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Introduction

Aim of the Project

General Aim: To assess the impact of new zero-carbon building standards
on energy and carbon reductions across four distinct climate regions in
China.

Focus Regions and Cities:
*  Hot Summer / Warm Winter: Shenzhen
* Extremely Cold: Harbin
¢ Cold: Beijing
* Hot Summer / Cold Winter: Shanghai

Specific Aims:

* Identify region-specific retrofit measures at the building level to
reach zero-carbon standard

*  Develop a methodology for upscaling building-level analysis to
larger urban areas to estimate the impact of zero-carbon
standard

e Test the upscaling methodology based on street blocks for a 1
km? area for the four selected cities / climate zones

I H H R

BARER: THETHE AR P E DR SR KX RER T MR 20

BRI R

- BRI Rl
- EEBX BIRE

- EAMK: Jb
-BER/EABX: BF

BEB#R:

1 HEEREENXE M RUEERE, UL EHRIE

2. FR—M7F%k, BEREANANYT BREERRTEE, MIHESHRIRENTN
3 ETHMEEHH/ABEXMIFEAREHX, Mz BAANERAM



O 1 B T4
Introduction

Main Findings of the Project

2.

. Current Building Performance

Current buildings do not meet emission thresholds according to the new zero-
emission standard, and older low-rise buildings perform worse due to poor
insulation and high shape-factor.

. Improved Building Performance

Almost all buildings can be transformed to meet the new ZEB standard with
dedicated retrofit measures, including passive and HVAC measures combined
with PV.

In cold climates most important is envelope + HVAC, in hot climates shading +
HVAC

Electrification is the desired strategy for decarbonization, even though currently
with high carbon intensity in China (3 times the one of natural gas)

. Superblock vs. Building-Level Analysis

Superblock scale improves fidelity by accounting for shading and urban layout
Superblock as a building block for upscaling proved to be effective but needs
further validation with areas of more complete datasets

Impact of Zero-Carbon Standard

Annual reduction potential (per upscaling zone):

Beijing: 68'100 t CO2eq/y
Harbin: 73’606 t CO,eq/y
Shanghai: 73'296 t CO.eq/y
Shenzhen: 118’390 t CO,eq/y
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GIS Analysi d .
Buudlng Database CI:;Z;':;" Upscaling Process
mlding Archetypes \ ‘ SuperBlock Selection )\ Classification of Each Superblock Within the Selected
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I BETERFRINDRIE Moasured .‘A Rep. S Block 3 T
Scenarios: l
1. Climate Change (TMY, RCP 4.5) o
2. Implementation of selected retrofitting measures : @ .
3. Implementation of retrofitting based on building age St
(Number 3 is optional depending on data avail.) \ /

Framework of the Project
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Building Level Analysis
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Validation Analysis

Baseline Simulations and Validation for Archetype
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Baseline Simulations for Reference Archetype Buildings
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The baseline simulation results using EnergyPlus for buildings constructed
in Beijing between 2010-2018 (left-top) and results from An et al. 2023

(left-bottom) are displ

ayed:

£/ EnergyPlus X$2010-2018F [ AL RZE M ERHATHEERINER (£
F) B An EATF2023FE R BHHRE

(£T) WTFrxR:
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Building Level Analysis

IR K T RE AR A AL IRBE 12

BRARFEHE AR IE SO SRk A R R EE S REFEE AR AE ( (T
EERRFARIA) 2019FK) #E.
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|dentification of Decarbonization Pathways to
Meet the ZEB Standard

Decarbonization measures are determined based on a literature
review and China's near-zero energy building standards
(Technical Standard for Nearly Zero Energy Buildings 2019).

Rl AR B 12

Decarbonization Pathways

Measures Ground Floor Roof Wall Windows HVAC Shading
. . : PV-Panels
No: Insulation  Insulation  Insulation Upgrade Improvement Elements
1 + + +
2 + + + +
3 + + + +
4 + + + + +
5 + + + + +
6 + + + + + +
7 + + + +
8 + + + + +
9 + + + + +
10 + + + + + +
11 + + + + + +
12 + + + + + + +
REER BUE T
Existing Building Retrofit Option

Space Heating
DHW
Space Cooling

Space Heating
DHW

Space Cooling

Heating Dominated Climate (Harbin, Beijing)
Centralized gas heater Centralized airsource hp
Centralized gas heater Centralized airsource hp
Decentralized split unit (air-air hp) Decentralized split unit (air-air hp)

Cooling Dominated Climate (Shanghai, Shenzen)
Decentralized split unit (air-air hp) Decentralized split unit (air-air hp)
Decentralized gas heater HP water heater

Decentralized split unit (air-air hp) Decentralized split unit (air-air hp)
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Building Level Analysis

ZERBBBENERERRMER (dER) Results from Building-Level Simulations with Decarbonization Pathways (Beijing)

Year Archetype Location Baseline Measure 1 Measure 2 Measure 3 Measure 4 Measure 5 Measure 6 Measure 7 Measure 8 Measure 9 Measure 10 Measure 11 Measure 12

1986 HighS  Beijing 92 [164" 108 -3.7 <2 | 7 Il -4.6 -10.6
1986 HighT  Beijing 01 R 106 6.8 3.1 12.5 77 R 93 5.7 1.8
1986 Low  Beijing o5 e 13 -28.7 337 N s¢ Al 104 -29.5 -34.7
1986 Th  Beijing 12.7 B sso -76.0 214 11.9 200 T 0 -77.0

1995 HighS  Beijing 9.1 12.0 10.8 -8.0 -9.3 9.5 7.7 10.8 93 -9.2 -10.7

1995 HighT  Beijing 01 [EE 106 6.8 3.1 12.5 77 R 93 57 1.8

1995 Low  Beijing 9.5 12.8 11.3 -32.3 -33.8 10.2 8.5 11.8 10.3 -333 -34.8
1995 Th  Beijing 125 SSY I s 760 [ 1 R 129 -74.9 -77.3
2010 HighS Beijing 1787 116 9.1 12.8 10.7 -7.2 -9.3 10.4 17 11.7 9.3 -8.4 -10.7
2010 HighT Beijing 1787 11.8 9.1 12.9 10.6 5.4 3.1 10.7 ) 11.8 9.2 4.3 1.7
2010 Low  Beijing 179 114 o4 I 13 -32.1 -33.8 10.5 8.5 12.0 10.3 -33.1 -34.8
2010 Th Beijing [N 2¢ N 2 762 [ 11 A 128 -75.5 -77.3
2018 HighS Beijing [l 26 9.1 11.2 10.7 -8.9 -0.3 8.3 7.6 9.8 9.3 -10.2 -10.7
2018 HighT  Beijing | 129 9.6 9.1 11.1 10.6 3.6 4 8.4 i 9.8 9.2 23 1.7
2018 Low  Beijing [ 101 9.4 11.9 11.2 -332 -33.8 9.2 8.4 10.9 10.2 -342 -34.8

2018 Th Beijing 202 [ 124 T -76.2 12.9 11 T 123 -76.3 774

kg CO2eq/m2y

RiEH, BEBETHRARGTSIESREESEEAA In the table, blue cells represent buildings that meet the carbon emission threshold for nearly zero-energy residential

g%ﬁg%m'ﬁ%iﬁ;ﬁg%@%gﬁﬁﬁ buildings. GEEEAIEEIIS indicate buildings that are close to the threshold and have low carbon emissions. Yellow cells
CIINHY EE IR, JT TNR < HVEIRL,
BRI s 4 E iR S N ER. represent buildings with moderate carbon emissions, while - highlight buildings with high carbon emissions.
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Building Level Analysis

HEERBERNEREREMER (ORI Results from Building-Level Simulations with Decarbonization Pathways (Shenzhen)

Year Archetype Location Baseline Measure 1 Measure 2 Measure 3 Measure 4 Measure 5 Measure 6 Measure 7 Measure 8 Measure 9 Measure 10 Measure 11 Measure 12

2003 HighS shenzhen| 217 |[EEIEEEEEERN o -1.1 15.3 150 [N 150 -2.0 -23
2003 HighT sShenzhen 234 [N 06 10.4 15.4 15.2 _— 9.5 9.2
2003 Low Shenzhen [ 206 [N 36 -23.8 15.4 15.1 [ -24.7 -24.9
2003 Th  Shenzhen 236 [HNISENNINEEN ST e 620 -62.4 _—_— -63.2 -63.6
2012 HighS shenzhen| 209 [N -0 -1.2 15.2 149 [N 2.1 -2.4
2012 HighT shenzhen 229 [ 05 103 15.3 15.1 _— 0.4 9.2
2012 Low shenzhen [NIOEN I 57 -23.9 15.3 151 [ -24.8 -25.0
2012 Th  Shenzhen| 22.1 [NNISENN EE O NEEEN 622 -62.5 _—_— -63.4 -63.7

kg CO2eq/m2y

R, HEBTERARTESEZRESEENWEE  In the table, blue cells represent buildings that meet the carbon emission threshold for nearly zero-energy residential

g‘f?&ﬁg’i’%kﬁ%i;ﬁlﬁ—ggﬁgiﬁ% buildings. GFEEAIGENIS indicate buildings that are close to the threshold and have low carbon emissions. Yellow cells

B s £ B R S R R represent buildings with moderate carbon emissions, while - highlight buildings with high carbon emissions.
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Superblock-Level Analysis

HXERTESHITER
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Building Archetype Distribution
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Density of Samples

120
100
80
60
40
20

Beijing

Shenzhen NN I

Shanghai NG —

Harbin .

Beijing INE—— .

. . 0% 20% 40% 60% 80% 100%
Harbin  Shanghai Shenzhen ®|ow_rise_apartment ®terrace_house ®high_rise_slab ®high_rise_tower

20

15

10

[ Beijing [] Harbin [ Shenzhen [l Shanghai

EX=T N




PCA Component 2

PCA Component 2

-1

0

BREXEE D

Superblock-Level Analysis
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« BAARTIME: ETERBENNSCESIRESRE (VE)

Clustering Process

K-Means Clustering for the clustering process:

* The density of the block is measured as the ratio of the total floor area
to the superblock area.

¢ Compactness of buildings in a street block: surface area to volume ratio
(shape factor)

* Overall U-factor: weighted U-factor of the buildings
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Superblock-Level Analysis

MFAERMARMEBREHX

Representative Superblocks (Beljing)
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Superblock-Level Analysis

Superblock-Level Scenario Analysis
Ground

. Roof  Wall Windows HVAC PV Shading Global
#Scenario Floor .
Ins. Ins. Ins. Upgrade Improvement Panels Elements Warming
Baseline - - - - - - - -
Scenario 1 + + + + - - + -
Scenario 2 - - - - + + = =
Scenario 3 + + + + + + + -
Scenario 4 - - - - - - - +
Scenario 5 + + + + - - + +
Scenario 6 - - - - + - +
Scenario 7 + + + + + + n +

Beijing: 165

Cluster Location Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7

BRI R 5 MTER
B EFRR - SIS T HM

FetR - ELEEHI
A EFRIR - BRI

Decarbonization Scenarios and Results of the Analysis

T | 1 e | [ En
1 Beijing [[EEDHIIEEE 214 1.8 R 2038 -30.3
2 Beijing [ 02 0.8 BN 0I6 T 692 -79.7
3 Beijine INEONNOREN 75 157 ESSENNOGE o4 139

S 2
Shenzhen: ;F&l| kg CO,eq/m2y
Cluster Location Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7

-12.2 -16.7

15.0 -16.1 -19.5

144 [ 23

0  Shenzhen

1 Shenzhen -

kg CO,eq/m?y

[ Blue — Achieves Net-Zero
Bl Green — Near Net-Zero
Il Red — High Carbon Emissions
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Upscaling Process

P RARREMER (dbx) Upscaling Process and Results (Beijing)

Baseline Scenariol Scenario?2 Scenario3 Scenario4 Scenario5 Scenario6 Scenario7

25.69 9.14 -5.65 -14.46 24.98 10.58 -4.58 -12.93

kg COzeqg/m2y

£ F EnergyPlus Xt2010-2018F @)t RE SN BAHTHELENER (£
£) PR AN FANF023FELHNARER (£T) TR
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Conclusion and Outlook

Conclusions and Outlook

Building-level performance analysis: The building-level analysis proved useful for
identifying the most features and promising retrofit measures for different buildings
and regions and support the development of a dedicated decarbonization strategy
Simulation framework: The simulation framework allows for a quick scale-up of
results on potential emission reduction, with a building-level resolution (bottom-up
modelling), providing a forecast for potential carbon reduction for a selected urban
area.

Data Limitations: Incomplete and low-resolution data constrained the framework's
potential. High-quality data from Chinese authorities would enhance accuracy and
predictive power.

Building Typology: The study focused on residential buildings. Including commercial
buildings in future analyses is crucial due to their higher energy demands.

PV Integration: Currently limited to rooftops. Future research should explore facade
integration, especially in high-rises, and retrofitting existing facades with e.g.
lightweight thin film PV.

Electrification & Energy Sources: Electrification reduces emissions, but reliance on
fossil fuels impacts results. Future studies should consider decarbonization patheways
of national electricity grid by integration of renewable energy

Life-cycle Emissions: Both operational and embodied emissions must be considered
for a holistic approach to decarbonizing the building sector.

Net Zero Perspective: Assumes renewable generation reducing emissions
proportionally. Needs refinement with increased renewable capacity, especially during
peak hours (excess generation).
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Background of the study

Backgrounds: Controversy about building energy consumption (BEC) data of China

> BECESERSBES MBI SHAIRSD?
What is the proportion of BEC in the country's total energy

consumption?

. BHEEXFE (2014) : 19% .
Tsinghua Univ.(2014) : 19%

« FK— (2006) : 21.7% .
WANG QINGYI (2006): 21.7%

- {¥3E8B (2005) : 27.5%
MHOURD (2005): 27.5%

7AW S EIHIE AR HE AR B /97855,

building carbon emissions at the macro level is even weaker.

JEHERE (2005)
LONG WEIDING (2005):

LBNL (2008) : 2

66
0
BaiNEE s Am ke i 55 B 05 #E X& 25

| RS ERAHR searching in BAIDU

FiHE: g‘ﬁ“"-gggﬁé@,é“‘g;ﬁéi‘io% lﬁfﬁﬂ(meadin.com)
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B XEEREHMOEH TR ETERS, BiEEAIMRHOKRTE, B2
info.meadin.com/ActivitiesTrades/201... 2011-0-24 - GRS

2012 5F 150 - AEBRARAT. mﬁmsm@s T — R
A, AL EE S E I 7 — A ARG,

www adehanahnna com/New-13 < AR

£ REM
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O 1 MRER Background of the study
MSEIERSL - Leading Professional Committee

> PEERTRENS-EREESRHIEETES

Professional Committee of Building Energy and Emissions, China

Association of Building Energy Efficiency (CABEE) DDE

‘h
2016F3AMMNEERR, EXEEAITWNHE, MEFEEREEIZEFRAINE SRISS
A, BEEYEE=ISSLE N T ReEUREM, ” ”

|
In March 2016, the Building Energy Consumption Committee was established with the I BR
aim of integrating industry efforts to collaboratively conduct specialized research on

building energy consumption and carbon emissions. The committee's focus was to
strengthen the foundation of building energy efficiency data through data sharing. @

LA LY, e
RARKSRBRAE GRS
V4
»

PROFESSIONAL COMMITTEE OF BUILDING ENERGY AND EMISSIONS, GABEE

N o 503 HAB IR
Public welfare Research-oriented Data-driven
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AZHEIWHRS - Publish professional reports

MRER Background of the study

> BFEG "TEEFNERESHEHIERRRE"

Annually publish the “China Building Energy Consumption and Carbon

Emission Annual Report”

2016,
2017,
2018,
2019,
2020,

2021,

2022,

2023,
2024,

S EENBEFE - National building energy consumption

SEENEERE - Provincial Building Energy Consumption
sEINIHERZE - Building Carbon Emissions Accounting
FEFIIALETTN - Building Carbon Peak Forecast

ER ST ERA SRR ABRTIT

Measurement of Whole-Process Carbon Emissions from Buildings and
Forecasting of Carbon Neutral Scenarios

BREEIFRIRIET R - Peak Carbon Assessment

Ik 2 BRI U IR HEUZE

Carbon Emission Accounting for Urban and Rural Construction Sectors
ERFEEWNE - Embodied Carbon Emissions

s AERORHEST A - Building Carbon Reduction

202

G AL RONSHI=QEEEC

= A A il
&2 _.;:.A.? w‘ A TR ‘?_‘f“
P ER PRI TR G R SRR TR
e @orn E AR SR 2018
2018 Annual Report on China Building
Energy Consumption
nnnnnnnn
?%“ AR PorununEns @\-{_il);_f
&%
2021 FERAERSHRERFATRS
SERRBEEBRTE
PERRIBRMIRE 2019 PERFHITISIRE 2020
P ——
Chine Duilng Eovgy Conmampin Asmsl Rept 020
FPERATRLSENR I ODS WAAPRIENS S0~ PR
Wy PERTYED SR B
008 2020
QPemenvEnz (B2 EX] @onnnnEns @ 4244
g922¢@guggsmmmmwﬁs 2023
i PERASHHERQIEBHBEARRE

R S A U AR
= T h~m;;
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o NHFETN - Commercial buildings

 FERE{EEN - Urban residential
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China's building stock estimation and energy intensity analysis. J. Clean.

Prod. 2019.
. . o « Estimating urban residential building-related energy consumption and
02 a Eﬁﬁﬁﬂlﬁf{%{ﬁiﬁ!ﬂﬁ Calculation of building carbon energy intensity in China based on improved building stock turnover
" emissions data model. Sci. Total Environ. 2019.
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“Building Floor Area: Stock Turnover Model
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Material Flow Analysis Data Validation

AOEEHEE - Population Census Data
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Demolished building area
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< 1970-1979 = 1980-1989 = 1990-1999 1970-1979 = 1980-1989 = 1990-1999

* 2000-2010 = 2000-2015

IHEERSHEA DS EMIRO: SENRAFRAILIN

Comparison between the CBFSEM results with data from the China Population Census. Share
composition of the building stock in each vintage (Note: The outside circle represents the results of this
study and the inside circle denotes the data scale in the China Population Census.)

= before1949 = 1950-1959 = 1960-1969
1970-1979 = 1980-1989 = 1990-1999
* 2000

= beforel =] 1959 =1 1
1970-1979 = 1980-1989 = 1990-1999
= 2000-2005

2010 2015




02.a

Calculation of building carbon
emissions data

BERHHRBENE

RN : FEREIRE

“Building Floor Area: Stock Turnover Model
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Building Stock Age Spectrum
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A chronological spectrum of China's building stock

o 2022FK, EE#ERNFEREIT7191Zm,, EF78.7%/52000

FLASERK.

At the end of 2022, the nation's building stock reached 71.9 billion
m2, of which 78.7% was built after 2000.

China's building stock estimation and energy intensity analysis.
J. Clean. Prod. 2019.
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Building stock - 100 million square

Building Stock Energy Efficiency Spectrum
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=== 75% energy efficiency rate

S EEE R INAEOE
Energy Efficiency Spectrum of Urban Residential Buildings in China

202255, WR(FETRERERCTEEIA235(Zm,, HEERER
FELER/I67%.
In the provinces of Beijing and Yunnan, carbon emissions from

building operations declined significantly five years after peaking,
by 10% and 22%, respectively.

2004 2006 2008 2010

== 30% energy efficiency rate
31 65% energy efficiency rate
=—@=—Percentage of energy efficient floor space
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Aggregate data at the macro level for countries and provinces

> BERENERE . "BEMT - gRFHERRFED
Energy Consumption Measurement Methodology:
- splitting energy balances

lltop_

down”

Industry

Building sector . Bust

“.l..Il.. \'(-L'(“r

Construction
industry

. ( ommercials [0 .
® [] Cemmercial ot
: buildings -+ public p \6'“‘% ﬁ\\\
- .o o.‘ -2 aawi? : \‘,“‘“
. : .
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”; Residential 'Ruidcmiul o+ umpuvt itiofn

Splitting Energy Balances

BEIREERIFSD -
Carbon-dioxide mitigation in the residential building sector: A household
scale-based assessment. Energy Convers. Manage. 2019.

Calculation of building carbon

>

>

China's energy consumption in the building sector: A Statistical
Yearbook-Energy Balance Sheet based splitting method. J. Clean. Prod.

2018.
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Fossil Energy Carbon Emission Factor

F3 i HE R F

Electricity Carbon Emission Factor

Carbon emissions from
power generation

+ “Fossil Energy Energy
Generation

EFg, =

Clean Energy

Generation

SRR B E T

Centralized Heating Carbon Emission Factor

Boiler Energy x Energy “Energy Carbon
Consumption Emission Factor
Quantity “Quantity of Heat Supplied Supplied

& - WIESRIF - Coal-fired boilers
BRSERIP - Gas-fired boilers

i_ « IEBEXFT - Cogeneration, combined heat and power

EF, heating =
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Calculation of building carbon

SRE S EIRTUSRH AR RS (20245FhR) 2025
Research Report on Carbon Emissions in the Field of Urban and
Rural Development in China (2024 Edition).2025

Aggregate data at the macro level for countries and provinces

O

Carbon emission (MtCO,)
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MIELZEER - Calculation Results
>  SEEFRRHBEE

National building carbon emissions data
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® Public and commercial building @ Urban residential building D Rural residential building

PEE

LEN—/—

INIETT

WHERY - CO2 emissions of the Chinese building sector

20225, *EBERNIZITALEN11.912tce, RELIEES5.29%; IRHEM
23.1ZtCO,, FELIE2.66%, HIBKIEE/\TEeFEIEiE;

In 2022, the national energy consumption of building operation was 1.19
billion tce, a year-on-year increase of 5.29%; carbon emissions were 2.31

billion tCO,, a year-on-year increase of 2.66%, and its growth was smaller
than the increase in energy consumption;

2000 - 2022%F(F), eEREFNEITRASEIGK T 16.5(2tCO,, H
R ATERRAARUGIC7.0 {2tCO,, WIEFEEERNIER6.3 12tCO,,
RITREERIER T 3.2 {ZtCO,;

Between 2000 and 2022, total carbon emissions from building operations
increased by 1.65 billion tCO,, of which public buildings increased by 700

million tCO,, urban residential buildings by 630 million tCO,, and rural
residential buildings by 320 million tCO,.;

FEZEERENARHE S ERERARER, EESEREXYE
E. BHSRE, NHER. HEEEEFRANRTEEZRABRAEL
Bh "4:4:2" ;

The growth rate of total carbon emissions varies among different types
of buildings, but their share is relatively constant. In general, the

proportion of carbon emissions from public buildings, urban residential
buildings and rural residential buildingsis “4:4:2"
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Aggregate data at the macro level for countries and provinces
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MEZER - Calculation Results
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National building carbon emissions data
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FEFEFIZITIRAEN - CO2 emissions of the Chinese building sector

chE 2 IR TR HEEA RS (20245EHR) 2025
Research Report on Carbon Emissions in the Field of Urban and
Rural Development in China (2024 Edition).2025

EIRBEREIFEEI, BIBHIE S LN 20005F/931% EFHZ=
20225F/963%;

The building energy mix continues to be optimized, while the share of
carbon emissions from electricity rises from 31% in 2000 to 63% in 2022;

P IRHAEB L A SRARFFE20%AI7KF ;

The share of carbon emissions from heat has remained at 20% in recent
years;

EREERHR S ELE2016FRIET30%, Z/EFE T, /2022
FEE19%.
The share of direct carbon emissions from fossil energy in buildings is

above 30% until 2016, and then continues to declinge, falling to 19% by
2022.



Interprovincial differences in the historical peak situation of building
carbon emissions in China: Causes and enlightenments. J. Environ.
Manage. (2023)
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Mo EE: EXR, &, b

Aggregate data at the macro level for countries, provinces, and cities

MIESEER i . PO . . _ .
O WBEE - Calculation Results I BBRAETREGEE 2tCO,, HHME SeERRE

> BIRENRHEEE ITHHAEUEERY44%,; 3P EDRIHEIE&{KF2000 5tCO,;
Provincial building carbon emissions data Seven provinces emit more than 100 million tCO2 from building
operations, accounting for 44% of the national total carbon emissions
(a) Building carbon emissions (b) Building carbon emissions per capita | (c) Carbon emissions per floor area from bu||d|ng operations; three provinces emit less than 20 million tCO2 ;

- —KREKE, AOHEEE. XEFLDERS. BEAE ST
WX, HENRAFNCSENES, SZEXRENZN, BRAONME
HERERFNAET, ItFBEMEZZEXREEKRRA, HERNIETiHE
MES;

Generally speaking, the larger the population, the higher the GDP, and
the lower the proportion of clean power generation, the higher the total

carbon emissions from buildings; due to the influence of winter heating,
with the same population size or the same building volume, the northern

& tCO /person i
[ 1<030 . [ <050 [1<120

1 031-0.60 7 051-1.00 = 12.1-270 . k L. . .

B 0.61-050 B 1.01- 1.50 B 271 -420 provinces have higher carbon emissions from building operation due to
M 091-120 M 151-200 M 42.1-570 the higher demand for winter heating;

M 121-150 M 201-250 M 57.1-720

Moo om0 | W20 0 g WO e | P\]§E\ /’FC:II:%%EP%H%&IZE’\J%&E%HE&HFE&*DAWWHFJ‘J‘QE%‘%
2020 P ER B TIE TR HUR S TRIGE.

Carbon Emissions and Intensity of Building Operations by Province in China in 2020 Carbon emissions per unit area and per capita in centralized heating
areas such as Inner Mongolia and Northeast China are significantly
higher than in other provinces.




Interprovincial differences in the historical peak situation of building
carbon emissions in China: Causes and enlightenments. J. Environ.
Manage. (2023)
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Provincial building carbon emissions data
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In the provinces of Beijing and Yunnan, carbon emissions from building §°_, f ::;:;:v E :
operations declined significantly five years after peaking, by 10% and o B e

22%’ respeCtively; %0305 w0 D5 20 0w Mo WIF 2 05 M0 015 20 0w mio w5 a3 s 200 200 mtowI

« EAOBKIX, ERERAANKIEIRFERINE: BAETRHER i B - N
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In areas of population growth, the order of peak building carbon wﬁ‘ﬁ N M M
emissions follows the sequence: carbon emissions per unit area peak first, Cas e ms m¥ fw me w5 mE Ge me mn w8 s me ms m8 Ge wme ww el

per capita building carbon emissions peak second, and total carbon o Stchese Gt P =

emissions peak last.
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BCEA

PEERERIE THEHIRERES

Trends in carbon emissions from provincial-level building operations in China



City-level building operation and end-use carbon emissions dataset
from China for 2015-2020. Sci. Data (2024)
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City-level carbon aggregates and end-use unbundling > GRREGEANE - Completion of missing data
- WERRIIREENEMSIEER (WMERFITFE) | SFaaRER
O W&EAE: BEMTERE - Methodology: Top-down downscaling FHERATREE,

The underlying data for fossil energy and centralized heating are

Publicly accessible macro data | taken from the Statistical Yearbook of Urban Construction,
| [ China Eroiay Siatsica Vearook | adJ_usted in conjunction with provincial Energy Balance Sheets
1 + China Urban Construction Statistical Yearbook « Official data released by the | 1 b0||ers;
1 - A = Eyre H 1 Vo a2 —_— a2 . =4 .
|| G iy St Yook ,Ghineso govemment : - RS BRIA RR A
t || - Annual statistical bulletins for each city ! Missing building electricity data were fitted using nighttime
L. :__T___/___:_'_’_j_—____ \ lighting data.
N 250
1
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'? 1 1 =
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L , X LPG | =
- } ota gas . £
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1 - 4
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1 1 (%)
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o D L L D oo o 100
=
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1 =
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. PR Lo s N Electricity consumption in urban residential buildings (100 million kWh)
R SRR AR N EAAE
City-level building carbon emissions data measurement process RiENT SRR AR SIESESLABEENL

Comparison of electricity consumption data of city buildings fitted
with nighttime lights with real electricity consumption



City-level building operation and end-use carbon emissions
dataset from China for 2015-2020. Sci. Data (2024)
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City-level carbon aggregates and end-use unbundling
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Electricity for air conditioning, heating and cooling
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Building End-Use Energy and Carbon Emission Measurement Process



City-level building operation and end-use carbon emissions dataset
from China for 2015-2020. Sci. Data (2024)
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City-level carbon aggregates and end-use unbundling
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City-level building operation and end-use carbon emissions
dataset from China for 2015-2020. Sci. Data (2024)
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City-level carbon aggregates and end-use unbundling
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Building End-Use Energy and Carbon Emission Measurement Process

TR PERFRRFRIRE N EMMIAEERIRERK, BEEKRAERGEER2015
FHY18% EFZE20205F(924%;

In recent years, the electricity consumption of equipment and others in China's building
terminals has been growing rapidly, resulting in its share of carbon emissions rising
from 18% in 2015 to 24% in 2020;

HIRHHIN BB RER/MEEEREIEIRKESR, FIPBREZLI%,
Refrigeration carbon emissions, although growing in smaller quantities, have a high
growth rate, with an average annual growth rate of nearly 9%;

BTt RNEEBE T ERAR, oEEERERNSEN SR F TR,
120158 922%B%Z=20205H915%;

Benefiting from the cleaner heating efforts in northern rural areas, the total volume and
share of carbon emissions from decentralized heating have been declining year by year,
from 22 % in 2015 to 15 % in 2020;

AR S ERERIGEMX, PRERBXPREER, AEF DD HRmRY
AR, A RR DS XAV EAIEE TRENED, BEaTixitX
REMEEABIS, HEDHIMEFRRE.

High-emission cities are mostly concentrated in the eastern coastal region, with only a
few cities in the central and western regions, such as Chongging and Chengdu, having
higher carbon emissions. Cities located in the southeastern coastal region also consume
more electricity, but thanks to the region's higher proportion of cleaner power
generation, their electricity emissions do not stand out.
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Methodological system for future scenario analysis

HRRE HRBiE HEEAOE
Research Scale Research Method Research Object
SET BRI HEE &

National Forecast Static Forecast Total Emissions
P « Kaya identity « Kaya identity
_ﬁéﬁw + System dynamics + System dynamics
Provincial Forecast
NESFI "
: | D naEr}JniLfI?g\rJecast £ Um I
R s owl y Forecast by Terminal
City Forecast
Monte Carlo simulation + Monte Carlo simulation

Dynamic scenario simulations of carbon emission peak in China's
city-scale urban residential building sector through 2050. Energy
Policy (2021)
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National Building Carbon Emissions Forecast
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A Framework for Carbon Emission Prediction Modeling of Buildings in China

> BERUAE

Modeling carbon emission trend in China's building sector to year 2060.

Resour. Conserv. Recycl. (2023)

RigE

Scenario Setting in Policy Perspective

Single strategy scenario

Combined scenario

No Input parameter Sources
(Strategy) Base CS1 CS2 CS3 put p
Improving the building .
L Energy saving-rate  (MOHURD, 2021
M1 efficiency standard of new NN of new buidings 20220
building
- . Building energy (GOC, 2021;
M2 S:g()i:g?ir?nz:gsl)éi:]er;ovatlon v v v renovation rate of MOHURD,
g 9 existing buildings ~ 2022b)
Im;')r.ovmg the energy Adjustment factor MOHURD 2020
M3  efficiency of end-use N+ v of equipment (—’—‘202%
service equipment energy efficiency
M4 Direct renewable energy N N N Renewable energy (MOHURD, 2021
application in building utilization rate 2022b
M5 Building electrification \/ S S rE;f:mC'ty utilization (GOC, 2021)
Percentage of
M6 Decarhonization of N N renewable energy  (GOC, 2021; Grid,
electricity generation in electricity 2021)
generation
M7 Eliminating the boiler with N N eE:f(i?;i%)rl]((:Ol;\I/:erSIOH (CMEE, 2017;
weak efficiency . Y NEA, 2017)
heating
Percentage of
M8 Clean energy application in N N renewable energy  (CMEE, 2017,
central heating generation in heating NEA, 2017)
generation
M9  Building stock regulation N :’saracaplta floor (GOC, 2021)
Adjustment factor (GOC, 2021;
M10 Green behaviors guidance v of end-user service MOHURD

demand 2022b)




Modeling carbon emission trend in China's building sector to year 2060.
Resour. Conserv. Recycl. (2023)
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HEHEET, DEERNIIIETF 2033 FAFIBHIEE, EEFEM
E SR iR TARKHERT RN 2060 ZEAGHBE SR 2.52 BLCO, 51 1.51 BtCO, ’

National Bui|ding Carbon Emissions Forecast Under base scenario, China's building sector will reach carbon emission
peak in 2033, with emissions of 2.52 BtCO2 and 1.51 BtCO2 in the peak year
> 2FE|S=|fMES - National | Total | Static Forecast and 2060, respectively;

(a) (b)

- B—EEIFNELRI] (CS1) . BEBISIE (CS2) fitt&= (CS3) BoilE
2029 EE 2027 5F0 2022 FENNRRHERIE(ERTE], £ 2060 FAIER

2033: 252 BICO,

B= N BRIAMERLD 16.66%. 53.86% F1 64.51%HIMKHELE.
E . - . . .
zZ Single building sector (CS1), multi sector cooperation, (CS2), and society
£ (CS3) will accelerate carbon peak time in 2029, 2027, and 2022, respectively,
~ significantly mitigating the carbon emissions of the base scenario in 2060
08100 20102020 2030 2040 2050 20607 8_ L by 16.66%, 53.86%, and 64.51%, respectively.
~ L NN o oo oo Carbom emision wait GDP Q005 _ i
S T 160 P 1800
i3 g g
=z 10 :‘ 2 100 e
3= SI E ! maL S —
1 S (O DL (60:21 100 miilon dllae _v'_ . g * AN g ? S omEm
£€ ] £ S o ] P fE 2 § e H s ¢ .
T S & = s 3 % 2 2 B & F &
= [mgl..ill 2010 2020 2030 2040 2050 2060 g i - @ < ; i ’?: ;,_
1 .§ 1000 -: = > z 3
800 .g 800 — - | = . é Electricity generation
; = - = " mgg nnnnn
.é = 600 _§ 600 — Mitigate carbon emisison of CBS by 64.50% - .“_’§34 Within building
Z 2 400 = I g g =
) 400 — = < 2 = = ~
S = g <3 =3 g - =} g - = =
&= 20 i £ B & E |8 € | E | g | & =
) 200 — = - = 2 S = = = =
:: 0 210 2020 2050 2040 2050 2060 il 2 = ?i: = § ;.: 3 [I m “E‘
2000 2010 2020 2030 2040 2050 2060 02l E e = B = - B . =
| Base M1 M2 M3 M4 M5 M6 M7 MS M9 MI10 CS3
—— Base CCl ——CC2 CC3 [l Direct [ Heating [ Electricity -200
—y— . Single strategy scenario [ CS3
R\ 20004212060 F HIEARAREE S THEAEI OGO R B L
China's national-level carbon emissions from 2000 to 2060 IR == AL

Comparison of baseline and decarbonization scenarios for 2060



Multi-dimensional building carbon emissions echelon peak target setting in
China based on building types, sources, and indicators. Appl. Energy. (2025)
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National Building Carbon Emissions Forecast

> 2E|S=| S| 98I - National | Total | Static Forecast | Distinguished Indicators

@ﬁﬁtm&ajl‘@% '—5&%2% :_< "13th Five-Yecar Plan" ‘:": "14th Five-Year le":;"lsm Five-Year Plan";;
Timetable and roadmap for achieving carbon peak of China's building se @ ¢ ' @ (D (D (D (D @
— e P i \ A > T T ' T l' T T 1 1‘ : T 1 T 11 1 T 11 1 1 >
- AEEFREE, ANEEERELAE, EEiEREE 2020 ree ,;) pesk ime
Vo = LFN . b b o >
ZRuAlE, REEIERIAE, ) Historical phase £ Before 2030 B After 2030 i
Different building types, rural residential buildings are the (D Rural residential e D T | g Peak carbon emissions from
. ' . . LT 67% R=1.70% R=046% L ] <mbrarpn
first to peak, followed by urban residential buildings, and zl Um::‘::l':.“ — ._jwmu::mm
finally commercial buildings; 4" buildings R=340% - Rl L‘_\mmmmam
UPITIRUN . b —s " ¢’ Commercial buildings R=2.84% b *_# fi - TN sahon omissions
- AEEHCER, CAREREEHINEIARIEE, Ao " g EES
HEBUS LR DR AR AR ZIE(E (©  carbon cmissions
Different carbon emission sources, direct fossil energy o ... O R=196% | RO | @ Peak carbon cmissions from heating

emissions have peaked, and thermal carbon emissions will
peak earlier than electricity carbon emissions;

- KEBHERGEE, BAERRRHRRSIAE, MERR

- s R | « o
) carbon emissions R=105% ELEI s < from clectricity

3) Carbon emissions
2 per unit of floor space

BHMEEXE, REAEFRAFBIAE, (" Building carbon emissions  R283% | @ Buiing carbon cmissions sk
. L o Carbon emissio =, Carbon emissi ita
Different carbon emission indicators, carbon emissions per v e R=2.28% o Rlasn Q. pistuilgpak

unit area are the first to peak, followed by total building
carbon emissions, and finally per capita building carbon
emissions.

ESARI UL TE AN iz 54ES

The carbon emission echelon peak roadmap for the building sector



Timetable and roadmap for achieving carbon peak and carbon neutrality of
China's building sector. Energy. 2023.
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National Building Carbon Emissions Forecast

> 2£HF|S= |87 - National | Total | Dynamic Forecast

Y

50% | B4% | 97.5%) S0% | 84% 1 97.8%

Carbon emissions (Gt CO,)
W

%L _s%l | 915% 4% 975%
. R 4000 Urban residential buildings ! m;; = i Rural residential buildings ¥ o Urban residential buildings = ;; ey 1wk Rural residential mlw //‘ [Peaking. 2026 | 105
8""2 ! ¢ HE % 3600 9% % 32000 S Devizyns Usowe 30000 it 0%
] g 3000 £ § | ane z o i é"
_§ .: H 4 60% % Z200 m%-g e g’::"’"“ m% —— curve - é
g i - EE : i :
é i g = “’"EE“‘"'“" ‘”‘g £ oo uméglm u-/.Eé
Soa E 5 1000 P % o 0% s zms 9000 20% g
I ot I
0 v 7040 . v x e 2060 098 .05 112 119 126 e 0.49 W os 0.52 053 0.54 < m 2034 2036 2038 2 o ;m 2024 2026 2028 2030 mz%
2000 2000 2020 2030 2050 2060 2000 2010 2020 2030 2040 2050 Probability distribution of possible carbon peak (Gt CO,) Probability distribution of possible carbon peak (Gt CO,) p,,,,,,,,imydi,m.,.:m of possible carbon peaking tine " Probability distribution of possible carbon peaking time
244 44 -
0 l’ om uilding istorical ! il sector W s | 97a% | : L975% [ i ! :
= -Bj.l“:c_:::P_mm e _ - 4 t- s i ——— 1% 000 [Budingsector T e C'"'"'"d'"“m'":::'"“::': - = Dalidiag secter - ,..mpu:n::m o
85 N L S - ST | o o
g ‘ o | | | IF | | B
S l : . 3 h-“"‘" ’p e m%é & —— Cumulstive aw-% 37500 | P fé
1242032: 116 Gt €O, %1 2 ) § .§. I‘:'mm ;‘ % _§'
2028: .97 Gt €O, : é glm %EEM -um§ E «w.%cm w%é
i z E H H 5
M //: o — 'Iﬂﬂ 900 20% R 20% 5 . M%u . e ©
| | >
0.0 L 0.0 ! o il 10% 04 o 2034 2036 2038 e 2040 204‘;% ;m 2034 2036 2038 e
2000 2010 2020 2030 2040 2050 2060 2000 2010 2020 2030 2040 2050 2060 ':“mhmm dwm:‘:‘;m;‘;‘; s ':_‘: i “;;' lgmw;: ‘hm:;:h ol ;:‘ i :}L... mi-l(m,"’: Probability distribution of possible carbon peaking time Probability distribution of possible carbon peaking time
s T PR E R A Ak e e P : 224N e I ETASTTAL L T |1 SFIHTZRZN
AR A AR I SEINERI AT REHIMAYHEUEBRIR S 70 SEINEBI AT RERJ BEIABIBERVRT AR D10
Evolutionary trajectories of the carbon emissions Probability distribution of the possible emission Probability distribution of the possible peaking
across building sectors peaks across building sectors times across building sub-sectors
L l— NS sS4z R .
- EFITIAIREE 2036 SFIARIEE, 792.99 (£0.09) GtCO, (+1) ;
Building sector will probably peak at 2.99 (£0.09) Gt CO2 in 2036 (+1);
[ ]

ESCIERPR], BRATAIRRHEE T 2026 FHAZIEE, BP 2.16-2.40 Gt CO, . ;
Achieving carbon neutrality requires the building sector to peak its carbon emissions in 2026 with 2.16-2.40 Gt CO..
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Provincial Building Carbon Emissions Forecast

> DB | 25 | & - Forecast by Province | Total | Static Forecast

- ZEREBSFMG, oMXEMBIAE, REREREEREE2030
FRISCHIBIALE,

« Each province will achieve peak carbon in batches according
to its own conditions, while ensuring that the national total
achieves peak carbon by 2030.

1%10% £ CO,
2035

237

Peak value of building carbon emissions 7
(10°co,) 25 10.50%
8.85%'
; 32.68%
& National total peak time 20 * 832%'
E 2030@----------— E
g = - 8J6°/vl
; 3 735%'
o
E a5 LS - l
= 100.00%
_E_ Second Gradient B 2.66 <10t co,
3 205 S n
a § ..
| First Gradient (e .l
% 05+ -
-
-
|
-
--
-
2020 0.0I‘L.‘_**TIIIIIIIII|IIIIIlllllIIII
= =7 - -] MMQ.E mﬁa"“:g'a';' .5=5= "Oﬁ';"‘ﬂ a0 = cszcc 5"'m=';5§ﬂﬂﬂm"‘ “"SEME 52;' :EEH?
ShE5 5. SEc583 2 EZ23Z 323 EBREZEZE Z
asg'%sz%:ié-éggﬁ?gg §5s-§s§§§§‘°§§ sm%sggsa§§§?s§;§=e"°g§g~:§g§a§§=sé:
AESFTF2 208 gRITE E<ITITITROI RIS SSSSCEES 2328 R X< BATERTEI 2
Hﬁéw‘%Ng ﬁ:’>- § s A ZLEED SAO- Z5-1G) V’ﬁN 5s5 E= § é
S 3 = S 3 =
2 9
. £ =

BEBRIAIERE. EENRRARES

Echelon peak time, peak value, and emission reduction potential of each province

Echelon peaking path of China's provincial building carbon emissions:
Considering peak and time constraints. Energy (2023)
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==== Predicted values under the BAU scenario [ Northern Heating Regions
Building Carbon Emissions ==== Predicted values under the TC scenario

Unit: 1x10°t CO,

===« Predicted values under the PC scenario
=== Predicted values under the PTC scenario
Historical value
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[ Transitional Regions

1 Southern Regions

Scenario simulation results of provincial building carbon emissions
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Building Industry Chain Carbon Emission Forecast
> 2E | B8 | EiREA > R EERERIB R RS =B RO

National | Total | Terminal Facilities and Technology Forecast Scenario Analysis of Demand-Side Carbon Reduction Solutions for
Residential Buildings in China

(a) “LCA-ASI” Framework

@ Avoid” “mprove” L — ERMPEFHENE - Demand-side enhancement measures
3“"";La;.;;;;;;.;;"“‘; S e— I R - Building ~ Bullding g iding
- ; R N N ; Demand-side solutions Materials Constructi ation  Operation
i : T Advanced @ IO Production _ on P
1 . L - ! | primary energy E % ! Optimization of building stock (M1) A- A- A- A-
i i orma N i ilding li
;‘“ f%] Space cooling ; : P e ; — ?En ®O ! Enhancement of new building lifespan (M2) A- A- A- A+
Y B | e 5 o ﬁ HIONEE Extension of existing building lifespan (M3) A- A- A- A+
: y @ Hi P é — |Secondary energy | | Implementation of lightweight building A- A- I- -
; ‘ L omer ¥ i+ | @ | structure (M4)
% Cooking : i e 18 colnucton o Implementation of steel building (M5) I- - S+ -
! | ' : "'u Retrofit : .
Residents :\ : ¥ .E 2L construction ® i Enhancement of energy-saving standards S+ - -- A-
""" 3 P — i b . D@ ! for new buildings (M6)
.\:".* | ' Iy | i ovioull I iy o i @G ! Breadth of energy-saving renovation of . - . A-
! aomlionce i | " ; "a:"m"u"ur"mnsportatiun ® existing buildings (M7)
: ',~ ¥ L : é Q@ | Purchase of energy-efficient household -- - -- I-
| Living space —— i ! ifi?ﬁ; i1 ] @® ! equipment (M8)
S £ I 5 A materials  (3) | Purchase of low-carbon equipment (M9) - -- - S-
(b) Demand-side solution measures (c) Uncertainty of Supply sector Cultivation of awareness of green energy - - - A-
—— [ ]
o )} o R oEEEm} olEmD: i 2 (10
oG MR CEER: oUEE) | i oA TS e

I N S . ) ]
©) g Legend | Implementing metered charging for heating - -- - A-
@ @ High level Emission foy rojk ‘ntftco,/t} (MlZ)

envelope

9 © Mid level Increasing the proportion of photovoltaic in - - - A-
o [ ¢ @ Lowlevel buildings (M13)
Note: A, S and | correspond to avoidance, shifting and upgrading strategies, respectively; --
@’IﬁLC A- AS|§3\$}.‘I.1:E77J'5 - LCA-ASI framework of buildings indicates no impact on carbon emission generation; + indicates an increase in carbon

emissions and - indicates a decrease in carbon emissions.
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Building Industry Chain Carbon Emission Forecast
> 2HE | BE | BiRHEA

National | Total | Terminal Facilities and Technology Forecast

(a) combined measure scenario (b) Single measure scenario
CO, emissions in 2060 (MtCO,-eq)
35 35 35 -200 0 200 400 600 800
> Ny . W N LY N —— Y [T 3.0 Base 3.0 ASI1 3.0 ASI2 _
« RAE R KMARR TS 227 1£2020-2060 5 E) D> " "
N —— . — 2.0 2.0 2.0
46%E<J§l+_%1'tﬁ7‘ﬁﬁtmi (41 62 Gt COZ-GQ) 1 HHT_I- 15 15 15 M10—
IS S \ f— . 1.0 1.0 ol . | N
TE15.19%I5AFIE (17.38K1{ZTARM) ; o
0.0 0.0 0.0
The demand_SIde _SO|Utlon Wlt_h beSt COSt_effeCtlveness can CUt E -0.2020 2030 2040 2050 2060 -0;020 2030 2040 2050 2060 -0.2020 2030 2040 2050 2060 M8
46% of accumulative CO2 emissions (41.62 Gt CO2 -eq), while g 2 v s < o —
saving 15.19% of the net present value of cost (17.38 trillion 8 s 25 25 M
RMB) during the period of 2020-2060; g 20 2 20 __,__\\ e
e 10 1.0 1.0
© BRUBRTREBEREE_EURERIRNERT  £0 zzz i
{%EP Rjzjg E@’I‘_ﬁﬂg :%1{6&}i FE&]\\X:ZEUE’EEI]*D ] ﬁ Hj‘l}% E 70.2020 2030 2040 2050 2060 7“‘;020 2030 2040 2050 2060 70.2020 2030 2040 2050 2060 Ma
RSP ROAHEE. N I e e -
25 25 2.5 N
Demand-side solution can make the CO2 emissions of 20 20 P T~
Chinese rural residential buildings arrive neutrality without 10 Lo Ml e ey "
Carbon Dioxide Remove Options, and simultaneously reduce o o o i -
the uncertalnty Of reaChIng Carbon neu-trallty' 70.;020 2030 2040 2050 2060 -D.ZHZO 2030 2040 2050 2060 -D.;OZU 2030 2040 2050 2060 -5 0 5 10 15 20
Year Cumulative CO, emissions (GtCO,-eq)
Operation Construction [ Transportation- Materail 2050-2060 2040-2050 —O— 2060

Il carbon sink—— Rural

TN & KA % 69 4E € 3 500, HE K =
CO, emissions of different demand-side scenarios

Urban

Total [ 2030-2040 [ 2020-2030
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