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Abstract 
 
Developing and implementing sustainable products is a major challenge in today’s global 
business world. Therefore it is important to know each process step across the life cycle of a 
product to reach an optimal solution. Especially with regard to coatings the interaction 
between recipes’ details (e.g. additives), their influence on the application process and the 
resulting performance in use phase is important. The measurement of sustainability is done 
by life cycle assessment (LCA, ecology) and life cycle costing (LCC, economy). 
 
Sustainability – Introduction 
 
Our world is characterized by many dynamic processes like consumption of resources or 
growth of population. If these processes show a behaviour like Figure 1, it is most likely that 
they are not sustainable. Unsustainable developments have at a certain point an excessive 
increase, a short maximum followed by a strong decrease. At the moment, for example the 
world`s fossil fuel consumption has this trend of an excessive increase. And the big unknown 
is: What happens with our world (society, economy and ecology) at the period of strong 
decrease if we still continue our businesses unchanged? 
 
We are able to create a sustainable future with this knowledge and our technical skills and 
expertise. In particular we have to manage 
� the increase of dynamic in all kind of processes and additionally the increase of 

complexity (together called “dynaxcity”) 
� the overall view (“bird's eye view”) versus the view into details of products and 

technologies with regard to their impacts 
� the interaction between technosphere, ecosphere and society 
� and the permanently changing boundary conditions in our world (politics and evolution). 
 

 
Figure 1: Characteristic development of unsustainab le processes 
 
Therefore, we have to advance our tools to describe these challenges. The tools must create 
transparency to identify the drivers of e.g. less resource efficiency. Then options for a 
rearrangement should be prepared. Finally, a holistic evaluation should ensure the 
implementation of the most sustainable solution.  
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Figure 2 illustrates the methodical and technical approach of the company LCS Life Cycle 
Simulation GmbH to manage this important knowledge by 
� building-up of specific customized life cycle models for products and technologies 
� applying a holistic evaluation (economy, ecology, technology under respective societal 

boundary conditions). 
 

 
Figure 2: Knowledge management - part of LCS servic es 
 
Challenges for Coatings 
 
Coatings are complex multi-material systems of organic and inorganic compounds and 
therefore comprise the whole world of chemistry (Figure 3). The challenges in this variety of 
chemicals are 
� to obtain transparency of the life cycle of coatings (each player in the supply chain should 

know more about its products than where do we buy our materials and to whom do we 
sell our products – life cycle perspective is a success factor) 

� to identify drivers for more or less sustainability 
� to find options to substitute unsustainable materials (e.g. change to renewable raw 

materials) 
� to improve cost, material and energy efficiency in each process step over the life cycle. 
 

 
Figure 3: Life cycle perspective of coating systems  
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In addition, the procedure of decision making for long term investments, such as paint shops, 
is of essential importance (Figure 4). This awareness helps to expand the classical 
procedure with two additional steps, i.e. 
� a systematic market overview of promising technical alternatives 
� a holistic evaluation process by simulating the technical performances of the chosen 

alternatives to identify strengths, weakness and potentials. 
 

 
Figure 4: Procedure of investment decisions  
 
Tools – LCA and LCC 
 
The procedure of Life Cycle Assessment (LCA, see figure 5) is established since 1996 and 
revised in 2006 with the ISO standards 14040 and 14044. It is common consensus to 
measure with this tool the ecological sustainability of products, technologies and services [1, 
2]. LCA is a procedure in three steps: goal and scope definition, inventory analysis and 
impact assessment, combined with the interpretation of all results. A detailed description of 
the procedure and its application is available in the ILCD handbook [3]. 
 

 
Figure 5: Life Cycle Assessment (LCA, ISO Standards  14040 & 14044) 
 

bid 
solicitation

functional 
specification 

document

classical procedure

systematic 
technology 
selection

overview of 
promising 

alternatives

bid 
solicitation

technology 
simulation
� optimized 

concept

identification 
of strengths, 
weaknesses 
and potential

functional 
specification 

document

optimized procedure
total investment

plant 
construction 

start of 
production

placing of 
an order

plant 
optimization

plant 
conversion

plant 
construction 

start of 
production

placing of 
an order p

la
nt

 
o

pt
im

iz
a

tio
n

goal/ 
scope definition

inventory
analysis

impact
assessment

LCA framework

production

use

recycling

preparation

resources

emissions
to environment

renewable 
resources

carbon cycle 



Economic sustainability can be measured by Life Cycle Costing. It is a best practise 
approach which enhanced the established cost calculation. The application is distinguished 
in two possibilities (Figure 6), i.e. 
� life cycle of a product 
� life cycle of a capital good. 

 

 
Figure 6: Life Cycle Costing (LCC)  
 
Application of LCA and LCC 
 
In the following LCA and LCC is applied to a plastic coating process. First of all the goal and 
scope of the life cycle investigation have to be defined. 
 
Goal:  
� Ecological and economical modelling of coating process over life cycle, see Figure 7 
� Identification of important ecological and economical parameters 
� Demonstration of stepwise development potentials. 
 
Scope: 
� Functional unit: 1 m² coated plastic cabinet 
� One layer coating process for plastic cabinets (pretreatment not investigated for all 

development steps, assumed the same), see Figure 7 
� 2 shift production, 4.250 h/a, location Berlin (considering the climate data for energy 

demand of air conditioning) 
� Solvent borne topcoat (50% solids), layer thickness 40 µm, transfer efficiency 20% 

(manual application process) 
� Ecological parameters: PE = primary energy (total of heating values of all fossil 

resources, plus all renewable energies involved); ADP = abiotic resource depletion; GWP 
= green house warming potential (carbon footprint); POCP = photochemical oxidants 
creation potential; AP = acidification potential; EP = eutrophication potential 

� Economic parameters: material, energy, personnel, invest, maintenance and disposal 
costs of coating process. 

 

P
R

O
D

U
C

T
L

ife C
ycle C

o
stin

g

static
dyn

am
ic

C
A

P
ITA

L G
O

O
D

S
C

a
pi

ta
l B

u
dg

et
in

g

different system boundaries

Ressources Extraction Production Use Disposal/
Recycling

Purchase Operation Abandon-
ment

Total Cost of Ownership

st
at

ic
dy

n
am

ic

life cycle cost

material cost manufacturing cost

total production cost

investment cost operation and maintenance cost abandonment cost



Figure 7: Definition of coating process (starting p
 
The LCA is done as follows: 
� Identification of all relevant process steps within the defined system boundaries of the 

investigation 
� Data collection for all energy and material flows

process step, i.e. energy and material demand of coating process, calculation of material 
and energy ecoprofiles 

� Preparation of life cycle inventory
� Preparation of life cycle impact analysis and

� Figure 10) 
� Interpretation of results. 
 
Figure 8 shows the primary energy demand for the material input (coat and rinse solvent) 
and for the process energy to coat one plastic cabinet. Additionally the process energy is 
split in direct process energy and primary energy (which includes the complete supply chain, 
i.e. from cradle to the coating process). So the different efficiencies of 
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Due to the low transfer efficiency (here: 20%) the ecoprofile of the coat has a big influence to 
the ecological impact. Furthermore the required air flow in the spray booth has a significant 
energy demand caused by air conditioning and ventilation (see Figure 8). The oven needs 
mainly heating energy. Periphery comprises the expenditure for the building. 
 

 
Figure 8: Coating process (starting point) – LCA co ating process  
 
Figure 9 exemplifies the procedure of normalization. In this case the yearly life cycle impacts 
of the coating process are set in relation to the yearly impacts of all EU 28 countries. The 
results are characteristics values without a specific unit which thus can be compared in their 
relative value.  
 

PE = Primary energy (cradle to gate), direct = direct energy input to specific process step



Figure 9: Normalization of r esources and e
 

Figure 10 shows the results of the normalization procedure with regard to the investigated 
coating process. Here the POCP value is dominating the evaluation due to the high VOC 
emissions of the applied solvent borne paint system. By the way this is a reasonable 
justification for the introduction of the VOC directive.
reduced, e.g. by VOC incineration or by introducing water borne coat systems or by 
increasing the transfer efficiency of the application process, the environmental
ADP (focus fossil energy consumption) and GWP (focus CO
footprint) are getting in addition important.
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shows the results of the normalization procedure with regard to the investigated 
coating process. Here the POCP value is dominating the evaluation due to the high VOC 
emissions of the applied solvent borne paint system. By the way this is a reasonable 

tification for the introduction of the VOC directive. If the VOC emissions are significantly 
reduced, e.g. by VOC incineration or by introducing water borne coat systems or by 
increasing the transfer efficiency of the application process, the environmental
ADP (focus fossil energy consumption) and GWP (focus CO2 emissions 
footprint) are getting in addition important. 

countries Impacts Life cycle of coating process

= (Impacts Life Cycle of materials) / (Yearly impac ts EU 

Characteristic values ( Cv) without unit for ADP, GWP, POCP, AP, EP
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shows the results of the normalization procedure with regard to the investigated 

coating process. Here the POCP value is dominating the evaluation due to the high VOC 
emissions of the applied solvent borne paint system. By the way this is a reasonable 

If the VOC emissions are significantly 
reduced, e.g. by VOC incineration or by introducing water borne coat systems or by 
increasing the transfer efficiency of the application process, the environmental categories 

emissions – so called carbon 

coating process

= (Impacts Life Cycle of materials) / (Yearly impac ts EU 28 countries)

) without unit for ADP, GWP, POCP, AP, EP



 

Figure 10: Coating process ( starting p
 
The steps for LCC are: 
� definition of economic boundary conditions of coating process (location, operation time, 

etc.) 
� description of coating process and required equipment to obtain investment costs
� definition of demand and qualification of person
� definition of energy and material demand and maintenance activities for coating process
� preparation of cost analysis
� interpretation of results 
Figure 11 illustrates the distribution of costs of the investigated coating process. Due to the 
manual application process the personnel and material costs are dominating.
 

starting p oint) – normalization of LCA results  

efinition of economic boundary conditions of coating process (location, operation time, 

escription of coating process and required equipment to obtain investment costs
efinition of demand and qualification of personnel to operate the coating process
efinition of energy and material demand and maintenance activities for coating process
reparation of cost analysis 

illustrates the distribution of costs of the investigated coating process. Due to the 
manual application process the personnel and material costs are dominating.

 
 

efinition of economic boundary conditions of coating process (location, operation time, 

escription of coating process and required equipment to obtain investment costs 
to operate the coating process 

efinition of energy and material demand and maintenance activities for coating process 

illustrates the distribution of costs of the investigated coating process. Due to the 
manual application process the personnel and material costs are dominating. 



Figure 11: Coating Process (Starting Point) 
 
The detailed analysis of the coating process, including a life cycle model, can be ideally used 
as a starting point to investigate process and material optimization potentials or potentials of 
new technologies. This is carried out in a stepwise approach and demonstrated in 
 
The investigated development steps are:
� step 1: implementation of VOC 
� step 2: implementation of water borne coating (fullfilment of VOC directive)
� step 3: improvement of material and energy efficiency
� step 4: transfer of research results from bmbf

by recycling of solids and solvents
(compact process + UV curing), no gas use

 
Statements of Figure 12 are: 
� step 1: only implementation of VOC incineration (end

sustainable. VOC emissions are strongly decreased, but with the impact of higher 
primary energy demand and

� step 2: only implementation of new coat system (here: water borne) is not sustainable. 
VOC emissions are strongly decreased, primary energy demand and CO
only slightly decreased, but with the impact of significant higher costs.

� step 3: improvement of material and energy efficiency
application, energy efficiency in process technology [recirculating air flows, etc.])
significant positive impact to all investigated categories

� step 4: current research results show that improvements in ecological and in economic 
impacts are still significant and 
requirements. 

 
One conclusion out of Figure 
solvent or water borne. For sustainability the ecological 
is essential. 
 

(Starting Point) – LCC Coating Process  

The detailed analysis of the coating process, including a life cycle model, can be ideally used 
as a starting point to investigate process and material optimization potentials or potentials of 

This is carried out in a stepwise approach and demonstrated in 

The investigated development steps are: 
1: implementation of VOC abatement (fulfilment of VOC directive)
2: implementation of water borne coating (fullfilment of VOC directive)
3: improvement of material and energy efficiency (water borne coat system)
4: transfer of research results from bmbf-project ENSIKOM, high material efficiency 

by recycling of solids and solvents (solvent borne coat system), high energy efficiency 
(compact process + UV curing), no gas use [4]. 

 
1: only implementation of VOC incineration (end-of-pipe technology) is not 

sustainable. VOC emissions are strongly decreased, but with the impact of higher 
primary energy demand and CO2 emissions and higher costs. 

2: only implementation of new coat system (here: water borne) is not sustainable. 
VOC emissions are strongly decreased, primary energy demand and CO
only slightly decreased, but with the impact of significant higher costs. 

improvement of material and energy efficiency (e.g. introduction of robot 
application, energy efficiency in process technology [recirculating air flows, etc.])
significant positive impact to all investigated categories. 

current research results show that improvements in ecological and in economic 
impacts are still significant and achievable without compromising the technical 

Figure 12 is that sustainability has nothing to do if coat systems are 
For sustainability the ecological and economic life cycle performance 
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Figure 12: Development of coating process; from sta rting point to step 4  
 
Finally Figure 13 visualise the yearly ecological optimization potential introducing the new 
developed coating process with regard to the starting point. 
 

 
Figure 13: Life cycle optimization potential - esti mation  
 
  

0%

20%

40%

60%

80%

100%

120%

start step 1 step 2 step 3 step 4

Costs - life cycle

0%

20%

40%

60%

80%

100%

120%

start step 1 step 2 step 3 step 4

POCP - life cycle

0%

20%

40%

60%

80%

100%

120%

start step 1 step 2 step 3 step 4

GWP - life cycle

0%

20%

40%

60%

80%

100%

120%

start step 1 step 2 step 3 step 4

Primary energy - life cycle

?

271 tons crude oil equivalents per year

10.4 oil trucks á 26t net load per year

670 tons CO2 equivalents per year

5.5 Mio. km at 120g CO 2 per km

In addition: reduction of 61.2 tons of VOC emissions per year

boundary conditions: 2-shift production process

savings: difference starting point to step 4



Outlook 
 
The analysis of the coating process shows that we have the tools, the skills and the expertise 
to create a sustainable development. 
 
Sustainable development needs: 
� appreciation for life and nature 
� awareness of interaction between technosphere and ecosphere under societal boundary 

conditions 
� different viewing angles, i.e. life cycle perspective versus view into details. 
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