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1 Introduction 
This guidance addresses winding wire coating, presenting options to 
substitute or reduce the use of VOC and its resulting emissions. 
 

Table 1: Scope definition of the VOC Solvent Emission Directive (SE Directive) 

SE Directive – Scope definitions (Annex I) 
The activity "winding wire coating" is defined as ‘any coating activity of metallic 
conductors used for winding the coils in transformers and motors etc.’. The SE 
Directive covers installations in which this activity is taking place with an annual 
organic solvent consumption greater than 5 tonnes. 

Winding wire coating is a surface treatment basically involving the 
application of an electrical insulation layer (enamel) onto the surface of a 
copper or aluminium wire. The surface also needs a well-defined lubricant 
layer to ensure good coiling performance and smooth laying of the wire. 

The SE Directive lays down the following activity specific emission limit 
values for winding wire coating: 

 
Table 2: Emission limit values of the SE Directive 

SE Directive - Emission limit values (ELVs) 
(Annex II A – activity No. 9) 

Activity 

Solvent 
consumption 

threshold  
[tonnes/year] 

ELVs in waste 
gases  

[mg C/Nm³] 

Fugitive 
emission 

values 
(% of solvent 

input) 

Total ELVs 
[g/kg] 

Winding 
wire 
coating  

> 5   
10*  

5** 

*   for installations where average diameters of wire ≤ 0,1 mm 
** for all other installations 

 
Instead of complying with the above ELVs, operators may choose to use a 
reduction scheme, following the specifications of Annex II (B) of the SE 
Directive.  

Specific requirements apply for VOCs classified as CMR substances1 as 
well as for halogenated VOCs which are assigned the risk phrases R40 or  

 
 
1 CMR substances – carcinogenic (R45, R49), mutagenic (R46), or toxic to reproduction (R60, R61) 

 

 

 

THE SE 
DIRECTIVE 
APPLIES TO 
WINDING WIRE 
COATING IF A 
SOLVENT 
CONSUMPTION 
OF  
5 TONNES  
PER YEAR IS  
EXCEEDED 
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R682. There is a general obligation to replace CMR substances – as far as 
possible – by less harmful substances or preparations within the shortest 
possible time.  In the case of a mass flow ≥10 g/h for VOC classified as 
CMR substances or ≥100 g/h for halogenated3 VOC with R40/R68 the 
ELVs in waste gases are 2 and 20 mg/Nm³ respectively, and these also 
apply when a reduction scheme is being used. 

National legislation may define lower thresholds for solvent consumption, 
stricter ELVs or additional requirements. 

2 Summary of VOC substitution/reduction 
Solvents are often used both in the coating of winding wire itself and for the 
application of the lubricant film.  

Solvent free lubricants are available and are used in commercial 
applications but their use is still very limited for fine wires and they do not 
always meet high quality requirements. 

High solid enamel coatings, with a solid content between 30-45%, are 
commonly used in the winding wire industry. Typical VOC emission values 
for the total process (enamelling and lubrication) are close to 5 g/kg product 
for wires with a diameter above 0.10 mm, and 10 g VOC/kg product for 
wires with a diameter below 0.10 mm. In case of solvent free lubrication the 
total VOC emissions can be reduced by about 60 %.  

Catalytic oxidation, with an efficiency of at least 97 %, is the most 
commonly used measure for abating emissions arising from the coating of 
winding wire.   

3 Description of the activity and related 
industry sectors 

Winding wire is required for the coils of motors, transformers and other 
electromagnetic equipment used for energy transformations - electrical to 
electrical, electrical to mechanical and mechanical to electrical.  

The European winding wire industry comprises about 40 installations in 14 
countries and employs nearly 4600 workers. The majority of enterprises are 
small and medium sized (SME) [FVKiD 2008]. In 2004 EU 15 Member 
States reported about 400 existing installations [Implementation 2006]. 

Winding wires are produced as round or rectangular wires in various 
dimensions, but they are generally grouped as shown in Table 33. 

 

 

 
2 After the implementation of the SE Directive a revision of the R-phrase R40 took place. The original 
wording of R40 was: ‘Possible risk of irreversible effects’. The new wording is: ‘Limited evidence of a 
carcinogenic effect’. In the ‘old’ version mutagenity (cat 3) was included. This mutagenic effect is now 
covered separately under R68: ‘Possible risk of irreversible effects’. This new risk phrase does not 
include carcinogenicity. The ‘new’ version of R40 is obviously less restrictive than the old version. Until 
the SE Directive is adapted to this change, a final decision on which version applies can only be given 
by the European Court 
3 Halogenated organic solvents are hydrocarbons with one or more of the following halogens: fluorine, 
chlorine (e.g. trichloroethylene), bromine (e.g. n-propyl bromide) or iodine. 
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Table 3: Overview of the different winding wire types [BREF STS 2007] 

Wire type Above 
(mm) 

Up to and including 
(mm) 

Ultrafine wires - 0.040 
Fine wires 0.040 0.10 

Medium wires 0.10 1.0 

Thick wires 1.0 6.0 

4 Technical process description 
4.1 Process flow and relevant associated VOC emissions 

The VOC emissions arising depend, among others, on the technology used 
by each single machine, the wire diameter and the quality of product 
required. Figure 1 illustrates the main process steps of the coating and wet 
lubrication of round wires.  The production of rectangular wires includes the 
same process steps apart from lubrication application. In case of 
rectangular wires no lubrication takes place.  
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*) The amount of solvent which is coated onto the winding wire is the base for the calculation of the 
other materials in weight %.  
 

Figure 1: VOC relevant flow chart for possible VOC emissions from winding 
wire coating  

 

4.2 Process description 

Two different types of winding wires are produced: round and rectangular 
winding wires. From a VOC emission point of view the major difference is 
that only round wires are lubricated as these have to slide next to each 
other in order to receive a dense winding. 

In the production of round winding wires there are two stages where 
solvents may be used: coating and lubrication. The coating process uses 
liquid enamel which is a polymer dissolved in an appropriate solvent. The 
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lubricant application adds wax to the surface of the enamelled wire which is 
often dissolved in a solvent. 

During the coating process the winding wire is passed through a coating 
bath or coating impregnated felt. By repeating this process layers with 
different properties can be applied successively on the surface of the 
winding wire. 

There are two different ways for applying lubricant onto the wire, solvent 
free application systems and the traditional solvent based process. The 
solvent based lubricant application is the major source of fugitive VOC 
emissions. 

 

Solvent based coating bath with dies 
Wires are usually coated by passing them through a bath of enamel having 
a solvent concentration of 50 to 80%, depending on the product.  The 
higher the quality requirements and the finer the wire the higher the solvent 
content has to be. For each layer the surplus enamel is removed by 
passing the wire through a die. Coating layers are between 1 and 10 µm 
thick. Each layer of the coating is dried and cured in the enamelling 
chamber where the solvent is evaporated. Typically 5 to 10 layers are 
applied onto the surface of the winding wire. 

 
Solvent based coating with dosed coating supply and felt application 
Another way of applying the coating is to pull the wire pulled through a felt 
impregnated with a solvent based coating. This technology is typically used 
for fine winding wires due to the gentle application. The felt has to be 
treated as waste afterwards. 

 

Lubrication of the winding wire 
Solvent based lubricant application is also called wet lubrication. In this 
process the wire is pulled through a felt that is soaked with a solvent based 
lubricant, containing about 98 –99 % w/w solvent and 1 % w/w of paraffin. 
The felt cannot be recycled and has to be treated as waste. 

The lubricant layer is necessary for the coil winding operation. Too little or 
too much lubricant makes the winding wire sticky and prevents close 
coiling. The lubricant film is nearly mono-molecular with about 30 – 
60 mg/m2 of lubricant applied for medium or thick wires and 5 – 10 mg/m2 
of lubricant applied for fine wires with a diameter below 0.10 mm. 

The solvent based lubricant cannot be dried in the enamelling oven as the 
wax would burn off at such high temperatures. Therefore drying takes place 
at room temperature in a non encapsulated area (required drying distance 
~ 10 m). Extraction and subsequent incineration of these large quantities of 
air with low VOC concentrations (50 – 100 ppm) and temperature would be 
very inefficient and energy-consuming. The solvent from the lubricant 
accounts for about 60 % of the fugitive emissions from the process as a 
whole.  

Lubrication can also be performed by solvent free lubricants. Molten, 
solvent-free, lubricant is applied to the wire surface using for example a 
wetted felt or a lubricant soaked filament. 
 

SOLVENT BASED 
COATINGS 
CONTAIN ABOUT 
50 TO 80 % 
SOLVENT  

SOLVENT BASED 
LUBRICATES 
CONTAIN ABOUT 
98 TO 99 % 
SOLVENT  
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5 Solvent use, emissions and environmental 
impact 

5.1 Solvents used  

Typical solvents for enamels (coatings) are n-methyl-pyrrolidone (NMP), 
naphtha and other aromatics e.g. cresols (cresylic acid) with xylol as a 
diluent. These solvents all have very low evaporation rates. The creosol 
isomers for example have an evaporation rate which is 40 to 100 times 
lower than butyl acetate.  

Cresol and n-methyl-pyrrolidone are very strong solvents and typically used 
to dissolve high molecular weight polymers, which are necessary to 
achieve high temperature resistant coatings.  Propylene carbonate, which 
has a lower toxicity potential, might be used as an alternative for cresol. 
[BASF 2004] [CHEMOX 2005] 

For lubricants white spirit is a commonly used solvent. 

Currently, in Europe, halogenated VOCs are not used in the production of 
winding wires [FViD 2008]. 

 

5.2 Solvent consumption and emission levels 

In 2000 the production of enamelled wires in Europe (EU 15) was 390 kt 
with a total consumption of organic solvents of about 25 kt, which gives an 
average solvent consumption of 0.065 t per tonne winding wire. About 97% 
of the VOCs are abated by catalytic oxidation, and about 3 % are emitted. 

The high costs of the solvents used are an incentive for industry to reduce 
the solvent consumption. The production of winding wire in Europe 
increased by a total factor of 2.6 between 1970 and 2000, while over the 
same period the solvent consumption increased by a factor of 2.25, 
resulting in an overall reduction of the specific solvent consumption (tonne 
solvent/tonne product) of about 13 %. [EGTEI 2005] 

The quantity of solvents used for coating and lubricating depends very 
strongly on the winding wire diameter. Thin wires usually require more 
solvents to be used [per kg of product] for two reasons. The first one is that 
thin wires have a higher surface to volume ratio and therefore more coating 
material is required per kg of copper. The second reason is that fine and 
ultrafine wires are very fragile and cannot withstand strong traction forces. 
The lower the solvent content of the lubricants/coatings, the higher the 
friction resistance and the greater the tendency of the wire to break.  

Many lubricants contain a mixture of VOCs with a total content of 98 to 99.9 
%, the remaining 0.1-2% is the paraffin (wax) or mineral oil, which is the 
actual lubricant. 

There are different coating product types in the winding wire industry. 
These differ in their average solvent content. Coatings for solderable round 
wires have an average solvent content between 65 and 80 %, high 
temperature and bonding round wires about 55 to 75 % and rectangular 
about 60 to 80 %. The shares of each category in the overall production are 
shown in Figure 2. 

EUROPE 
PRODUCES 390 
000 T 
ENAMELED 
WIRES WITH A 
SOLVENT 
CONSUMPTION 
OF 0,065 T PER 
TONNE WINDING 
WIRE 
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Figure 2: Breakdown of the different winding wire products [BREF STS 2007] 

 

5.3 Key environmental and health issues 

VOC emissions, together with NOx emissions, are precursors of ground 
level ozone formation in the presence of sunlight. Existing occupational 
workplace limits should be taken into consideration. 

Emissions of VOC to air may occur from: 

- the storage of the solvents 

- the drying processes 

Spills and leaks from storage areas may result in emissions to soil and 
groundwater. 

The process generates waste containing solvents which need to be 
disposed in a way that emissions to air, soil and groundwater are prevented 
or limited. 

Cresol is toxic by ingestion, inhalation and in contact with skin. It is a 
severe skin and eye irritant and may cause skin burns or discolouration. 
Chronic exposure may lead to kidney or liver damage. It has the risk 
phrases: R23, R24, R25 and R34. 

N-methyl-pyrrolidone is irritating to the eye and skin and has the risk 
phrases R36 and R38. 
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6 VOC Substitution 
The following sections describe potential substitutes for VOC (using VOC-
free and VOC-reduced systems). There are also descriptions of the 
application technologies or special conditions needed and the advantages 
and disadvantages compared to systems that use solvents with a high VOC 
content.  

 

6.1 VOC-free systems 

The lubricating process, with its high solvent content wax solution, is the 
major source of VOC emissions and is therefore an important process step 
when it comes to the reduction of VOC emissions. 

 

6.1.1 Solvent-free lubricants 

There are two possible ways to apply lubricants without using VOC 
containing solvents. One way is by using a lubricant wetted felt. The felt 
encloses the wire which is pulled through. This applies molten lubricant 
onto the wire surface. Another way is to use a lubricant impregnated 
filament, from which the wax melts due to the residual heat of the wire and 
the frictional heat. The filament is looped 2-3 times around the enamelled 
wire and moved into the same direction using a lower velocity than the wire. 

The lubricant has to fulfil specified requirements, ensuring an appropriate 
constant thickness and evenness of the lubricant film which can be 
achieved in a higher quality, if the lubricant is diluted in a solvent (typically 
VOCs). Especially fine wires (less than 0.15 mm) are vulnerable to break 
due to the higher friction during the solvent-free lubrication application step. 
Parameters as wire speed, temperature and traction have to be 
permanently monitored and automatically adjusted by a control device to 
avoid quality problems and the breaking of the wire. 

 

6.1.2 Solvent-free coating 

At the moment no solvent free coating are applied. 

 

6.2 VOC-reduced systems 

If the complete substitution of organic solvents is impractical then changing 
to systems with a reduced VOC content, such as those described in this 
section, can reduce emissions. 

 

6.2.1 High solid enamel coating 

During the last 20 years the solids content of coatings has generally 
increased from 30 to about 45 %. In case of wire sizes finer than 0.10 mm 
the solid content of coatings increased from 20 to about 30 %. These are 
considered as 'high solid' coatings in the winding wire industry.  Progress in 

“HIGH SOLID” 
ENAMEL 
COATINGS 
CONTAIN LESS 
THAN 70 % OF 
SOLVENTS 
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reducing the use of the solvents to save cost has been offset by the 
experience that increasing the solid content tends to lead to inferior quality 
levels of insulation films. It is also more complicated to achieve the right 
thickness of each layer of the insulation.  

All plants in the EU are currently applying coatings with a solids content of 
at least 30 % for winding wires < 0.2 mm. 

[BREF STS 2007] [FVKiD 2008] 

 

7 Other VOC emission prevention measures 
and abatement techniques  

Preventive measures, process improvements and abatement techniques 
can be used to reduce VOC emissions if VOC substitution as described in 
section 6 is not possible. The following measures are commonly applied for 
the winding wire coating process: 

7.1 Process improvements 

Around 40% of the fugitive VOC emissions from winding wire coating may 
arise from solvent storage and handling. The most commonly used 
measures to reduce fugitive emissions involve process improvements to 
collect vapours escaping from application systems, drying areas, storage 
and handling areas etc. in local exhaust ventilation hoods for subsequent 
treatment or abatement.   

A wide range of process improvements are possible which aim at 
containing and/or collecting VOC emissions. The following list is not 
exhaustive:  

- Increased efficiency from optimised application technologies  

- Using closed or covered application systems 

- Using closed containers for the transport and intermediate storage 
of solvents 

- Implementing leak prevention systems 

- Optimisation of process parameters 

- Effective production and maintenance scheduling 

 

7.2 Catalytic oxidation 

Due to the fact that currently no VOC-free coatings are available an 
adequate abatement technology is of major importance. Catalytic oxidation 
is the commonly used technology in the winding wire industry.   

The advantage of the catalytic oxidation (e.g. by using a metal oxide, 
precious metals as catalyst) compared to conventional thermal oxidation is 
that it takes place at lower temperatures and thus energy consumption is 
lower. For the use of the catalytic oxidation, the waste gases which are 
incinerated need to fulfil the following conditions:  

- well-defined solvent content and composition 

- low flow rates 

PROCESS 
IMPROVEMENTS 
REDUCE 
 FUGITIVE  
EMISSIONS 
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- free from catalyst poisons (e.g. heavy metals). 

Catalytic oxidation can take place at temperatures as low as 280-350 °C. In 
the winding wire industry, the catalyst is operated at 500 to 700 °C, for a 
better oxidation of the used solvents and to achieve a VOC removal 
efficiency of at least 97 %.  

Typically achieved emission levels for the total process (enamelling and 
lubrication) are less than 5 g VOC/kg product for wires with a diameter 
above 0.10 mm, and 10 g VOC/kg product for wires with a diameter below 
0.10 mm. 

Up to 50 % of the energy required for the enamelling process can be 
supplied from the catalytic oxidation system. 

[BREF STS 2007] [FVKiD 2008] 

 

8 Summary of VOC emission reduction 
measures 

The following table summarizes the VOC emission reduction measures 
discussed in chapters 6 and 7: 

 
Table 4: Measures for VOC substitution and VOC reduction in winding wire coating  

Objectives Description Applicability 

VOC-free  
systems 

Solvent free lubricants Not applicable in all cases 
especially problematic for thin 
wires problematic 

VOC-reduced  
systems 

High solid coating Not applicable in all cases 
especially problematic for thin 
wires problematic 

Process  
Improvements 

Good housekeeping 
Proper handling of solvents 

applicable in all cases and 
state of the art 

Abatement 
Technologies 

Catalytic oxidation applicable in all cases and 
state of the art 

 

9 Good practice examples 
There are only 2 enamelling machine suppliers in Europe, both of them 
supplying similar technologies, so in most installations machinery is 
'comparable' and emission levels are similar. 

Due to the general use of catalytic oxidation and increased solvent free 
lubricant application systems (when technically possible), the main solvent 
emission reductions have been the result of operational and process 
improvements. 

It is not possible to propose a more detailed general approach for reducing 
emissions further because of the diversity of the quality requirements of 
individual customers.  
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10 Emerging techniques and substitutes under 
development  

10.1 Self lubricating enamels 

Generally, the lubricity of enamelled varnishes used for self-lubricating 
enamelled wires is improved by adding small amount of lubricant (e.g. 
polyolefin system or fatty-acid-ester systems). Therefore a separate 
lubrication step would be no longer necessary as the coating system itself 
already contains a special wax lubricant and thus acts as well as a 
lubricant. 

The currently available self-lubricating coating still needs an additional 
application of an external lubricant to reach the some properties as 
conventional coatings. With the currently available products the winding is 
less efficient and slower and the filling factor is reduced. 

Today this solution is only successful when the lubricant is not allowed e.g. 
due to fire protection reasons in some types of cooling compressors, where 
customers then have to accept lower winding performances. But it is 
currently tested for a wider range of other applications. A practical system 
may be available within the next five years. 

This technology is not applicable to flat wire manufacturing. 

There is a zero cost impact expected as the enamel cost is higher but the 
cost of the solvent-based lubricant is eliminated. 

A practical system may be available within the next five years. 

[BREF STS 2007] [FVKiD 2008] 

 

10.2 Water based enamel coating 

Water-based enamel coatings are available but they still contain at least 15 
% solvent in order to maintain the surface performance of the coating. In 
addition, tests demonstrating that coating with such low levels of solvents 
can meet the IEC standard series 60317 and 60851 (isolation specific 
thermal product criteria for winding wires) are still not available. The use of 
water-based systems requires higher energy consumption to ensure a 
longer, and hotter, drying zone. Furthermore the installations have to be 
equipped with stainless steel pipes. 

There are no data available at the moment about winding wire factories 
using this type of material. [FVKiD 2008] 

 

10.3 UV curing enamel  

The UV curing enamel is applied onto the surface of the winding wire. 
Whereas in the case of the solvent based coatings curing takes place due 
to the evaporation of the solvent the curing of the UV curing coatings is 
performed with UV-light, which is provided with from special UV lights. 

This technique is VOC free and might become an alternative to 
conventional solvent based enamel coatings. However, considerable 
problems currently exist in achieving the correct thickness required by the 
winding wire industry. Additionally any blisters resulting from this process 

WATER BASED 
ENAMEL 
COATINGS ARE 
NOT SOLVENT 
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will compromise the electrical performance. The UV curing enamels have a 
non pleasant odour and workers might be allergic to them. Furthermore the 
used acrylates cannot fulfil the required temperature resistance. 

The method/process has not been used in practice yet. There is currently 
some on-going development activity, and one pilot plant has been set up. 
[Nexans 2004] 

[BREF STS 2007] [FVKiD 2008] 

 

10.4 Hot melt enamel coating 

Different types of material can be used as bonding enamels: thermoplastics 
and thermosets. Thermoplastics (Hot melts) are polymers which are liquid 
at higher temperature.  At elevated temperature (>100 °C) the hot melt is 
applied with dies onto the winding wire as a liquid. The hot melt cures when 
the winding wire is cooled. 

This technique is nearly solvent free, except for some alcoholic substances 
in the coating. The thermosetting material is applied, with dies, onto the 
surface of the wire but requires new machinery. 

The application of the hot melts requires resin circulating pumps running at 
temperatures of about 80 to 100 °C. 

Tests, especially with wire diameters >0.355 mm, have yet failed to 
produce a product that can meet the minimum requirements regarding 
adherence and flexibility, heat-shock, cut-through, thermal resistance, 
resistance to abrasion and centricity of insulation film.  Given the high 
solids content, which produces fewer insulation layers, it has not yet been 
possible to achieve film thicknesses with the required precision. 

Due to the lack of performance, high costs, and technological and safety 
aspects, this alternative is not yet proven as suitable. 

[BREF STS 2007] [FVKiD 2008] 
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