heating 
pipe network, so that renewable energy (including 
heat pumps) can be fully utilized;

• Cooling and electricity: reduce the air-condition-
ing system cooling and air-conditioning ventilation 
power consumption: <20 (source) + 10 (terminal fan) 
kWhe/m2·year; reduce public area lighting power 
consumption: <10 kWhe/m2·year.

2) Fully electrified: reduce direct carbon emissions to 
zero.

• Use electricity to replace coal, oil, and gas; use 
various types of high-efficiency electricity to drive 
heat pumps; " Few concentration, most dispersion” 
and replace gas boilers for building heating and 
hot water.

• For steam and hot water occasions, disperse and 
locally improve energy grades, prepare steam or hot 
water, and fully recover heat to achieve point-to-
point supply with minimal loss.

• When the carbon emission factor of the municipal 
heating network heat is close to zero, zero-carbon 
municipal heating (for example, Yantai City, nuclear 
wastewater and heat transmission, biomass).

3) Upgrade to a power energy system that uses new 
energy as the main body and helps cities operate with 
zero carbon.

• As far as possible, give priority to the development of 
the roof, ground, and water surfaces of the site to use 
photovoltaic power generation and connect it to the 
nearby low-voltage side DC distribution network.

• Multi-links and multiple media make the building 
community park a flexible power load, fully absorb-
ing the grid and local renewable power, reducing the 
carbon emission factor of its own electricity to zero, 
and contributing to zero carbon in the power system.

4) Comprehensive and full life cycle:

• Non-carbon dioxide greenhouse gas emission reduc-
tion issues (refrigerant leakage, reclaimed water 
treatment aeration, meal waste, etc.);

• Zero-carbon energy regeneration of various build-
ing materials in the overall construction, mainte-
nance, and renewal of the building community park, 
one-time fossil energy consumption, and lifetime 
repeated use; smart buildings reduce carbon emis-
sions during the use, construction, and demolition of 
high-carbon building materials.

Fig. 5 Implementation plan for decarbonization of community projects in Qingdao
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In the following, Fig.  5 shows the specific implemen-
tation plan of the case. It can be seen from the horizon-
tal coordinate axis on the figure that the three types of 
work can gradually decarbonize the case by combining 
the reduction of demand side with the efficient conver-
sion chain and the zero carbon resources on the supply 
side. As can be seen from the left ordinate in the fig-
ure, the functions of the building are divided into four 
types: heating, cooling, user terminal and specific func-
tions. Each type carries out specific work in combination 
with the above three types of work, which can gradually 
decarbonize buildings. The specific work content has 
been shown in the table and will not be described here. 
For the demand of heating and cooling, the top right cor-
ner of the figure shows the zero-carbon energy supply 
scheme on the basis of energy conservation priority. In 
a zero-carbon community, the annual demand for build-
ings is clean electricity, clean cold and clean heat. Ideally, 
all the energy needed comes from ‘Sky’ and ‘Ground’. The 
general idea is to drive the heat pump by clean electric-
ity to meet the building’s demand for clean heat and cold. 
‘Sky’ provides solar energy and wind energy to meet the 
basic demand for electricity. ‘Ground’ provides geother-
mal energy and air sources to meet the basic needs for 
cold and hot. The lower right corner shows the sche-
matic diagram of the zero-carbon power system, which 
uses photovoltaic panels laid in the community for solar 
power generation and power storage. The building elec-
tricity system of ‘PEDF’ has been established. The case 
establishes a building electricity system of ‘PEDF’, which 
P stands for ‘Photovoltaic’, E stands for ‘Energy storage’, 

D stands for ‘Direct current’, and ‘F’ stands for ‘Flexibility’. 
‘Photovoltaic’ means that the power source of the build-
ing is mainly photovoltaic; ‘Energy storage’ and ‘Direct 
current’ are to establish the ‘Toughness’ of the build-
ing power distribution system. As the renewable input 
energy is subject to the objective factors of weather, it is 
easy to cause the mismatch between the power genera-
tion curve and the actual demand of buildings. Therefore, 
it is necessary to establish an energy storage system to 
meet the flexible demand of community electricity.

Consider the heating decarbonization of an office 
building of 12,000 square meters with a municipal heat 
source in this community project as an example. As 
shown in Fig.  6, the baseline heat energy consumption 
should be determined first. The typical annual building 
heat consumption intensity is about 0.4GJ/m2·year, the 
total heat consumption of the secondary side of build-
ing heating in severe cold season is 41.0GJ, and the heat 
consumption per unit building area is 958.5Wh/m2·day. 
The figure shows the 24-hour heat consumption statistics 
of the building’s heating system on a typical day. Among 
them, domestic hot water accounts for 3% and heating 
accounts for 97%. The heat consumption of domestic hot 
water fluctuates widely, but because the total amount is 
relatively small, the fluctuation is not obvious. In addi-
tion to supplying the building, the energy station shall 
also supply a 24-hour fire station. The fluctuation of heat-
ing consumption of fire station is small, and the heating 
consumption of the building mainly affects the fluctua-
tion of energy consumption of energy station. The whole 
day heat consumption of the building reaches its peak 

Fig. 6 Test of typical daily heat conditions of buildings during severe cold periods
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between 8:00  A.M. to 13:00 P.M. In the case of no per-
sonnel in the building at night, the consumption of heat 
supply does not change significantly compared with that 
in the daytime, and the average temperature in the build-
ing does not change much compared with that in the day-
time neither. Through testing, it is found that in terms of 
feasibility and profitability, reducing the heat demand is 
the most profitable and easiest job to achieve. Like most 
public buildings in northern China, this building works 
at the same heating temperature (45  °C) throughout the 
heating season.

Specific attention was paid to the change in heat 
usage of this building. There are two problems: one is 
the heating temperature setting on a seasonal scale, and 
the other is the heating temperature setting on a daily 
scale. The result of this study was to reduce the heating 
energy consumption of the building by 30% in the full 
heating season while meeting the temperature require-
ments of the entire building. Because the energy station 
currently needs to be distributed to the fire station, the 
heating temperature cannot be further reduced. If the fire 
station is decoupled from the office building and the air 
source heat pump is supplied independently, the night 

office building only needs to meet the antifreeze require-
ments, and the water supply temperature can be further 
reduced. It is estimated that more than 20% of energy 
savings will still exist.

During a severe cold period, four working conditions 
were tested. As shown in Fig. 7, these four working con-
ditions respectively correspond to the reset values of the 
water supply temperature at the secondary side of the 
heating system at different outdoor temperatures. The 
outdoor temperatures are − 1 ~ 5℃, -5 ~ 0℃, -3 ~ 5℃ and 
− 4 ~ 7℃. The secondary side water supply temperature 
is manually adjusted from the original fixed 45℃ to 41℃ 
for whole day, 40℃ for whole day, 40℃ during the day 
while 35℃ at night and 37℃ for whole day. These differ-
ent temperatures also correspond to the four groups of 
experiments in the figure. The results showed that the 
daily heat consumption index per unit area could be 
reduced to below 500 Wh/m2·day while ensuring that the 
temperature of the entire building was within a comfort-
able temperature range. At the end of cold period, seven 
sets of experiments were performed. As shown in Fig. 8, 
these seven experiments are optimization tests based 
on different outdoor temperatures. Under the outdoor 

Fig. 7 Debugging results of typical buildings during a severe cold period

Fig. 8 Debugging results of typical buildings at the end of a cold period
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temperatures of 3 ~ 10℃, 6 ~ 14℃, 7 ~ 14℃, 5 ~ 10℃, 
5 ~ 10℃, 8 ~ 12℃ and 4 ~ 12℃, the secondary side water 
supply temperature of the heating system was adjusted 
from the original fixed 45℃ to 41℃, 40℃, 38℃, 37℃, 35℃ 
and 33℃ for the whole day. These different temperatures 
also correspond to the seven groups of experiments in 
the figure. The results showed that the daily heat con-
sumption per unit area was reduced to less than 300 Wh/
m2·day.

Refined time-sharing and zoning energy consumption 
debugging is an important step to achieve the expected 
decarbonization goal for the building. Improving the air-
tightness of the building and reducing its heat loss in win-
ter are also keys to reducing energy consumption. Public 
buildings in northern China in winter should be blocked 
from unorganized infiltration wind, including, but not 
limited to, installing double-layer doors on opposite sides 
of the indoor and outdoor connecting passages. Meas-
ures such as balancing the proportion of internal exhaust 
and supplementary air in the building and plugging 
holes in the enclosure structure can effectively reduce 
the cooling load of the building. This work also contrib-
uted approximately 50% to the reduction in building heat 
demand. On the premise that the demand reduction 
work is completed, the equipment/system energy effi-
ciency improvement work should be started. The heat-
ing system of the building used in this study was simple. 
The author checked and optimized the working perfor-
mance of the heating circulation pump, heat exchanger, 
and thermal balance of the building to ensure that the 
output performance of the equipment was in the high-
efficiency range, the terminal temperature variance was 
the smallest, and the system resistance was the smallest 

as well. Taking the thermal balance test of the building as 
an example, it can be found that there is thermal imbal-
ance between the heating pipes of the building through 
the measured data. The maximum temperature differ-
ence between different floors can be close to 4  K. This 
current situation can be improved through the thermal 
balance commissioning, so as to minimize the variance of 
the supply and return water temperature difference at the 
end of each pipe end and the pipe resistance coefficient S 
of the water system. After comprehensive consideration, 
it is estimated that these works of improving quality and 
efficiency can reduce energy saving space by about 20%.

Demand-side reduction and efficient work in the con-
version chain are important foundations for achieving 
the expected carbon neutrality goal. To achieve zero from 
near-zero carbon emissions, an important step in the 
development of zero-carbon resources on the supply side 
is also required. Priority should give to the development 
of space resources such as the roof, ground, and water 
surfaces of the site, pave photovoltaic power genera-
tion, and connection to the nearby low-voltage-side DC 
distribution network. Normal weather does not require 
power supply from the power grid. Only in extreme 
cold weather and continuous cloudy days will the grid 
fill the gaps, apply in advance, and store electricity dur-
ing low periods. According to Figs. 9 and 10, the author 
obtained statistics on the electricity demand of the entire 
community. Currently, the annual average basic electric-
ity consumption (terminal + cold source electricity con-
sumption) of the community is 58,600 kWh/day. Heating 
electrification requires the use of heat pumps. Consider-
ing the two scenarios, the maximum daily total power 
consumption of the seawater source heat pump system 

Fig. 9 Monthly basic electricity consumption statistics of the community  (104 kwh/day)
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with a heating energy efficiency ratio of 3.5 is 71,800 
kWh/day, and the heating energy efficiency ratio is 6.0, 
for medium-deep ground source heat pumps, and the 
maximum total daily power consumption of the system is 
41,900 kWh/day.

The area of photovoltaics that could be installed in the 
community was determined to be 45,400 square meters. 
Because the optimal height angle arrangement of solar 
PV panels needs to consider the shielding between the 
panel arrays, when space resources are limited, the power 
generation of the horizontally placed unit area space 
resources is compared with the best power generation at 
an altitude of 34°. In this study, photovoltaic panels were 
laid horizontally at 5°.

According to previous content, the energy intensity 
per square meter required for heating, cooling, ventila-
tion, environmental control, lighting, and thermal energy 
in the building community is 40.5 kWh/m2 per year. The 
total building area in the park is 227,000 square meters, 
and the total power consumption of the entire site is 
9.19  million kWh/year. According to Fig.  11, the avail-
able photovoltaic area of 45,400 square meters at the site 
generates 7.36 million kWh per year at present. There are 
two gaps between the power consumption of the entire 
site and the photovoltaic power generation capacity: the 
total amounts and the time difference. These gaps require 
multiple links and multiple media to make the building 
community park a flexible electrical load. Fully absorbing 

Fig. 10 Daily electricity consumption curve for the whole year of community electrification

Fig. 11 Daily power generation curve of community photovoltaics
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the grid and renewable electricity in this field and reduc-
ing the carbon emission factor of its own electricity to 0 
help the power system to zero carbon and complete the 
decarbonization action plan of another four scopes in the 
future.

4  Case study: zero‑carbon construction of new 
public buildings/ communities

The decarbonization plan for new public buildings and 
communities can also be implemented in accordance 
with the above-mentioned decarbonization implemen-
tation boundary. Taking the regional macro scope as 
the core and specific public buildings/ communities as 
the main objects, we constructed a zero-carbon energy 
system implementation plan with clear boundaries, 
feasible measures, credible results, and zero-carbon 
searchable. This plan allows all scope levels (scope 1 
photovoltaic supply + scope 2/3 consumption grid and 
renewable green electricity) to achieve the commu-
nity’s annual zero-carbonization program and a balance 
between supply and demand.

New zero-carbon public buildings or communi-
ties need to design and build zero-carbon district heat-
ing, cooling, ventilation, dehumidification, lighting, and 
fan systems. The equipment capacity is determined by 
the operating energy consumption, coupled with DeST 
simulation results, to obtain the required photovoltaic 
installed capacity, measure and count the pavement area 
of photovoltaics in the field, and determine the feasibility 
of zero-carbon construction in the current scope.

In the realization of zero-carbon work in new public 
buildings or communities, the building and electrome-
chanical system has two important characteristics: high 
efficiency and absorbability. The system must be able to 
coordinate with the regional power grid under the prem-
ise of sufficient efficiency. Through fine adjustments of 
the system, the building and electromechanical system 
can achieve “flexibility,” and it is easier to solve the coor-
dination between energy and load. The frequency con-
version adjustment of fans, water pumps, elevators, and 
escalators can adjust the power by more than 50% in a 
short time.

This paper considered the construction of an airport 
site in central China as an example for a specific analy-
sis. The building area of this site is 500,000 square meters, 
the annual passenger throughput is 40  million, and 
the freight throughput is 600,000 tons. The project was 
planned according to the above-mentioned work path, 
and the specific work was as follows:

• Generalized field zero carbon goal: in the construc-
tion and operation of the entire airport, all energy 

comes from renewable energy with no direct and 
indirect carbon emissions (excluding aviation fuel).

• Zero carbon emissions caused by energy consump-
tion are realized in the process of ensuring indoor 
health and a reasonable environment during build-
ing operations, including heating, cooling, ventila-
tion, humidity control, indoor healthy environment 
control, lighting and lighting in public areas, and hot 
water.

• The energy consumption for specific functional 
activities, by absorbing green electricity from the 
external grid, creates zero carbon emissions. The 
energy required includes the electricity consumed 
by elevators, escalators, trails, and luggage transmis-
sion required for the movement of people and things, 
power required for office and various functional 
equipment, electricity consumption of tenants, and 
energy consumption of freezing and refrigeration, 
catering, and cooking.

• The operation of transportation related to the air-
port is fully electrified, and the full absorption of 
green electricity makes carbon emissions zero. This 
includes the energy consumption of vehicles in the 
airport and aircraft remaining on the ground.

• The carbon emission of “building materials contain-
ing energy” is zero. This includes carbon emissions 
from the production process of building materials 
and carbon emissions from the construction and 
demolition process, making full use of the dismantled 
building materials waste after recycling. The carbon 
emission of “building materials containing energy” 
is permanently fixed in the building to achieve “near 
zero,” and plants are used as “carbon sinks.“

• Other focuses include refrigerant leakage during the 
operation of buildings and community parks, as well 
as zero non-carbon dioxide emissions from the treat-
ment of water, garbage, and feces.

The project follows the decarbonization implementa-
tion boundary, and the first step is to design the system 
under the zero-carbon goal. Based on the advanced level 
of experience and relevant standards, combined with the 
DeST simulation results, the operating energy consump-
tion is used to determine the range-total energy demand, 
and then the equipment capacity is determined. This pro-
ject is designed according to the standards of near-zero 
carbon energy demand and high-efficiency and energy-
saving equipment. As shown in Table  1; Fig.  12 below, 
the DeST software is used to simulate the annual cooling 
and heating loads of the buildings in this project, and the 
loads under different infiltration air times are simulated 
respectively. Finally, 0.5 times per hour is finally selected 
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as the conclusion based on the project experience. The 
total energy intensity of the energy station is 20.5 kWh/
m2 per year, and the total energy intensity of the fans and 
lighting equipment in the terminal building is 25 kWh/
m2 per year. The intensity is 45.5 kWh/m2 per year, and 
the annual energy consumption is 22.75 million kWh.

To determine the energy demand of Scope 1, the pho-
tovoltaic area required to match the energy demand is 
calculated and the location selected. The location of 
distributed photovoltaics needs to follow the following 
four basic principles: (1) consider the shadow effects 
of the surrounding buildings; (2) fully investigate the 
load requirements and configure distributed photo-
voltaics to match the load characteristics as much as 
possible; (3) consider the impact of the new load of the 
PV project on the safety of the original building; and 
(4) consider the available roof area  : a large-area roof is 
preferred. The application of distributed photovoltaics 
in the airport field needs to consider the following two 
basic principles: (1) The reflection of photovoltaic mod-
ules: modules with low reflectivity should be selected 

according to relevant specifications, and the horizon-
tal and vertical viewing angles of the pilot should be 
avoided during installation; (2) The influence of electro-
magnetic interference: The scope of China’s civil avia-
tion electromagnetic environmental protection zone 
is fully considered. In photovoltaic projects, the elec-
tromagnetic interference effect of inverters should be 
considered.

Airport safety and economic considerations are com-
bined based on the above-mentioned basic principles. 
For this project, the following are selected: the GTC 
outdoor parking lot in the terminal area, the rainwa-
ter storage tank on the land side, the supporting park-
ing lot of each unit on the land side, and the outer area 
of   the flight area. A small number of landside roofs 
are supplemented with 25.39 MWp solar photovoltaic 
panels, and annual power generation is expected. The 
capacity is 24.04 million kWh. The form of distributed 
electricity and water heat storage solves the problem 
of “scissors difference” between power generation and 
electricity supply and demand in large-scale cycles, 

Table 1 Simulation results of the DeST load in the airport area

Ventilation rate Heat load

Peak (kW) Area index (W/m2) Accumulated throughout the 
year  (104kWh)

Area index (kWh/m2)

0 6770.2 28.5 351.9 7.4

0.3times/hour 12244.6 51.6 1259.5 26.4

0.5 times/hour 15982.9 67.4 1982.0 41.5

1 times/hour 24644.6 103.9 4009.0 83.9

Ventilation rate Cooling load

Peak (kW) Area index (W/m2) Accumulated throughout the 
year  (104kWh)

Area index (kWh/m2)

0 21091.5 88.9 4655.8 97.4

0.3times/hour 24924.0 105.1 3841.4 80.4

0.5 times/hour 27693.8 116.7 3610.1 75.5

1 times/hour 34423.4 145.1 3392.8 71.0

Fig. 12 Energy demand map of the site with the zero-carbon goal forced
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and heat storage (when the outdoor temperature is 
low, the indoor temperature is kept at a low level, and 
cold energy stored is prepared in advance in indoor 
air. When the passenger load peaks, part of the cooling 
load is borne by the prepared cold capacity to reduce 
the pressure on the refrigeration unit), dry air (when 
the enthalpy of the outside air is low, more dry air is 
prepared, and the indoor air is maintained at a low 
humidity level. During passenger peak hours, the upper 
limit of indoor air humidity is appropriately increased 
to reduce energy consumption for dehumidification), 
and clean air is stored (when the outdoor air enthalpy 
is closer to the indoor state, the ventilation rate is 
increased, and the indoor  CO2 concentration is kept 
relatively low. During the peak period of passengers, 
the indoor  CO2 concentration increase is limited to not 
more than 800 ppm) to solve the problem of imbalance 
between supply and demand on the daily scale.

As shown in Fig. 13, in the design of the project energy 
scheme, the clean electricity generated by photovoltaics 
is used to drive the medium-deep ground source heat 
pump, which is a heat pump with a high energy efficiency 
ratio, to meet the demand for clean heat in the field. The 

plan makes full use of the multi-grade renewable energy 
coupling system, performs intermittent heat storage and 
release operations according to the characteristics of the 
grid supply, realizes the “underground rock formation-
heat storage device-building” multi-level energy storage, 
and cooperates with the corresponding power demand 
side response incentive policy. Thus a “zero electricity 
bill” operation is essentially realized.

Similar to the zero-carbon renovation of existing public 
buildings/communities, the zero-carbon construction of 
new buildings/communities also requires an entire pro-
cess and complete grasp of the focus of work. The process 
is started from the three aspects of demand-side reduc-
tion, high-efficiency conversion chain, and zero-carbon 
supply side. As shown in Fig. 14, in addition to the above-
mentioned supply side zero-carbon and full utilization 
of renewable energy work, it is also necessary to reduce 
demand to a near-zero carbon standard, achieve low 
energy, low dissipation, and low entropy increase in the 
operation of building communities, and reduce energy 
demand to near zero on the basis of meeting building 
functional activities (enclosure structure, airtightness, 
underground heat transfer, solar radiation, etc.).

Fig. 13 Field area is based on geothermal energy to realize the design of a multi-grade energy coupling application scheme

Fig. 14 Field operation to achieve low exergy, low dissipation, and low entropy increase
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The total energy consumption equals the energy 
consumption of specific functional activities (scope 
2) + energy consumption of transportation related to 
the airport (Scope 3). In this study, the energy consump-
tion of airports with the same volume and throughput 
was measured. With power storage, as part of absorb-
ing external photovoltaic and wind power generation, 
the energy consumption fully reflects the flexibility of 
the building + system and achieves 100% absorption of 
grid renewable power through the balance of supply and 
demand.

5  Discussion & conclusion
5.1  Discussion
From public buildings to communities and finally cities: a 
comprehensive understanding and in-depth implementa-
tion of the dual carbon goals.

Based on the actual work results of specific projects, 
the KAYA model of the public building department pro-
vides a reference, uniform, and benchmark index system 
for different types and sizes of buildings/communities 
for decarbonization work. The decarbonization actions 
taken with buildings and communities have the opportu-
nity to spill over to the town and city scale from the bot-
tom up. According to Fig. 15, the decarbonization actions 
from buildings/communities to towns/cities should start 
from the following “2 + 2 + 3” work, which is the spe-
cific work of each of the three categories illustration in 
the figure below. The first ‘2’ means the work from sup-
ply side and demand side. The second ‘2’ means the work 
with technological innovation and market mechanism. 
And the ‘3’ means the work with life style, carbon sink 
and international cooperation. Focusing on urban decar-
bonization, this process should start from the energy 
consumption side, urban and rural construction and 

high-quality energy-saving development, reducing con-
sumption and carbon, and building cities with flexible, 
decentralized, and coordinated zero-carbon operations 
and continuous update systems. This action should take 
advantage of the important window period of the 14th 
Five-Year Plan period and form an efficient management 
mechanism and implementation steps for carbon-neutral 
construction.

5.2  Conclusion
At present, China’s building operations still emit more 
than 2 billion tons of carbon dioxide each year, and build-
ing construction also indirectly causes the emission of 1.6 
to 1.8 billion tons of carbon dioxide each year due to the 
production of steel and building materials. To achieve the 
dual-carbon goals on schedule or even ahead of sched-
ule, the building sector currently needs to provide a clear 
development path. The top-down decarbonization work 
in the building sector focuses more on the macro-level 
economic and livelihood impacts, while the bottom-up 
work starts with the building’s energy bill and utilizes 
data, which is more helpful than the top-down approach. 
If the focus is on the main building structure and the 
technology itself, a decarbonization action plan with 
clearer boundaries, more feasible measures, and more 
credible results can be realized.

This paper introduces the decomposable white box 
KAYA model for different scales and different types of 
buildings and proposes a concrete and implementa-
ble action plan, through the implementation of demand 
reduction, energy efficiency improvement, and zero-
carbon open source in five clear steps; three tasks are 
required to achieve the desired goal of decarbonization 
of buildings/communities/cities. Further, take the imple-
mentation cases of zero carbon reconstruction of existing 

Fig. 15 Important measures to decarbonize the building sector from buildings/communities to towns/cities
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buildings/communities and zero carbon construction 
of new buildings/communities as examples. The former 
is based on the actual test data to save energy at a high 
level, fully electrify and upgrade the zero-carbon opera-
tion power energy system dominated by new energy. 
Gradually build a zero-carbon power system that fully 
absorbs renewable power from power grids and build-
ings and has zero carbon emission factor for its own elec-
tricity use. The latter is based on the simulation results, 
starting from the three aspects of demand side reduction, 
transformation chain efficiency and supply side zero car-
bon, combined with the system design method driven by 
the zero-carbon goal. These implementation cases also 
preliminarily verified the feasibility and operability of the 
model. Decarbonization in the building sector is not an 
isolated activity. It requires the entire industry to move 
towards the dual-carbon goal to promote the completion 
of the zero-carbon transformation of the entire society. 
The current decarbonization work in the building sector 
provides a good prerequisite and starting point for future 
technological innovations and social progress. To inves-
tigate the decarbonization of the building sector from a 
new development perspective, we must first take action 
on the decarbonization of more buildings.

6  Nomenclature

C  Total carbon 
emissions of the 
public building 
sector

P  Population

Cenergy  Carbon emissions 
from the energy 
consumption side

G Regional GDP

Cmaterial  Carbon emissions 
from the material 
consumption side

E  Energy consump-
tion

Ei  i-th energy con-
sumption

CO2 Carbon emission 
coefficient

αi  Carbon emission 
coefficient of the 
i-th energy

S  Built-up area

Mj  Consumption of 
type j-th materi-
als

Ui Class i energy 
consumption

β j  Carbon emission 
coefficient of the 
j-th material

γ i  Carbon emission 
coefficient of class i 
energy

µj  Recycling coef-
ficient of the j-th 
material

n Type of energy

EER  Energy efficiency 
ratio of air condi-
tioning system

WTF  Energy efficiency 
ratio of transmis-
sion system
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