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Abstract

Source reduction of volatile organic compounds (VOCs) can advance sustainable manu-
facturing, but technology adoption, project completion, and environmental cost attribu-
tion require distinct assessment. We integrated 278 plant-level records (270 enterprises),
19 projects, and three verified cases to examine adoption stages, generation-side VOC
reduction, capital efficiency, and annualized social net cost. Two sequential logistic models
distinguished entry into implementation/planning from completion conditional on entry.
Of the participating plants, 63.3% had entered implementation/planning, and 27.7% re-
ported completion; 62.5% of the entered plants combined material substitution with process
modification. Perceived economic benefits were positively associated with entry (odds
ratio [OR] = 2.12), whereas baseline VOC emissions > 3 t-a~! (OR = 0.27) and reported tech-
nical barriers (OR = 0.45) were negatively associated with completion conditional on entry.
Capital-efficiency descriptors spanned approximately three orders of magnitude among
14 calculable projects. At a 5% discount rate, a 10-year lifetime, and full attribution of
project capital, the three verified cases yielded annualized social net costs of approximately
CNY 2.80, —0.01, and —2.90 million per year. For one multifunctional upgrade, the modeled
break-even environmental investment share was 15.1%. The framework links implemen-
tation monitoring, activity-adjusted source reduction, cost attribution, and qualitative
screening for life-cycle burden shifting to support sustainable-manufacturing decisions.

Keywords: volatile organic compounds (VOCs); sustainable manufacturing; source
reduction; technology adoption; sequential logistic regression; generation-side VOC reduction;
environmental cost attribution; life-cycle burden shifting

1. Introduction

Volatile organic compounds (VOCs) contribute to ground-level ozone and secondary
organic aerosol formation. Although industrial VOC emission intensity in China has
decreased, manufacturing and solvent use remain important sources, and emission
inventories, activity data, and fugitive-emission estimates still contain considerable
uncertainty [1-3]. Whole-process VOC governance therefore extends beyond end-of-pipe
removal to raw and auxiliary materials, production operations, collection systems, and
terminal treatment. Generation-side VOC reduction differs from end-of-pipe control: it
reduces the VOC mass generated by the production process itself. Its sustainability value
depends not only on reduced emissions but also on resource use, cost-effectiveness, energy
and carbon consequences, and compliance with regulatory requirements.
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The technical scope of source reduction extends beyond low-VOC material substitu-
tion to precision feeding, automated spraying and printing, closed-loop cleaning, prod-
uct/process redesign, and elimination of VOC-intensive steps. Regulatory obligations,
available capital, expected return on investment, and product-performance constraints
shape whether these measures are economically and technically viable. Studies of pack-
aging and printing show that source, process, and terminal measures jointly influence
reduction potential and cost structure [4-6]; production technologies also affect emission
factors and VOC chemical profiles [7,8]. Electronics manufacturing and surface coatings
similarly show process-specific features [9,10]. Thus, source reduction is a manufacturing-
technology choice that must meet environmental requirements while preserving product
quality, productivity, customer acceptance, and regulatory compliance.

Two accounting boundaries are easily conflated. First, lower VOC emissions do not
necessarily imply better environmental performance across the product life cycle. Life-
cycle assessment (LCA) of automotive coatings indicates that VOC-control and carbon
outcomes may move together or in opposite directions [11]; related studies identify energy,
upstream materials, and waste management as important burdens [12-17]. Second, capital
expenditure for multifunctional projects cannot automatically be attributed entirely to envi-
ronmental protection. Equipment renewal, capacity expansion, and quality improvements
may be important motivations for investment, so total capital divided by VOC reduction
can exaggerate an attributable environmental cost. An auditable analysis must specify
the counterfactual production investment, costs, expected financial returns, regulatory
constraints, system boundaries, and the actors bearing costs [18-20].

China-focused evidence documents the co-benefits of pollution control and climate
mitigation [21-24], heterogeneity in regulatory abatement costs [25], and related air-quality
and health effects [26]. Research on cleaner-production adoption also links implemen-
tation decisions to financial capacity, regulation, managerial perceptions, and technol-
ogy readiness [27-32]. Reported VOC source-reduction status encompasses distinct states:
no near-term plan, implementing/planned, and completed. This distinction enables
stage-specific associations to be examined without interpreting cross-sectional status as a
longitudinal transition.

This study connects reported adoption status, generation-side VOC reduction, project
capital efficiency, and environmental cost attribution through three distinct empirical tiers.
It asks: (1) which characteristics are associated with entry into implementation/planning
and with completion conditional on entry; (2) how project-level capital-efficiency estimates
vary and how data quality limits their comparability; and (3) how the environmental
share of investment and verified direct savings influence annualized social net cost in
multifunctional upgrades. The life-cycle component identifies potential burden shifting; it
is a qualitative screening tool, not a completed cross-industry LCA. The proposed sequence
is intended to support sustainable-manufacturing decisions while keeping causal, sampling,
and environmental accounting boundaries explicit.

2. Materials and Methods
2.1. Overall Research Framework and Evidence Levels

We adapted a life-cycle-oriented assessment sequence, from hotspot identifica-
tion through technology scenarios, impact characterization, economic evaluation, and
optimization [12] to three non-pooled empirical tiers (Figure 1). Questionnaire records
describe adoption status, implemented-project records describe generation-side VOC reduc-
tion and capital efficiency, and independently verified cases support illustrative calculations
of annualized social net cost. These sources have different inclusion rules and units of obser-
vation. They do not provide a common equivalent-product functional unit or harmonized
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inventories of upstream materials, energy, transport, waste handling, and equipment life.
Consequently, this is neither a pooled causal evaluation nor a complete ISO 14040/14044
LCA [33,34]. The life-cycle module provides explicit boundaries and screening questions
for subsequent within-industry studies.

Enterprise survey Project evaluation Case verification
278 plant-level records 19 implemented projects 3 verified cases

e Implementation status o Generation-side VOC reduction ® Annualized social net cost
e Perceived barriers and benefits o Capital-efficiency descriptors e Environmental capital attribution

e Industry and supply-chain factors o Data-quality classification o Verified direct savings

M1 Technology adoption M2 Environmental metrics M3 Economic metrics M4 Life-cycle screening
Entry vs. no near-term plan AG: generation-side reduction Capital efficiency and CRF Energy, water, and waste

Completion conditional on entry AE: emissions change ANCq,c and attributable capital Product-function equivalence

s

Integrated sustainability-screening output

Adoption status « generation-side VOC reduction e attributable environmental cost

Empirical associations and illustrative costs; complete life-cycle assessment is not claimed.

-/

Figure 1. Multilevel evidence chain and analytical framework for industrial VOC source reduction.

2.2. Data Sources, Survey Design, and Quality Control

The empirical base is a 2024 questionnaire survey of industrial plants with VOC
emissions in a coastal manufacturing cluster in China, supplemented by project records and
technical verification. Enterprises were purposively recruited from regulated VOC emitters
and major solvent-using industries. Following site visits, sector consultations, and pilot
testing with semi-open-ended questions, the instrument was administered as a structured
questionnaire. Industries included electronic components, plastics, packaging and printing,
surface coatings, and other solvent-using sectors. The questionnaire indicators reflect
operating and regulatory practices rather than a validated psychometric scale. Baseline
VOC-emission categories refer to 2022 regulatory records; implementation status refers to
the 2024 questionnaire, while the near-term planning horizon could extend through the
end of 2025. Planned projects were not counted as completed projects.

The analytical dataset comprised 278 plant-level questionnaires representing 270
anonymized enterprises; multiple records from an enterprise corresponded to different
plants. Complete-case analyses were used without imputation. Standard errors were
clustered at the enterprise level, and one-plant-per-enterprise sensitivity analyses were
conducted using alternative selection rules. Invitations and excluded-questionnaire totals
were not archived, precluding a conventional survey-response rate.

Of 24 initially identified projects, 19 implemented source-reduction projects were
retained based on identifiable technical interventions, consistent reduction-accounting
boundaries, and the availability of project documentation. Relocation projects and records
with an inadequate budget or incompatible reduction boundaries or inadequate screening-
stage investment documentation were excluded. Some retained projects had zero or
incomplete investment fields; these records were excluded from capital-efficiency ratio
calculations. The project assessment drew on regulatory emission data, equipment and
material files, site documentation, and before—after process calculations. Generation-side
VOC reduction was primarily quantified from changes in raw and auxiliary material
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consumption and as-applied VOC content, with production quantities and site records
used for verification where available.
Reported reduction thresholds and incomplete investment fields were retained ex-

—17 was treated as a lower bound, so 2 t-a~! provides

plicitly. A value reported as “>2 t-a
a lower-bound capital-efficiency descriptor rather than an exact estimate. Recorded zero
budgets accompanying documented technical modifications were treated as incomplete
financial records; such projects were omitted from ratio calculations. Three verified projects
underwent document checks, on-site review, and expert assessment between mid-2024
and October 2024. Enterprise identities and precise locations were removed from the

analytical records.

2.3. Adoption Stages, Variables, and Statistical Models

Reported implementation status was coded as follows: 0 = no clear near-term plan,
1 = implementing or planning, and 2 = completed. Stage 1 contrasts status 1 or 2 with
status 0; Stage 2 contrasts status 2 with status 1 among plants that had already entered
implementation/planning. The emissions variable distinguishes 2022 regulatory records
of >3 t-a~! versus <3 t-a~!, consistent with local management categories. The archived
questionnaire contains only the binary emission category.

The proportional-odds assumption underlying cumulative ordered logistic
regression [35,36] was rejected by a Wald test of threshold interactions involving 16 covari-
ates (x? = 42.54, df = 16, p < 0.001). Two sequential logistic regressions therefore characterize
entry and completion conditional on entry. Generalized and partial proportional-odds mod-
els are alternative approaches when the assumption fails [37-39]; the standard ordered-logit
model is retained here only as a directional sensitivity analysis.

Stage 1 compares implementation/planning or completion (Y; = 1 for status 1 or
2) with no near-term plan (status 0). Stage 2 includes only Y; = 1 plants and compares
completion (Y, =1 for status 2) with implementing/planned status (Y, = 0 for status 1).
The specified logit models are as follows:

log1t[P(Y1 =11 X)] =o0q + Xpq

logit[P(Yz =11Y1=1,X)]=0+XB>

Explanatory variables included annual revenue, industry, ownership, VOC emissions
>3 t-a~!, recognition of economic benefits, successful cases in the industry, supply-chain
status, technical barriers (implementation difficulty or lack of mature applicable tech-
nology), and perceived project effects. The supply-chain reference category is customer
acceptance of products manufactured using source-reduction technology.

Models were estimated in Python 3.13.5 using pandas 2.2.3, NumPy 2.3.5, and statsmod-
els 0.14.6. Logistic regressions used enterprise-clustered robust standard errors [40]; sample
sizes were 278 plants for Stage 1 and 176 entered plants for Stage 2. The ordered-logit
sensitivity model used HC1 covariance. The maximum variance inflation factor was 2.30.
Three completed surface-coating cases formed the smallest Stage 2 industry cell; subgroup
estimates are interpreted in Section 4.7.

2.4. Boundary Between Generation-Side VOC Reduction and Atmospheric Emission Reduction

Generation-side VOC reduction should be calculated from material use and process
activity rather than inferred from terminal exhaust concentrations alone. When material
quantities and as-applied VOC fractions are known, the estimated generation in period, t,
is as follows:

Ge =25 Myt x Cjr) 1
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Here, M+ is the quantity of raw or auxiliary material, j, consumed in period t, and
Cjt is its as-applied VOC mass fraction. For an equivalent process output or activity, Qt,
the generation intensity is gy = G¢/Q;, and the reduction, AG, is standardized to post-
modification output, Q;. This separates changes in material intensity from changes in
production volume:

gt =Gt/ Q¢ ()
AG=(go —g1) X Q1 3)

When collection and end-of-pipe treatment remain essentially unchanged before and
after the project, the corresponding emission reduction can be approximated as follows:

AE =AG x (1 —nec X nr) 4)

Here, njc and nr represent collection and removal efficiency, respectively. Equation (4)
applies when these efficiencies and operating conditions are comparable between periods;
otherwise, before- and after-project atmospheric emissions must be estimated separately.
Project-level comparisons in this study use the generation-side indicator, AG.

2.5. Project Capital Efficiency and Uncertain Data

The following reciprocal descriptors relate generation-side VOC reduction to reported
total project capital:
o =100 x AG/I (5)

Cl=1/AG (6)

Here, 1 is project investment in CNY 10,000, « has units of ta~l per CNY 1 million,
and CI has units of CNY 10,000/ (t-a~!). For reductions reported as “>2 ta=1”, substituting
2 t-a~! produces a lower bound for & and an upper bound for CI. Because the projects have
different production functions and investment scopes, these ratios describe the observed
portfolio, not a sector-wide abatement-cost benchmark.

2.6. Annualized Social Net Cost and Incremental Environmental Investment

Source-reduction investments may also serve capacity expansion, equipment renewal,
productivity, or quality objectives. Total investment divided by VOC reduction is therefore
an apparent capital-intensity measure rather than an attributable environmental cost.
Let Iproject be the total capital expenditure and A its attributable environmental share
(0 <A <1), such that Ienv = Alproject. Full attribution (A = 1) provides a conservative
scenario for the environmental capital charge. Where a comparable business-as-usual
(BAU) production investment can be documented, lenv = Iproject — IBAU is preferable to
an assumed allocation. For case V01, A is varied in sensitivity analysis rather than treated
as an observed share.

Capital expenditure is converted to an annual stream using the capital recovery factor:

CRF=r(1+n)"/[Q+1r)" —1] (7)

Annualized social net cost (ANCsoc) is calculated using a restricted resource-cost
accounting boundary: annualized attributable capital, changes in documented material
energy and operation and maintenance costs, and verified direct savings. Taxes and
subsidies are excluded as transfers. Because unpriced health and ecological impacts are
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not monetized, “social” here identifies the treatment of transfers and resources, not a
comprehensive social cost-benefit analysis:

ANCsoc = AI x CRF + ACmaterial + ACenergy + ACOM — Bdirect 8)
Unit source-reduction cost is as follows:
CE = ANCsoc/AG )

In Equation (8), ACmaterial, ACenergy, and ACOM denote annual incremental re-
source costs (negative for savings); Bdirect includes separately documented benefits not
already included in these cost terms to avoid double counting. Unverified benefits from
productivity, yield, quality, or labor are reported as non-monetized co-benefits. The verified-
case base scenario uses r = 5% and n = 10 years; sensitivity scenarios combine r = 3%, 5%,
and 8% with n =8, 10, and 15 years.

2.7. Life-Cycle Boundary Extension and Interface for Future LCA

A complete LCA under ISO 14040/14044 requires a defined functional unit, har-
monized inventories, impact characterization, and interpretation [33,34]. A ton of VOC
reduction is an environmental-service indicator, not a functional unit suitable for ranking
dissimilar products. Formal assessment should compare equivalent product functions
within an industry, such as coating 1000 m? at equal thickness, durability, and quality
or producing 10* units meeting identical specifications. Boundaries should include up-
stream materials and transport, manufacturing operations, electricity /heat and other utili-
ties, VOC collection and treatment, wastewater and hazardous-waste treatment, and—if
technology changes durability—the use and maintenance stages. Screening should docu-
ment baseline assumptions, data origin, and measurement uncertainty before inferring a
sustainability gain.

A future life-cycle-impact assessment (LCIA) can characterize climate change, pho-
tochemical ozone formation, particulate-matter formation, acidification, eutrophication,
resource use, and water use, with toxicity added where inventories support it. Regionally
appropriate inventories [17], uncertainty analysis [18,19], and equivalent-product functions
underpin such comparisons. The present study uses qualitative burden-shifting checks
(Figure 2), rather than calculating a cross-industry LCIA score.

FUNCTIONAL EQUIVALENCE

Same product output or service, performance, quality and lifetime

LIFE-CYCLE SYSTEM BOUNDARY | process-level source reduction and downstream management

D b ) o {3 W

Upstream . Source-reduction Waste and
niatetials > Transport 5 Manufacturing || routs By VOC control ) recovery
Material supply Inbound materials Material inputs, energy, Substitution, precision, Collection and terminal Wastewater, residues
and VOC content and logistics water and residues medication or elimination treatment and resource/disposal
ASSESSMENT LAYERS
Q Generation-side accounting J [ @ Future life-cycle impacts J L 8 Capital and net cost J [ u/[ll‘] Production co-benefits ]
Reduction in generation (AG); Climate and ozone formation; Environmental capital (env.); Material savings, throughput;
Change in emissions (AE) Particulate matter; water/resources Annualized net cost (ANCost), € Energy, yield and quality

[ @ Decision use: compare equivalent-product options, evaluate documented costs and flag possible burden shifting ]

Source: VOC generation and selected case-level costs were analyzed; quantitative life-cycle impact assessment was not performed.

Figure 2. Life-cycle boundaries and future assessment interface for source-reduction technologies.
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3. Results
3.1. Sample Structure and Analytical Basis

The sample comprises 278 plant records: a total of 77 (27.7%) reported completed
projects, 99 (35.6%) were implementing or planning, and 102 (36.7%) had no clear near-term
plan. Industry counts were 72 electronic-component plants, 72 plastic-product plants,
54 packaging-and-printing plants, 17 surface-coating plants, and 63 plants in other sectors.
The 278 records represent 270 enterprises; standard errors in the regression models account
for multi-plant enterprises. Table 1 reports status percentages within each industry and
combined-route shares among entered plants; the figures describe purposively recruited
respondents within each rather than weighted industry estimates. Apparent similarities
across industries should not be interpreted as evidence of equal underlying adoption rates,
especially given the small coating subgroup and the absence of an industry sampling frame.

Table 1. Implementation status and combined technical routes for VOC source reduction by industry.

. No Combined-
Industry Comp‘}eted, n Implemenh?g/Planned, Near-Term Er}tered o Route Share
(%) n (%) o Implementation/Planning (%) o
Plan, n (%) (%)
Electronic 7 13 (18.1) 28 (38.9) 31 (43.1) 56.9 63.4
components
Plastic products 72 20 (27.8) 25 (34.7) 27 (37.5) 62.5 64.4
Packaging and 54 20 (37.0) 15 (27.8) 19 (35.2) 64.8 57.1
printing

Surface coating 17 3(17.6) 10 (58.8) 4(23.5) 76.5 61.5
Other 63 21 (33.3) 21 (33.3) 21 (33.3) 66.7 64.3
Total 278 77 (27.7) 99 (35.6) 102 (36.7) 63.3 62.5

Note: Status percentages use industry totals; combined-route shares use entered plants with recorded
routes (n = 176 overall).

3.2. Adoption Status and Technical Routes

Overall, 176 of 278 surveyed plants (63.3%) had entered implementation/planning,
while 77 (27.7%) had completed measures. Entry proportions were numerically similar
across several industries, whereas completed shares differed, notably in smaller subgroups
(Table 1 and Figure 3). Common local regulatory and supply-chain conditions may have
contributed to these patterns.

v A - -
. T =+ -

—— T T al

0% 20% 40% 60% 80% 100%

Percentage of surveyed plants (%)
Figure 3. VOC source-reduction implementation status by industry.

Among the entered 176 plants with a recorded technical route, 110 (62.5%) combined
material substitution and process modification, 39 (22.2%) used material substitution
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only, and 27 (15.3%) used process modification only (Figure 4). Combined-route shares
ranged from 57.1% to 64.4% by sector. Material substitution lowers the VOC fraction of
applied materials, whereas process modification improves utilization efficiency and the
configuration of VOC-intensive operations.

BB Material substitution only B Process modification only [l Combined route

17.1% 63.4%

17.8% 64.4%
14.3% 57.1%
14.3% 64.3%

0 20 40 60 80 100
Share of entered plants (%)

Electronic components (n=41)

Plastic products (n=45) 17.8%

Packaging and printing (n=35) 28.6%
Surface coating (n=13)

Other sectors (n=42)

Total (n=176)

Figure 4. Composition of VOC source-reduction technical routes by industry.

3.3. Stage 1: Entry into Implementation/Planning

In Stage 1, an annual revenue of CNY 20-400 million was associated with higher odds
of entry relative to revenue below CNY 3 million (OR = 2.90, 95% CI: 1.14-7.39; p = 0.026).
Estimates for other revenue categories did not show similarly clear evidence of association
(Table 2 and Figure 5).

Table 2. Adjusted odds ratios (ORs) from sequential logistic regressions: entry (all plants, n = 278)
and completion (entered plants only, n = 176).

Variable Stage 1 OR (95% CI) 4 Stage 2 OR (95% CI) P
Revenue of CNY 3-20 million 1.102 (0.501-2.424) 0.808 0.524 (0.184-1.497) 0.228
Revenue of CNY 20-400 million 2.898 (1.137-7.388) 0.026 0.464 (0.146-1.475) 0.193
Revenue > CNY 400 million 2.028 (0.597-6.880) 0.257 2.569 (0.461-14.332) 0.282
Electronic components 0.597 (0.248-1.439) 0.251 0.392 (0.126-1.214) 0.104
Plastic products 1.100 (0.502-2.410) 0.811 0.522 (0.186-1.467) 0.218
Packaging and printing 1.335 (0.537-3.316) 0.534 0.623 (0.185-2.098) 0.445
Surface coating 2.226 (0.635-7.806) 0.211 0.153 (0.022-1.069) 0.058
Private enterprise 0.914 (0.471-1.774) 0.791 0.817 (0.309-2.158) 0.683
VOC emissions > 3 t-a~! 0.566 (0.275-1.163) 0.121 0.269 (0.102-0.705) 0.008
Recognizes economic benefits 2.116 (1.107-4.042) 0.023 1.034 (0.460-2.323) 0.936
Successful cases exist in industry 2.119 (0.832-5.398) 0.115 1.604 (0.525-4.903) 0.407
Suppliers possess technology 1.485 (0.575-3.834) 0.414 0.319 (0.105-0.975) 0.045
Customers beginning to pay attention 0.797 (0.435-1.461) 0.464 0.238 (0.102-0.553) 0.001
Technical barriers 1.074 (0.594-1.941) 0.813 0.450 (0.205-0.986) 0.046
Recognizes green transition 0.707 (0.368-1.358) 0.297 0.930 (0.409-2.117) 0.863
Perceives life-cycle cost advantage 0.468 (0.198-1.106) 0.084 0.891 (0.224-3.550) 0.870

Note: Reference groups are revenue < CNY 3 million, other industries, non-private enterprises,
customer-accepted products, and perceived air-quality improvement. OR = adjusted odds ratio;
CI = confidence interval.
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Entry into implementation/planning (n = 278)

Completion conditional on entry (n = 176)

Revenue CNY 20400 million

VOC emissions 23 t/a

Recognizes economic benefits

Successful cases in industry{

Suppliers possess technology

Customers beginning to pay attention

Technical barriers

Surface coating

——

e p=0.026

i p=0.121

——e—— p=0.023

- e——p=0.115

L p=0.193

————&— p=0.068

> p=0936

e p=0407

——i—e———i p=0414 p=0.045
——e——i p=0.464 0.001
——8——i p=0.3813 H p=0.046
—t e p=0211 — p=0.058
10! 10° 10! 100 10!

Odds ratio (95% confidence interval)

Odds ratio (95% confidence interval)

Figure 5. Adjusted ORs and 95% confidence intervals by stage. Stage 1 includes all 278 plants (entry
versus no plan); Stage 2 includes only 176 entered plants (completion versus implementing/planned).
Associations are conditional, not causal.

Recognition of economic benefits was associated with entry (OR = 2.12, 95% CI:
1.11-4.04; p = 0.023). The indicator for VOC emissions > 3 t-a~! (OR = 0.566; p =0.121),
perceived technical barriers (OR = 1.074; p = 0.813), and availability of successful industry
examples (OR = 2.119; p = 0.115) did not provide strong evidence of Stage 1 associations.

3.4. Stage 2: Completion After Entry

Among the 176 entered plants, baseline VOC emissions > 3 t-a~! were negatively
associated with reported completion (OR = 0.269, 95% CI: 0.102-0.705; p = 0.008); the
corresponding association for technical barriers was OR = 0.450 (95% CI: 0.205-0.986;
p = 0.046). Compared with products already accepted by customers, supplier availability
alone (OR = 0.319; p = 0.045) and preliminary customer attention (OR = 0.238; p = 0.001)
were associated with lower completion odds. These categories represent different supply-
chain acceptance stages rather than evidence of harmful supplier capability (Table 2 and
Figure 5).

As a directional check, an ordered logistic regression fitted to all 278 plants produced neg-
ative associations for the category of VOC emissions >3 t-a~! (OR = 0.489, 95% CI: 0.293-0.817;
p = 0.006) and early customer attention (OR = 0.499; p = 0.010), and a positive association for
perceived economic benefits (OR = 1.810, 95% CI: 1.098-2.982; p = 0.020). Retaining one plant
per enterprise under alternative rules produced ORs for the VOC-emissions category of 0.521
and 0.502 and economic-benefit ORs of 1.953 and 1.875. Directional consistency provides
limited reassurance that these associations are not driven solely by a few multi-plant records.
It does not repair the rejected proportional-odds assumption, non-random sampling, reverse
causality, or possible conditioning bias in Stage 2.

3.5. Heterogeneity in Material-Substitution Costs

For the 149 plants with usable responses on material-procurement costs, 69 (46.3%) re-
ported increases, 66 (44.3%) reported no substantial change, and 14 (9.4%) reported decreases
(Table 3). The combined material-substitution/process-modification group showed corre-
sponding shares of 44.5%, 43.6%, and 11.8%. Input materials and performance requirements
differed across industries, so cost changes are reported as proportions rather than pooled
unit-price averages. Across all 278 plants, the most frequently reported implementation
barriers were capital-investment pressure (92; 33.1%), technical implementation difficulty
(76; 27.3%), access to mature or applicable technology (59; 21.2%), and difficulty determining
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project-compliance requirements (51; 18.3%). The perceived effects were pollution/carbon
reduction and green transition (149; 53.6%), air-quality improvement (77; 27.7%), and life-cycle
cost advantages (52; 18.7%). Barrier and perceived-effect items were single-choice responses;
these pooled shares do not imply comparable experiences across industries.

Table 3. Descriptive statistics for material-substitution costs, implementation barriers, and perceived

effects.
Dimension Category n Share of Valid Sample (%)
Increased 69 46.3
Material procurement cost Essentially unchanged 66 443
Decreased 14 9.4
Capital-investment pressure 92 33.1
Technical implementation difficulty 76 27.3
Main barrier :
Access to mature/applicable technology 59 21.2
Difficulty determining project compliance 51 18.3
Pollution/carbon reduction and green transition 149 53.6
Perceived effect Air-quality improvement 77 27.7
Life-cycle cost advantage 52 18.7

Note: Percentages use 149 valid cost responses or 278 valid plant responses for the other dimensions.

3.6. Distribution of Project Capital Efficiency

The 19 implemented projects had approximately CNY 134.93 million in combined
reported capital and 292 t-a~! in nominal generation-side VOC reduction. The correspond-
ing aggregate capital-intensity descriptor is approximately CNY 462,000 per annual ton
reduced; this descriptive total includes nominal threshold-based reduction values and
should not be interpreted as an exact portfolio estimate. Capital efficiency was calculable
for 14 projects and varied across approximately three orders of magnitude.

Project P19 had the highest reported point efficiency at 34.0 t-a~—! per CNY 1 million; P08,
P14, and P16 had approximately 6.88, 6.75, and 6.36 t-a~! per CNY 1 million, respectively. For
projects with only “>2 t-a~!” reductions, Figure 6 depicts conservative lower bounds; records
with incomplete capital information were excluded from point ratios. The figure displays
project-level accounting descriptors rather than a ranking of intrinsic technical performance.

P19
P08
P14
P16

P17+
P07
PO1

P18*

P10+
P05
P04

PO3+

PO2+
P06

107t 10° 10!
Generation-side VOC reduction per CNY 1 million of capital (t-a-*; logarithmic scale)

+ Reduction reported as >2 t-a~!; plotted value is a conservative lower bound.
* Approximate values. Projects with zero or missing budget reductions are excluded.

Figure 6. Descriptive capital-efficiency comparison for 14 projects. A “+” marks projects reported
as >2 t-a~ !, for which plotted efficiencies are conservative lower bounds. Bar lengths must not be

interpreted as a ranking of technical performance.
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3.7. Annualized Social Net Cost and Incremental Environmental Investment in Verified Cases

Three technically verified projects illustrate how capital attribution and documented
annual savings jointly determine modeled annualized social net cost (Table 4 and Figure 7).
Table 4 reports capital, source reduction, direct savings, and the base-case annualized
cost; unit costs and financial sensitivity ranges are described below to avoid an over-
crowded table. All scenario calculations use the restricted resource-cost boundary defined in
Section 2.6; environmental capital shares are assumptions rather than observed allocations.

Table 4. Verified project investment, generation-side VOC reduction, direct savings, and annualized
social net cost (base case).

Generation- . . Annualized . e
Investment Side VOC Direct Savings Social Net Cost, Unit Cost, CE ANC Sensitivity
Case Technology Type . (CNY (CNY Range (CNY
(CNY 10,000) Reduction 10,000-a-1) ANCsoc (CNY 10,000-t=1) 10,000-a—1)
(t-a~ 1) ’ 10,000-a~ ") ’ ¢
Large production-
Vo1 equipment 2550.0 2.60 50.0 280.24 107.78 163.60-393.74
upgrade
vop ~ Frecision-process 301.0 13.34 40.0 ~1.02 —0.08 —14.79-12.38
upgrade
yo  Process elimination 73.5 90.67 300.0 —290.48 —3.20 —293.84-—287.21

+ automation

Note: Base case r = 5%, n = 10 years, and A = 1. Negative costs denote net savings within the specified
accounting boundary.

== \/01: Multifunctional equipment upgrade
= \/02: Precision-process upgrade
=== \/03: Process elimination and autom

V01 break-even capital share: 15.1%

2004

—_

(=4

(=]
1

-100 1

Annualized social net cost (CNY 10,000/year)
(=]
1

-200

-300

0 20 40 60 80 100
Environmental capital-attribution share, A (%)

Figure 7. Sensitivity of modeled annualized social net cost to the assumed environmental capital-
attribution share A in three verified projects; A values are scenario assumptions, not observed shares.

Case V01 involved a multifunctional production-equipment upgrade with a total
capital of CNY 25.50 million, generation-side VOC reduction of 2.60 t-a~!, and documented
annual material savings of CNY 0.50 million. With A =1, r = 5%, and n = 10 years, the
annualized social net cost was CNY 2.8024 million-a~!, equivalent to CNY 1.0778 million
per annual ton reduced. The modeled annualized cost ranged from CNY 1.6360 million-a !
to CNY 3.9374 million-a~! across the specified financial scenarios. Under comparable

production conditions, project records also reported a 50% reduction in production time
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and a 46% reduction in plate setup/calibration time; these operational benefits were not
monetized. At the specified financial parameters and savings, the modeled break-even
environmental capital-attribution share was A* ~ 15.1%.

Case V02 involved a precision-process upgrade with CNY 3.01 million in capital,
13.34 t-a—! in verified generation-side VOC reduction, and CNY 0.40 million-a~! in docu-
mented direct savings. The annualized social net cost was —CNY 0.0102 million-a~"! in the
base case, equivalent to approximately —CNY 800 per annual ton reduced. It ranged from
—CNY 0.1479 million-a~! to +CNY 0.1238 million-a~! across the discount-rate and lifetime
sensitivity scenarios.

Case V03 combined process elimination with automation. Capital expenditure was
CNY 0.735 million; verified generation-side VOC reduction was 90.67 t-a~!, and docu-
mented annual direct savings were CNY 3.00 million. The annualized social net cost was
—CNY 2.9048 million-a~! in the base case, equivalent to approximately —CNY 32,000 per
annual ton reduced. It ranged from —CNY 2.9384 million-a~! to —CNY 2.8721 million-a~!
across the specified financial scenarios and therefore remained negative throughout.

3.8. Synthesis of Technology Types

Four technology classes summarize the mechanisms seen in the survey and project
records (Table 5): low-VOC material substitution, process precision/automation, process
elimination or redesign, and multifunctional equipment upgrades. They differ in required
investment, production constraints, and the possible transfer of environmental burdens.
Table 6 summarizes qualitative life-cycle screening checks for each class. The classes are
illustrative rather than measured cross-sector rankings; all comparisons require equivalent
product performance and consistent activity boundaries.

Table 5. Types of industrial VOC source-reduction technologies, evaluation priorities, and applicabil-

ity boundaries.

Technology Class

Mechanism and
Illustrative Measures

Economic
Considerations

Life-Cycle Checks

Applicability
Conditions

Low-VOC material
substitution

Reduce as-applied VOC
content using
water-based, UV-curable,
high-solid, or low-VOC

Material-price and
qualification costs;
limited equipment
investment in some

Drying/curing energy,
aqueous cleaning
effluent, and upstream
binders and additives

Equivalent product
quality and customer
acceptance

Process precision and
automation

cleaning products cases
sora IZI:C;Slcr)ir;ﬁn Input savings and yield Electricity and
praying/ p & improvements compressed air, Substantial baseline

automated feeding, or
enclosed or recirculating
cleaning to reduce input
losses

alongside new
control-equipment
investment

equipment production,
and changed cleaning
residues

losses and technically
mature automation

Process elimination
and redesign

Remove VOC-intensive
printing, coating,
washing or cleaning

Avoided materials and
operation costs
compared with

process-development

Alternative materials,
process energy, product
lifetime and end-of-life

Verified product
performance and
production feasibility

Multifunctional
equipment upgrades

steps through redesign expenditure impacts
Allocate only . .
Replace or integrate incremental Equipment embodied Documented baseline

production equipment
while improving
VOC-related operations

environmental capital
relative to a
comparable BAU
investment

impacts, operating
energy, waste streams
and changed
throughput

equipment and
separate environmental
investment attribution
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Table 6. Qualitative life-cycle burden-shifting screening matrix for four industrial VOC source-
reduction technology types (potential effects; not quantified in this study).

Wastewater Hazardous-Waste Upstream
Technology Type Energy Demand/GHG Generation Output Raw-Material Impacts
Drying/curing heat, Aqueous cleaning Changed spent Higher processing

Low-VOC material

humidity control, and

effluent and treatment

coatings, sludge, and

intensity or embedded

substitution alternative UV . : emissions of substitute
. load cleaning residues . .
electricity binders/additives
Motors, sensors . Higher equipment
SR Altered washdown and Changed reject, U8 qmip
Process compressed air and . . . inputs potentially offset
.. . recirculating-cleaner maintenance, and spent :
precision/automation  controls versus reduced . . by lower material use
requirements cleaning streams
process losses per product
. Removal of wash steps . .
Avoided process Avoided solvent wastes ~ Replacement materials,
Process versus . o
o . energy versus energy - versus residues from  product durability, and
elimination/redesign alternative-process S
of replacement route replacement process end-of-life implications
effluent
. - -, . Capital-equipment
Operational efficiency Additional filters, L
. . Process-water use and . . embodied impacts and
Multifunctional versus new asset cleaning media,
. wastewater treatment changed
equipment upgrade manufacture and . . consumables, and .
. for modernized lines . throughput/material
load/capacity effects retired assets .
requirements

Note: GHG = greenhouse gas; entries are potential rather than measured effects.

4. Discussion
4.1. From End-of-Pipe Cost-Effectiveness to Production-Technology Decisions

The evidence suggests a practical distinction among reported implementation status,
generation-side VOC reduction, and environmental investment attribution. A project can
progress through planning and technical validation without completing deployment, and a
multifunctional investment can improve both production and environmental performance.
Evaluation should therefore link dated implementation milestones with activity-adjusted
VOC accounting, separate environmental capital allocation, and a check for shifted burdens
in energy, water, waste, and upstream supply chains.

4.2. For High-Emitting Enterprises, Completion Is the Bottleneck

The baseline > 3 t-a~! emissions category was associated with lower completion odds
among plants already implementing or planning source-reduction measures but not with
entry into those stages. High-emission plants can face more complex process requalification,
customer specifications, and engineering requirements. Management programs could test
this explanation by recording pilot-test outcomes, process validation, customer approvals,
and retrofit completion dates alongside emissions and regulatory obligations.

4.3. Downstream Acceptance as a Signal of Commercialization Maturity

Compared with products already accepted by customers, early-stage supplier avail-
ability and customer interest corresponded to lower conditional completion odds. This
pattern is consistent with the distinction between knowing a replacement technology is
available and securing commercial qualification for its use. Future longitudinal monitoring
should distinguish supplier readiness, customer trial, approval, and routine production.

4.4. Distinguish Total Investment from Incremental Environmental Cost

For multifunctional modernization, total project capital intensity, attributable en-
vironmental investment, and annualized social net cost address different questions. A
comparable BAU production-investment baseline is the preferred basis for attribution;
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where it is unavailable, explicit A scenarios reveal the extent to which a result depends on
allocation. The restricted resource-cost calculation excludes transfer payments but does not
monetize broader environmental or human-health benefits [18-20].

In V01, full assignment of equipment investment to VOC reduction yields a substantial
annualized cost, while modeled attribution of approximately 15.1% of capital balances
the independently documented direct material savings under the base assumptions. This
figure is a break-even scenario threshold, not an empirically estimated environmental share
of the equipment purchase.

4.5. Rank Technology Pathways by Mechanism and Life-Cycle Burden, Not by Material Label

Material substitution changes the VOC mass fraction of purchased inputs; precision
and automation reduce input use and losses; process elimination removes VOC-intensive
operations; and multifunctional upgrades integrate environmental and productive func-
tions. Field research in flexible packaging connects source-level VOC reduction and energy
performance [41]. Each pathway has a different investment and verification profile, so
technical selection should prioritize equivalent product quality, feasibility, and verified
reductions rather than rely on broad labels.

Life-cycle screening remains necessary where generation-side VOC reduction is large:
alternative coatings may require additional drying energy or wastewater treatment, automa-
tion changes electricity and equipment demand, and redesign can shift upstream burdens.
Table 6 provides a four-class screening matrix. LCA of thermal oxidation [42], pharmaceuti-
cal fugitive-emission accounting [43], and reviews of catalytic-treatment pathways [44,45]
further distinguish source changes from terminal control and its secondary impacts. Dig-
ital circular-waste management [46] and multi-objective supply-chain optimization [47]
provide methodological analogies for traceability and decision support, not VOC-sector
performance evidence.

4.6. Management and Technical Implications

Technology assessment can be operationalized as a documented sequence: confirm
project and completion status; calculate output-adjusted generation-side VOC reduction;
identify the environmental increment of capital relative to BAU; report verified direct
cost components and non-monetized operating benefits; and screen changes in energy,
wastewater, hazardous waste, and upstream material impacts.

For higher-emitting plants, tracking technology diagnosis, pilot testing, process valida-
tion, customer qualification, and full-scale retrofit would help identify the principal delay
points. Recording milestone dates and applicable requirements is particularly important
when project status and economic expectations are reported in a single questionnaire.

A comparative case library for sustainable manufacturing could record equivalent
product function, baseline and post-change output, material use and VOC content, elec-
tricity and thermal energy, water and waste, capital-investment components, customer
qualification, and dated vouchers for directly verified savings. Digital monitoring and
structured decision models offer options for organizing these records [46,47].

Generation-side VOC reduction (AG) should be distinguished from atmospheric
emissions change (AE), especially when exhaust collection or terminal treatment is mod-
ified. Reporting both environmental capital attribution and annualized social net cost
will make the economic and pollution-accounting implications of a source-reduction
decision transparent.

4.7. Limitations and Future Research

Several limitations define the scope of interpretation. First, purposive recruitment
in one coastal manufacturing cluster, missing invitation and nonresponse counts, and
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complete-case selection limit external validity; the estimates do not represent the national
industrial population. Second, the cross-sectional survey records implementation status
and perceptions simultaneously. Common-method variation, reverse causality, unobserved
management quality, process complexity, and heterogeneous regulatory oversight remain
possible explanations of the associations. Conditioning Stage 2 on entry can additionally
induce selection-related associations, while the small surface-coating cell restricts sub-
group inference; the ordered-logit and one-plant-per-enterprise checks provide directional
rather than causal validation. Third, the capital-efficiency comparison combines point
observations with reductions reported as “>2 t-a~!”, differing project and investment
boundaries, and missing budget fields, precluding an intrinsic technology ranking. Fourth,
only three purposively verified cases support the annualized cost calculations. Their cash-
flow boundaries exclude unpriced external damages, and the environmental capital shares
are modeled rather than observed for multifunctional projects. Finally, the absence of
equivalent-product inventories, VOC speciation, and consistent upstream energy/material
inventories prevents comprehensive LCIA or quantified photochemical ozone impacts.
Future studies should use multi-region sampling frames, dated implementation panels,
sparse-cell-sensitive modeling, verified BAU investment counterfactuals, and harmonized
within-sector life-cycle inventories.

5. Conclusions

First, the analysis of 278 plant-level responses identified different reported stages of
source-reduction implementation: a total of 63.3% had entered implementation/planning,
27.7% had completed measures, and 62.5% of the 176 entered plants combined material
substitution with process modification.

Second, the correlates of entry differed from those of conditional completion. A
revenue of CNY 20-400 million and recognition of economic benefits were associated
with entry, while baseline VOC emissions > 3 t-a—1and reported technical barriers were
associated with lower completion odds among entered plants. These stage-specific re-
sults suggest that support for initial technology appraisal and support for full process
qualification address different managerial questions.

Third, apparent project capital efficiency was heterogeneous among 14 calculable
projects, and environmental cost attribution materially influenced the three verified case
scenarios. Under the 5%/10-year base case, V01’s modeled break-even environmental
capital share was approximately 15.1%; V02 lay near break-even, and V03 had documented
direct savings greater than its annualized capital charge.

The main contribution is a transparent screening procedure for sustainable manufac-
turing that connects implementation milestones, output-adjusted generation-side VOC
reduction, attributable environmental capital, verified direct operating benefits, and poten-
tial shifts in energy, water, waste, and upstream impacts. Applying the procedure across
sectors will require equivalent-function comparisons, documented BAU alternatives, and
harmonized life-cycle measurements.
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