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Recuperative thermal oxidizers, consisting of a single combustion chamber where volatile organic compounds
are oxidized, and regenerative thermal oxidizers comprising several ceramic beds where the oxidation takes
place, are the most common abatement technologies applied in vehicle paint shops to reduce formaldehyde
emissions. In this work, a “cradle-to-grave” Life Cycle Assessment and an eco-efficiency analysis were carried out
for a real paint shop to compare these two abatement technologies and identify the most environmentally sus-
tainable option. The results show that the regenerative oxidizer leads to a decrease of the human toxicity impact
category from 1329 kg 1,4-DB eq. in the initial situation without abatement to 1284 kg 1,4-DB eq., while an
alternative with recuperative oxidizers achieves a significantly higher reduction to 1176 kg 1,4-DB eq. Consid-
ering the most relevant selected impact categories, the results demonstrate that the recuperative oxidizers cause
a reduction from the initial situation of 2.6% of the normalized index, whereas the regenerative oxidizer implies
a raise of 3.1%. This indicates that the installation of recuperative oxidizers is the most environmentally sus-
tainable alternative from the two investigated technologies. Nevertheless, the eco-efficiency analysis confirms

that the costs of the recuperative oxidizers option are 2.2 times higher.

1. Introduction

Vehicle manufacturing is one of the most complex industrial
manufacturing processes because it requires large spaces as well as the
sequential and coordinated operation of multiple technologies (Bysko
et al.,, 2020; Giampieri et al., 2022). Painting operations have been
identified as the stages with the greatest environmental impacts of the
entire production process (VDI guideline 3455:2013-08; Onofre et al.,
2020). The high demand for energy and resources, such as natural gas
and raw materials for the production of coatings and paints, water
consumption along with the generation of waste and wastewater are the
most significant environmental aspects associated with the painting
operations of vehicle assembly plants (STS BREF, 2020). In particular,
when it comes to identifying the most polluting compounds in this type
of facility, the environmental impact is marked by the emission of vol-
atile organic compounds (VOCs), which represent the most relevant
direct emissions. They are derived from spray booths, drying ovens and
cleaning of equipment with organic solvents (Rivera and Reyes-Carrillo,

2014, 2016; Ou et al., 2022). The European Union (EU) car manufac-
turers emitted in 2021 an average of 2.2 kg/car and a total of 25.7
thousand tons of VOCs due to their vehicle painting activities (ACEA,
2022), which corresponds to 2.5% of the total VOCs emitted in Europe
(German Environment Agency, 2023).

An exhaustive analysis of the paints and coatings used in a vehicle
painting plant allows the identification of complex mixtures formulated
from numerous components (Akafuah et al., 2016). In general, organic
solvents, water, resins, plasticizers, dyes and pigments are the basic
components of paints, being the binder (i.e. the resins) the predominant
constituent defining the paint’s characteristics (McMahon et al., 2023).
Additionally, new developments in automotive paints include the use of
nanoparticles as fillers (Nayane de Queiroz et al., 2022). The solvent
content of color basecoats is in the range of 12-17% in water-based and
55-82% in solvent-based paints, while clearcoats typically have a sol-
vent content up to 50% (STS BREF, 2020). One of the most commonly
used binding agents in industrial coatings are amino resins and, mainly,
those derived from melamine (Pizzi and Ibeh, 2022). Melamine resins
used in automotive coatings are produced by the reaction of melamine
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Abbreviations

ALO Agricultural Land Occupation
CcC Climate Change

COD Chemical Oxygen Demand
COT Total Organic Carbon

DNPH  2,4-Dinitrophenylhydrazine
EU European Union

FD Fossil Depletion

FE Freshwater Eutrophication
FET Freshwater Ecotoxicity

HPLC High-Performance Liquid Chromatography
HT Human Toxicity

IR Ionizing Radiation

LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment
MD Metal Depletion

ME Marine Eutrophication

MET Marine Ecotoxicity

MSDS Material Safety Datasheet

NLT Natural Land Transformation

oD Ozone Depletion

PMF Particular Matter Formation

POF Photochemical Oxidant Formation
RTO Regenerative Thermal Oxidizer

S1 System 1

SS1 Subsystem 1

SS2 Subsystem 2

SS3 Subsystem 3

STS Surface Treatment Using Organic Solvents
TA Terrestrial Acidification

TET Terrestrial Ecotoxicity

ULO Urban Land Occupation

vocC Volatile Organic Compound

WD Water Depletion

WWTP  Wastewater Treatment Plant

and formaldehyde (Poth, 2008). Paint manufacturers indicate melamine
resin contents varying from 0.1% to 18%, depending on the type of
coating. Other amino resins used in coatings, such as those derived from
urea or (meth)acrylamide, are also obtained by the reaction of different
chemicals with formaldehyde (Pizzi and Ibeh, 2022). Thus, formalde-
hyde is present in automotive coatings as a residue associated with the
resin manufacturing process (with a concentration below 0.1%, as can
be taken from the material Safety Datasheets) but also as a component
bound in melamine polymers.

Concerning the identification of formaldehyde sources, the emission
of small quantities of this compound into the atmosphere present in the
exhaust gas flow of the spray booth has been quantified at very low
levels (< 1 mg/mg) (Kim et al., 2011). However, also the bound form-
aldehyde from melamine resins is released from inside the drying
chambers, which operate at elevated temperatures typically between
140 °C and 190 °C (Salthammer et al., 2010; Salthammer, 2019);
therefore, depending on the configuration of the coating line and the
efficiency of the end-of-process abatement equipment connected to the
drying ovens, the formaldehyde emission can be significant (Sorrels
et al., 2017). At present, not all vehicle painting facilities located in
Europe have abatement equipment installed in the drying ovens (STS
BREF, 2020). This depends on the specific legal requirements of each
country, their specific set-up and the subsequent retrofitting steps from
the plant assembly to the present time. Besides, the use of abatement
equipment can be connected to the type of paints used in the paint shop.
For instance, in 2016, 43% of the EU paint shops were estimated to apply
solvent-based primer or basecoats, or a combination of both. These paint
shops are more likely to have air emissions abatement equipment (STS
BREF, 2020).

In 2015, formaldehyde was reclassified as a substance with carci-
nogenic potential (category 1B) and mutagenic potential (category 2) in
the amendments to the so-called CLP Regulation on classification,
labelling and packaging of substances and mixtures (Regulation (EC) No
1272/2008; Regulation (EU) No 605/2014; Regulation (EU) No
2015/491). With this change, all EU industries affected by the Industrial
Emissions Directive 2010/75/EU shall, as far as possible, replace
formaldehyde with less harmful substances. If formaldehyde emissions
cannot be avoided, what is the case for painting operations in the
automotive industry due to the use of the melamine resins, operators
need to cope with significantly more stringent Emission Limit Values
(Directive, 2010/75/EU).

Different technologies are available for the removal of VOCs from
exhaust gases. These include biological treatment, recuperative thermal

oxidation, regenerative thermal oxidation and catalytic oxidation
(Mulholland and Dyer, 1999; Berenjian et al., 2012; Tomatis et al., 2019;
Li et al., 2023). In the automotive industry, for the treatment of VOCs in
vehicle paint shops, regenerative thermal oxidation and recuperative
thermal oxidation, the latter sometimes in combination with catalytic
oxidation, have been commonly applied (VDI guideline 3455:2013-08;
STS BREF, 2020). Both technologies have proven to be efficient in VOC
destruction with efficiencies higher than 95% (STS BREF, 2020). The
introduction of catalytic oxidation to recuperative oxidizers helped
reducing the high operating temperatures from 700 °C-740 °C to 400 °C
necessary to obtain the desired abatement efficiency, with the conse-
quent reduction in natural gas consumption (Yang et al., 2019; STS
BREF, 2020; Brummer et al., 2022). However, this technique is not in
use in vehicle paint shops because of the high maintenance requirements
of the catalyst (STS BREF, 2020).

Given that both regenerative and recuperative thermal oxidation
present important differences, the selection between one of them will
depend on various aspects such as the VOC levels in the inlet gas, the
flowrates to be treated, the spaces available in the paint shop, and the
investment restrictions of the paint shop operator (Borwankar et al.,
2012). In the selection of the most suitable technology, it is also crucial
to consider the environmental impact of both technologies from a life
cycle perspective in order to search for the most sustainable treatment
method and take it into account in the decision-making process (Klopffer
and Grahl, 2014).

Life Cycle Assessment (LCA) is a powerful tool to analyze the envi-
ronmental impacts of a product or process (ISO 14040:2006; ISO
14044:2006). There are several LCA studies related to environmental
impacts in the automotive industry (Lopes Silva et al., 2018; Gebler
et al., 2020), but most of them are focused on the vehicle itself, new
engines, electric cars and automotive lithium-ion batteries (Hernandez
et al., 2017; Bouter and Guichet, 2022; Winjobi et al., 2022; Guo et al.,
2023). To the best of our knowledge, there are hardly any studies
available in the scientific literature on LCA associated with the vehicle
painting process. Papasavva et al. (2001) studied different coating ma-
terials commonly used in automotive painting, focusing on the use of
powder paints as an alternative to solvent-borne paints with the
advantage of not containing solvents and being easily reusable. Rivera
and Reyes-Carrillo (2016) evaluated the overall environmental chal-
lenges of a paint shop, with special emphasis on metal and plastic sur-
faces. The areas with the greatest contribution to environmental impact
were identified and potential process improvement alternatives focused
on reducing energy consumption were proposed. Bianco et al. (2020)
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provided a lifecycle inventory and LCA of an Italian automotive painting
process, identifying the high energy consumption, the direct emissions
of VOCs and the waste production and treatment as the hot points in
several analyzed impact categories. Overall, it is likely that the scarcity
of articles published on this topic is associated with confidentiality is-
sues, with the consequent difficulty in collecting reliable data.

Beside the technical evaluation of alternative abatement technolo-
gies also an economic assessment of potential solutions is of importance
for decision making. Eco-efficiency assessment is a quantitative tool to
study the environmental impacts of a system in conjunction with its
economic value (ISO 14045:2012) and helps entities to make conscious
decisions (Torregrossa et al., 2018; Ramirez-Melgarejo et al., 2021).
Thus, eco-efficiency analysis establishes a connection between the
ecological impact of a system and its economic dimension (Desli et al.,
2021). Although this identifies the solution with the most economic
value and the lowest possible ecological impact, only a few
eco-efficiency studies are available in the literature. Recent examples
share research results on wastewater treatment plants (WWTPs) (Sal-
a-Garrido et al., 2023); however, publications describing an
eco-efficiency analysis for air emissions treatment equipment in the
industry could not be found.

The objective of this work is to advance with real data on the envi-
ronmental analysis of two different technologies for the reduction of
formaldehyde emissions from the topcoat drying ovens of a real vehicle
paint shop located in Europe. A “cradle-to-grave” LCA was carried out
for the vehicle painting process in the initial situation of the paint shop
and in two proposed scenarios corresponding to the two different
abatement systems. As an essential step after the LCA, an eco-efficiency
analysis was performed. The relevant cost data needed were obtained by
an economic evaluation of the two abatement systems. This type of
analysis is not available in the literature and it aims at demonstrating
that the LCA methodology and eco-efficiency analysis can be used by
vehicle manufacturing companies and paint shop operators to evaluate
different process alternatives and favor the most environmentally sus-
tainable technologies.

2. Materials and methods
2.1. Description of the paint shop

This study evaluates a real paint shop in a vehicle manufacturing
plant located in Europe. The vehicle painting process consists of a
sequence of dipping processes as well as the application of paints and
coating materials using atomization equipment (Streitberger and Dossel,
2008). The different layers applied provide chemical and corrosion
protection, weather and scratch resistance, as well as color and visual
characteristics (Akafuah et al., 2016).

Before the main coating layers are applied to the vehicle body, a
series of pre-treatment stages are carried out to clean and condition the
body for the next painting steps (Debnath, 2013). The first stage is the
pre-cleaning, followed by two or three degreasing phases. These steps
remove oil, greases and lubricants from the previous manufacturing
processes. After cleaning, an activation, a phosphating, a passivation
and, finally, various rinsing and drainage stages are applied to increase
the corrosion resistance of the vehicle body and prepare it for the next
coating processes (Giampieri et al., 2020).

After the pre-treatment, the first main coating process is the elec-
trocoating, in which the vehicle body is coated in a bath by applying the
cataphoretic paint, providing additional corrosion resistance (Giampieri
et al., 2020). In this electrochemical process, the paint is deposited on
the metal by passing electric current through the body, causing paint to
deposit on the surface in a uniform protection layer throughout the
whole body (Marder and Goodwin, 202.3).

Once the electrocoating has been completed, additional coating
processes are applied for waterproof sealing of body and weld seams and
to protect the underbody from damage with an elastic top layer. After
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sealing and underbody coating, the primer surfacer, the basecoat and
the clearcoat paints are applied in spray booths for different purposes.
The successive application of the basecoat and the clearcoat is
commonly referred to as the topcoat. While the primer provides the
vehicle body with further corrosion resistance and protection against
stone chip, the basecoat and the clearcoat are mainly applied to add the
required color and gloss effects to the vehicle. Moreover, the basecoat
and the clearcoat give durability and protection against scratches and
chemical aggressions (Jurgetz, 1995). Between the application of the
different layers from electrodeposition to the topcoat each layer is cured
or dried before the application of the subsequent coating. This happens
in drying ovens which are typically connected to emissions control
equipment to eliminate VOCs and hazardous substances released from
the ovens (STS BREF, 2020).

Additional waxing, sealing and repairing operations on the dried
topcoat complete the process and ensure that the desirable quality and
corrosion protection requirements are met (Giampieri et al., 2020).

The paint shop under study has two parallel baths for the electro-
coating process with two drying ovens per bath. To eliminate VOC
emissions and unpleasant odors generated in the ovens, each oven is
connected to two individual recuperative thermal oxidizers. The oxi-
dizers are operated on natural gas as fuel, and the excess heat of the
oxidizers is used to heat the oven by means of heat exchangers. As a
result of the oxidation process, nitrogen oxides (NOx) and carbon
monoxide (CO) are emitted into the atmosphere through the abatement
installations exhaust systems (STS BREF, 2020).

For the primer surfacer application, the paint shop has a line with
several paint booths in which a coating of waterborne primer is applied
to the vehicle bodies using robots. In order to dry all vehicle bodies after
the priming process, the line has three ovens which, similar to the
electrocoating process, are connected to the abatement installations, i.e.
recuperative thermal oxidizers, with the aim of treating the VOC emis-
sions (including formaldehyde) produced during the drying process.

Primer coating is followed by the finishing processes, which consist
of the application of a basecoat and a clearcoat that are applied in
successive processes separated by a short flash off area. The paint shop
studied uses solvent-based basecoat and clearcoat and has four coating
lines with several booths where the paints are applied by robots. At the
end of each clearcoat line, two ovens are installed in order to dry the
painted vehicle bodies. Unlike the electrocoating and primer processes,
the ovens are not connected to abatement installations. As a result, VOC
emissions, including the formaldehyde released in the ovens, are
emitted into the atmosphere. Part of the exhaust air from the basecoat
paint booths is treated in two recuperative thermal oxidizers. In a pre-
vious stage, the volatile organic compounds present in the exhaust gas
are partially removed in an activated carbon unit (Berenjian et al.,
2012).

Proposed abatement scenarios. To remove or reduce formaldehyde
emissions from the topcoat (basecoat and clearcoat) ovens, two alter-
native treatment methods corresponding to two different abatement
technologies were evaluated from both economic and environmental
viewpoints.

The first alternative was the installation of a regenerative thermal
oxidizer (RTO) that can treat all waste gases from the topcoat ovens. In
regenerative thermal oxidation, organic solvents are oxidized at a tem-
perature between 800 °C and 850 °C (VDI guideline 3455:2013-08). The
raw gas enters a first bed filled with ceramic medium and is preheated
before entering the combustion chamber. The first bed is cooled down
while the gas is heated. After leaving the combustion chamber, the hot
gas passes through a second bed, releasing the energy to the ceramic
packaging. The clean gas is then cooled down and released into the at-
mosphere. The process is carried out alternately so that in the next cycle,
the inlet gas is preheated in the second bed and the first bed is where the
hot gas is cooled. Using ceramic materials, the heat is stored and most of
the energy produced by combustion is reused in the system itself without
the need for additional heat exchangers (VDI guideline 3455:2013-08).
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The number of ceramic beds in an RTO varies and follows a certain
sequence of preheating and cooling steps taking place alternately in the
different beds. The destruction efficiency of the regenerative thermal
oxidation is 95% (STS BREF, 2020). For the paint shop studied, a 5-bed
RTO was assumed for the treatment of the waste gas volumes from the
topcoat ovens.

The second alternative technology considered was the installation of
recuperative thermal oxidizers. In recuperative thermal oxidation, VOCs
are oxidized in a simple oxidation chamber by chemical reaction with
oxygen present in the exhaust air (STS BREF, 2020). The chamber has an
auxiliary burner running on natural gas in which the waste gas is heated
up to 700 °C-740 °C, leading to an almost complete oxidation, i.e. a
destruction efficiency close to 100% of the contained organic com-
pounds (VDI guideline 3455:2013-08; STS BREF, 2020). Energy is saved
by preheating the raw gas with the hot flue gas in an intermediate heat
exchanger. Additionally, the energy excess of the clean gas is used to
heat the drying ovens. For this study, eight oxidizers are assumed to treat
the waste gas volume from the topcoat ovens.

2.2. LCA methodology

An attributional LCA of the painting process in the paint shop being
studied was performed from a “cradle-to-grave” perspective following
the requirements and guidelines of the ISO 14040:2006 and ISO
14044:2006.

Goal definition and strategy. The goal of this LCA was to evaluate
the alteration of the environmental impact of the painting process when
introducing two different abatement systems for the reduction of
formaldehyde emissions, allowing the comparison of both technologies
and supporting the selection of the most suitable system during the
planning process. This LCA is situated at the micro strategic level of the
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vehicle manufacturing plant since the step to reduce the emissions of
formaldehyde is one of the numerous actions to increase its environ-
mental performance and support corporate environmental strategies.

Functional unit. All the inputs and outputs of the painting process
are related to the functional unit. The vehicle paint shop processes
360,000 vehicles per year, which corresponds to about 75% of its total
capacity. The functional unit selected was 1 h of operation for each sub-
process investigated.

System boundaries. From the entire painting process electrocoating,
primer and topcoat were evaluated as they are the most relevant sub-
processes in terms of atmospheric emissions and, in particular, formal-
dehyde releases. The study considered only the operation of the equip-
ment while the construction of the installations was left out of the LCA.
The environmental impact of pre-treatment, sealing, waxing and
repairing operations was considered not relevant and thus is not
included in the scope of this work (VDI guideline 3455:2013-08).

The scope of the study is visualized by the system boundaries shown
in Fig. 1. Additionally, the figure illustrates the inputs and outputs to the
sub-processes within scope as well as their background and foreground
systems, used as the basis to elaborate the Life Cycle Inventory (LCI).

As inputs to the painting operations natural gas, electricity, purge
solvents, water and electrocoating and painting materials were consid-
ered. The background processes are those related to the production and
supply of materials and energy necessary to operate the installations:

e Extraction and production of Natural Gas: Natural gas is needed to run
the burners in order to heat the ovens and to operate the abatement
equipment. It is provided by the natural gas supplier of the
manufacturing plant. Its extraction and production processes cause
environmental impacts, such as emissions to air, water depletion and
wastewater generation (Shamoon et al., 2022).

l To atmosphere | |

WWTP
Air Emissions —
t Waste Water
-

|
|
|
l 1
|
|
|
. iy ey ey (R,
| - - |
| |
| - = - |
I | Oven .| Abatement | | Oven |.| Abatement | | Clearcoat | I
1 -
- - Flash off :
P - .
Oven .
— |
T [ BasecoatPaint | [ Solvent I
. !
! - - - - |
: [ Natural Gas* [ Electricity™® [ Purge Solvent | [ Industrial and DI Water | |
| Background :
I . . : o |
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* Total painting processes consumption was split to the three subsystems based on allocation factors

Fig. 1. Scheme of the system boundaries and background and foreground processes for the paint shop under evaluation.
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e Production of electricity: Electricity is necessary to operate the paint
shop installations, such as robots, air supply for spray booths, com-
pressed air and lighting. The contribution of each energy source for
the electricity generation was taken from the country mix where the
paint shop is located.

Production of Electrocoating, Primer and Topcoat materials and paints:
The production of the various materials and paints used in the
painting processes conforms a significant background process to this
system. It implies raw material extraction, the use of energy and
water for the production process, direct emissions, wastewater and
waste generation (da Silva et al., 2016; Nair K et al., 2021; Shi et al.,
2023).

Production of Solvents: Similar to the production of materials and
paints, the manufacturing of solvents used for viscosity adjustment of
the paints as well as for cleaning of painting equipment has associ-
ated environmental impacts.

Purification and supply of industrial and DI (deionized) water: Industrial
and deionized water is used to carry out the electrocoating process
and to wash out the overspray from the spray booths. Water coming
from the river is processed and purified to be used in the paint shop
in a series of decantation, decarbonization and filtration processes
and, in the case of deionized water, a deionization process. The
deionization is performed in an ion-exchange resin system.

As outputs from the painting operations the study reflects air emis-
sions, waste and wastewater, whereof wastewater is treated onsite in a
WWTP before discharge. In more detail, the foreground processes are:

e Emissions into the atmosphere of VOC, dust and formaldehyde from
paint booths, ovens and air emissions abatement equipment and CO,
CO; and NOx from burners and abatement equipment.

e Release of wastewater pollutants in concentrations below given
thresholds, i.e. COD, COT, Zinc, Iron, Phosphorus, Oil & greases,
suspended solids and Fluorides, after the treatment in an onsite
WWTP discharged into the river. Wastewater treatment is included
in the system boundaries of this work.

e The generation of hazardous solid waste and other paint waste which
leave the site to be treated in an off-site waste treatment facility.
Waste treatment is outside of the system boundaries of this study.

Data collection and data quality. For the elaboration of the LCI a
process-based bottom-up approach was followed. Real consumption and
emissions data for inputs and outputs of the painting process were
directly obtained from the paint shop. Materials consumption data are
based on logistical and financial databases, as well as information ob-
tained from the operational control systems of the paint facility. The
composition of the materials is available through the material Safety
Data Sheets (Regulation (EC) No 1907/2006) and additional informa-
tion provided by the suppliers. Paints used in the topcoat process differ
in composition and solvent content. In order to elaborate the LCI for the
topcoat process, an exhaustive evaluation of all materials was performed
to create several clusters representative for the variety of products used.

The consumption of natural gas and electricity was obtained from
meters installed in the paint shop, while the allocation of energy con-
sumption by sub-process was made using bibliographic values from the
STS Best Available Techniques Reference Document.

VOC emissions were calculated using annual mass balances in
accordance with the relevant European legislation (Directive,
2010/75/EU). Data on the rest of the atmospheric emissions and
wastewater parameters were obtained from actual measurement cam-
paigns and installed standard monitoring equipment commonly
accepted in industry (VDI guideline 3455:2013-08; STS BREF, 2020). In
cases where continuous monitoring results or data for the whole year
were not available, the average results obtained during the monitoring
periods were used. Formaldehyde concentrations in emission sources
were determined using the DNPH method (VDI 3862 Part 2:2000-12),
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whose protocol states that from a known volume of gas samples with-
drawn using glass impingers containing a solution of 2,4-dinitrophenyl-
hydrazine (DNPH), the samples are transferred to dark glass vials for
HPLC analysis. The emission loads of the different pollutants measured
in each emission source of the analyzed sub-processes were summed up
to calculate the total emissions of each pollutant for the elaboration of
the LCL

Finally, the waste data were collected from the monthly waste
transfer records of the paint shop for the different identified waste
streams.

2.3. Assessment methodology and impact categories

A Life Cycle Impact Assessment (LCIA) was conducted using com-
mercial software SimaPro v.8.2 with European ReCiPe Midpoint V1.12
methodology. This method is scientifically sound, easy to use and
interpret, and internationally accepted. The method focuses on envi-
ronmental impact and damage, distinguishing 18 different impact cat-
egories (Geldermann and Rentz, 2005; ILCD, 2010a; ILCD, 2010b;
Goedkoop et al., 2013).

After the selection of the impact categories and the classification of
the inventory results as the initial steps of the LCIA, the characterization
and normalization steps defined in the ISO 14040 and ISO 14044 stan-
dards were followed to carry out the impact assessment. The charac-
terization of the system in its initial situation without abatement was
performed in order to identify the sub-process with the greatest envi-
ronmental impact. In addition, a characterization of each individual sub-
process, i.e. electrocoating, primer and topcoat, was conducted to obtain
the inputs and outputs with the highest contribution to the environ-
mental impact.

The next step was the characterization of the system with the two
alternative air emissions abatement technologies. In order to simplify
the analysis, this step was conducted exclusively for the topcoat process
since the application of the abatement systems was only considered for
this sub-process. After the characterization, the results for the impact
categories were normalized for the system in the initial situation and
with the two abatement technologies to allow a better comparison.

For the comparison of the normalized data, in a first analysis, all 18
impact categories included in the methodology were taken into account.
In subsequent stages, the most relevant impact categories were selected
on the basis of these two criteria:

e All impact categories whose relevant contribution to the total envi-
ronmental impact was higher than 2%. Eight categories could be
identified by evaluating the normalization results. These eight rele-
vant impact categories contribute to 95.5% to the total environ-
mental impact.

e Human toxicity (HT) exclusively, since the reduction of human
toxicity through the reduction of formaldehyde emissions due to its
cancer-causing characteristic is the objective of the abatement
equipment in this study.

Finally, for the purpose of comparing the two proposed scenarios
with the initial situation and identify the most environmentally favor-
able solution, the normalized index considering only the HT impact
category and the sum of the normalization values for the selected impact
categories as described above were represented for each scenario.

2.4. Methodology for economic evaluation and eco-efficiency analysis

As a prerequisite for the eco-efficiency analysis, an initial study of the
two abatement systems was performed, including an economic evalua-
tion to obtain all necessary economic data. The capital costs for the
installation of the two systems were requested from equipment manu-
facturers for the paint shop studied. The operational and maintenance
costs data were available from other company plants with similar
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equipment. These costs were calculated for the whole lifespan of the
installations (RTO = 25 years; Recup. Oxidizers = 15 years) and the
annual increase in the cost of natural gas and spare parts for equipment
was taken into account using the average inflation rates of recent years
of the country where the paint shop is located. Finally, the total costs
were normalized to the functional unit to allow the comparison between
the two systems.

Ultimately, to bring the economic perspective into the comparison,
an eco-efficiency analysis was conducted based on the criteria pre-
scribed in the ISO 14045:2012.

The eco-efficiency analysis was performed with the focus set on the
topcoat process, for which the abatement equipment was planned. The
normalization results previously obtained in the LCA were used for the
eco-efficiency evaluation. Two different indicators were selected and
represented against the total cost per hour:

e Variation of the normalized index, expressed in percentage, consid-
ering the sum of the impact categories with a relevant contribution to
the total environmental impact greater than 2% in the normalization
results.

e Variation of the normalized index, expressed in percentage, of the HT
impact category.

It must be highlighted that, even though the LCA did not consider the
construction of the painting installations but only the operation of the
equipment, the costs for the installation of the two planned abatement
systems could not be excluded. They are the major cost factor in the total
calculated costs of the two systems and are necessary to achieve a
representative comparison. Besides, all other painting equipment and
installations were already available in the paint shop at the time of this
study and no additional investment would be necessary.

3. Results and discussion
3.1. Initial evaluation of the abatement systems

An initial evaluation of the two different abatement systems was
performed prior to the LCA. This information is required to better un-
derstand the differences between the two systems and, along with the
results obtained in the LCA and eco-efficiency analysis, support the
decision-making process. The advantages and drawbacks of both tech-
nologies can be summarized as follows:

e As far as natural gas consumption is concerned, the installation of

eight recuperative thermal oxidizers was considered much more

convenient since the excess heat can be reused to heat the topcoat
drying ovens, with the consequent elimination of existing burners
and the concomitant savings of natural gas.

Initial investment costs are much higher for the eight recuperative

thermal oxidizers with their connected heat exchangers than for the

RTO. Maintenance costs are higher for the RTO, mainly due to the

regular exchange of the ceramic packaging. Generally, the installa-

tion of the RTO is more advantageous from an economic point of
view.

e For the installation of recuperative oxidizers, longer production
shutdown periods are needed, which would have an impact on the
production volumes of the plant. An RTO can be built in parallel to
the production and only several weeks of production shutdown are
needed to conclude the installation. Therefore, the timeframe for the
installation of an RTO is considerably shorter than the time required
for the installation of the recuperative oxidizers.

e The RTO is independent of the topcoat painting lines and ovens, so
that in the event of breakdowns, production can continue without
vehicle losses and production delays. Since the excess heat from the
recuperative thermal oxidizers would be used to heat the drying
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ovens, drying and painting shall be stopped in case of malfunctions
and necessary repairs.

A simplified representation of the main differences, advantages and
drawbacks of the two alternative systems is shown in Table 1.

3.2. Life Cycle Inventory

The inventory data presented in Table 2 correspond to the stepwise
painting process that takes place in the paint shop analyzed. Data were
collected for one year of production and all data refer to the functional
unit of 1 h of operation. Even though the reduction of formaldehyde
emissions constitutes the focus of this work, the emissions of all other air
and water pollutants that occur in the vehicle paint shop were consid-
ered in order to elaborate the life cycle inventories.

To compile the life cycle inventories, data were grouped into three
subsystems corresponding to the coating and painting steps included in
the scope of this work. The three subsystems together constitute an
overall painting process system as shown in Table 2. Additionally, all
inputs and outputs that could not be assigned to the different subsystems
were included in the global paint process system for the LCA.

The installation of the two different abatement technologies
compared in this work for the waste gas stream led to significant vari-
ations in the inventory data. The differences are shown in Table 3.

The data were collected from the continuous sampling and moni-
toring campaigns of two sister plants with similar characteristics and in
which both types of abatement technology are currently in operation. At
the same time as the overall formaldehyde emissions from the paint
facility were reduced by the abatement equipment in the topcoat pro-
cess, a significant increase was observed in the concentration of the co-
products from the oxidation process, i.e. NOx and CO. It was noted that
the emission concentrations of formaldehyde, NOx and CO from the
abatement system were very similar for both technologies. Thus, the
absolute emissions of the three pollutants in terms of kilogram per hour
were considered to be the same in the Life Cycle Inventory (LCI). The
major difference found in developing the inventory data for the two
different systems is due to the use of natural gas. All other inventory
parameters for input materials, water consumption, quantities of waste
and wastewater generated, and wastewater emissions were not affected
due to the installation of the waste gas abatement equipment.

3.3. Life Cycle Assessment

Characterization. In the characterization step, the hot spots were
detected by analyzing the contribution of the different subsystems to the

Table 1

Comparison of the main characteristics of the two alternative abatement systems
identified in the initial evaluation for the paint shop of study. Authors’ own
elaboration.

Main Characteristics 5-bed RTO 8 Recuperative Thermal
Oxidizers

Abatement efficiency 95-99% ~100%

Initial investment costs Lower Higher

Maintenance costs Higher Lower

Natural gas consumption Higher Lower due to heat recovery

to oven
Excess heat to ovens

Energy recovery Not possible in this

paint shop
Ability to Run Oven Without Yes No
Abatement System
Space Utilization Lower Higher due to high number
of devices
Accessibility for Repair or Higher Lower

Parts Replacement
Time to install
Lifespan

During production
Long Life
Equipment

Outside production
It will have to be replaced
during life of oven
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Table 2
Life Cycle Inventory (LCI) of the initial situation of the paint shop under evaluation. All quantities are referred to the functional unit, i.e. 1 h of operation for each sub-
process.
S1 Painting Process SS1 Electrocoating SS2 Primer SS3 Topcoat Unit Method/Source of data
INPUTS: from Technosphere
Materials
Water DI 8.39 2.39 m? Paint shop consumption records
Purge solvent 73.1 kg Paint shop consumption records
Industrial water 16.07 m? Paint shop consumption records
Binder: Paint shop consumption records
Organic solvent 12.18 kg MSDS*
Epoxy resins 203 kg Supplier information”
Water 190.82 kg Calculation
Cationic paste: Paint shop consumption records
Organic Solvent 139.09 kg MSDS
Epoxy resins 794.8 kg Supplier information
Pigment 397.4 kg Supplier information
Water 655.71 kg Calculation
Primer Paints: Paint shop consumption records
Organic solvent 4.82 kg MSDS
Polyester resins 15.41 kg Bibliographic research*
Amino resins 6.74 kg Supplier information
Free formaldehyde 0.1 kg Supplier information
Polyurethane 1.93 kg Supplier information
Water 38.52 kg Supplier information
Pigments 28.89 kg Calculated
Basecoat Paints: Paint shop consumption records
Organic solvent 85.4 kg MSDS
Polyester resins 32.2 kg Bibliographic research
Amino resins 14 kg Supplier information
Free formaldehyde 0.14 kg Supplier information
Pigment white 0.14 kg Calculated
Pigment Black/grey 4.2 kg Calculated
Pigment Blue/Green 0.84 kg Calculated
Additives 1.4 kg Supplier information
Basecoat White Paint: Paint shop consumption records
Organic Solvents 19.32 kg MSDS
Polyester Resins 7.14 kg Supplier information
Amino resins 2.94 kg Supplier information
Free formaldehyde 0.04 kg Supplier information
Pigment white 11.76 kg Supplier information
Additives 0.84 kg Supplier information
Clearcoat Lacquer: Paint shop consumption records
Organic solvent 82.81 kg MSDS
Amino resins 28.73 kg Supplier information
Hydroxyl Resin/Acrylic 52.39 kg Supplier information
Free formaldehyde 0.17 kg Supplier information
Additives 5.07 kg Supplier information
Solvents Basecoat (viscosity adjustment): Paint shop consumption records
Butanol 7.28 kg MSDS
Butylacetate 25.48 kg MSDS
Xylene 53.69 kg MSDS
Solvent organic 5.46 kg MSDS
Energy
Natural Gas 4.81 6.23 15.2 MWh Paint shop energy records
Electricity 2.04 2.35 7.22 MWh Paint shop energy records
Cogeneration 1.38 1.59 4.88 MWh Paint shop energy records
OUTPUTS: emissions to the environment
Emissions to air’
Dust 3.51 0.05 0.27 10.71 kg Measured, Calculated
NOx 24.62 4.15 8.09 35.02 kg Measured, Calculated
Cco 7.4 20.6 2 4.3 kg Measured, Calculated
CO, 433 1193 n.a.‘ n.a. kg Measured, Calculated
VOCs 73.13 4.42 1.3 200.57 kg Calculated
Formaldehyde 0.12 0.01 0.01 1.36 kg Measured, Calculated
Emissions to water'
COD 3.25 222 g 02 Measured, Calculated
COT 0.99 59.8 g Measured, Calculated
Zinc 0.03 1.7 g Measured, Calculated
Iron 0.03 2.4 g Measured, Calculated
Phosphorus 0.11 6.86 g Measured, Calculated
Oil & greases 0.11 7.45 g Measured, Calculated
Suspended solids 0.59 41 g Measured, Calculated
Fluorides n.a. 15.8 g Measured, Calculated

(continued on next page)



D. Granadero et al.

Table 2 (continued)
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S1 Painting Process SS1 Electrocoating SS2 Primer SS3 Topcoat Unit Method/Source of data
Waste
Emulsion paints to incineration 4.37 kg Paint shop waste records
Paint to be separated 68.6 kg Paint shop waste records
Solid hazardous to incineration 1.78 kg Paint shop waste records

@ MSDS: Material Safety Datasheet.

b Supplier Information refers to indicative percentages communicated by suppliers of the constituents of each paint and material. The percentages were used to

calculate the absolute amounts of each constituent in the input materials.

¢ Stoye and Freitag (1998). Bibliographic research refers to indicative percentages of the constituent in paints and materials.
4 The "emissions to air" values were calculated as the sum of the emission loads measured at all emission sources of the different sub-processes of the paint shop. The
measurement uncertainties of the method are as follows: Dust: n.a.; NOx: 15%; CO: 9%; Formaldehyde: 15%.

¢ n.a.: not available.

f The "emissions to water" values were calculated by means of the annual average concentration values for two different wastewater streams and considering the total

volume flows and operating hours.

Table 3

Differences in the LCI for the topcoat process due to the abatement installation.
All quantities are referred to the functional unit, i.e. 1 h of operation for each
sub-process.

Initial 5-bed 8 Recuperative Unit
Situation RTO Oxidizers
INPUTS: from Technosphere
Energy
Natural Gas 15.2 17.9 12.7 MWh
OUTPUTS: emissions to the environment
Emissions to air
NOx 35.0 56.74 56.74 kg
(¢0) 4.27 9.63 9.63 kg
VOCs 201 172 172 kg
Formaldehyde  1.36 0.48 0.48 kg

impact categories. An initial assessment of the overall painting process
(Fig. 2 (a)), comprising the inputs and outputs of the electrocoating,
primer and topcoat processes, as well as all other inputs and outputs that
could not be assigned to the three subsystems, shows that the topcoat
process has the largest contribution for most impact categories. The
smallest effect of the topcoat process can be noticed in the WD impact
category with 40.1 m® in a total of 246.6 m® (16.3%), whilst the highest
share of this process in an impact category can be observed in POF with
251.4 kg NMVOC in a total of 422.2 kg NMVOC (59.5%). Furthermore,
the impact categories MD = 242.1 kg Fe eq. for the topcoat process (a
contribution of 59.4% to the total of the impact category), FET = 164.4
kg 1,4-DB eq. (57.3%), MET = 137.0 kg 1,4-DB eq. (57.3%), NLT = 1.48
m? (55.3%), OD = 0.001 kg CFC-11 eq. (54.1%), ALO = 106.9 m?a
(53.6%), TET = 0.65 kg 1,4-DB eq. (53.5%) and IR = 230.0 kBq U235 eq.
(53.2%) are remarkably affected by the topcoat process as the given
percentages indicate.

These results can be explained by the fact that the topcoat is the
process with the highest consumption of materials and producer of
emissions, in particular the use of solvent-borne paints, higher con-
sumption of natural gas due to the use of more burners to heat the drying
ovens than in the other sub-processes, and the direct emissions into the
atmosphere without installed abatement systems. A similar outcome
was observed by Bianco et al. (2020), specifically for the POF impact
category, who identified the provision of heating and the direct emis-
sions of VOCs as hot spots of the vehicle painting process.

Additionally, it can also be observed that the electrocoating process
plays an important role in all impact categories, with the greatest
contribution in the categories of WD = 172.9 m?3 (70.2% contribution to
the total of the impact category), PMF = 25.2 kg PM10 eq. (51 %), CC =
10224.5 kg CO4 eq (47.3%), FD = 3587.1 kg oil eq. (45.4%) and TA =
49.1 kg SO5 eq. (42 %), primarily due to the materials used in this
process. Subsequently, the three subsystems were analyzed separately:

Electrocoating process: Fig. 2 (b) shows the results of the

characterization of the electrocoating process. For most of the impact
categories, the materials used in the electrocoating baths, i.e. the binder,
consisting of organic solvents, epoxy resins and water, and the cationic
paste, which is made of organic solvents, epoxy resins, pigments and
water, make the greatest contribution. In particular, the cationic paste
presents the largest impacts. For instance, in the NLT and the FE impact
categories, the cationic paste represents 43.4% (0.24 m?) and 59.1%
(0.31 kg P eq.) of the total impact category, respectively. In order to
identify which component of the cationic paste is responsible for this
result, a characterization of the cationic paste based on its constituents
was carried out. In this analysis, it was observed that the epoxy resin in
the formulation of the cationic paste is the main contributor to the
majority of the impact categories, being POF = 0.02 kg NMVOC (97.3%
of the total of the impact category), FD = 1.07 kg oil eq. (97.2%), PMF =
0.009 kg PM10 eq. (96 %), CC = 2.71 kg CO, eq. (95.8%) and TA =
0.016 kg SO3 eq. (93 %) the most affected categories. This result can be
mainly explained due to the direct emissions of air pollutants associated
with the resin production process, such as CO, from combustion pro-
cesses (Wilson, 2009).

Primer process: As can be seen in Fig. 2 (c), most of the impact cate-
gories are highly affected by natural gas consumption, given its back-
ground processes related to its extraction and production, each with a
high impact. The direct emissions of the primer process are more rele-
vant than in the electrocoating and have their main contribution to the
impact categories of POF = 9.5 kg NMVOC (67.1%), ME = 0.32 kg N eq.
(61.8%), PMF = 1.78 kg PM10 eq. (42.9%) and TA = 4.53 kg SO; eq.
(36.4%). With regard to the acidification and eutrophication impact
categories, the high relevance of the direct emissions can be assigned to
the NOx emissions coming from the oxidation process of the recupera-
tive thermal oxidizers installed in the primer ovens, what confirms ob-
servations made by Banar and Cokaygil (2010).

Topcoat process: The characterization results of the topcoat process
are shown in Fig. 2 (d). To simplify the interpretation of the results, all
created paint clusters were finally grouped into an individual system
namely “Total paints”. These results present a similar behavior as for the
primer process. Direct emissions considerably increase their relevance in
the following impact categories: POF = 236.9 kg NMVOC (94.3%), ME
=1.37kg N eq. (70.3%) and PMF = 7.7 kg PM10 eq. (53.4%). Moreover,
the share of the direct emissions in the TA impact category raises with
19.6 kg SO, eq. to 47.8%, 11.4% higher than in the primer process. This
trait can be attributed to two reasons. Firstly, the increment of the NOx
emissions in the exhaust air of the recuperative thermal oxidizers
installed in the basecoat spray booths. In particular, the high contribu-
tion of the direct emissions to the TA and ME categories is manifestly
connected to the NOx emissions from the oxidation process (Banar and
Cokaygil, 2010). Secondly, the increase of the VOC emissions from the
topcoat ovens, where the solvent-borne paints are being cured without
abatement equipment, unlike the primer process. The high impact of the
direct emissions to the POF impact category is reasonable since VOCs are
well-known precursors of photochemical smog and tropospheric ozone,
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Fig. 2. Results of the LCI characterization. (a) S1: Painting process; (b) SS1: Electrocoating process; (c) SS2: Primer process; (d) SS3: Topcoat process. Acronyms used
in this figure: CC: Climate Change; OD: Ozone Depletion; TA: Terrestrial Acidification; FE: Freshwater Eutrophication; ME: Marine Eutrophication; HT: Human
Toxicity; POF: Photochemical Oxidant Formation; PMF: Particulate Matter Formation; TET: Terrestrial Ecotoxicity; FET: Freshwater Ecotoxicity; MET: Marine
Ecotoxicity; IR: Ionizing Radiation; ALO: Agricultural Land Occupation; ULO: Urban Land Occupation; NLT: Natural Land Transformation; WD: Water Depletion; MD:

Metal Depletion; FD: Fossil Depletion.

as also discussed by Finlayson-Pitts and Pitts (2000), Xu et al. (2015) and
Xu et al. (2016).

As shown in Fig. 2 (d), the relevance of the paints in most impact
categories notably increased in comparison to the primer process. The
highest contributions of the topcoat paints can be observed in WD =
25.3 m® (63.1%), ALO = 56.1 m?a (52.4%) and IR = 93.0 kBq U235 eq.
(40.4%), whose relevance can presumably be traced back to the
manufacturing process of the paints and to their constituents.

As can be observed in the characterization results for all the sub-
processes, natural gas consumption has a relevant influence on almost
all impact categories and therefore on the total environmental impact of
the painting process. For instance, in the topcoat process, CC = 3897.4
kg CO3 eq. (50.5%), FD = 1338.2 kg oil eq. (43.8%) and NLT = 0.55 m?
(37.5%) are the most affected impact categories. Moreover, natural gas
plays an important role in the OD impact category with a relevant
contribution of 29.0%. The contributions of the natural gas to the CC, FD
and OD impact categories were already reported in other studies (Skone
et al., 2016; Tomatis et al., 2019).

Proposed abatement scenarios: A characterization of the two proposed
scenarios considering the topcoat process was performed and the results
compared to the initial situation. For the majority of the impact cate-
gories, an increase can be observed when the RTO scenario is compared
to the initial situation. On the contrary, most of the categories decrease
their values when the scenario with the recuperative oxidizers is
compared to the initial situation. The highest differences could be found
for CC (initial situation = 7715 kg CO; eq; RTO = 8407 kg CO; eq;

Recup. Oxidizers = 7082 kg CO; eq), FD (initial situation = 3056 kg oil
eq.; RTO = 3294 kg oil eq.; Recup. Oxidizers = 2839 kg oil eq.), NLT
(initial situation = 1.48 m% RTO = 1.58 m?% Recup. Oxidizers = 1.39
m?), IR (initial situation = 230.0 kBq U235 eq.; RTO = 243.6 kBq U235
eq.; Recup. Oxidizers = 217.6 kBq U235 eq.), OD (initial situation =
1.036 x 10 3 kg CFC-11 eq.; RTO = 1.089 x 10> kg CFC-11 eq.; Recup.
Oxidizers = 0.987 x 1073 kg CFC-11 eq.), and TET (initial situation =
0.647 kg 1,4-DB eq.; RTO = 0.633 kg 1,4-DB eq.; Recup. Oxidizers =
0.572 kg 1,4-DB eq.). Regarding the reduction of the HT, the main
objective of the installation of the abatement system, the results ob-
tained for the initial situation and the two scenarios are: initial situation
= 1329 kg 1,4-DB eq.; RTO = 1284 kg 1,4-DB eq.; Recup. Oxidizers =
1176 kg 1,4-DB eq. A reduction in the HT category was achieved by both
scenarios, with a decrease being significantly higher for the recuperative
thermal oxidizers compared to the RTO. Furthermore, in the impact
categories ME (initial situation = 1.94 kg N eq.; RTO = 2.81 kg N eq.;
Recup. Oxidizers = 2.77 kg N eq.), PMF (initial situation = 14.46 kg
PM10 eq.; RTO = 19.69 kg PM10 eq.; Recup. Oxidizers = 18.83 kg PM10
eq.) and TA (initial situation = 41.0 kg SO; eq.; RTO = 54.9 kg SO; eq.;
Recup. Oxidizers = 51.6 kg SO5 eq.), an increment was observed for both
proposed systems but a higher increase is caused by the RTO.

All in all, the characterization results indicate that, from the two
proposed scenarios, the installation of an RTO is the less beneficial from
the environmental impact perspective. This result can be explained by
the fact that the installation of eight recuperative oxidizers implies an
overall reduction in natural gas consumption due to the energy recovery
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in the heating of the drying ovens with the excess heat from the com-
bustion process. The installation of the RTO implies an overall increase
in the natural gas consumption of the plant, which leads to an increase of
the total environmental impact. This observation is in line with the re-
sults obtained by Tomatis et al. (2019), who compared two abatement
systems, i.e. an RTO and a catalytic thermal oxidizer, to an outdated
thermal oxidizer. In this study, the auxiliary fuel used to run the
equipment was also identified as the major contributor to the overall
environmental impact. This study also highlighted the significant role of
natural gas to the HT impact category and explains the higher decrease
in HT obtained by the recuperative thermal oxidizers due to the lower
natural gas needs.

In order to better illustrate these results, a normalization of the data
was carried out.

Normalization. Fig. 3 shows the results of the normalization repre-
sented to allow the comparison between the initial situation and the two
technical alternatives.

Fig. 3 (a) represents the normalized index for the topcoat process
considering the eight relevant impact categories selected as explained in
the Materials and methods section. An increase of the normalized index
from 51.5 in the initial situation to 53.1 for the installation of the RTO is
observed, while a reduction from 51.5 to 50.1 is achieved with the
installation of the eight recuperative thermal oxidizers. This corresponds
to araise in the normalized index of 3.1% for the RTO against a decrease
of 2.6% for the recuperative thermal oxidizers. A similar effect was
observed when considering the 18 impact categories.

In this context, the ultimate objective of the waste gas abatement
facility is the reduction of formaldehyde emissions and therefore the
reduction of the human toxicity impact category. Consequently, the
normalization data for the HT impact category was represented for the
initial situation and the two scenarios to better illustrate the reduction in
human toxicity achieved by the installation of the two abatement sys-
tems (Fig. 3 (b)). The RTO installation achieves a reduction of 3.4% in
the normalized index with regard to the initial situation without
abatement equipment (initial situation = 2.11; RTO = 2.04), while in
the case of the installation of the recuperative thermal oxidizers a
decrease of 11.5% was achieved (initial situation = 2.11; Recup. Oxi-
dizers = 1.87). The difference in the reduction on human toxicity can be
explained by the difference in natural gas consumption of both alter-
natives. The reduction in formaldehyde emissions was achieved by both
technologies; however, the increase in natural gas consumption due to
the installation of the RTO implies a smaller decrease in the HT impact
category than for the recuperative oxidizers, as observed by the char-
acterization results.

3.4. Eco-efficiency analysis

The results of the eco-efficiency analysis are represented in Fig. 4.
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The percentage variation of the normalized index has been assessed with
the costs in € per hour of operation considering installation costs as well
as maintenance and operational costs over the lifetime period of both
types of technology. It was calculated that 1 h of operation of the RTO
implies a cost of 137 € while for the eight recuperative thermal oxidizers,
the costs reach 305 €. Considering all selected relevant impact categories
(Fig. 4 (a)), it can be recognized that the installation of the recuperative
thermal oxidizers to reduce formaldehyde emissions is the most envi-
ronmentally sustainable alternative, although the costs are 2.2 times
those of the RTO. On the other hand, the most economically favorable
abatement technology is the installation of a regenerative thermal
oxidizer.

Regarding the reduction of the HT impact category, the two tech-
nologies can also be compared from the perspective of eco-efficiency in
Fig. 4 (b). This graph clearly illustrates the difference in the reduction of
the human toxicity achieved by both technologies considering their
implementation costs. Even though a reduction is obtained by both
technologies, the costs to gain a reduction of more than 10% of the HT
impact category for the topcoat process are much higher for the
implementation of the eight recuperative thermal oxidizers (305 €/h
and 137 €/h, respectively). From these results, it can be concluded that
the implementation of the recuperative thermal oxidizers is a better
solution if a higher reduction of the human toxicity is pursued and the
higher costs are not a relevant factor.

4. Limitations of the study and future research

The distinctive characteristic of this work is the fact that all data was
collected under the operating conditions of a real vehicle paint shop.
This has by nature several limitations that are intrinsic to this kind of
studies. On the other hand, the scarcity of existing publications on LCA
and eco-efficiency analysis for vehicle paint shops and their air emis-
sions abatement equipment hinders the comparison and validation of
the results obtained in this work with the set up and outcomes of other
studies.

Even though the percentage of paint shops in the EU using solvent-
based paints is still high, efforts from vehicle manufacturers have been
observed in the last years to reduce the usage of solvent-based coatings
and thus reduce their VOC emissions (ACEA, 2022). Consequently, the
number of paint shops using water-based paints is constantly increasing.
However, the complete retrofit of a paint shop from solvent to
water-based paints is usually not possible due to the bigger spaces
needed for painting lines with waterborne materials. Therefore, the
change from a solvent to a water-based paint shop is usually only
executed when the vehicle manufacturing site has sufficient space to
install a completely new paint shop. This study was carried out in a paint
shop using solvent-based paints. A similar study might be conducted for
a water-based paint shop in future research to evaluate the differences

Normalized Index

Initial Situation Recup. Oxidizer

Fig. 3. Results of the normalization. (a) Topcoat process: selected relevant impact categories; (b) Topcoat process: Human Toxicity.
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Fig. 4. Results of the eco-efficiency analysis. (a) Topcoat process: selected relevant impact categories; (b) Topcoat process: Human Toxicity.

and confirm the results of this work in another paint shop.

Furthermore, a growing number of paint shops are starting to install
new paint shop concepts that considerably contribute to energy savings.
Several plants have eliminated in the last 10-15 years the primer oven
by applying the three-wet concept (Silva Cavalcante et al., 2020). In this
process, the application of primer, basecoat and clearcoat is performed
without intermediate drying oven, with the consequent energy saving
(STS BREF, 2020). In this study, the paint shop analyzed applied the
conventional painting steps with an intermediate curing step of the
primer surfacer before the application of the basecoat paint. A future
investigation could also be undertaken in a paint shop that applies the
three-wet concept.

Finally, one additional improvement that can be examined in a
future study is the introduction of heat recovery at the stacks of the RTO
in this paint shop. The energy surplus of the eight recuperative thermal
oxidizers considered was recovered to heat the drying ovens. However,
with regard to the RTO, the energy excess of the hot cleaned gases from
this abatement system was not recovered to be used in other paint shop
processes. This possibility was disregarded by the paint operator due to
space, timing and monetary limitations. Nevertheless, future research
could include the addition of heat exchangers to recover the energy
excess from the stacks of the RTO, decreasing the overall energy con-
sumption of the paint shop.

5. Conclusions

Life Cycle Assessment (LCA) was applied to compare two different
abatement technologies currently used in vehicle paint shops across the
world for the elimination of VOCs and, particularly, formaldehyde
emissions. While both abatement technologies achieved a decrease in
the human toxicity due to the reduction of formaldehyde emissions, the
implementation of recuperative thermal oxidizers reached a more sig-
nificant human toxicity reduction than the regenerative thermal
oxidation technology (11.5% and 3.4% reduction of the normalized
index in the HT impact category, respectively). Moreover, the recuper-
ative thermal oxidizers achieved an overall improvement when
considering the most relevant impact categories selected in this study,
unlike the regenerative thermal oxidizer (2.6% reduction of the
normalized index observed for the recuperative thermal oxidizers
against 3.1% increase for the regenerative thermal oxidizer). The dif-
ferences can be mainly explained by the higher overall energy con-
sumption of the latter technology. Thus, the installation of the
recuperative thermal oxidizers is the most environmentally sustainable
alternative.

The eco-efficiency analysis shows that in cases where only the
reduction of the formaldehyde emissions along with an overall
improvement of the human toxicity are pursued and the costs are the
main factor in the decision-making process, the regenerative thermal
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oxidizer is the most economically favorable abatement option.

This is the first study comparing different air emissions abatement
technologies for vehicle paint shops based on life cycle and eco-
efficiency assessments. The results provide new information to vehicle
manufacturers and paint shop operators, facilitating the decision-
making process in the selection of the most suitable abatement tech-
nology for the reduction of formaldehyde emissions. LCA and eco-
efficiency analysis have been confirmed as powerful tools that can be
applied during the planning and selection activities to evaluate and
identify the most environmentally sustainable technology.
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