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Our roadmap since 2007 5T

* From emission inventory compilation to decision supporting A 7 ¥ 44 32 2 & 5K 3+
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Global emission inventories of air pollutants EIRARKISEIIHBCE 2 E

= From PKU inventories to GEMS PKUF # 89 4 & £ 47

Pollutants CO2, CO, SO2, NOx, PM2.5, PM10, TSP, BCchar, BCsoot, OC, BrC, Hg, PAHs, et
Sources Six sectors, five fuel types, and 147 detailed categories

Coverage Global from 1960 to 2019

Resolutions 0.1°x0.1°, monthly/daily

= Major updating + % % 37
First-hand surveys, field observations, remote-sensing data, and the literature

Chen et al., ES&T 2013
Wang et al., ACP 2013 # © OVERVIEW
Huang et al., ES&T 2014 - GEMS TEAM
Wang et al., PNAS 2014

Huang et al., AE 2015
Shen et al., AE 2015
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Air pollution and residential solid fuels FRiERSRAEEFRE

= Air pollution in China ¥ B &= 2,77 %
Air quality has been improved since 2014

A long way to go to meet the national standard / WHO guideline

Meng et al., ES&T, 2021

= Residential emissions 4 &R Hpx 69 = &M -

Residential solid fuels

Contribute substantially to both ambient and indoor air pollution

fi i
50 bl - [ =N
3 2015 7 ) b \ il " Ne
m2013 ®=2014 m2015 m2016 mW201 2018 m2019 =2020 202 : =5 z ¥
op(
2
i’ |
- Ex P, ! i .
S oy | =RAE =
B} ey Bls
> o =48 -
i ex -
z &
60
30
0
4 i ; ; D ¥ % ; S, B N i




Survey on household energy mix RFEIRAEMZEEHH

= Data gap and high uncertainty # %t 0 f= 15 2 4
Free biomass fuels were not well accounted, most likely overestimated

Stacked energy use increases challenges household energy statistics

* Household energy survey and fuel-use weighting = % ft k8 & fo AR &
Questionnaires >90,000 from two campaigns (1992-2012, 2017)
Fuel-use weighting ~4340 Household days

Emission tests ~ 3000 tests Tao et al., Nature Energy 2018; Shen et al., Nat. Sci. Rev. 2022
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Energy types used for cooking and heating KBS BN gER 2R

= Solid fuels B & ¥4

Coal and biomass fuels contribute almost equally

Cooking 92% in 1992, 41% 1n 2012, 24% 1n 2021 driven by living condition improvemer

Heating 98% 1n 1992, 85% 1n 2012, 73% in 2021 1n middle China with short heating per

intervention in North China Plain

" Clean energy /i ##t

Induction
coa

3%3 %Fuelwood

Cooker 6% Electricity

Relative clean at user end
Lump

coal

Rice
33%

Cooker .
29%, Cooklng

Straw 12%

Straw 8% WCLLINITY

Branch Wood
8% Honey

Fuelwood comb
12% Charcoal 3%

Biogas
3% Corncob

h LPG 21% 5%

Tao et al., Nature Energy 2018



From energy use to health impacts

= Contributions along the process chain & 7 f2 /R /5 id A2 4% 49 77 4k
Yun et al., Sci. Adv. 2020
Energy use — emissions — air PM2.5 — exposure — premature deaths

\ , [J coalcooking
7%\ \ [ coatheating
|
|

Energy use 7%; emissions ~20%, ambient air ~20% 2 somnentng
\ } [ Clean energy
I~ [ Nonresidential
Indoor air, exposure, and premature deaths >66% Fremare

* Indoor exposure ¥ N #% %

Contributes predominantly to population exposure

Ambient/indoor PAB%/71% PM sexposuré8% Premature Dea#¥s

Duan et al., 2013
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Health Benefits in clean transition Ba R ERWES

= Health benefits in clean transition g & 4% %& 694 ol s
Attributable for 700,000 and 400,000 premature deaths in 1980 and 2021

Relative contributions declined from 96% to 70% during that period

= (Clean heating campaign /7% 3z 173 11 X

The campaign in North China Plain led to a reduction in exposure from 135 pg/m? to 78 pg/m?

Meng et al., PNAS 2019 Shen et al., Nature Comm, 2019
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Clean cooking

* Cooking energy /7 /F Kk F itk
Electricity rice cooker, induction cooker, electric oven, microwave oven, ...

Liquified petroleum gas, LPG

= Intervention M

To accelerate the transition for remained 22% households in less developed areas

0 25 3 35 40
2002 2007 2012 1992 2002 2007 2012 Ly, 10gRMB

Tao et al., Nature Energy 2018
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logF = -62.4 + 62.6(1 - e-1.324logIcap)



r2 = 0.878
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Heating demand zoning

* Heating zoning HtEz 5 X

Long-term HD > 15 days 43% population and 61% area  most between half to three months

Short-term HD 1-15 days 48% population and 33% area  most less than 3 days

No heating HD =0 9% population and 6% area

117
HREH, H/F

168

None
6%

Short

Area 33%
Long

61%

None
9%

Lon

430/i’0pulati0n
Short

48%



Clean heating in the short-term heating zone FEHAEER X & S ENER 5 =X

= Heating demand 8z % K
HD < 15 days with low HDD most in middle China

No heating traditionally increased heating demand as living conditions improved

= Heating 7z 7 X
Cannot to heat the entire house due to poor airtightness

Convenient and inexpensive to use electric heaters or convection heaters limited space and time

Tao et al., Nature Energy 2018

2 O HD=40
2 (OHDp=150

O
logF = 1.005 - 4.861 logleap
”?=0.374

3.7
Icap, logRMB
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Clean heating in the long-term heating zone CHAENRR X 5B R EAR 5 2\

= Heating demand 8z % K

HD > 15 days with high HDD north, northeast, and west

* Traditional heating iz 7 X

Permanent heating facilities required stoves, heating bed, heating wall ... with low thermal efficiencies

Solid fuels

coal, fuelwood, animal dung ... with high emissions

* Clean heating /7% 3z 75 X

Electricity

Natural gas

air source heat pump, electric heaters, and convection heaters

gas heater




Alternatives BENEREEFEX TN

* Where clean heating is too expensive 7 fit 7 42 % Uiz 3 X

Areas with low population density or income

* Alternatives # X it
Pressed biomass fuels or coal briquettes + clean stoves 8,000 households in Yantai

Emissions: air pollutants and carbon incomplete combustion products, NOx, ultrafine PM, CO,

= Other measures % 8 F &

Building insulation, ventilation, air purification ... to reduce emissions/exposure




Cost-Benefit analysis in clean cooking/heating BTE R E /R B

" Clean cooking costs

Electricity 600 RMB for electric cookers, 1,000 RMB/year for electricity
LPG 300 RMB for gas container/range, 1,200 RMB/year for LPG
Intervention To provide 44 million rural households with equipment at discount prices

" Clean heating costs
Infrastructure cost %32 i A
Equipment cost P & & A
Operational cost IE 1T A

Electricity/gas, coal




Emission reduction

" Clean heating /7 /% 3% mHE

Nonlinear response from HO to H1

= Clean cooking 77 & F s 4k
Almost proportional to clean heating rate

Exceptions: CO,, NOx, ultrafine particles

B 2019#E3%
O 50%# 54k
O 100%7# F 4L
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Effects on ambient and indoor air PM2.5 SEAIE S PM2s5H52 N

= Contributions to ambient air PM2.5 3 & 9t kX A PM2.549 % "H

Significant reduction by electricity heating from 0.91pg/m? (HO) to 0.57 pg/m?® (H3)
Significant reduction by clean cooking from 1.09 pg/m? (HO) to 0.66 ug/m> (50%)
Combined effect from 2.00 pg/m? (HO) to 1.23 ug/m? (H3-50%)

= Contributions to indoor air PM2.5 3F T A = A PM2.589 %A

Similar to that to ambient air for all long, short, and no heating zones

OsFE Ok

H 8 10 12 10 20 40 H9 HO Hl1 H2 H3 H4 H5 H3MI1H3M2H3M3H3M4 HOCO HOC1 HOC2 H3C1 H3C2
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Effects on exposure and health MAHRESERIRI

= Population exposure &k A#f 5 5

Similar to that on indoor air  adults spend 86% time indoor

= Avoided premature deaths annually » /) & ¥
Clean heating (H3) 42,000
Clean cooking (100%) 79,000
Clean heating (H3) + cooking (100%) 114,000
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Cost-benefit analysis A 1 5347

= Total cost for clean heating and cooking /7% BUaz fo bk = 5 &N
H3 clean heating scenario + 100% clean cooking 162 billion RMB, 0.13% GDP

=  Monetized health benefit %7 1 a9 & 502

Based on a value of a statistical life from the literature, VSL  additional benefits

= (Cost-best analysis
VSL/Cost all above 1
Clean cooking is more effective no infrastructure investme

high uncertainty VSL, modeling ...

R /R AR EE

Hl H2 H3 H4 HS H6 H7 H8 H9 C1 C2



Take-home massage

" Clean cooking 7 & %=+

Electricity and liquified natural gas are highly beneficial AT A iR 8 =

" Clean heating /7% Bz
Electricity using air source heat pump is recommended if affordable s A4 7T B 4% A R # R
Nature gas is not preferred due to cost, safety, and security reasons KA 57, ~L 42 HeZ k=

Pressed biomass fuels can be promoted as an alternative RESRE, FIE R AN F

=  Supplementary measures #i8) #&

Ventilation, building insulation, air purification ... BN, BREEFR R4 E
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Clean heating program in north China L7 M X B9 E AR TSN

= Coal to gas/electricity in 2+26 #tE #/X
Initial objective — reduce wintertime haze, 60% clean heating in rural areas

Adjusted by depreciation rate and inflation

= Significant health benefits 2 % &4 & &
Ambient PM, .: 12 to 5 pg/m?3; Indoor PM, 5: 209 to 89 pg/m?;

Exposure levels were reduced by about 60%

46 pg/m?

=A

75 pg/m3

0.4 pg/m?

Meng et al., PNAS 2018

I H iR
. 4.6 pg/m?
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22 pg/m?®
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46 pg/m?



Comparison between electricity and pipeline gas 5 RAS A A L3

= Annualized cost for 2+26 1Lk &~
The sum of the initial investment, operational cost, maintenance cost, and avoided cost

Adjusted by depreciation rate and inflation

= Comparison % /A3t
Electricity 2,190 RMB/household vs. Natural gas 2,720 RMB/household

Initial investment electricity > natural gas
Operational cost gas > expensive

Meng et al., ES&T 2023
Other costs similar
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Electricity or natural gas ? 5 RRSHNERE

" Clean heating campaign in North China Plain 2+263& X 69 /7 /% BUEZ 4750
Natural gas or electricity 56% or 44%
Less developed areas tended to choose natural gas 2,720 vs. 2,190 RMB/household

lower initial investment, but heavier financial burden in long-term

= Additional pros and cons ¢ #]

Operational safety

Energy security R B Meng et al., ES&T 2023
Emissions of CO2, NOx, and PM |

Suitability for Chinese dish preparation

B EREE (5 b

=  Conclusion <44t

50 100 150
A3 GDP, 1037t/ A

Natural gas is not recommended



Pilot programs about alternatives in north China BRAERAEMRE

* Intervention pilot programs “£m ¥ E” %&£ F+7R
Clean coals, biomass pellets, etc., ~ 2200 Homes

Field measurements on pollutant emissions; indoor air quality;

= Policy recommendations in building BEAUTIFUEL AND HEALTH CHINA

Indoor air quality improvement

Gas/electricity for cooking; Ventilation Men et al,, Unpublished data

Subside and equality issues

urce contribution







Urban household energy transition T BE IR AE B K

" Clean heating campaign in North China Plain 2+263& X 69 /7 /% BUEZ 4750
Urban population increased from 1980 - 2014 by 148% from 1980 to 2000
Energy use increased especially after 2000 10% in TJ; Clean energy 2% to 71%

Most air pollutant emissions declined obviously

=  Health benefits

~ 2.0 million premature deaths avoided over the 30 years Zhang et al,, One Earth 2021

Indoor air quality improvement contributed largely
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Controls on coals in residential sector P Tt HI A BRI TR R IR

= Coal consumption Total coals:  0.35 to 3.47 Pg; Residential use: 0.13 to 0.15 Pg
= Emissions Different in sectors by pollutants; Residential shares are generally declining
= Health impacts 50% due to coal use, of which residential sector contributed 34%

~ 40 times as “deaths per Tg coals” in the residential sector compared to others

Yun etal., ES&T 2021
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Different pathways in pollution source controls iSRRI

= Exposure as a non-linear function of residential and non-residential emission reduction
Outdoor PM, 5 : a heavy emphasis on nonresidential emissions;
Co-reduce coal and biomass emissions;

more emphasis on heating (1.48:1) and rural areas (2.4:1) can lead to better results

= A simple theoretical analysis
Perpendicular to the contoured 1soclines

Further details in technologies and cost-benefits analysis

Yun et al., Sci. Adv. 2020
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