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• 105 NMVOCs species were measured for
one year infive different functional zones.

• The constrained emission from observa-
tion was 81% larger than the bottom-up
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• Model performance of O3 simulation was
improved with constrained NMVOCs
emissions.

• Surface coating, on-road vehicles and oil
refinery were the main sources to reduce
O3.
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Reliable emission estimate of non-methane volatile organic compounds (NMVOCs) is important for understanding the
atmospheric chemistry and formulating control policy of ozone (O3). In this study, a speciated emission inventory of
anthropogenic NMVOCs was developed with the refined “bottom-up” methodology and best available information
of individual sources for Nanjing in 2017. The total NMVOCs emissions were calculated at 163.2 Gg. It was broken
down into the emissions of over 500 individual species and aromatics took the largest fraction (33.3% of the total emis-
sions). Meanwhile, 105 compounds weremeasured at 5 sites representing different functional zones of Nanjing for one
year. The annual mean concentration of totally 105 species varied from 48.5 ppbv to 63.7 ppbv, and alkanes was the
most abundant group with its mass fractions ranging 37.2–40.1% at different sites. Constrained by the emission ratios
of individual species versus carbon monoxide (CO) based on ground measurement, the total emissions of 105 species
(NMVOCs-105) was estimated at 195.6 Gg, 81.1% larger than the bottom-up estimate of NMVOCs-105 (108.0 Gg).
The constrained emissions indicated an overestimation of aromatics and underestimation of OVOCs and halocarbons
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in the bottom-up emission inventory because of the uncertainties in source profiles. O3 simulation with Community
Multi-scale Air Quality (CMAQ) model was conducted for January, April, July and October in 2017 to evaluate the
bottom-up and constrained emission estimates. The mean normal bias (MNB) and mean normal error (MNE) values
were generally within the criteria (MNB ≤ ±15% and MNE ≤ 30%) for both inventories. The model performance
was improved when the constrained estimates were applied, indicating the benefit of ground observation constraints
on NMVOCs emission estimation and O3 simulation. Based on the O3 formation potential (OFP), 12 key NMVOCs spe-
ciesmainly from surface coating, on-road vehicles and oil exploitation and refinery were identified as the priority com-
pounds for O3 reduction.
CMAQ
Ozone formation potential
1. Introduction

Non-methane volatile organic compounds (NMVOCs) play an important
role on the ground-level ozone (O3) formation (Toro et al., 2006). In the
presence of sunlight, NMVOCs can react with hydroxyl radicals (•OH) and
oxides of nitrogen (NOX) to form O3 through a series of photochemical re-
action (Atkinson, 2000). Along with gradually reduced ambient particulate
matter (PM) levels, O3 pollution has become an increasingly severe prob-
lem in China (Liang et al., 2021; Qiao et al., 2019),motivating better under-
standing and control of NMVOCs emissions. NMVOCs include various kinds
of chemical substances such as non-methane hydrocarbons (NMHCs, in-
cluding alkanes, alkenes, alkynes and aromatics), oxygenated VOCs
(OVOCs, including aldehyde, ketone, ester, ether, alcohol and organic
acid), and halogenated hydrocarbons (halocarbons). The major sources of
NMVOCs are the natural processes (i.e., vegetation emissions, volcanic
eruption and forest fire) at the global scale (Guenther et al., 2006), while
they are mainly emitted from anthropogenic activities in urbanized areas,
such as vehicular exhausts, solvent usage, industrial chemical and petro-
chemical processes (Janssens-Maenhout et al., 2015). Compared to other
anthropogenic air pollutants like SO2 and NOX, complex sources and big di-
versity of emission levels were found for individual NMVOCs species. The
magnitude, spatiotemporal distribution, and source contribution of anthro-
pogenic NMVOCs emissions have become increasingly important for atmo-
spheric chemistry studies and air quality improvement, particularly in fast
urbanization countries like China (Guo et al., 2017).

The “bottom-up” method has been widely used to evaluate NMVOCs
emissions. It calculates the emissions by multiplying the activity levels
and corresponding emission factors by source category. The national and
regional emission inventories in China have been developed and improved
gradually in recent years, with plant-level activity data of certain emission
sources and domestic measurement results of emission factors incorporated
(An et al., 2021; Li et al., 2019c; Zhong et al., 2018;Wu and Xie, 2017; Zhao
et al., 2017; Ou et al., 2015). As cities are the fundamental administration
for air quality improvement in China, there is a further strong need of reli-
able city-level emission inventories for the development of air pollution
control programs and supervision of air pollutant emissions. Unfortunately,
very few city-scale NMVOCs emission inventories were available and the
uncertainty remained large, attributed to the relatively coarse statistics or
insufficient investigations on individual emission sources. Most researches
had to rely on provincial-level statistical data and national uniform emis-
sion factors, and then downscaled the calculated emissions to the city
level. Besides, motivated by the increased O3 pollution in urban China, var-
ious measures have been implemented to control NMVOCs in recent years,
such as the improving standards regarding NMVOCs emissions for surface
coating industries, the implementation of Leak Detection and Repair
(LDAR) program for petrochemical industries and the promotion of new
green energy vehicles for transportation sources (Zhao et al., 2020). The
benefit of those measures on emission abatement has not been well in-
cluded in the emission inventory development, as the emission control in-
formation was not regularly reported. As essential input data for chemical
transport model (CTM), existing NMVOCs emission inventories were ex-
pected to result in large bias of air pollution simulation, especially for O3

simulation at small spatial scales (Karl et al., 2009; Warneke et al., 2007).
It further introduced uncertainty in evaluating O3 pollution and formulat-
ing O3 control policy. Besides the total emissionmagnitude and spatial allo-
cation, chemical speciation is another important factor influencing
2

modeling performance due to the varied reactivities of different NMVOCs
species (Carter, 2010). The uncertainties of NMVOCs source profiles were
still large resulting from the insufficient coverage of measured categories
and the limited amounts of measured species.

Studies have been conducted to evaluate and verify the NMVOCs emis-
sion inventories based on satellite retrievals or ground measurements.
Given its broad spatial coverage but coarse temporal resolution, satellite ob-
servationwas often applied at the global or national scale to evaluate the spa-
tial pattern of the bottom-up emission inventories (Liu et al., 2012; Fu et al.,
2007). In contrast, groundobservationwas usually used at the regional or city
scale limited by its spatial coverage. Previous studies evaluated anthropo-
genic emissions of individual NMVOCs species in Beijing (Li et al., 2019a;
Wang et al., 2014), Chengdu (Simayi et al., 2020), and the Pearl River
Delta (PRD) region (Shao et al., 2011), with a tracer ratio method based on
ground observation. In the Yangtze River Delta (YRD) region, Wang et al.
(2020a) combined ground observation with regional air quality modeling
in Shanghai and found that current bottom-up estimates of NMVOCs emis-
sions were highly biased. The measurements in most of those studies were
conducted at a single site or in a specific season, and thus not sufficient for
evaluating the spatial and temporal distribution of NMVOCs. Megacities con-
sist of different functional zones, such as industrial parks, residential areas,
and transportation hubs, where the emission sources differ from each other
(Hu et al., 2018). Observations with greater spatial and temporal coverage
are needed to better constrain NMVOCs emissions.

Located in the western YRD region, Nanjing is a highly urbanized and
industrialized city. The main industries in Nanjing, including petrochemi-
cal industries, electronics industries, automobile coating and iron & steel
production, are the major sources of NMVOCs. Traffic is also an important
source due to the rapid growth in vehicle population in the city (NJNBS,
2018). In recent years, O3 pollution became a significant factor affecting
the air quality of Nanjing (Wang et al., 2020b). The photochemical O3 for-
mation regime was identified as VOC-limited in the urban areas of Nanjing
(Zhao et al., 2020), thus limiting NMVOCs emissions and concentrations
should be a priority for reducing O3 pollution. In this study, we aim to im-
prove the NMVOCs emission inventory and the model performance of O3

simulation at the city scale, combining the detailed information of local
emission sources, ground measurements and CTM. A bottom-up emission
inventory of anthropogenic NMVOCs was developed for Nanjing in 2017.
The ambient levels of NMVOCs were measured at five observation sites lo-
cated in different city functional zones to evaluate the spatiotemporal pat-
tern of NMVOCs. The emission ratios (ERs) calculated based on the
observation data were then applied to constrain the NMVOCs emissions.
The bottom-up and the constrained emission estimates were further evalu-
ated and compared using CTM. Specieswith large contribution toO3 forma-
tion potential (OFP) were identified and NMVOCs emission control
strategies for Nanjing were recommended. The outcome of this study
could serve as a more scientific basis for NMVOCs emission control and
O3 pollution alleviation for developed cities.

2. Methods

2.1. Development of the bottom-up emission inventory

2.1.1. Emission estimation
A four-level structure was used to classify the anthropogenic NMVOCs

sources, as summarized in Table S1 in the Supplement. Level 1 included
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seven categories, i.e., fossil fuel combustion, industrial processes, solvent
usage, transportation, oil distribution, biomass burning and others. Level
1 sources were then further divided into Levels 2–4 according to the differ-
ent processes, raw materials, products, or fuel types. Totally 113 sources
were comprised in Level 4. In this work, detailed information on NMVOCs
emission sources were collected and complied for Nanjing based on various
databases. Those databases contained the SecondNational Census on Pollu-
tion Sources (SNCPS) in China, the official environmental statistics, and a
new local survey dataset of main NMVOCs industries developed by Jiangsu
Provincial Academy of Environmental Science (JPAES). SNCPS and envi-
ronmental statistics provided basic information at plant level, including
geographic location, types and amounts of raw materials and products,
fuel quality and consumption, and combustion/manufacturing technology.
Besides, more detailed information at production procedure level were col-
lected in local survey dataset, such as operation time, collection equipment
of flue gas, flow rate and NMVOCs concentration in flue gas, the implemen-
tation of LDAR, NMVOCs content in solvent, and collection and removal ef-
ficiencies. Individual enterprises were required by local government to
submit those data, which were further examined and refined through
cross check, on-site investigation and measurements.

NMVOCs emissions from fossil fuel combustion, industrial processes
and industrial solvent usage (including surface coating and printing) were
estimated at production procedure (Eq. (1)) or plant level (Eq. (2)) accord-
ing to the obtained information for each enterprise:

Ei ¼ ∑
n

k¼1
∑
m

p¼1
Ep,k � 1−ηp,k

� �
(1)

Ei ¼ ∑
n

k¼1
EFk � Ak � 1−ηkð Þ (2)

where Ei stands for the total emissions of source category i, Ep,k stands for the
emission from production procedure p of enterprise k, ηp,k is the removal effi-
ciency of end-of-pipe treatment facility in corresponding production proce-
dure p of enterprise k, EFk, Ak and ηk represent the uncontrolled emission
factor, activity data and removal efficiency of enterprise k respectively, and
m and n represent for the number of production procedures in enterprise k
and the number of enterprises related to source category i respectively.

Details on procedure-level methods could be found in Zhang et al.
(2021) and Guidelines for NMVOCs Pollution Source Investigation in Petro-
chemical Industry (MEP, 2015b). Briefly, the production procedures of
each enterprise were divided into six processes, including manufacturing
lines, equipment leaks, storage tanks, loading operations, wastewater col-
lection and treatment system, and circulating water systems. Best available
method was applied for each procedure with priority. For example,
measurement-based method was chosen firstly if the monitoring results
were available, such as flow rate, NMVOCs concentrations in flue gas, the
capture efficiency for fugitive emissions, and emission rate from LDAR pro-
gram. Themass balancemethodwas the second choice if NMVOCs contents
in raw materials and outputs were accessible. The third was the empirical
formula method, requiring physical and chemical parameters of materials,
and the forms and quantities of material loading/storing. Default emission
factors for each procedure were applied if above information could not be
obtained (MEP, 2015b; SMBEE, 2017).

The activity data at procedure level were provided for 1265 enterprises
in the local survey dataset (250 plastic and rubber plants, 164 raw
chemicals manufacturing plants, 137 furniture manufacturing plants and
714 other industrial factories). The proportions of different methods are
summarized by procedure in Table S2 in the Supplement. The
measurement-based method accounted for 53% of manufacturing lines
and 78% of equipment leaks. Additionally, NMVOCs emissions of 4858 en-
terprises were calculated at plant level, including 24 power plants, 383
heating/industrial boilers sources, 1424 industrial solvent usage sources
and 3434 industrial processes sources. The activity data including fuel con-
sumption, solvent usage, and industrial production output were obtained
from SNCPS, environmental statistics, and the local survey dataset. As
3

summarized in Table S1 in the Supplement, the uncontrolled emission fac-
tors came mainly from the compilation guidelines for the NMVOCs emis-
sion inventories (MEP, 2014), the guidebook of emission inventory
development for Chinese cities (He, 2018) and recent published results.
In particular, NMVOCs contents of solvents from local survey dataset
were applied as emission factors for industrial solvent usage sources.

Table S3 in the Supplement summarizes the penetrations and removal
efficiencies of end-of-pipe treatment facilities, submitted by 1853 enter-
prises in the local survey dataset. Approximately 50% of enterprises were
equippedwith treatment facility, and adsorptionmade a significant propor-
tion (30.2%). Larger removal efficiencies were found for regenerative ther-
mal oxidizer and direct burning, with a range at 72.3–94.7% and
28.6–99.1%, respectively. The removal efficiencies of adsorption and pho-
tocatalytic oxidation had a wide range, from 1.4% to 99.7% and from
9.9%–97% respectively, indicating the difference of operation and mainte-
nance among various enterprises. For absorption, spray and other single
treatment, the removal efficiencies were generally lower than 50%. For in-
dustrial plants without monitored removal efficiencies, the values of differ-
ent treatment facilities were assumed from 15% to 85%, as shown in
Table S3 in the Supplement.

NMVOCs emissions of non-industrial solvent usage, transportation, oil
distribution, biomass burning and others were estimated as the product of
emission factors and activity data by source category. Activity data of oil
distribution were obtained from local survey dataset and biomass burning
from SNCPS. Other activity data such as populations, building areas, fuel
consumption, and vehicle population were obtained from statistical year-
book (NJNBS, 2018). Emission factors were mainly from the guidebook
of emission inventory development for Chinese cities (He, 2018), as listed
in Table S1 in the Supplement.

The emissions of individual NMVOCs species were calculated as fol-
lows:

Ei,j ¼ Ei � Pi,j (3)

where Ei,j is the emissions of species j from source category i, Ei is the total
NMVOCs emissions from source category i, and Pij is the mass fraction of
species j in emission source category i (i.e., the source profile). The source
profiles used in this study were obtained from Wu and Xie (2017) and
Zhao et al. (2017).

2.1.2. Spatial and temporal allocation
The NMVOCs emissions were spatially allocated at a horizontal resolu-

tion of 3 km×3kmaccording to the real locations of point sources and sur-
rogate indexes of others. Accurate geographical locations of totally 6123
point sources (Fig. 1) were obtained and their emissions were allocated
into corresponding grid cells. The distribution of gross domestic product
(GDP) with high resolution at 1 km was applied to allocate the emissions
from oil distribution, waste disposal, construction machinery and other in-
dustrial related sources. The distribution of population was applied to allo-
cate the emissions from residential and commercial sources. The emissions
from on-road transportation were allocated based on the road net weighted
by traffic flow, and those from ships based on the area of river. The emis-
sions from pesticide usage, biomass burning and agricultural machinery
were allocated based on the density of cultivation area. The spatial distribu-
tion of land use types, population, and GDP was obtained from the Data
Center for Resources and Environmental Sciences of the Chinese Academy
of Sciences (www.resdc.cn/). The temporal allocation was performed fol-
lowing monthly profiles in our previous studies (Zhao et al., 2017; Zhou
et al., 2017), as shown in Table S4 in the Supplement.

2.2. Constrained species-specific NMVOCs emissions with ground measurement

2.2.1. Observation sites
NMVOCs measurements were conducted at five sites representing dif-

ferent types of functional zones in Nanjing, as shown in Fig. 1. PAES
(32.05°N, 118.74°E) is located on the roof of an office building of Jiangsu

http://www.resdc.cn/


Fig. 1. The locations of point sources and observation sites.
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Provincial Academy of Environmental Science. It is a typical urban site,
surrounded by abundant traffic and residential and commercial buildings
(Zhao et al., 2020; Chen et al., 2017). NJU (32.12°N, 118.96°E) is a subur-
ban site, located in the Xianlin Campus of Nanjing University, approxi-
mately 20 km from downtown (Wu et al., 2020; Chen et al., 2017).
NUIST (32.21°N, 118.71°E) is located in the Nanjing University of Informa-
tion Science& Technology campus. It is a polluted industrial site due to the
influence from Nanjing Chemical Industry Park (NCIP), iron& steel plants,
and power plants nearby (Chen et al., 2017; An et al., 2014). ZJS (32.04° N,
118.84° E) is located in the urban forest park Zijin Mountain, with a forest
area of 22 km2. It is also a tourist attraction thus can be influenced by
NMVOCs from touring vehicles. GCH (31.31°N, 118.94°E) is located by
the Gucheng Lake, surrounded by water body and farmlands with tiny an-
thropogenic emissions.

Carbonmonoxide (CO)was observed as a tracer at the sites except PAES
and NJU, due to the technical problems with the instruments at the two
sites during the sampling period. Instead, the data reported at two state-
operating air quality observation sites, CCM and XL (Fig. 1), were used to
represent the atmospheric conditions around PAES and NJU, respectively
(Wu et al., 2020; Chen et al., 2017).

2.2.2. Sampling and chemical analysis
The online observations of ambient NMHCs at NJU were conducted at

an interval of 1 h fromMay 2017 toApril 2018. Amore detailed description
4

of this system has been provided in previous study (Wu et al., 2020). The
offline measurements were conducted using silica stainless steel canisters
from May 2017 to May 2018. Ambient samples were collected five days
every month at PAES, NUIST and ZJS, two days every month at NJU and
five days every season at GCH. The temporal variation of air pollution
was expected to be less influenced by that of local emission sources at the
rural site GCH, thus the sampling frequency was decreased. Non-rainy
days with low wind speed were usually chosen as sampling days and the
sampling times were around 9:00 am and 2:00 pm, respectively. Totally
408 air samples were obtained in this study.

Prior to sampling, all canisters were cleaned at least five times by re-
peatedly filling and evacuating ultra-pure nitrogen (N2, 99.999%). For
each campaign, a blank canister was taken randomly to evaluate the analy-
sis performance and guarantee that no target compound was detected. Air
samples were collected into the vacuumed canisters through a stainless-
steel line equipped with a filter (filled with glass wool and anhydrous so-
dium sulfate) installed at the head of the inlet. The sampling time was
roughly 40 min by controlling the rate of flow until the pressure in the can-
ister consisted with ambient pressure. After sampling, all canisters were
sent to the laboratory in Shanghai Academy of Environmental Science
and 105 species were analyzed within one week. The analysis methods
were in accordance with the national guideline HJ759-2015 (MEP,
2015a). NMVOCs samples were concentrated in a three-stage cryofocusing
preconcentration system (Model 7100A, Entech Instrument, USA) and
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analyzed by a gas chromatography–mass spectrometry (GC–MS, 7890A-
5975C, Agilent Instrument, USA). More details could be found in HJ759-
2015 (MEP, 2015a). The method detection limits (MDLs) of 105 com-
pounds are provided in Table S5 in the Supplement.

Before the sampling campaign, preliminary experiments were con-
ducted to investigate the difference between on-line GC-FID measurement
and canister measurements. Details are provided in Text Section S1 in the
Supplement.

2.2.3. Emission estimation of NMVOCs species
The emissions of an individual NMVOCs species can be estimated based

on its emission ratio (ER) to the tracer with known emissions (Warneke
et al., 2007; Shao et al., 2011; Borbon et al., 2013; Wang et al., 2014; Li
et al., 2019a; Simayi et al., 2020; Thera et al., 2019). It is an aggregative
emission from all sources. In this study, CO was selected as the reference
compound because of the following reasons. Firstly, the reactivity of CO
is extremely lower than NMVOCs species and it is hardly affected by photo-
chemical processing. Therefore the observed CO concentration could re-
flect its emission strength. Secondly, CO emissions show lower
uncertainty compared with NMVOCs emissions (Warneke et al., 2007;
Wang et al., 2014). The calculation of annual emissions for individual
NMVOCs species is performed based on Eq. (4):

Ej ¼ ECO � ERj � MWj

MWCO
(4)

where Ej and ECO denotes the emission of species j and CO, respectively. The
annual emission of CO in Nanjing was estimated at 1445.6 Gg with the un-
certainty from −42% to 75% (indicated as 95% confidence interval, An
et al., 2021). MWj and MWCO denote the molecular weight of species j
and CO, respectively, and ERj denotes the emission ratio of species j relative
to CO (ppbv/ppmv CO). ERjwas calculated from the ambient concentration
measurements, and more details about the determination and uncertainty
of ERs are discussed in Text Section S2 in the Supplement.

2.3. Air quality simulation

The Models-3 Community Multi-scale Air Quality (CMAQ) v5.1
(https://www.epa.gov/cmaq/cmaq-documentation; Appel et al., 2017)
coupled with the Weather Research and Forecasting (WRF) v3.7.1
(http://www.wrf-model.org/index.php; Skamarock et al., 2008) was ap-
plied to evaluate the bottom-up and the constrained NMVOCs emission es-
timates for Nanjing. The simulations were conducted for January, April,
July and October in 2017. Three nested domains were adopted with the
spatial resolutions at 27, 9 and 3 km respectively in the Lambert Conformal
Conic projection centered at (110°E, 34°N). Detailed information on nested
domains, model settings on meteorological simulation, chemistry mecha-
nisms and emissions of natural origin were described in Zhao et al.
(2021) and Zhou et al. (2017). The emissions of anthropogenic origin in
D1 and D2 were obtained from the Multi Resolution Emission Inventory
for China 2017 (MEIC, http://www.meicmodel.org/) with an original spa-
tial resolution of 0.25° × 0.25°. The gridded MEIC emissions were aggre-
gated to 27 km for D1, and were downscaled to 9 km for D2 according to
the spatial distributions of population (for residential sources) and GDP
(for other sources). For D3, the anthropogenic emissions of air pollutants
except NMVOCs were obtained from An et al. (2021) with an original hor-
izontal resolution at 4 km× 4 km and were aggregated to 3 km. NMVOCs
emissions outside of Nanjing (within D3 domain) were taken from MEIC.
The NMVOCs chemical species were assigned to the 2005 Carbon Bond
Mechanism (CB05) to meet the requirement of CMAQ modeling. It should
be noted that the NOX emissions in the simulation were set 40% and 30%
smaller than the original estimates in An et al. (2021) for January and
July, respectively. CTM simulation by An et al. (2021) suggested an overes-
timation of NOX emissions in the bottom-up emission inventory. Based on
an inversed modeling method, moreover, Yang et al. (2021) found that
the top-down estimates of NOX emissions constrained with satellite
5

observation were smaller than the bottom-up ones in the YRD region, espe-
cially for January and July (40% and 30%, respectively). The first 5 days
were chosen as the spin-up period to provide initial conditions for later sim-
ulations.

The simulated parameters from WRF were compared with the observa-
tion dataset fromChinameteorological data network (http://data.cma.cn/)
at 8 ground stations in D3, as summarized in Table S6 in the Supplement.
The index of agreement (IOA) of temperature and relative humidity be-
tween the two datasets were larger than 0.9 and 0.7, respectively. The
rootmean square error (RMSE) ofwind speedwas smaller than 2.0. The dis-
crepancies between two datasets were within an acceptable range (Emery
et al., 2001).

3. Results and discussion

3.1. The bottom-up NMVOCs emission inventory

The anthropogenic NMVOCs emissions of Nanjing in 2017 are illus-
trated in Fig. 2 by source category, and the annual total emissions were es-
timated at 163.2 Gg. The emissions of point sources accounted for 54.5%.
Compared to an estimation of biogenic VOCs (BVOCs) emissions at 28.0
Gg (Yuan et al., 2021), anthropogenic sources were the main contributors
to NMVOCs emissions in the city. Solvent usage was identified as the cate-
gory with the largest emissions, accounting for 42.5% of the total NMVOCs
emission, followed by industrial process (33.5%) and transportation
(11.4%). In sub-categories, chemical industry was the largest contributor
and accounted for 36% of the industrial process emissions, followed by re-
fining industry (25%) and plastic and rubber (22%). Traffic equipment/ma-
chinery coating and other industrial utilization such as electronics
manufacturing and industrial anticorrosion, were dominating sub-
categories within solvent usage, accounting collectively for 70% of solvent
usage emissions. The emissions from passenger cars were also noticeable
and accounted for 69% of transportation sources.

As a comparison, An et al. (2021) estimated the NMVOCs emissions at
223.3 Gg while the national inventory MEIC provided a much larger
value at 328.5 Gg for Nanjing in 2017. The differences resulted mainly
from the various methodologies and data sources applied between studies.
Different from the national and regional inventories, this study applied the
procedure-based estimation method for large amount of industrial point
sources, and incorporated the operating information of LDAR, the investi-
gated NMVOCs contents in solvents, and the removal efficiencies of multi-
ple end-of-pipe treatment facilities. The application of LDAR program
changed the leak emission rate distribution andwould reduce the NMVOCs
emissions by 42%–57% (Ke et al., 2020). Motivated by the guidelines for
the implementation of LDAR in Jiangsu Province (Zhao et al., 2020), the
proportion of enterprises equipped with LDAR program reached 78% in
Nanjing (Table S2 in the Supplement), leading to substantial decline of
NMVOCs emissions. The solvent consumption method in this work also im-
proved the accuracy of emission estimation as it considered the diversity in
raw materials and manufacturing technologies for different enterprises.
Taking automobile manufacturing industry as an example, the estimated
NMVOCs emissions from an enterprise could reach 411.7 metric tons
(t) based on the total vehicle production (2.42×105 vehicles), the uniform
uncontrolled NMVOCs emission factor of 2.43 kg/vehicle (He, 2018) and
the removal efficiency at 30%. With the same removal efficiency, a much
smaller estimate at 56.6 t was obtained in thiswork based on the actual con-
sumption of different types of solvents and the investigated NMVOCs con-
tents in the solvents. For another enterprise with a similar annual output
(1.90×105 vehicles), however, more comparable estimates were obtained
with the two methods, i.e., 432.7 t with the emission factor method and
481.6 ton with solvent consumption method. The comparison revealed
that application of uniform emission factor might neglect the difference
in manufacturing technologies and emission levels between individual en-
terprises, as it represented the average level of available domestic measure-
ments. As indicated in Table S3 in the Supplement, moreover, the
penetration of NMVOCs control facilities was over 50% for the important

https://www.epa.gov/cmaq/cmaq-documentation
http://www.wrf-model.org/index.php
http://www.meicmodel.org/
http://data.cma.cn/
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NMVOCs plants in Nanjing. Compared to our previous study, the NMVOCs
emissions for the city decreased from 253.4 Gg in 2014 (Zhao et al., 2017)
to 163.2 Gg in 2017 (this study). The expanded use of end-of-pipe treat-
ment facilitiesmight be the main driving factors for the decline of NMVOCs
emissions (Zhao et al., 2020).

The total emissions of NMVOCs (i.e. 163.2 Gg) were broken down into
the emissions of more than 500 NMVOCs species based on the source pro-
files. The emissions of individual species were then grouped into 6 chemical
groups. Aromatics was the group with the largest fraction to the total emis-
sions (33.3%), followed by alkanes (25.4%) and OVOCs (20.6%). Alkenes/
acetylene, halocarbons and others contributed 9.0%, 4.0% and 7.7%, re-
spectively. The most abundant individual species included m/p-xylene
(8.6%), toluene (5.1%), ethylbenzene (5.1%), ethylene (2.8%), benzene
(2.8%), ethane (2.7%), ethyl acetate (2.4%), propane (2.3%), acetone
(2.2%), and o-xylene (2.1%). Fig. 3 shows the emissions and source contri-
butions by chemical group. The information of sub-categories is provided
for industrial process, solvent usage and transportation. Solvent usage, es-
pecially industrial solvent-use sources such as machinery coating, furniture
manufacturing, household appliances and antisepticising, was an important
source of various NMVOCs species. It accounted for 59.1% and 55.9% of
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0

20

40

60

80

100

)
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Fig. 3. The contributions of major sources to

6

aromatics and OVOCs, respectively. It also contributed 37.6% of halocar-
bons emissions, although the fraction of halocarbons was relatively small
at 4.0% in the total NMVOC emissions. Refining industry and oil distribu-
tion were the two major sources (25.7% and 14.2%, respectively) for al-
kanes, followed by on-road vehicles (13.0%). On-road vehicles and fossil
fuel combustion made relatively big contribution to alkenes/acetylene
(29.2% and 16.4%, respectively). Chemical industrywas another important
source of OVOCs, halocarbons and other NMVOCs, accounting for 24.1%,
25.6% and 43.1% of the emissions for the corresponding groups, respec-
tively. Plastic and rubbers contributed significantly to halocarbons
(32.2%).

Fig. 4 illustrates the spatial distributions of NMVOCs and chemical
groupswithin a 3 km×3 kmgrid system. NMVOCs emissions weremainly
distributed in the central areas of Nanjing and were partly consistent with
its road network. Fig. S1 in the Supplement shows the spatial distributions
of selected major species ethane, ethylene, m,p-xylene and ethyl acetate,
and large differences were found between species. Ethane could be emitted
from various sources, such as oil distribution, gasoline cars, refining indus-
try, domestic usage of natural gas and so on. Thus the ethane emissions
were not limited in urban region but widely dispersed in the whole city.
ocarbons Others

Emissions
Others
Biomass burning
Oil distribution
Non-road moblie
On-road moblie
Other Industiral solvent use
Residential consumption
Printing and Dyeing

 Traffic equipment/ 
          machinery coating

Furniture manufacturing
Architectural coating
Pesticide
Chemical industry
Papermaking
Textile industry
Plastic and rubber product
Food and wine
Refining industry
Non-metallic mineral
Iron and steel
Fossil fuel combustion

0

20

40

60

Em
is

si
on

s 
(G

g)

NMVOCs emissions by chemical group.



Fig. 4. Spatial distributions of NMVOCs (a), alkanes (b), alkenes/acetylene (c), aromatics (d), OVOCs (e) and halocarbons (f).
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Abundant emissions of ethylene were found in areas with dense road net-
work and heavy traffic flow, as on-road vehicle was the main source of eth-
ylene. For m,p-xylene and ethyl acetate, high emissions were found in
individual grids reflecting the significant contribution from industrial
point sources. Fig. S2 in the Supplement compares the spatial distributions
of NMVOC emissions inNanjing for 2017 in this study andMEIC. To be con-
sistent in resolution, MEIC was downscaled to 3 km × 3 km according to
the spatial distributions of population (for residential sources) and GDP
(for other sources). The results implied that downscaling of national emis-
sions depending on certain proxies (e.g., population and economy density)
might overestimate the emissions in urban areas, and could hardly catch
the locations of vital point sources.

3.2. Spatiotemporal variation of NMVOCs concentrations and compositions

In this study, the highest annual mean concentration of NMVOCs was
observed around industrial zones (NUIST, 63.7 ppbv) and the lowest in
rural area (GCH, 48.5 ppbv). The concentrations at PAES and ZJS were
comparable (55.0 and 55.6 ppbv, respectively) and slightly higher than
that at NJU (52.5 ppbv). Fig. 5 exhibits the concentrations and composi-
tions of NMVOCs chemical groups and Table 1 summarizes the ambient
levels of the 20 most abundant species at each site. The concentrations of
those species accounted collectively for 67.5–70.1% of the total NMVOCs.
The concentrations of most NMVOCs species decreased in the following
order: NUIST (industrial site) > PAES (unban site) > ZJS (city park) > NJU
(suburban site) > GCH (rural site).

Among the five major chemical groups, alkanes was the most abundant
group (37.2–40.1%) and ethane and propane were the most abundant spe-
cies detected at all sites. Ethane and propane are themain species of natural
gas and liquid petrochemical gas (Zheng et al., 2018; An et al., 2014;
McCarthy et al., 2013) and come from diverse sources, such as traffic, oil
and gas exploitation and residential combustion. With relatively weak at-
mospheric reactivity, those species have long lifetime and are easily accu-
mulated. Therefore, the ambient levels of ethane and propane were high
even in rural areas (GCH). Besides ethane and propane, typical tracers of
gasoline including butane isomers and pentane isomer were also main al-
kane species at all sites, attributed to the contribution of gasoline vehicles
and petrochemical industries.

The fractions of other groups varied at five sites. Halocarbons were the
second contributor (18.8%) at NUIST with the high level of dichlorometh-
ane, indicating strong influence from industrial processes such as pharma-
ceutical industry. Alkenes/acetylene contributed 17.3% and the main
species contained ethene, acetylene and propene. OVOCs contributed
17.4% and the main species contained ethyl acetate, and methyl methacry-
late. The compositions of NMVOCs at PAES and ZJS were similar, with
larger fractions of alkenes/acetylene (18.6% and 18.7%, respectively) and
OVOCs (18.4% and 17.8%, respectively). Both PAES and ZJS were located
in downtown areas and were more easily to be influenced by traffic emis-
sions. Thus, the ambient levels of incompletely combusted species, such
as acetylene and ethylene, would be relatively high. 2-Butanone was the
most abundant OVOCs species at PAES and ZJS. It can be directly emitted
from vegetation and anthropogenic activities, and can also be produced
by the gas-phase oxidation of specific NMHCs such as n-butane (Yáñez-
Serrano et al., 2016). Moreover, the relatively short distance (~10 km) be-
tween ZJS and PAES might not eliminate the influence of mixed air masses
and the differences of NMVOCs concentrations. The fractions of alkenes/
acetylene (17.5%) and OVOCs (17.7%) at NJU were slightly higher than
that of halocarbons (16.2%). They consisted mainly of acetylene, ethyl ace-
tate, propene, and dichloromethane. Halocarbons also contributed signifi-
cantly (19.8%) to NMVOCs at GCH, followed by OVOCs (18.5%) and
alkenes/acetylene (14.3%). The species at GCH generally have long life-
times, such as 2-butanone and benzene, thus the remote site could be
more influenced by the regional transport of emission-enriched air masses.
Aromatics contributed little at the five sites but higher contributions were
found at suburban and rural areas (9.1% and 8.9% at NJU andGCH, respec-
tively) than other areas (6.1%–6.6%).
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Fig. S3 in the Supplement illustrates the seasonal variations of NMHCs
(alkanes, alkenes/acetylene and aromatics), OVOCs and halocarbons at
the five sites. Similar seasonal patterns were generally found for NMHCs,
with higher levels in winter and lower in summer. The seasonal variability
of OH radicals, emission sources and meteorological conditions could be
the key factors contributing to such differences (Wu et al., 2020). The sea-
sonal variations of OVOCs were more complicated since they could come
from both primary (biogenic and anthropogenic) and secondary sources.
Similar patterns of OVOCswere found at NUIST and PAES, with the highest
levels in spring/autumn followed by a slight reduction in summer and the
lowest in winter. OVOCs concentrations at ZJS and NJU were also lowest
in winter but comparable for the other three seasons. The elevated
OVOCs concentrations in summer probably indicated the contribution
from secondary formation process.

3.3. The constrained NMVOCs emissions with ground observation

3.3.1. Spatial and seasonal variations of ERs
Fig. 6 compares the ERs for the five sites. The ERs for most NMVOCs

species among five sites agreed within a factor of two, with the correlation
coefficient (R) from0.89 (NUIST vs. NJU) to 0.99 (ZJS vs. PAES), indicating
the similarity of NMVOCs compositions in different regions in Nanjing. Bet-
ter agreement was usually found for alkanes and halocarbons, with R larger
than 0.90 and worse agreement for alkenes/acetylene and aromatics, with
the lowest R at 0.68 (GCH vs. NJU for aromatics). Moreover, we calculated
relative standard deviation (RSD) for ERs among five sites and found it was
lower than 30% for 59 species, and lower than 40% for 79 species. The ER
for tetrahydrofuran at NUIST was 3.5–6.1 times higher than that deter-
mined at other sites, implying the larger emissions of tetrahydrofuran
around industrial zones. However, inconsistent spatial distribution of tetra-
hydrofuran emissions was found in the bottom-up emission inventory and
higher emissions existed in the regions where PAES and ZJS were located.
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According to the source profiles used in this study, tetrahydrofuran was not
mainly from industrial sources but commercial/consumer solvent use, die-
sel vehicle and biomass burning, and it was thus allocated in the downtown
areas. In contrast, a recent study reported high mass fraction of tetrahydro-
furan (8.4%) in the NMVOCs emissions from water-based coating industry
(Li et al., 2018). Given the ongoing shift from organic solvent to water-
soluble solvent usage in China, therefore, current source profiles might
probably underestimate the tetrahydrofuran emission from coating indus-
try. Another example was the higher ERs for i-pentane and ethylbenzene
at NJU than other sites, attributed probably to the influence from the
nearby oil refinery plant (at a distance of 5 km). The ERs for propene, 1-
butene and 1-pentene at other sites were generally higher than those at
NJU. As the observation data at 9:00 am were only applied to calculate
the ERs at other sites to limit the influence of photochemical processing
(see Text Section S2 in the Supplement), the heavy traffic in rush hour
was expected to elevate the concentrations and thereby ERs of C3–C5 al-
kenes.

Seasonal variations of ERs in Nanjing were investigated and Fig. S4 in
the Supplement illustrates the ERs for four seasons. The ERs for most
NMVOCs species in four seasons generally agreed within a factor of two,
with R from 0.80 (winter vs. summer) to 0.96 (autumn vs. spring). There
were also some species showing greater variability. Clear discrepancies
were found for OVOCs and alkenes/acetylene between summer and winter
(Fig. S4e). ERs for some halocarbons were generally higher in spring
(Fig. S4a–c). These results might be caused by the uncertainties of ERs
(mainly for OVOCs) or emission sources. Temporal variations of emissions
will be further discussed in Section 3.3.3.

3.3.2. The annual emissions of individual NMVOCs species
With the averaged ERs and corresponding standard deviations (SDs) at

the five sites, the annual emissions of each species were constrained for
Nanjing along with uncertainties. The total emissions of 105 species
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(NMVOCs-105) were aggregated to 195.6 Gg with the ground observation
constraints, 81.1% larger than the estimate of 108.0 Gg for NMVOCs-105 in
the bottom-up emission inventory. Fig. 7 compares the emissions of indi-
vidual NMVOCs species between the two estimates. The uncertainties of
constrained emissions were large for i-pentane, i-butane, 1-butene, toluene,
ethylacetate and dichloromethane, due to the spatial discrepancies of ERs
among different sites. The annual emissions for 48 NMHCs species between
the constrained and bottom-up estimates agreedwithin a factor of four, and
23 NMHCs species agreed within a factor of two. The discrepancies for
OVOCs and halocarbons were much larger. As discussed in Text
Section S2 in the Supplement, the ERs might be slightly overestimated
due to the absence of nighttime data and it could partly explain the discrep-
ancies. Moreover, the discrepancies indicated the possible uncertainties of
the bottom-up emission inventory. For example, the emissions of propane,
n-butane, i-butane and acetylene in the constrained estimateswere 8.8, 5.8,
5.7, and 3.3 Gg respectively, 2.3–3.2 times of those in the bottom-up emis-
sion inventory. The constrained emissions of most alkenes were also larger
than the bottom-up estimates. The higher emissions of propane and butane
along with acetylene in the constrained estimates probably implied an un-
derestimation of the transportation emissions in the bottom-up inventory.
Propane and butane are important tracers of natural gas and gasoline,
and acetylene is mainly from incomplete combustion sources. They are all
related to vehicle emissions. Another evidencewas the smaller contribution
of transportation in the bottom-up emission inventory (11.4%) than that
from source apportionment study with the Positive Matrix Factorization
(PMF)method (23.5%,Wu et al., 2020). Due to insufficient real time traffic
flow within the city, the NMVOCs emissions of on-road vehicles were esti-
mated based on vehicle population, which could ignore the emissions from
the vehicles passing through but not registered in the city. Besides, the un-
certainty of the bottom-up estimate could also be enhanced as the influ-
ences of the changed fuel quality and road condition were not
dynamically considered in the emission calculation attributed to the limited
data.

The emission levels of ethylbenzene and m/p-xylene from the ground
measurement constraining were 80.9% and 93.3% smaller than those in
the bottom-up inventory respectively, and it resulted probably from the un-
certainties in the source profiles. Aromatics came largely from solvent utili-
zation processes in Nanjing, including machinery coating, automobile
coatings and other industrial solvent usage (Fig. 3). The NMVOCs species
profiles of those sources were mainly compiled based on measurement
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results of organic solvents. As mentioned earlier, application of water-
soluble solvents instead of organic solvents was encouraged to control
NMVOCs recently (Zhao et al., 2020), and a much smaller fraction of aro-
matics was found in water-soluble solvents (11.3%) than organic solvents
(52.3–71.5%) (Li et al., 2018).

The annual emissions of many OVOCs and halocarbons were much
lower in the bottom-up inventory than those from measurement
constraining. For example, the emission of tetrahydrofuran constrained
by the measurements was 0.8 Gg, 98.7 times of that determined by the
bottom-up emission inventory. The emissions of dichloromethane and
1,1,1-trichloroethane were 8.2 and 1.1 Gg respectively in the constrained
estimates and were 1.5 and 0.008 Gg respectively in the bottom-up emis-
sion inventory. Similar results were also found in Beijing (Li et al., 2019a)
and Chengdu (Simayi et al., 2020). One possible explanation is that the sec-
ondary formation is a critical source of OVOCs in ambient air, as shown in
the spatiotemporal variations of observed OVOCs. Due to the limitation of
ER method, secondary formation of OVOCs through photochemical oxida-
tion could not be fully excluded (Text Section S2 in the Supplement). More-
over, the uncertainty in current source profiles contributed partly to the
inconsistency as well. As most of the domestic measurements focused on
the NMHC species (Mo et al., 2016), the mass fractions of OVOCs and hal-
ocarbons in the total NMVOCs could be underestimated. Besides, due to the
insufficient coverage of source categories by domestic measurement stud-
ies, information from foreign databases was adopted such as the Organic
Gas and PM Speciation Profiles of Air Pollution Sources (SPECIATE,
USEPA, 2014). However, SPECIATE excludes NMVOCs species with low at-
mospheric photochemical reactivity, including dichloromethane, 1,1,1-
trichloroethane, and fluorochemicals (Li et al., 2019a). The inconsistency
between the constrained and bottom-up emission estimates suggested the
necessity of further field measurement studies on source profiles of
NMVOCs.

3.3.3. Evaluation of monthly variations
Based on the monthly average ERs and monthly emissions of CO, the

NMVOCs emissions of 105 observed species were calculated for the
12 months within 2017. Fig. 8 compares the monthly variations of emis-
sions between the bottom-up and constrained estimates. The NMVOCs
emissions varied from 7.9 Gg in February to 10.6 Gg in December in the
bottom-up inventory, with insignificant monthly variations. However, the
largest emissions of NMVOCswere found in April (20.0 Gg) and September
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Fig. 8. The monthly emissions of 105 observed NMVOCs species (presented as
chemical groups) from the bottom-up (a) and the constrained emission estimates
(b).
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(19.8 Gg) in the constrained estimates. The discrepancies of monthly varia-
tions between two estimates indicated the uncertainty of monthly alloca-
tion of NMVOCs emissions with bottom–up method. Facing severe O3

pollution during summer time, high NMVOCs-emitted sources are required
to be shut down andmight result in a decrease of NMVOCs emissions. Such
monthly variations could not be caught by the bottom-up emission inven-
tory. It should be noted that uncertainties probably existed in constrained
estimates. The higher OVOCs emissions were found in warm seasons (e.g.
fromMarch to September) than the bottom-up inventory, as current ER cal-
culation method could not completely remove the influence of secondary
aerosol formation. The higher alkenes and acetylene emissions from July
to September resulted partly from the relatively strong biogenic emissions
(e.g., isoprene) in summer that were not included in the current bottom-
up inventory.

3.4. Evaluation of NMVOCs emissions through air quality modeling

Air quality modeling was conducted based on the monthly NMVOCs
emissions from the bottom-up and the constrained emission inventory re-
spectively. For the latter, themonthly emissions of the 105 observed species
were changed with the constrained estimates in Nanjing, while the
Table 2
Themodel performance ofMDA8with the bottom-up and constrained inventory for Janu
performance with constrained inventory.

MEAN OBS (μg/m3) Bottom-up

MEAN SIM (μg/m3) MNB (%) MNE (%) NMB (%) NM

January 70.9 53.6 −17.1 37.1 −24.5 37.
April 132.6 116.5 −6.4 23.3 −12.1 22.
July 139.0 141.3 12.7 27.1 1.7 21.
October 103.1 96.2 −2.0 22.2 −6.7 21.

Note: MNB, MNE, NMB and NME were calculated as the following equations (Si and

MNB ¼ 1
N ∑

n

i¼1

Si−Oi
Oi

� �
� 100%; MNE ¼ 1

N ∑
n

i¼1
∣ Si−Oi

Oi
∣� 100%; NMB ¼

∑
n

i¼1
Si−Oið Þ

∑
n

i¼1
Oi

� 100%; NM
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emissions of other species, and the spatial distribution and category contri-
bution remained the same as the bottom-up inventory. Statistical indicators
including the mean normal bias (MNB), mean normal bias error (MNE),
normalized mean bias (NMB), and normalized mean error (NME) were ap-
plied to compare the WRF-CMAQ simulation and ground observations of
daily maximum 8 h O3 concentrations (MDA8). The ground observation
data of O3 were collected at 9 state-operated monitoring sites in Nanjing
(https://data.epmap.org). Table 2 compares the model performance with
the bottom-up and constrained emission estimates for Nanjing. Applica-
tions of the both two inventories led to underestimation in O3 simulation
except for July, while the underestimation was slightly corrected with the
constrained emissions. Based on the bottom-up emission inventory, the
MNBs for Nanjing were calculated at −17.1%, −6.4%, 12.7% and
−2.0%, and the MNEs were 37.1%, 23.3%, 27.1% and 22.2% for January,
April, July and October, respectively. The analogous numbers were
−16.5%, −5.3%, 14.3% and −1.2% for MNBs, and 37.0%, 23.0%,
27.2% and 22.1% for MNEs, respectively, when the constrained emission
estimates were applied in the simulation. Most of MNB and MNE values
were within the criteria (MNB ≤ ±15%, MNE ≤ 30%) suggested by
USEPA (2005) in the two cases. Compared to bottom-up inventory, model
performance of O3 simulation was slightly improved when the constrained
estimates were applied.

With detailed information on individual sources incorporated as much
as possible, the bottom-up emission inventory developed in this work im-
proved the emission estimates and spatial distributions of NMVOCs emis-
sions, resulting in satisfying model performance of O3 simulation. A
review study shown that NMB values in 53% of studies in China were out
of range at ±15%, and 22% were out of range at ±30% (Yang et al., in
preparation). The NMBs values in this study were within ±15% except
for January, better than most of previous studies. Furthermore, the slightly
improved O3 simulation with the constrained estimates indicates the com-
bined effect of emission changes for the observed 105 species. Fig. S5 in the
Supplement compares the emissions of CB05 species in the bottom-up emis-
sion inventory and constrained estimates for the four month. The
constrained estimates were 30–56% and 59–72% smaller for TOL and
XYL but 56–248% and 125–243% larger for OLE and IOLE than the
bottom-up emission inventory. The limited change in the simulated O3 con-
centration could result from the offset influence of the reduction of TOL and
XYL emissions and the increment of OLE and IOLE in the constrained inven-
tory.

Uncertainties of NMVOCs emissions outside of Nanjing would affect the
results as well since O3 is a secondary pollutant and can be transport from
nearby cities. To quantify this impact, we conducted a sensitive analysis
with NMVOCs emissions constrained in the whole D3 domain. Compared
to the bottom-up emission inventory, the absolute values of MNB changed
3.8–8.5% for different months when NMVOCs emissions were constrained
in the whole D3 domain, larger than those when NMVOCs emissions were
only constrained in Nanjing (0.6–1.6%, Table 2). It implied that the uncer-
tainties of NMVOCs emissions from nearby cities would affect the results. It
should be noted that bias existed in application of observations in Nanjing
to constrain NMVOCs emissions from nearby cities as well. More
ary, April, July andOctober 2017 in Nanjing. The values in bold represent for better

Constrained

E (%) R MEAN SIM (μg/m3) MNB (%) MNE (%) NMB (%) NME (%) R

2 0.26 53.9 −16.5 37.0 −24.0 37.0 0.27
5 0.57 117.9 −5.3 23.0 −11.0 22.0 0.58
4 0.66 143.6 14.3 27.2 3.4 21.2 0.67
3 0.67 96.9 −1.2 22.1 −6.1 21.1 0.67

Oi indicate the results from modeling simulation and observation, respectively):

E ¼
∑
n

i¼1
∣Si−Oi ∣

∑
n

i¼1
Oi

� 100%.

https://data.epmap.org
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measurements were recommended to be conducted and published for
constraining NMVOCs emissions effectively in the future.

The negative values ofMNBs shown that NMVOCs emission inventories
in this study were still likely an underestimation of the actual emissions.
Moreover, besides NMVOCs, the NOX emissions would also influence the
O3 simulation. We evaluated the NO2 simulations and the NMB values of
24%, 11%, 15% and 20%were found for January, April, July and October,
respectively. The result implied that the NOX emissions might still be
overestimated although it has been adjusted based on the analysis with
the top-down method by Yang et al. (2021). To explore the sensitivity of
O3 formation to its precursor emissions, two cases were set for January
and July respectively: the NMVOCs-abatement case with 30% reduction
of NMVOCs emissions in D3 domain, and the NOX-abatement case with
30% reduction of NOX in D3 domain. The base scenarios were set with
constrained emission inventory. The temporal changes of simulated
MDA8 between case scenarios and base scenarios at 9 state-operated mon-
itoring sites in Nanjing are illustrated in Fig. S6 in the Supplement. Both in
winter and summer, simulated MDA8 were decreased once the NMVOCs
emissions declined. In contrast, concentrations were generally elevated
with the NOX emission reduction with exceptions on some summer days.
The monthly mean MDA8 declined by 2.6% and 3.3% with 30% NMVOCs
emissions off in January and July respectively, while it would increase by
13.1% and 1.5% with 30% NOX emissions off in January and July respec-
tively. The result implied that O3 formationmechanism in Nanjingwas gen-
erally NMVOC-limited and turned transitional on some days in summer.
Therefore, the overestimation of O3 simulation in summer and underesti-
mation of O3 simulation in other seasons could be partly attributed to the
overestimation of NOX emissions.

The overestimation of simulated O3 in July could result from the uncer-
tainty in the chemical mechanism of the model as well. It was reported that
reduced cloudiness and attenuation of photolysis in CMAQ5.2 generally re-
sulted in higher O3 mixing ratios (Appel et al., 2017). Li et al. (2019b) con-
ducted an intercomparison of surface O3 simulation from 14 chemical
transport models and implied that the larger overestimation of summer
O3 than winter for eastern China resulted possibly from the uncertainty in
the photochemical treatment in model. The uncertainties of planetary
boundary layer and vertical transport might also be the reason for higher
O3 simulation in July (Akimoto et al., 2019; Zhao et al., 2019).

3.5. Species-based OFP and implications for ozone control strategy

Local governments in China have strengthened several strategies to
minimize NMVOCs pollution from vehicle and industrial emissions in re-
cent years, but most of those policies focused particularly on lowering the
Fig. 9. The contributions of different sources to the OFP for
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total emissions of NMVOCs (Zhao et al., 2020). Given the diverse reactiv-
ities in O3 formation for different NMVOCs species, the reactivity-based
control is more effective and efficient than the emission-based approach.
From the perspective of reactivity-based control, high OFP-contributing
species would be targeted with priority instead of high emission-
contributing species. The OFP of individual NMVOCs is calculated by the
product of its emission amount and its MIR (maximum incremental reactiv-
ity) value (Carter, 2010). Fig. S7 in the Supplement provides OFP contribu-
tions of different chemical groups based on the bottom–up emission
inventory and the constrained estimates respectively. In the bottom-up in-
ventory, aromatics and alkenes/acetylene were identified as the main con-
tributors, accounting for 50.9% and 24.6% of the total OFPs, respectively.
With the constrained estimates incorporated, however, alkenes/acetylene
became the largest contributor (33.3%), followed by OVOCs (24.2%) and
aromatics (19.5%). The top 15 contributing species to the OFPs changed
as well, as shown in Table S7 in the Supplement. Totally 12 species were
suggested as the priority for O3 pollution control in Nanjing. Besides 6 com-
mon species in the two emission estimates (i.e. ethylene, propylene, tolu-
ene, 1-butene, trans-2-butene and cis-2-butene), 3 highest OFP species in
the bottom-up emission inventory (i.e. m/p-xylene, o-xylene and ethylben-
zene) and 3 highest OFP species in the constrained estimates (i.e. acrolein,
vinyl acetate and 1-pentene) were selected. Note that methyl methacrylate
and isoprene were excluded since they might be affected by the secondary
formation and biogenic sources respectively in the constrained estimates
(Li et al., 2019a; Mochizuki et al., 2015).

Fig. 9 illustrates the OFP contributions from different source categories
for the 12 species with priority of emission control. Surface coating such as
machinery coating, furniture manufacturing, and household appliances
made significant contributions to toluene, ethylbenzene, m/p-xylene and
o-xylene (49.5–83.8%). Fossil fuel combustion (25.1%), others (mainly re-
fuse incineration, 23.9%), and on-road vehicles (22.6%) were the major
sources of ethylene. Oil exploitation and refinery dominated the OFPs of
trans-2-butene (62.7%), and also contributed considerably to cis-2-butene
(32.8%), 1-butene (25.0%), and propylene (23.5%). Plastic and rubber pro-
duction contributed 37.3% to propylene OFP. On-road vehicles and chem-
ical industry dominated the OFPs of acrolein (59.9%) and vinyl acetate
(72.0%) respectively. Overall, solvent use sources, on-road vehicles, indus-
trial process including oil exploitation and refinery and plastic and rubber
product, and fossil fuel combustion contributed significantly to the high
OFP-contributing species.

Enhanced measures involving are suggested for control of NMVOCs
emissions, including cleaner production processes and more stringent
end-of-pipe approaches. For example, the use of closed integrated produc-
tion technology is recommended to reduce the fugitive emission. Organic
the 12 NMVOCs species with emission control priority.
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solvents should be increasingly replaced with water-based coatings or high
solid coatings. Besides, end-of-pipe treatment facilities were not covered
comprehensively and the operation and maintenance differed significantly
among various enterprises, and further improvement on penetration and
supervision of those facilities is needed.

4. Conclusion

Efforts have been made to reconcile the bottom-up methodology and
ground measurement constraints to improve the city-scale NMVOCs emis-
sion inventory in this study. The total NMVOCs emissions in Nanjing
were estimated at 163.2 Gg for 2017 based on a refined bottom-upmethod-
ology, which incorporated the procedure-based method and best available
information of manufacturing technologies, materials and products, opera-
tion and maintenance, and end-of-pipe treatment facilities for individual
sources. Solvent usage, industrial process and transportation were the top
three NMVOCs sources, accounting for 42.5%, 33.5%, and 11.4% of the
total emissions, respectively. Aromatics was the groupwith the largest frac-
tion to the total emissions (33.3%). Groundmeasurements of 105 NMVOCs
species were conducted at five sites representing different functional zones
in Nanjing and the spatiotemporal pattern of NMVOCs compositions were
analyzed. The highest annual mean concentration of NMVOCs was ob-
served around industrial zones and the lowest in rural area. Alkanes was
the most abundant group at all sites (37.2–40.1%). With an ER method
based on the observation of NMVOCs species and the tracer CO, the total
emissions of the NMOVCs-105 were constrained at 195.6 Gg, 81.1% larger
than the bottom-up estimate (108.0 Gg for NMOVCs-105). The constrained
species-specific emission data indicated an overestimation of aromatics and
underestimation of OVOCs and halocarbons in the bottom-up emission in-
ventory. Satisfying model performances were achieved in O3 simulation
with WRF-CMAQ based on the both emission estimates. The MNBs and
MNEs were generally within the criteria suggested by USEPA. The model
performance was improved with the constrained estimates due to a com-
bined effect of the changed emissions of the 105 observed species. Combin-
ing the constrained emission estimates, the top 12 OFP-contributing species
were suggested as the priority for O3 pollution control, mainly C2–C4 al-
kenes and C7–C9 aromatics. Surface coating, on-road vehicles, and oil ex-
ploitation and refinery were identified as the target sources for O3

reduction, from a perspective of reactivity-based control. The results pro-
vide a more scientific guide for NMVOCs emission control and O3 pollution
alleviation for developed cities.
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