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Resumo 

As metodologias de ciclo de vida são um conjunto de ferramentas de apoio à decisão que consideram 

o ciclo de vida de um produto. Este conjunto de metodologias é implementado neste trabalho com 

objectivo de estudar o desempenho económico e ambiental de novos processos de revestimento, 

comparativamente com processos já estabelecidos. As duas alternativas estudadas são a 

electrodeposição com níquel e carboneto de silicio e projecção térmica com carboneto de tungsténio - 

titânio. Estas alternativas foram criadas no contexto de um projecto Europeu denominado PROCETS 

(PROtective composite Coatings via Electrodeposition & Thermal Spraying) e o seu objectivo é 

substituir a electrodeposição com crómio (VI) e a projecção térmica com carboneto de tungsténio - 

cobalto. 

O desempenho económico é avaliado usando a metodologia Life Cycle Cost e o desempenho 

ambiental é avaliado usando a metodologia Life Cycle Assessment. A metodologia Life Cycle Cost é 

implementada através do uso de um modelo de custos baseado no processo (Process-based Cost 

Model). Este modelo permite o cálculo de todos os recursos e operações necessárias para cada 

processo, relacionando-os com os seus custos associados. Como os fluxos de massa e energia, bem 

como as emissões, já são calculados por este modelo, estes são introduzidos num software de Life 

Cycle Assessment para realizar várias analises para cada processo, usando diferentes Life cycle 

Impact Assessment Tools. 

O uso destas metodologias possibilita a identificação do revestimento que causa menos impacte 

ambiental e permite determinar se as alternativas propostas apresentam melhor desempenho 

económico que os processos convencionais. 
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Abstract 

The life cycle methodologies are a set of tools that support decision making, by considering the whole 

life cycle of a product. This set of methodologies is implemented in this work in order to study the 

economic and environmental performance of new coating alternatives, relatively to the conventional 

coating methods. The two alternatives are electroplating with nickel and silicon carbide and thermal 

spraying with tungsten carbide-titanium. These alternatives are proposed by a European project 

named PROCETS (PROtective composite Coatings via Electrodeposition & Thermal Spraying) and 

they aim to replace electroplating with chromium (VI) and thermal spraying with tungsten carbide-

cobalt. 

The economic performance is calculated by the Life Cycle Cost methodology and the environmental 

performance is evaluated by using the Life Cycle Assessment methodology. The Life Cycle Cost 

methodology is implemented with the use of a Process-based Cost Model. Allowing to compute all the 

resources and operations required for each process and then link them with cost data. Since the mass 

and energy flows along with emissions are already computed by this model, they are uploaded into 

Life Cycle Assessment software in order to perform multiple analyses for each alternative, using 

different Life Cycle Impact Assessment tools. 

The use of these methodologies allows for the identification of the least environmentally burdensome 

coating, and to understand whether the coating alternatives are economically viable relatively to the 

conventional coating methods or not. 
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1. Introduction 

The rapid growth in concern with the environment and human health has led to a multitude of attempts 

to replace hazardous processes with greener alternatives. The use of chromium (VI) (also known as 

hard chromium), in the production of coatings through electroplating presents a high risk to human 

health, caused by its carcinogenic emissions. Different coating procedures were created as an attempt 

to replace it, mainly electroplating with different formulations and thermal spraying with cermets 

(mainly Co-WC, tungsten carbide-cobalt). The use of this cermet still presents carcinogenic emissions 

and as such attempts to replace it were created as well. 

The alternatives currently at study attempt to replace these coating methods. Where electroplating 

with nickel and SiC (silicon carbide) attempts to replace the use of chromium (VI), and thermal spray 

with Ti-WC (tungsten carbide-titanium) powder attempts to replace the use of Co-WC powder. These 

alternatives were developed by companies working in a European research project called PROCETS 

(PROtective composite Coatings via Electrodeposition & Thermal Spraying). This thesis aims to 

compare the performance of these new alternatives with the conventional methods, by employing life 

cycle analysis methodologies. Namely, the LCC (life cycle costing) for the economic performance 

comparison and LCA (life cycle assessment) for the environmental performance comparison. This 

thesis is the result of a collaboration between Instituto de Soldadura e Qualidade (ISQ) (which takes 

part in the project) and Instituto Superior Técnico (IST). 

The LCA analysis was used in order to compare the environmental impacts of the alternatives with 

those of the conventional methods, to understand if the alternatives present better environmental 

performance and reduced carcinogenic emissions. Since the processes must be viable from an 

economic point of view, the LCC analysis is done to compare the cost performance of the alternatives 

with the conventional methods. The operations and resources required for each process are 

introduced in a PBCM (process-based cost model) that allows both the creation of an LCI (life cycle 

inventory) and to perform the LCC. The mass and energy flows, along with emissions of the processes 

are computed by the PBCM and are uploaded to the LCA software SimaPro, in order to perform the 

LCA. Where the LCIA (life cycle impact assessment) tool used is ReCiPe. A sensitivity analysis is 

performed for both the LCC and LCA. For the LCC results, the sensitivity analysis is done by the 

PBCM, where the production volume is changed. For the LCA results, the sensitivity analysis is done 

by performing LCA analyses using different LCIA tools, namely Impact2002+ and ILCD. 

The results obtained allowed to identify which of the electroplating formulations and thermal spraying 

powders presents the best economic and environmental performance from a life cycle perspective. 

Making it possible to understand the feasibility of the alternatives as replacements to the conventional 

methods.  

The thesis starts by introducing the state of art in chapter 2. First the state of art for the electroplating 

and thermal spraying technologies is presented. The electroplating with chromium (VI) is explained 

along with the electroplating with nickel. The thermal spraying technology is then introduced along with 
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its two main methods. Moving then, to the state of art for the life cycle methodologies used. Where the 

LCC and LCA are presented, along with the respective tools that were used in the thesis. In chapter 3, 

the project statement is presented along with the conventional methods and alternatives being 

studied. The inventory data used for the LCC and LCA analyses are presented in chapter 4 along with 

the scope and boundaries definition. Then, the results are presented and discussed in chapter 5 along 

with the sensitivity analyses. Finally, in chapters 6 and 7 the conclusions and suggestions for future 

work are presented. 
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2. State of Art 

This chapter presents the research done in order to present the current state of the technologies and 

methodologies used in the thesis. Firstly, the differences between direct current and pulsed current 

coating procedures are presented and explained. Then, an explanation on the conventional and 

alternative coating methods used in the study was done in order to show their differences, what their 

similarities are and what advantages the new alternatives present comparatively to the established 

coating procedures. Finally, the state of art on life cycle analysis was made, in order to present both 

life cycle costing and life cycle assessment methodologies and what tools can be used to perform 

them. 

 

2.1. Electroplating 

The electroplating process is an electrochemical metal deposition method used to produce coatings 

for a wide variety of applications, such as decorative coatings, electronics, jewelry, etc. This 

technology is based on the deposition of metallic ions created by an anode into the surface of the 

cathode (i.e. the piece being coated). In order to achieve this, both cathode and anode are submerged 

in an electrolytic bath that along with the use of electrical current (direct or pulsed current) generates 

the transference of ions from anode to cathode, thus coating the cathode (surface) [1].  

The exact date of the first electroplating experiment is debatable; however, it is mostly agreed that 

professor G. B. Beccaria was the first to conduct such an experiment in 1772 [2]. Where the current 

was produced with a Leyden jar, that acted as a capacitor, supplying short pulses of electricity, 

allowing the decomposition of metal salts followed by their precipitation and deposition [2]. It was only 

in 1803, nearly thirty years later, that the first successful recorded plating experiment was made. By 

professor Luigi Brugnatelli, whom successfully deposited gold on two large silver medals. This was 

achieved by immersing the medals in an electrolytic bath of newly made and well saturated 

ammoniuret of gold [3]. Finally, in 1920 the process of electroplating using chromium (VI) was 

developed and it found its use in decorative and protective coating of metals [4].  

In the following sections of this chapter the difference between direct current and pulsed current 

plating are presented and then the hard chromium electroplating process is explained along with the 

nickel electroplating process. 

 

2.1.1. Direct current and Pulsed Current Electroplating 

The standard direct current (DC) electroplating is the use of a DC current to supply the electroplating 

procedure [5]. Direct current electroplating allows for higher deposition rates than the pulsed current 
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(PC) electroplating [6]. This method is used in hard chromium electroplating, electro deposition of gold, 

copper, nickel, iron, etc [1].  

The main disadvantages that direct current electroplating presents against the use of pulsed current 

are that pulsed current allows for greater control over the properties and structures of the coatings as 

well as a better quality in the coatings produced (i.e. better coating uniformity, lower porosity, lower 

grain size, higher microhardness, lower friction coefficient, higher corrosion resistance and coating 

thickness.) [7][8][9][10].  

Pulsed current electroplating is a technique used in the process and consists of generating modulated 

wave currents [6]. There are many waveforms that can be used to produce coatings with pulsed 

current, they are divided into unipolar pulsing and bipolar pulsing, the former allows the creation of 

smoother deposits of nickel, copper, zinc, etc. than those obtained using direct current plating. While 

the latter, allows faster plating times than those of direct current plating and is less used for 

electroplating applications than unipolar signals (see figure 2.1, where common unipolar waveforms 

used are depicted) [6].  

 

Figure 2.1 - Unipolar pulsing waveforms [6] 

 

2.1.2.  Hard Chromium Electroplating 

Electroplated chromium is used because of the physical properties it confers to the coatings, without it, 

the service life of most chromium plated pieces would be significantly shorter since chromium plating 

provides protection to wear, corrosion, resistance to heat, hardness, etc. Chromium plating can be 

both used for decorative and functional applications. In order to accelerate this process organic- and 

double-catalyzed systems can be used, where the double-catalyzed systems provide the fastest 

plating times and the organic-catalyzed systems are well suited for functional applications. Sulfuric 
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acid and sodium sulfate are the most commonly used sources of sulfate, these along with chromic 

acid (which provides the hexavalent chromium, or hard chromium) are the basis of hard chromium 

baths. Then, depending on the system, organic acids (such as alkene-sulfonic acid) or sources of 

phosphorous are used (like silicoflourides or fluorosilic acid) [1].  

Displayed in table 2.1 are the basic hexavalent chromium bath solutions used, where alkene-sulfonic 

acid acts as a secondary catalyst with a concentration of 1-3% of the chromic acid concentration used. 

 

Table 2.1 - Hexavalent chromium basic baths [1] 

Regarding process time, many current densities can be used in order to achieve depositions rates of 

up to 37,5 µm/h (see figures 2.2 and 2.3, where the changes in deposition rate caused by current 

density and bath temperature are displayed) [1].  

        

Figure 2.2 - Current efficiency, 250 gL-1 CrO3 bath [1] Figure 2.3 - Current efficiency, 400 gL-1 CrO3 bath [1] 

This coating process has been widely used since its discovery, however due to the recent growth in 

environmental concern, alternatives have started to be studied in order to replace this coating method, 

as the use of its main component (chromic acid) already requires authorization to be used since 2017 

due to its carcinogenic emissions [11].  

 

2.1.3.  Nickel Electroplating 

The first practical nickel electroplating solution is attributed to Bottger, who developed an aqueous 

solution of nickel and ammonium sulfates in 1843 [1]. This coating procedure is similar to other 

electroplating applications where soluble anodes are employed. Two electrodes are submerged in a 
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conductive, aqueous solution of nickel salts. Direct current flows between the electrodes with the 

conductive solution working as the medium, causing the anode to dissolve and the cathode to be 

covered with nickel. In this process, the anode generates more Ni2+ ions in order to replenish the Ni2+ 

ions in the solution that were discharged at the cathode [1].  

Electroplating with nickel has a broad variety of functional and decorative applications, where the most 

important properties sought after in its functional applications are corrosion and wear resistance, 

solderability and modification of a surface’s magnetic properties. There is a wide range of solutions 

that can be used to produce nickel coatings (see table 2.2, where three of the most common nickel 

solutions used are presented). The most common sources of nickel are presented in the forms of 

nickel sulfate, nickel sulfamate and nickel chloride. Finally, boric acid is used as a pH stabilizer and 

buffering agent [1].  

 

Table 2.2 - Nickel electroplating solutions [1] 

Another interesting application for nickel electroplating that has been studied, due to the growing 

interest in nanotechnologies, is the inclusion of nanoparticles in the electrolytic baths in order to 

produce composite coatings (see table 2.3). In this application the inert powder of nanoparticles is 

suspended in the solution and then the composite coating is produced by applying current. The 

powders used to produce this kind of coatings can be carbides, nitrites, borides, etc. These coatings 

require constant stirring during the electroplating process in order to prevent powder deposition in the 

bottom of the plating tanks [12].  
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Table 2.3 - Basic electrolyte compositions and plating parameters [12] 

 

2.2. Thermal Spraying 

The thermal spray process englobes a broad variety of technologies used to apply metallic and non-

metallic coatings. These technologies are divided into four groups: flame spray, electric arc spray, 

plasma arc spray and cold spray. These four groups include processes like plasma, twin-wire arc, high 

velocity oxy-fuel (HVOF) and cold gas spray (CGS) [13][14].  

In thermal spraying a heat source is used to melt the coating material (that can be used in the form of 

powder, wire or rod). The heated particles are propelled towards the surface and form a bond with it 

upon impact, the subsequent impacts increase the thickness of the coating (see figure 2.4) [14][15].  

 

Figure 2.4 - Representation of the thermal spray process [14] 

This family of processes presents two major advantages regarding the coating of surfaces. Firstly, any 

material that can be molten without decomposing can be used, providing a broad range of materials 

eligible to produce coatings. Finally, this group of technologies can apply coatings without affecting the 

properties of the surface as the heat input is not very high. The major disadvantage of this process is 
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the inability to coat complex surfaces as the coating is limited to the “line of sight” of the torch or gun, 

meaning that small or deep cavities that the gun cannot reach will not be coated [14].  

The alternatives for thermal spraying are explained in the following sections. They are high velocity 

oxy-fuel and cold gas spray. 

 

2.2.1.  High Velocity Oxy-Fuel 

With the rise of environmental concerns over hard chromium electroplating, greener alternatives have 

been studied to replace it. High velocity oxy-fuel spraying with cermets proved to be a good alternative 

to this process, as these coatings confer good mechanical properties to the coated surfaces capable 

of competing with those of hard chromium electroplating [16].  

The main advantage of this technology is the high velocity (1525 to 1825 m/s) of the projected 

particles that allows the formation of a dense coating. The lower temperature regimes achieved with 

this process when compared to plasma spraying also ensure that there is less decomposition of the 

coating [14][16]. Figure 2.5 presents the features of a typical HVOF gun, where the cooling system 

uses water (air can be used too); the most common fuels used are shown as well (propene and 

hydrogen). A high volume of gas is fed to the combustion chamber connected to a long confining 

nozzle through which the gases exit the device. The combination of high volume of gas and 

temperature of combustion generate high gas velocities. The powder is then fed into the nozzle where 

it is projected by the gas jet generated. The deposition efficiency (DE) dictates the percentage of 

coating particles that bond with the surface being coated, for conventional HVOF guns the DE ranges 

from 50% to 70% [14]. 

 

Figure 2.5 - Typical HVOF gun features [14] 
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2.2.2. Cold Gas Spraying 

Unlike HVOF which was developed in 1958 by Union Carbide, the CGS process is fairly recent and 

was developed in the mid-1980s, at the Institute of Theoretical and Applied Mechanics of the Siberian 

Division of the Russian Academy of Science in Novosibirsk by professor Anatolii Papyrin [17].  

The cold gas process produces coatings by accelerating particles in solid state to velocities ranging 

from 300 to 1200 m/s using gas-dynamics principles of converging/diverging flows to generate high-

velocity gas streams and then project the powder into the surface [14]. If the impact velocity exceeds a 

given value the material will adhere to the surface, since this spraying application uses kinetic energy 

instead of thermal energy to produce coatings, undesired effects like tensile residual stresses, 

oxidation and chemical reactions can be avoided [14][17][18].  

The advantage that CGS presents over thermal spraying technologies like HVOF is that it avoids 

decarburization and the formation of brittle phases since its deposition mechanic is entirely kinetic, all 

the while being able to produce coatings of equal quality to those produced through HVOF [19]. The 

gas (nitrogen, helium or air) used in this process is usually pre-heated, with its temperature ranging 

from 0 ºC to 700ºC. While the gas reaches high temperatures, this is not enough to melt the spray 

particles as the contact time with the gas is not enough and the gas quickly cools as it enters the 

divergent section of the nozzle (see figure 2.6, where a diagram of a typical cold gas spraying system 

is presented) [14][20].  

 

Figure 2.6 - CGS system diagram [14] 

For CGS the DE is mostly affected by the parameters of the gas used (composition, temperature and 

pressure) and its values range from 20% to 80% [14]. 

This process is compared with HVOF in [19] following a previous study by [21], where coatings with 

WC-Co were performed using both coating technologies. After concluding in [21] that the coatings 

produced via CGS were able to compete with conventional coating techniques, the authors of [19] 

conducted a study in order to compare both processes. The results obtained showed that the coatings 

obtained by CGS did not present decarburization or fragile phases and had a better friction coefficient 

but presented lower HV300 microhardness than the coatings obtained by HVOF due to the lack of 

brittle phase formation. 
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2.3. Life Cycle Analysis 

The term life cycle analysis is used to describe a set of methodologies used to study a process or 

product through its life stages, namely from cradle to grave (see figure 2.7). By taking in consideration 

stages such as disposal and end-of-life, this set of methodologies allows for a broad perspective on 

the life stages of the products/processes studied, which is important in decision making [22][23].  

 

Figure 2.7 - Typical life cycle boundaries [24] 

Two methodologies established to perform life cycle analyses are the life cycle costing (LCC) and the 

life cycle assessment (LCA) which allow to calculate the economic and environmental impact of a 

product or process from a life cycle perspective [22][25]. These methodologies ultimate goal is to allow 

comparison between existing alternatives (be it between processes, products or services) in order to 

choose the least burdensome one [26].  

 

2.3.1. Life Cycle Costing 

The life cycle cost (LCC) approach originated in mid 1960s by the US Department of Defense (DoD) 

and its importance rose by the discovery that operation and support costs for weapon systems 

accounted for up to 75% of the total cost [25][27]. Since then it has been extensively applied in 
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engineering and research studies in order to help them compare alternatives from an economic 

perspective (be it product design or process selection) [25]. This methodology is frequently used in 

tandem with the life cycle assessment (LCA) in order to perform both an economical and an 

environmental comparison between alternatives studied [22].  

The LCC methodology has many purposes when applied to decision making, its main purposes are 

the comparison between new alternatives and already existing processes/products, and cost 

effectiveness analysis between systems or methods [28]. In order to achieve the purpose of this 

methodology, a set of recommended steps was created (see figure 2.8) [28].  

 

Figure 2.8 - Steps for an LCC analysis [28] 

The main objective of the LCC is to determine the most cost-effective solution by calculating the total 

cost of a product or service. In order to achieve this all the cost drivers that contribute to the total cost 

must be identified and analyzed. This would allow understanding of the cost structure of a product or 

service by considering different cost drivers, activities and periods of time. For this reason, the LCC is 

applied in several engineering areas, such as technology selection and product design. The main 

limitation of this methodology is the amount of data required, which sometimes is not available 

[29][30].  

There are many tools that allow cost accounting of life cycle stages (LCC analysis). The process-

based cost modelling is the proposed tool for this study, as such it is presented in the section below. 
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2.3.1.1.  Process-based Cost Modelling 

The process-based cost modelling (PBCM) is a tool that allows for cost modelling with parametrization 

of the variables used, allowing to directly relate the cost drivers of a process to each operation 

throughout its life cycle stages. This allows the observation of the impact that major underlying cost 

drivers have in the process [23][31].  

The PBCM is divided into three models (see figure 2.9). The process model contains the general 

inputs of the process. It relates the product description (material, geometry and size) and the process 

conditions required to produce it, such as part production cycle time [31].  

The operations model contains the operating conditions of the process, which consider the number of 

shifts, working time and production volume. This model calculates the necessary resources, namely 

equipment, labor, energy, among others, to produce the desired production volume, i.e. the required 

inventory [31].  

Finally, the financial model calculates the cost data regarding the inputs used in the operations model 

(e.g. cost per kg, cost per kWh, etc.). The model then, translates the inventory into fixed and variable 

costs [31]. These costs account for all the material, process or assembly costs, scrap and latent costs 

related to each stage of a product or process [32]. This allows the estimation of the cost impacts of 

design decisions throughout the life cycle, thus allowing integration with the LCC analysis [33].  

 

Figure 2.9 - The PBCM structure [31] 

Since the energy and mass flows are already computed by the PBCM for the LCC analysis, the flows 

obtained can be used for an environmental analysis. Allowing the performance of an LCA analysis by 

computing all the material, energy consumptions and emissions throughout the life cycle stages of a 

product or process. Using the computed flows, the LCA analysis can then be performed using LCA 

Software (e.g. SimaPro) [34].  
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2.3.2. Life Cycle Assessment 

The first life cycle-oriented methodologies originated in the 1960’s due to growing concerns over raw 

material and energy resource scarcity, as well as environmental pollution. These growing concerns 

motivated the creation of ways to assess resources supplies and energy use [24][35]. It was only in 

the 1990s however that the LCA originated, its goal is to provide environmental impact comparison 

between products in order to choose the less environmentally impactful alternative [26]. Nowadays 

LCA is defined as “a tool to assess the potential environmental impacts and resources used 

throughout a product’s life cycle, i.e. from raw material acquisition, via production and use stages, to 

waste management” (ISO 2006b) [35] and it has become one of the most important methodologies to 

perform this kind of analyses (see figure 2.10) [36].  

 

Figure 2.10 - LCA working procedure (ISO 14040:2006)  

The definition of goals and scope of the study is the first step in any LCA. During this step, the 

objective of the study is defined in the context for which the assessment is being made. The general 

boundaries for these studies are usually defined from the extraction/acquisition of raw materials to 

disposal [24].  

The creation of a life cycle inventory (LCI) is the next step in the LCA working procedure. An LCI is 

created having the scope and boundaries earlier defined in mind and includes a quantitative catalogue 

of energy and resource requirements, emissions to the environment, etc. The quality of the data 

gathered is extremely important as it directly impacts the quality of the LCI created. Once the LCI is 

complete, it can be used to identify areas of greater or lesser environmental impact in order to support 

a subsequent impact assessment [24].  

The life cycle impact assessment (LCIA) is then used in order to identify and calculate human health 

and ecological consequences of the emissions and waste generated by the process, product or 
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activity at study [24]. The LCIA tools were created in order to quantify the relevant environmental 

impacts by using indicators that express the potential impact of the resources used. These 

environmental impacts are then displayed in impact categories such as climate change, eutrophication 

and resource scarcity [35]. These tools use two types of evaluation methods, the intermediate 

(midpoint) method and the final (endpoint) method. The intermediate evaluation method uses midpoint 

categories (impact categories) in order to calculate the changes in the environment caused by the 

product studied. The final evaluation method calculates endpoint categories (damage categories) from 

the impact categories established in midpoint analysis in order to determine the damage caused to the 

environment by the product studied [37][38][39]. These methods then create a single score that is the 

sum of all the weighted indicators used, allowing to observe the total environmental impact caused 

[26][37].  

The LCIA tools are now presented in the following sections of this chapter. The LCIA tools shown are 

ReCiPe, Impact2002+ and ILCD. 

 

2.3.2.1. ReCiPe  

The ReCiPe methodology is considered a follow up LCIA method to the previous CML 2002 and Eco-

indicator 99 and was developed by a joint group of LCA investigators in Europe. This method is 

capable of using both midpoint and endpoint approaches and it uses eighteen impact categories 

linked into three damage categories (see table 2.4) [37].  

 

Table 2.4 - ReCiPe impact and damage categories [37] 

The ReCiPe methodology weights these categories based on three cultural perspectives. These are 

used to group similar assumptions and choices. As this allows to reflect cultural differences and 
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approaches regarding the environment. These cultural perspectives are named individualistic, 

hierarchic and egalitarian (described in table 2.5) [40].  

 

Table 2.5 - Different visions among cultural perspectives [41] 

 

2.3.2.2.  Impact2002+ 

The Impact2002+ methodology was developed by the Swiss federal institute of technology and the 

federal polytechnic school of Lausanne-France, this method incorporates both the midpoint and 

endpoint methodologies. This method has fourteen impact categories linked into four damage 

categories (see table 2.6) [37].  

 

Table 2.6 - Impact2002+ impact and damage categories [37] 

The Impact2002+ framework does not have specific weighting methodologies. It is recommended by 

the developers the use of the mixing triangle method that simply allows to discuss the trade-off 

between damage categories. Since this method only allows the comparison between three damage 

categories, and Impact2002+ has four, two categories will have to be summed (usually resources and 

climate change as these are highly correlated) [37].  
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2.3.2.3.  ILCD  

The international reference life cycle data system (ILCD) is a set of characterization models and 

factors recommended for application in LCIA and was developed by the joint research center (JRC) of 

the European Commission in 2009 [42][43]. It is a compilation of the most appropriate characterization 

models chosen among 156 from 12 LCIA methodologies with the aim of representing what was the 

best practice in 2008-2009. This recommended method was recently introduced as an LCA modelling 

tool and it only performs midpoint analysis as of yet. It uses 16 impact categories with no damage 

categories (see table 2.7) [38][42].  

 

Table 2.7 - ILCD impact categories [38] 

Currently there are no normalization and weighting factors defined for the ILCD methodology and they 

must be set by the researchers by following the guidelines of the ILCD handbook written by the JRC of 

the European Commission (e.g. by taking into consideration the country, region or global scope with 

the set of normalization factors applied and the relevance of the intended applications of the LCA/LCI 

study) [42][44].  

The results obtained by using different LCIA tools can present significant differences. This is caused 

by the difference in the weighting systems and characterization factors used by these methodologies. 

In [26] a comparison between ReCiPe, Impact2002+ and Eco-indicator 99 is made. It shows that the 

LCIA tools usually calculate the same product as the most harmful one. A direct comparison between 

the values obtained for the indicators should be avoided because these can vary in 2 to 4 orders of 

magnitude for some methods. In [42] a comparison between ReCiPe, Impact2002+ and ILCD2009 is 

made. A similar conclusion to the one presented in [26] is reached. These three LCIA tools present 

similar results when ranking the products studied, with the major differences being in toxicity related 

impact categories, among others.  The use of more than one method is recommended in order to 

obtain a more global view of the system studied [26].  
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3. Technological Alternatives 

The focus of this thesis is to compare the economic and ecological impact between the alternative 

coating applications and conventional coating applications. The main issue of the conventional 

technologies currently used is the carcinogenic emissions during their processes, which present a risk 

to human health. As such the thesis will have as its focal points, the components, stages and 

consumptions used for each case. This thesis is part of the investigation works performed in a 

European project in which ISQ takes part in. As such, the thesis developed is the result of a 

cooperation between IST and ISQ. The project is named PROCETS (PROtective composite Coatings 

via Electrodeposition & Thermal Spraying). PROCETS is a European project created with the purpose 

of finding ecological alternatives to the hard chromium electroplating and tungsten carbide-cobalt 

thermal spraying conventional technologies, motivated by the need to find greener alternatives to 

prevent hazardous carcinogenic emissions. 

This chapter presents the conventional technologies used and the technological alternatives proposed 

by PROCETS in order to replace them (see figure 3.1). The companies that supplied the data for this 

study were Artia Nano – Engineering & Consulting which as company based in Greece - Athens and a 

company that due to confidentiality issues does not wish to be identified and as such will be regarded 

as Company A. The former focuses on the study and implementation of the electroplating technology 

while the latter focuses on the study and implementation of the thermal spraying technology. 

 

Figure 3.1 - Conventional and alternative technologies 

Due to the lack of data from companies using the conventional technologies, the data from the 

companies using the alternatives will be used in conjunction with the theoretical data presented in the 

state of art in order to produce comparable results for the conventional processes.  

Finally, these two technologies are used to coat different pieces with different characteristics (see table 

3.1 and figures 3.2 and 3.3). 
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         Figure 3.2 - Shock absorber steel rod  Figure 3.3 - Laminating roller [45]   

 

Table 3.1 - Pieces coated by each technology 

 

3.1. Hard Chromium Electroplating 

The hard chromium plating process is one the conventional coating applications presented in this 

thesis. Despite the mechanical properties that it confers to the coated surfaces (see section 2.1.2), the 

carcinogenic emissions that it generates motivated the attempt to create alternatives to replace it. It is 

comprised of three stages, the pre-treatment, where the pieces beings produced have their surface 

cleaned and prepared to receive the coating. The plating, where the pieces are submerged in a tank in 

order to receive the coating. This is the most time-consuming stage of the process as the coating 

takes one hour to achieve the coating thickness desired (30 µm) [1]. Finally, the pieces then are 

washed off in the final tanks (see figure 3.4).   

 

Figure 3.4 - Conventional electroplating flowchart 

In the state of art, the only substantial differences between the conventional hard chromium plating 

and the alternative being studied are in the plating solution itself and the fact that the former uses 

direct current while the latter uses pulsed current [1]. Since the rectifier used by Artia in their line is 
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capable of both pulsed and direct current, the line is capable to being adapted from the nickel 

electroplating (alternative electroplating being tested) to the hard chromium electroplating method.  

 

3.2. Nickel Electroplating 

The nickel electroplating alternative studied by Artia follows a similar structure to the one presented 

earlier. The difference resides in the existence of a particle preparation stage that feeds the plating 

tank with the silicon carbide nanoparticles used (see figure 3.5). The plating stage of this process is 

more time demanding than the conventional as the parameters are still being fine-tuned. Despite this, 

nickel electroplating with SiC particles has the potential to produce coatings with mechanical 

properties similar to those obtained with the hard chromium coatings. This is caused by the use of 

composite nanoparticles along with the nickel bath. This alternative, due to the use of non-

carcinogenic materials in the coating bath, has the potential to reduce (or completely remove) 

carcinogenic emissions. As such, this technological alternative is being developed by Artia, with the 

aim of replacing the conventional hard chromium electroplating. 

 

Figure 3.5 - Alternative electroplating flowchart 

The line is comprised of a continuous set of tanks, where each tank performs a respective stage of the 

process (see figure 3.6). Each tank contains the equipment necessary to perform its assigned 

operation and the most hazardous operations (electro-cleaning, acid pickling and plating) use 

aspirators to collect the vapors emitted from them. The pieces coated are placed in a rack and are 

moved from tank to tank by an operator. The coating is finished when the pieces arrive at the last tank 

of the line (water rinsing tank). 
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Figure 3.6 - Pilot line used for nickel electroplating 

3.3. Co-WC Cold Gas Spraying 

The thermal spraying technology used is the same for both conventional and alternative applications, 

their only difference is the material used in the coating. The conventional powder used for cold gas 

spraying is the tungsten carbide-cobalt (Co-WC), a carcinogenic cermet first used in thermal spraying 

applications in order to replace the hard chromium electroplating [16]. Since this coating powder 

presents carcinogenic emissions, the need to replace it motivated the study of new alternatives to the 

use of this material. 

The process comprises three stages (see figure 3.7). Since the deposition efficiency of the cold gas 

spray is a characteristic of the technology, which only varies with the change in parameters of the gas 

used (see chapter 2.2.2), the quantities of the conventional Co-WC powder can be considered the 

same as the quantities of the alternative powder used in Company A’s pilot line.  

 

Figure 3.7 - CGS flowchart 

The process is broken down into three stages, first the surface preparation where the material is 

prepared for the coating by using sand blasting and surface cleaning with acetone. Then, the main 

stage cold gas spray is done, this step is the most time demanding part of the process. Finally, the 

coated surface is passed through abrasive band in order to provide the surface finishing. 
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3.4. Ti-WC Cold Gas Spraying 

The alternative material created to replace the tungsten carbide-cobalt (Co-WC) is the tungsten 

carbide-titanium (Ti-WC) and due to the technology being the same, the flowchart that describes the 

stages for this alternative is presented above (see figure 3.7). This powder is being tested as a coating 

alternative by company A, in order to assess its mechanical properties when compared to coatings 

produced with the conventional Co-WC powder. The Ti-WC powder has the potential advantage of 

presenting reduced carcinogenic emissions comparatively to the Co-WC powder.  

4. LCC and LCA models 

In this chapter, the steps required to perform both the LCC and LCA analysis are presented. First, the 

scope and boundary conditions are established, where the life cycle stages of the processes are 

explained. Then, the data gathered for each technology is processed in order to create an LCI with all 

the inputs for each case. This data is introduced in a PBCM, that will be used to perform an economic 

evaluation on the technologies. The equations used in the PBCM to perform the LCC are then shown 

and explained. Since the PBCM already calculates all the mass and energy flows along with 

emissions of the processes, the computed flows can be used in the environmental analysis. The 

PCBM will be providing the inventory data required to perform the LCA. The LCIA tools and software 

used to perform the LCA are then presented.  

The use of the LCC methodology will allow the comparison of the economic performance between 

conventional and alternative processes from a life cycle perspective (where the focus is in the 

components, stages and consumptions of each technology). Whereas the use of the LCA 

methodology will allow to assess whether the alternatives proposed present reduced carcinogenic 

emissions or not. 

 

4.1. Scope and Boundary Conditions 

In this section, the definition of the boundary conditions as well as the functional unit necessary to 

produce the LCC and LCA analyses are defined. Both electroplating and thermal spraying applications 

have their boundaries set from raw material acquisition to disposal (cradle to grave).    

The life cycle stages considered for these technologies are the raw material acquisition, which is the 

data regarding the materials used to produce the coatings, along with the materials used in both 

surface preparation and finish. The production stage consists of the coating lines along with their 

equipment data. Finally, the disposal is the data relevant to the waste treatment used for the leftover 

consumables that are not reused or recycled. Since there is no disposal data available for the 

conventional hard chromium electroplating, the disposal information from the alternative nickel 

electroplating will be used for both conventional and alternative methods. Despite the difference in 
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powders, the disposal cost of the Co-WC powder (conventional thermal spray) will be considered the 

same as the disposal cost provided by Company A for the Ti-WC powder (alternative thermal spray), 

because there is no data regarding the disposal of the conventional Co-WC powder. 

The system boundaries along with the life cycle stages considered and their corresponding data are 

introduced in the PCBM. Allowing for the creation of an inventory that will then be used for the LCC 

and LCA analyses (see figure 4.1). 

 

Figure 4.1 - Life cycle stages 

The functional unit defined for this study was m2 of surface coated as when dealing with coatings, the 

surface area coated is the most readily measurable parameter. As such, all the data presented will be 

in the functional unit.  

 

4.2.  Process-based Cost Model 

The PBCM is created by following a backwards approach, where every elementary process is 

decomposed into basic cost drivers that result from the required resources (see eq. 4.1).  

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝐶𝑙𝑎𝑏𝑜𝑟 + 𝐶𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 + 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 + 𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

+𝐶𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 + 𝐶𝑡𝑜𝑜𝑙 + 𝐶𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 (4.1)
 

The empirical and theoretical relations are then built in order to relate these cost drivers with the 

process requirements and operating conditions. Finally, a price factor is introduced to the consumption 

or use of the resources present in the process [33]. In this work, the PBCM calculates the annual costs 

of the process by using the expected annual production volume. The variable costs (material, labor 

and energy) are dependent on the production volume. Whereas, the fixed costs (i.e. overhead, 
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building, equipment, tool and maintenance as seen in eq. 4.1) are calculated by allocating an annual 

cost and are the result of previous or initial investments [33]. The cost drivers used in this study along 

with the equations used in the PBCM to perform the economic evaluation are presented in section 4.4. 

The inventory used in the PCBM for each alternative is presented in the following sub-sections of this 

chapter. The mass and energy flows are already calculated by the PCBM and are presented in the 

inventories, in the functional unit (the LCA analysis performed is further explained in chapter 4.5). The 

mass and energy flows, along with the emissions, obtained in the PCBM are then uploaded in 

SimaPro, in order to perform the LCA. The coating methods presented earlier in chapter 3 will be 

regarded as electroplating - conventional, electroplating - alternative, thermal spray - conventional, 

thermal spray - alternative. 

 

4.2.1. Electroplating - Conventional  

For the conventional electroplating line, the general inputs and production volume for the shock 

absorbers shown in chapter 3 were obtained with the help of Artia, who supplied the general inputs for 

the electroplating alternative in the form of a deliverable during the PROCETS project. However, since 

the line is the same, the production volume used will be the same. Finally, the conventional 

electroplating line is considered to be dedicated to the production of the shock absorbers (see tables 

4.1 and 4.2). 

 

Table 4.1 - Artia Nano – Engineering & Consulting’s production plan 

 

Table 4.2 - Artia Nano – Engineering & Consulting's general information 

This coating process takes 1 hour and this is due to the time required to reach a coating thickness of 

30 µm as seen in chapter 2.1.2 (see figure 2.3). Where 60 minutes are required to produce a 30 µm 
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coating for a concentrated chromium solution. The cycle time will be considered the sum of immersion 

times until the plating operation (inclusively), reaching a total of 65.25 minutes per cycle. 

Based on the information of the state of art, the solution used will be a concentrated chromium bath, 

where sulfuric acid and organic catalyzers are used. The information regarding all the solutions 

existent in the line, the consumables used and direct workers required are listed (see table 4.3). For 

the solutions, these values refer to the amount of the solvent in the solution used for one square meter 

of surface area (kg/m2), all the tanks use 120 liters of water (tap water until the last two rinsing tanks 

before the plating operation and deionized water from then on). 

 

Table 4.3 - Conventional electroplating data 

It is worth noting that the concentration of organic catalyzers is a bit higher than expected as it is the 

sum of organic catalyzers used by Artia for the alternative electroplating. They can be used in this 

process as well since they are alkene-sulfonic acids and allow for more conservative results, as their 

quantity is higher than the amount usually observed.  

As for the data pertaining to consumables, the anodes are used in the plating and they are replaced 

every 500 cycles. As such, their quantity refers to the number of anodes required in the plating tank. 

Finally, only one worker is required for the line to operate. The worker follows the pieces being coated 

as they progress along the line. 

The equipment used per operation is presented along with its energy consumption per functional unit 

and acquisition costs (see table 4.4). The equipment used in the rinsing operation is used in the last 

rinsing tanks, where after the plating an ultrasonic immersible is required for rinsing and in the last 

rinsing tank where a floater is required.  

Finally, the number of tanks required and the energy consumption per functional unit are presented for 

each operation of the conventional electroplating (see table 4.5). The rinsing operation is divided into 

three stages in order to better accommodate the differences in the rinsing conditions, where one 

rinsing tank requires the use of sonication in order to clean the coated pieces after the plating, and the 

majority is set after more hazardous solutions and must be made of a different material.  
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Table 4.4 - Equipment inventory. D refers to the degreasing operation, R refers to the rinsing operation, E 
refers to the electro-cleaning operation, A refers to the acid-pickling operation, P refers to the plating 

operation 

 

Table 4.5 - Tank data and energy consumption per operation 

 

4.2.2.  Electroplating – Alternative  

As stated earlier, the alternative electroplating with nickel and silicon carbide shares with the 

conventional electroplating the same production plan and general data for the production of shock 

absorbers. This is due to, aside from some differences (e.g. conventional electroplating does not have 

a particle preparation tank), the line being the same. As such, the data presented earlier is valid for 

this case as well (see tables 4.1 and 4.2). All the inventory data presented in this section was provided 

by Artia in the form of a deliverable during the project. 
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The solutions used for each tank are presented along with the consumables and direct workers 

required in the line (see table 4.6). At Artia’s request, the solution of the coating bath will not be 

revealed and only the sum of the components will be presented. For the solutions, the quantities 

presented refer to the amount of the solvent in the solution in (kg/m2), all the tanks except the particle 

preparation tank use 120 liters of water (tap water until the last two rinsing tanks before the plating 

operation and deionized water from then on). The particle preparation tank uses 5 liters of deionized 

water as it is not necessary to increase the production of silicon carbide particles used in the coatings 

of this line. 

 

Table 4.6 - Alternative electroplating data 

The equipment required for the electroplating alternative is the same as the one presented for the 

conventional electroplating line, the main difference is the addition of the particle preparation tank 

required to perform this kind of coating (see tables 4.7 and 4.8).   

 

Table 4.7 - Equipment inventory. D refers to the degreasing operation, R refers to the rinsing operation, E 
refers to the electro-cleaning operation, A refers to the acid-pickling operation, P refers to the plating 

operation and PP refers to the particles preparation. 
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Table 4.8 - Tank data and energy consumption per operation 

In order to produce results for the electroplating alternative the following assumptions were made. It 

was concluded, from the data gathered and direct observation, that the particle preparation does one 

cycle per three plating cycles. The cycle time is the sum of immersion times until the main plating 

operation (inclusively), reaching 100.25 minutes per cycle. The particle preparation is considered as a 

separate operation with its own cycle time. Unlike the conventional electroplating, the electroplating 

alternative requires 95 minutes to create a coating with a thickness of 30 µm. 

 

4.2.3.  Thermal Spray – Conventional  

For the conventional thermal spray line, the general inputs and production volume for the rollers 

shown in chapter 3 were obtained with the help of Company A, who supplied the data with a 

deliverable during the PROCETS project (see tables 4.9 and 4.10). The data supplied, both regarding 

production volume and production times, allowed to determine that the line was dedicated to the 

production of the rollers as it is working at maximum capacity (the occupation rate of the machines for 

this project is 100% and as such only the rollers can be produced in this line).  

 

Table 4.9 - Company A's roller production plan 
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Table 4.10 - Company A's general information 

The consumables have their costs presented in the functional unit selected. The equipment acquisition 

cost and energy consumption are shown per operation (see table 4.11). Finally, for this coating 

technology two direct workers are required in the line. 

 

Table 4.11 - Conventional thermal spray inventory 

Finally, in order to produce results using the data provided by Company A, some assumptions were 

made. Since the cost of acquisition for the consumables and equipment was provided in ranges, the 

average value of each cost was considered in the PCBM. The energy consumption of the CGS 

equipment is calculated since the equipment turns on during its set-up time until it turns off, when the 

coating is concluded.  
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4.2.4.  Thermal Spray – Alternative  

For the alternative thermal spray line, the only difference when compared to the conventional line is 

that instead of spraying with Co-WC the material used is Ti-WC. As such, the data presented earlier 

for the conventional thermal spray is also valid for this alternative (see tables 4.9 and 4.10). The single 

difference being the consumables (see table 4.12). All the data presented in this chapter was provided 

by Company A in the form of a deliverable during the project. 

 

Table 4.12 - Alternative thermal spray inventory 

The quantity of Ti-WC particles is the same as the Co-WC because as seen in the state of art, the 

deposition efficiency is mostly conditioned by process parameters that do not involve the 

characteristics of the powder used. As such, a deposition efficiency of 20% was considered and the 

same quantity for both coating particles was used. The acquisition costs of both powders are also 

equal and were provided by a partner involved in the PROCETS project and responsible for the 

production of multiple coating powders being tested. Finally, the assumptions used for conventional 

thermal spray are also valid for the alternative thermal spray as the line used is the same.  

 

4.2.5.  Disposal  

The disposal quantities are a consequence of the technology used in these processes. As such, the 

difference in bath solution for the electroplating technologies, or the different powders being sprayed 

for the thermal spraying technologies does not influence the disposal scenarios presented. 



30 

 

For the electroplating technologies, data gathered from Artia shows that the chemical waste generated 

per year is 600 liters and its chemical waste treatment cost is 3 euros per liter. As stated earlier, this 

disposal information will be used for both conventional and alternative electroplating. 

For both thermal spraying technologies, the data for the waste generated and its disposal cost were 

provided by company A (for the alternative Ti-WC powder, despite being used for the conventional Co-

WC powder as well. See table 4.13).  

 

Table 4.13 - Company A's disposal data 

 

4.3. Economic Evaluation Methodology 

In this section the cost drivers that were identified for both technologies are presented, along with the 

equations used in the PBCM that allow their calculation. This study focuses on key cost drivers. They 

are material, energy, labor and equipment costs. The material cost is broken down into consumables 

and solution cost. The energy cost is broken down in order to include a fixed energy cost. Finally, the 

equipment cost is broken down to include the tank cost along with the equipment cost. Cost drivers 

like building or fixed overhead are equal for both conventional and alternative cases because the line 

is the same. As such, they were not considered in this study. The cost drivers used are further 

explained below. 

The material cost is comprised of consumables and solution cost. The consumables cost is the cost of 

expending materials to produce the coatings. As such, this cost is considered a variable cost. Because 

it is dependent on the expected annual production volume. The solution cost is the cost of all the 

solvents used in the solutions, along with the cost of the soluble used. Despite being a material cost, 

the solution cost is calculated as a fixed cost in the PBCM. This is caused by the solutions in the tanks 

not being dependent on the expected annual production volume (they are replaced periodically, 

independently of the production volume). 

The energy cost is a variable cost that accounts for all the energy used in the process. This cost driver 

is dependent on the production volume. The existence of a fixed energy cost is caused by the use of a 

pump in the plating technologies that is always working, independently of the production volume. This 

is caused by the need to keep the powder used from depositing in the bottom of the tank. 

The labor cost is a variable cost that accounts for the expenses with workers in the line.  
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The equipment cost is a fixed cost comprised of equipment and tank costs. The equipment cost 

accounts for the investment made with all the equipment used in these technologies. Additionally, the 

tank cost is the tank investment made in the electroplating processes.  

The equations used to perform the economic evaluation are now presented and divided in equations 

used to calculate variable cost drivers and fixed cost drivers. 

 

4.3.1.  Variable Costs 

The consumables cost is one of the identified cost drivers and it dictates the cost related to the 

material expended in producing a coating, it is calculated using equation #(4.2). 

𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = 𝑄𝑡. 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠[𝑘𝑔 𝑦𝑒𝑎𝑟⁄ ] ×

𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠 𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡[€ 𝑘𝑔⁄ ] (4.2)
 

Where the consumables unit cost is a given value and the quantity of consumables used is dependent 

on the number of pieces produced per year as illustrated in equation #(4.3). 

𝑄𝑡. 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠[𝑘𝑔 𝑦𝑒𝑎𝑟⁄ ] = 𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠[𝑘𝑔 𝑢𝑛𝑖𝑡⁄ ] ×

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑢𝑛𝑖𝑡𝑠 𝑦𝑒𝑎𝑟⁄ ] (4.3)
 

The energy cost is given by equation (4.4) and is calculated as follows. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟]⁄ = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛[𝑘𝑊ℎ/𝑦𝑒𝑎𝑟]  ×

 𝑈𝑛𝑖𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡[€ 𝑘𝑊ℎ⁄ ] (4.4)
 

With the unit energy cost being a given value and the energy consumption calculated by equation 

(4.5). 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛[𝑘𝑊ℎ 𝑦𝑒𝑎𝑟⁄ ] = 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟[𝑊] ×

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑡𝑖𝑚𝑒[ℎ 𝑦𝑒𝑎𝑟⁄ ] (4.5)
 

The equipment power and working time are given values. The labor cost is calculated in equation 

(4.6). 

𝐿𝑎𝑏𝑜𝑟 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑝𝑟𝑜𝑐𝑒𝑠𝑠[%] ×

𝐷𝑖𝑟𝑒𝑐𝑡 𝑤𝑜𝑟𝑘𝑒𝑟𝑠 × 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑑𝑎𝑦𝑠[𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟⁄ ] × 𝑊𝑎𝑔𝑒𝑠[€ 𝑑𝑎𝑦⁄ ] (4.6)
 

In equation (4.6) the number of working days per year and the wages are given values. The 

operation’s weight in the process is a weight factor used to dilute the worker’s cost in the line. This is 

due to the characteristics of these processes as only one worker is required in the line. The number of 

direct workers is calculated in equation (4.7). 

𝐷𝑖𝑟𝑒𝑐𝑡 𝑤𝑜𝑟𝑘𝑒𝑟𝑠 = 𝑛º 𝑜𝑓 𝑤𝑜𝑟𝑘𝑒𝑟𝑠 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 × %𝑙𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (4.7) 

Where the number of workers required in the operation is given and the percentage of line required is 

calculated in equation (4.8) and its variables described from equation (4.9) to (4.11). 
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%𝐿𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
𝐿𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑖𝑚𝑒[ℎ 𝑦𝑒𝑎𝑟⁄ ]

𝐿𝑖𝑛𝑒 𝑈𝑝𝑡𝑖𝑚𝑒[ℎ 𝑦𝑒𝑎𝑟⁄ ]
(4.8) 

𝐿𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑖𝑚𝑒[ℎ 𝑦𝑒𝑎𝑟⁄ ] = 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑛𝑔𝑒 𝑡𝑖𝑚𝑒[ℎ 𝑦𝑒𝑎𝑟⁄ ] +

𝑁º 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠[𝑐𝑦𝑐𝑙𝑒𝑠 𝑦𝑒𝑎𝑟⁄ ]

𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒[ℎ 𝑐𝑦𝑐𝑙𝑒⁄ ]
(4.9)

 

𝑁º 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠[𝑐𝑦𝑐𝑙𝑒𝑠 𝑦𝑒𝑎𝑟⁄ ] =
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒[𝑝𝑎𝑟𝑡𝑠 𝑦𝑒𝑎𝑟⁄ ]

𝑏𝑎𝑡𝑐ℎ[𝑝𝑎𝑟𝑡𝑠 𝑐𝑦𝑐𝑙𝑒⁄ ]
(4.10) 

𝐿𝑖𝑛𝑒 𝑈𝑝𝑡𝑖𝑚𝑒[ℎ 𝑦𝑒𝑎𝑟⁄ ] = 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑑𝑎𝑦𝑠[𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟⁄ ] ×

(24 − 𝑇𝑜𝑡𝑎𝑙 𝑑𝑜𝑤𝑛𝑡𝑖𝑚𝑒[ℎ 𝑑𝑎𝑦⁄ ]) (4.11)
 

To calculate the line required time in equation (4.8) two variables are needed, the operating time of the 

line and its setup time. The former is calculated through the number of cycles required to complete the 

job, multiplied by their respective cycle time. The latter is obtained through the solution change time 

that is considered setup because this is a time required to start the production and it is not related to 

maintenance. The effective production volume in equation (4.10) and the total downtime in equation 

(4.11) are further explained in equations (4.12) and (4.13) respectively. 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒[𝑝𝑎𝑟𝑡𝑠 𝑦𝑒𝑎𝑟⁄ ] =
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒[𝑝𝑎𝑟𝑡𝑠 𝑦𝑒𝑎𝑟⁄ ]

1 − 𝑟𝑒𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒[%]
(4.12) 

𝑇𝑜𝑡𝑎𝑙 𝑑𝑜𝑤𝑛𝑡𝑖𝑚𝑒[ℎ 𝑑𝑎𝑦⁄ ] = 𝐼𝑑𝑙𝑒[ℎ 𝑑𝑎𝑦⁄ ] + 𝑈𝑛𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛𝑠[ℎ 𝑑𝑎𝑦⁄ ] +

𝑃𝑎𝑖𝑑 𝑏𝑟𝑒𝑎𝑘𝑠[ℎ 𝑑𝑎𝑦⁄ ] + 𝑈𝑛𝑝𝑎𝑖𝑑 𝑏𝑟𝑒𝑎𝑘𝑠[ℎ 𝑑𝑎𝑦⁄ ] +

𝑂𝑛 𝑠ℎ𝑖𝑓𝑡 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒[ℎ 𝑑𝑎𝑦⁄ ] + 𝑁𝑜 𝑠ℎ𝑖𝑓𝑡𝑠[ℎ 𝑑𝑎𝑦⁄ ] (4.13)
 

 

4.3.2.  Fixed Costs 

The tank and equipment costs are calculated with the same equation (4.14), since their costs work in 

the same way.  

𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = 𝐼[€] × 𝑟
(1 + 𝑟)𝑛

(1 + 𝑟)𝑛
× %𝑙𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (4.14) 

This equation has as inputs the investment on the equipment (I), the interest rate (r), the equipment 

life (n) and the %line required. For the solution cost the following equation (4.15) was used to 

calculate its costs.  

𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = (𝐷𝑎𝑖𝑙𝑦 𝑟𝑒𝑓𝑖𝑙𝑙 𝑐𝑜𝑠𝑡 + 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡) ×

%𝑙𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (4.15)
 

For equation (4.15) the daily refill cost is the cost of the solution quantity that is replaced per day in a 

year and in order to calculate it, the volume lost per day must be given. Since the refill is only water 

(be it deionized or tap water), equation (4.16) describes the daily refill annual cost calculation.  

𝐷𝑎𝑖𝑙𝑦 𝑟𝑒𝑓𝑖𝑙𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = 𝑇𝑎𝑛𝑘 𝑉𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑠𝑡[𝐿 𝑑𝑎𝑦⁄ ] ×

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑠𝑡[€ 𝐿⁄ ] × 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑑𝑎𝑦𝑠[𝑑𝑎𝑦𝑠 𝑦𝑒𝑎𝑟⁄ ] (4.16)
 



33 

 

The solution replacement cost is the cost of replacing the whole volume of the tank times the number 

of replacements that occur per year as described in equation (4.17).  

𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡[€] ×

𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑠[# 𝑦𝑒𝑎𝑟⁄ ] (4.17)
  

In equation (4.17) the solution cost is adjusted to the tank volume. Finally, the fixed energy cost is 

calculated like the energy cost but since it is a fixed cost it needs to be allocated to the line. Hence, 

making use of equation (4.4) for the energy consumption costs, it can be rewritten as equation (4.18). 

𝐹𝑖𝑥𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡[€ 𝑦𝑒𝑎𝑟⁄ ] = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛[𝑘𝑊ℎ 𝑦𝑒𝑎𝑟⁄ ] ×

𝑈𝑛𝑖𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑠𝑡[€ 𝑘𝑊ℎ⁄ ] × %𝑙𝑖𝑛𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (4.18)
 

Where the energy consumption is calculated with the use of equation (4.5).  

With these equations and the inventories presented earlier, it was possible to find the total fabrication 

cost for each type of coating. This allows the use of the LCC methodology to perform the economic 

evaluation by coupling the results obtained with the disposal cost data. 

 

4.4. Environmental Evaluation Methodology 

An LCA was produced for the environmental evaluation for each alternative and respective 

conventional technology by using the ReCiPe LCIA tool with the support of the LCA software SimaPro. 

This software allows to perform multiple LCA analyses supported by the ecoinvent v3.4 database. 

Thus, allowing for compliance with the standards set for the LCA studies (ISO) [46].  

The main LCIA methodology used for the environmental evaluation was ReCiPe, which was run by 

SimaPro using endpoint analysis with hierarchic weighting in order to obtain balanced results (not too 

conservative or too carefree).  

In order to support the results obtained using ReCiPe, two other LCIA tools were used. Namely, 

impact2002+ and ILCD 2011 which were run by Simapro with no defined weighting and are directly 

comparable with ReCiPe 2008 as these LCIA tools provide a single score for the processes. Since 

ILCD can only be run using midpoint analysis, the results will be shown in impact categories that are 

similar to the three LCIA tools. Using the single score system, the results can be compared with the 

ones obtained for ReCiPe’s impact categories. The single score is provided in eco indicator points (EI) 

and is the result of the weighting done by the LCIA tools to the results obtained for the impact and 

damage categories. 

 

In the project, the author of this thesis was tasked with performing the LCC analyses for the 

technologies being studied, while at the same time providing support to the LCA analyses that were 

being performed by ISQ.  The author’s contribution for the LCA consisted of supporting the creation of 

the LCI inventories for the LCIA phase, along with updating the environmental models of the 



34 

 

alternative technologies and the creation of the environmental models of the conventional 

technologies in SimaPro. The analyses included in the thesis where then run by its author. 

 

5. Results 

In this chapter the results obtained for both LCC and LCA analyses are presented and discussed. First 

the LCC and LCA results for the electroplating technologies are presented and discussed, followed by 

the results of the thermal spraying technologies. The sensitivity analysis performed for both economic 

and environmental evaluations are discussed, including the environmental evaluation of different LCIA 

tools. 

 

5.1. Electroplating 

 

5.1.1. LCC Results 

The total fabrication costs for both alternative and conventional methods were obtained for a 

production volume of 2904 pieces coated per year, with 4 pieces coated per cycle and considering a 

dedicated production context. The material cost is divided into consumables and solution costs in 

order to highlight the solution’s contribution to the total fabrication costs. The main cost contributors to 

the total fabrication cost are the labor and equipment costs. The labor’s cost contribution is caused by 

the need for an operator to follow the pieces being produced in a cycle, from its beginning to its end, 

which requires his continuous presence in the line. The contribution of the equipment cost is caused 

by the equipment’s high acquisition costs and low life (very demanding working conditions – the 

equipment is submerged in a corrosive environment).  

The results for both alternative electroplating and conventional electroplating are similar (see table 

5.1). Presenting two major discrepancies in labor and solution costs caused by the existence of the 

particle preparation tank in the alternative electroplating. This operation (by being considered 

separated from the coating procedure) causes the increase in labor by adding the need of having an 

operator following an auxiliary process. Increasing the labor cost for the alternative electroplating. The 

solution cost in the alternative electroplating is also higher because of the particle preparation solution, 

as the acquisition costs of the solvents, mostly the SiC nanoparticles, are high (see table 4.6). Aside 

from the discrepancies in the costs caused by this operation, the plating operation also presents a 

significant difference in costs (see table 5.2). Since the equipment used in this stage is equal for both 

cases, this discrepancy in cost is caused by the different solutions used for both formulations. With the 

solution of the formulation used in the alternative electroplating being more expensive. 
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It is worth noting that there is a slight difference in costs for the stages that are equal in both 

electroplating formulations. This is caused by the maximum capacity of the lines, because while the 

alternative takes 95 minutes to produce a coating, the conventional one takes 60 minutes. This makes 

the maximum capacity of the conventional electroplating higher. Thus, decreasing the line occupation 

rate for the conventional electroplating (calculated as %line required in equation (4.8)) and increasing 

the fabrication costs (the line is dedicated to the process). This phenomenon can be better understood 

by performing a sensitivity analysis, which will be presented later in this chapter. 

 

Table 5.1 - Electroplating coatings’ cost of production by cost driver (in euros per piece coated) 

 

Table 5.2 - Electroplating coatings' cost of production by operation (in euros per piece coated) 

Finally, the LCC results are obtained by adding the disposal costs to the total fabrication costs (see 

table 5.3). Since the boundaries and disposal are the same for both electroplating formulations, the 

LCC results comparison is focused on the comparison of the production costs of both formulations. 

 

Table 5.3 - Electroplating coatings' LCC results (in euros per piece coated) 
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5.1.2.  LCA Results 

By using the conditions set for the environmental evaluation in chapter 4, the LCA results were 

obtained. The results are the sum of the eco indicator (EI) points generated for each operation stage. 

The disposal scenarios are already included in the plating stage, because SimaPro considers the 

waste disposal scenarios as part of the operations’ flows (in SimaPro, when uploading an operation, 

the disposal is considered part of its inventory; as such, the disposal is coupled with the operation and 

the result already accounts for the disposal contribution). The plating operation was the best choice to 

have the chemical waste treatment included, due to it being the stage generating most of the 

environmental impact (see table 5.4).  

The most impactful operations are the plating operation, followed by the electro-cleaning and pickling 

pre-treatments. These are the operations that contain the most hazardous baths along with highest 

energy consumptions in the line. Since the pre-treatment conditions are the same, the difference 

between the scores of alternative electroplating and conventional electroplating resides in the plating 

operations, along with the particle preparation tank for the alternative. Despite having one extra 

operation, the alternative electroplating presents a lower score. This is caused by the lower scoring in 

the plating operation, which shows that the coating formulation of the alternative is less hazardous 

than the conventional. 

 

Table 5.4 - Electroplating coatings' LCA results (endpoint) by operations 

The main objective for the LCA analysis of these coatings is to try to determine, if the alternative 

electroplating reduces the risk to human health, by removing the carcinogenic emissions. The results 

obtained (using single score by operation) do not show how the alternative electroplating and 

conventional electroplating perform for the three damage categories of ReCiPe (the single score by 

damage category results are presented in figure 5.1).  The alternative electroplating presents higher 

scoring than the conventional electroplating in the human health category (and lower scores in the 

other categories). Since the human health damage category is the sum of multiple impact categories 

(e.g. particulate matter formation and human toxicity), this increase can be caused by a higher 

contribution of these impact categories (mostly particulate matter formation because of the use of SiC 
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nanoparticles) while at the same time presenting a lower contribution of the cancer related impact 

category (human toxicity) due to chromium (VI) not being used in this process.   

The results obtained for the impact categories show that the alternative electroplating scores 

negatively for human toxicity (see table 5.5). This means that the process presents less direct hazards 

to human health than the conventional electroplating. For the alternative electroplating, the human 

health damage category presents hazards to human health in the form of particulate matter formation 

and climate change, which are the impact categories with the highest scores (among the categories 

that lead to the human health damage category) [37]. These impact categories also present similar 

values for the conventional method with the downside of the human toxicity also scoring higher which 

is caused by the use of Chromium VI. 

The results obtained for the alternative electroplating show that it has a similar environmental 

performance (despite presenting higher damage to human health) to the conventional electroplating. 

The low human toxicity impact category is the main advantage for the alternative electroplating. Its 

difference in score between formulations is promising for the use of this technology as a replacement 

of the electroplating conventional. This advantage surpasses the drawbacks of having a higher 

particulate matter formation score (which is the main drawback of the alternative electroplating).  

 

Figure 5.1 - Electroplating coatings' LCA results by damage categories (displayed in EI points) 
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Table 5.5 - Electroplating coatings' impact categories LCA results (higher scores in yellow and lower 
scores in blue)  

 

5.2. Thermal Spraying 

 

5.2.1.  LCC Results 

The total fabrication costs for both conventional thermal spray and alternative thermal spray were 

obtained for a production volume of 726 pieces coated per year, with 1 piece coated per cycle and a 

dedicated production context. Since the line and acquisition costs of both powders (Co-WC and Ti-

WC) are the same (their acquisition cost data was provided by the producer during PROCETS 

project), the total fabrication costs will be equal (see tables 5.6 and 5.7). This is caused by the use of 

the same technology as a potential replacement, where only the powder being sprayed has changed. 

This allows all the parameters of the surface preparation and surface finish along with the CGS to be 

the same (the CGS deposition efficiency is equal and is only dependent on the parameters of the gas 

used). As such, the analysis performed for the thermal spraying technologies allows to understand the 

contribution of each stage and is not focused on the comparison between both formulations. The 

material cost is the main contributor for this technology. This is caused by the low deposition efficiency 

of the CGS technology, that forces the use of higher quantities of powder to produce the coatings. 

Additionally, the quantity (and acquisition cost) of the abrasive band used in the surface finishing 

operation also cause a significant contribution to the material cost (the surface finishing is the most 

expensive operation of this process, followed by the CGS).  
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Table 5.6 - Thermal spray coatings’ cost of production by cost driver (in euros per piece coated) 

 

Table 5.7 - Thermal spray coatings' cost of production by operation (in euros per piece coated) 

The LCC results are then obtained by adding the disposal costs to the total fabrication costs (see table 

5.8). Since the boundaries and disposal data are the same for both thermal spraying formulations 

(there is only data available for the alternative thermal spray waste disposal), the LCC results 

comparison is focused on the comparison of the production stages, where the data for the two 

powders causes the total fabrication costs to be the same.  

These results are inconclusive due to the limitations of using theoretical data for the conventional 

thermal spray (the deposition efficiency can be considered the same but this may not be true for 

industrial data) and the same disposal data for both. The quality of this kind of analyses is limited by 

the quality of the data gathered. In order to improve these results, data from a company that performs 

the conventional thermal spray must be gathered. This will allow the creation of the inventory for the 

conventional thermal spray using its industrial data, which will determine if the life cycle costs of both 

formulations are similar or not. 

 

Table 5.8 - Thermal spray coatings' LCC results (in euros per piece coated) 
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5.2.2.  LCA Results 

By using the conditions set for the environmental evaluation in chapter 4, the LCA results were 

obtained. The results are the sum of the eco indicator (EI) points generated for each operation stage. 

The disposal scenarios are already included in the stages of the thermal spraying technologies, as a 

part of the operations’ flows (see table 5.9). Since the only difference between these cases is the 

powder, the difference in scores is caused by this consumable. The results obtained show that the 

cold gas spraying operation is the most hazardous, containing nearly the total of EI points for both 

processes. This is expected, since the other two operations are surface preparation with sand blasting 

and surface finishing with abrasive band. As such, they are not as impactful as thermal spray with 

cermets.  

 

Table 5.9 - Thermal spray coatings' LCA results (single score) by operations 

The EI points indicate that the alternative thermal spray is more harmful than the conventional thermal 

spray. This however is not conclusive as to how both behave for each damage category, mainly the 

human health category along with the impact categories that lead to it. The alternative thermal spray 

presents higher scores for the three damage categories (see figure 5.2). As such, the use of this 

powder as a replacement for the Co-WC can only be considered if the carcinogenic emissions are 

reduced. The alternative has a slightly better performance in the human toxicity category (lower 

score). At the same time, it presents a worse performance in the majority of the impact categories 

presented (see table 5.10). With the results obtained, it is possible to conclude that both formulations 

score similarly for human toxicity. With the alternative thermal spray presenting a worse environmental 

performance than the conventional thermal spray.  
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Figure 5.2 - Thermal spray coatings' LCA results by damage categories (displayed in EI points) 

 

Table 5.10 - Thermal spray coatings’ impact categories LCA results (higher scores in yellow and lower 
scores in blue) 
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The LCC sensitivity analysis is only justified for the electroplating technologies, because the thermal 

spraying alternative and conventional applications present the same costs (see figure A.1 of annex A).  

For the LCA results, the analyses were made using different LCIA tools for the conditions mentioned in 

chapter 4. This will allow to better understand the results obtained with ReCiPe. The LCIA tools used 

for the sensitivity analyses were Impact2002+ and ILCD, because they complement the results 

obtained using ReCiPe (both have cancer specific impact categories).  

 

5.3.1.  LCC sensitivity analysis 

For the sensitivity analysis of the LCC results, four different analyses are made. Firstly, an analysis to 

the total fabrication cost variation with the production volume is made. For this analysis, the production 

volume chosen was 10000 pieces coated per year, while keeping the same number of pieces 

produced per cycle equal (4 pieces coated per cycle). This production plan allows to reach 

understanding on how both alternative and conventional electroplating methods behave when facing 

high production volumes for the pilot lines. The inventories required for this new production volume are 

calculated by the PBCM using the inventories previously shown in chapter 4. Secondly, an analysis to 

the total fabrication cost variation with the cycle time is made, in order to understand if the alternative 

electroplating presents a better performance than the conventional for different cycle times, where the 

interval selected for the cycle times varied from 30 minutes to 120 minutes. Then, an analysis to the 

equipment costs in a non-dedicated production context is made in order to understand if the 

alternative presents a better equipment cost performance in this context. Finally, an analysis to the 

alternative electroplating solution cost is made, in order to determine if the alternative formulation can 

present a similar fabrication cost to the conventional formulation by reducing its solution cost. The 

assumptions used for these results are the same.  

The fabrication costs of both formulations were calculated for an interval of production volumes of 100 

to 10000 pieces coated per year (see figure 5.3). Where the production volumes used for the LCC and 

sensitivity analyses are marked. This will allow to see how the production volume variation affects the 

fabrication costs. For the given production volume interval, the graphic shows two cost spikes for the 

alternative and one for the conventional method. These spikes are caused by the need to double the 

capacity of the line in order to achieve the desired production plan. They are evidence that the PBCM 

is working correctly as this behavior is expected for a PBCM of a dedicated line when the system 

capacity doubles. These cost spikes will reduce as the production volume increases, until the capacity 

of the line needs to be increased again.  
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Figure 5.3 - Alternative and conventional electroplating fabrication costs per production volume 

The results of the sensitivity analysis show that the life cycle costs of the electroplating formulations 

have decreased (see table 5.11). The difference in cost between both formulations is caused by the 

difference in cycle time of the lines. As such, the percentage of line required (eq. (4.8)) is different for 

both cases (the lines have different occupation rates for the same production volume, as explained in 

chapter 5.1.1). Because of this, for higher production volumes, the conventional electroplating 

presents lower costs, with its cost per piece being 5€ lower than the cost of the alternative 

electroplating.  

 

Table 5.11 - Sensitivity analysis LCC results versus LCC results (in euros per piece coated) 

From the production volume analysis, it is possible to conclude that, for pilot line production volumes 

of up to 4000 pieces per year (and 6000 to 8000 pieces per year) the fabrication costs of the 

alternative electroplating can be fairly competitive with the ones from the conventional electroplating. 
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A sensitivity analysis to the total fabrication costs variation with cycle time was made. By using the 

same production plan used for the LCC results (2904 pieces coated per year with 4 pieces being 

coated per cycle), it will be possible to understand how the different cycle times affect the cost of both 

formulations. By using a fixed production volume, the line occupation rate will decrease as the cycle 

time decreases, increasing the total fabrication costs of both formulations (as explained in chapter 

5.1.1.).  The conventional electroplating presents a better overall economic performance for the cycle 

times selected (see figure 5.4). The cycle time interval selected was based on the data provided by 

Artia in the project deliverable. Despite the reduction of cycle time not allowing for a better economic 

performance than the conventional formulation, it still allows for an increased productive capacity, 

allowing to reduce the fabrication costs of the alternative by increasing the production volume. 

 

Figure 5.4 - Total fabrication cost variation with cycle time 

Then, a sensitivity analysis to the equipment costs was made. This analysis was made for the 

production volume defined in the LCC results and by changing the production context from dedicated 
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not enough to allow for the alternative electroplating to present the total fabrication cost of the 

conventional electroplating. This is caused by the particle preparation stage of the alternative 

electroplating, that increases its labor, equipment and solution costs. By creating a scenario where the 

particle preparation is not required and the SiC particles are directly used in the alternative 

electroplating solution, it is possible to determine the solution cost that the alternative requires to 

present the total fabrication costs of the conventional electroplating. The alternative electroplating 

would require a solution cost of 0.17 €/piece in order to achieve the economic performance of the 

conventional formulation. The higher solution cost of the alternative formulation (0.17 €/piece as 

opposed to 0.12 €/piece) is offset by the higher equipment cost of the conventional formulation, which 

as explained in the LCC results (chapter 5.1.1.) is caused by the difference in line occupation rate 

between formulations. This analysis shows that if the solution cost of the alternative formulation can be 

reduced to costs lower than 0.17 €/piece in a scenario where the particle preparation can be removed. 

The alternative electroplating can present a better overall economic performance than the 

conventional formulation.     

5.3.2.  LCA results – LCIA tools score comparison 

The LCA results obtained for the different LCIA tools are presented and compared. In order to 

compare the different impact categories of these methodologies, a selection of the impact categories 

that are common to the three LCIA tools was made.  

The total scores provided by Impact2002+ for the electroplating formulations differ from the results 

obtained using ReCiPe, and show that the environmental impact of the alternative electroplating is 

higher than the conventional electroplating (see table 5.12). The total scores obtained with ILCD 

support the results obtained with ReCiPe and show that the alternative electroplating presents low 

carcinogenic emissions caused by the coating procedure. Since the production lines are the same 

(aside from the plating bath and the existence of the particle preparation tank in the alternative 

electroplating), the difference in scores for both cases stems from the plating baths.  

By studying the impact categories of Impact2002+ and ILCD, it is possible to understand how each 

impact category contributes to the total scores of both cases. From the impact categories of 

Impact2002+, it is possible to conclude that the major issue with the alternative electroplating is the 

particulate matter (caused by the use of the SiC nanoparticles). The alternative electroplating also 

presents higher scores than the conventional electroplating in most of the impact categories of 

Imapct2002+. However, it scores lower in the cancer effects and non-cancer effects categories, which 

is the main objective for the use of this technology as a replacement. The results in these human 

toxicity related impact categories reinforce the human toxicity results of ReCiPe and show a better 

performance of the alternative electroplating comparatively to the conventional electroplating.  

The impact categories’ scores obtained with ILCD show that the main impact category contributing for 

the conventional electroplating score is the cancer effects category. For this LCIA tool, the alternative 

electroplating presents a low score for all the human toxicity related impact categories. The remaining 

impact categories score similarly for both formulations, where the main categories that present 
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different scores are the human toxicity categories and freshwater ecotoxicity, the latter is caused by 

the emissions of chromium (VI) to freshwater.  The results obtained with ILCD show that, the overall 

environmental performance of the alternative electroplating is better than the performance of the 

conventional electroplating. The human toxicity scores obtained with ILCD are caused by this LCIA 

tool giving more weight to the mass flows of the processes instead of their energy flows. As such, the 

score of the cancer effects categories of the conventional electroplating is caused by the weight given 

by ILCD to the use of chromium (VI). Causing the scores of the cancer effects to show a difference of 

3 orders of magnitude between alternative electroplating and conventional electroplating. 

Overshadowing the remaining impact categories for both cases. The results for the cancer effects of 

ILCD support the results obtained with ReCiPe and Impact2002+ for these categories and show that 

the cancer effects are mostly removed by using the alternative electroplating. Finally, to support these 

results, tables with the scores for all the impact categories of Impact2002+ and ILCD along with 

graphic representations are presented (see annexes B and C). 

Despite the differences in total scores from the different LCIA tools for the alternative electroplating, 

the major impact categories contributing to these scores are the same. They are climate change, 

particulate matter, mineral, fossil & renewables resource depletion, terrestrial acidification and 

eutrophication. Furthermore, these LCIA tools present similar increases and decreases in scoring 

when comparing the scores obtained for conventional electroplating and alternative electroplating (e.g. 

climate change and particulate matter present increased scores in all LCIA tools for the alternative 

electroplating, see table 5.13). 

From these analyses, it is possible to conclude that the alternative electroplating is a suitable 

replacement for the conventional electroplating. Despite both formulations presenting similar total 

scores (the score difference is not high enough to state that one formulation performs better than the 

other), by looking at the different impact categories the difference in their scores is relevant. The 

human toxicity categories for the alternative electroplating present a better performance than the 

conventional electroplating for ReCiPe and Impact2002+ methodologies. This is greatly evidenced by 

the results obtained using ILCD, where the cancer effects of the conventional electroplating are 3 

orders of magnitude greater than the scores of the alternative electroplating (which is caused by the 

weight given by ILCD to the use of Chromium (VI) in the conventional formulation). 
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Table 5.12 - Electroplating impact categories results for ReCiPe, Impact2002+ and ILCD 

 

Table 5.13 - Electroplating impact categories’ score variation from conventional to alternative formulation 

Regarding thermal spraying, the LCIA results of the other assessment tools confirm the results 

obtained with ReCiPe. The alternative thermal spray has worse performance in the total scores than 

the conventional thermal spray (see table 5.14). Since the production lines are the same, the 

difference in results stems from the use of the different powders. 

The impact categories of Impact2002+ show that the main contributor for the higher environmental 

impact of the alternative are particulate matter, climate change and non-renewable energy categories. 

Supporting the results obtained using ReCiPe, as the impact categories of the latter also present 

higher scores for the climate change and particulate matter formation categories. Finally, the 

alternative thermal spray scored better than the conventional thermal spray in the carcinogens and 
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non-carcinogens categories. Both methods score negatively in Impact2002+, despite this, the 

alternative thermal spray presents a lower score for cancer effects.  

The results obtained using ILCD differ from the results obtained with the other LCIA tools. The 

alternative thermal spray scores worse than the conventional thermal spray in the cancer effects 

category. As such, the use of Ti-WC is considered more carcinogenic than the Co-WC powder 

(conventional powder) by ILCD. This is caused by the difference in characterization factors of the LCIA 

tools (as seen in electroplating where the use of chromium (VI) caused the cancer effects to be the 

major contributor for the score of conventional electroplating, when using ILCD). Because of this, ILCD 

presents different scores in the human toxicity related categories. Aside from the cancer effects, the 

remaining impact categories score similarly for both cases. With the freshwater ecotoxicity being the 

only instance where the scores present significant differences (alternative thermal spray presents 

higher scores in this category). Despite ILCD not reaching the same conclusion as Impact2002+ in the 

cancer effects category, this LCIA tool reinforces the statement that the alternative thermal spray 

presents a worse environmental performance than the conventional thermal spray. 

The major impact categories contributing to these scores are the same, aside from the cancer effects 

and freshwater ecotoxicity categories for ILCD. They are climate change, particulate matter and 

mineral, fossil & renewables resource depletion. Furthermore, these LCIA tools present similar 

increases and decreases in scoring when comparing the scores obtained for conventional thermal 

spraying and alternative thermal spraying (e.g. climate change and particulate matter present 

increased scores in all LCIA tools for the alternative thermal spraying, see table 5.15). 

From these results, it is possible to conclude that the alternative thermal spraying is not suitable to 

replace the conventional thermal spraying. Since the difference in total scores is low, they both present 

similar environmental performances (with the alternative scoring worse). The alternative thermal spray 

presents higher score than the conventional thermal spraying in carcinogenic emissions for ILCD and 

a lower score for Impact2002+ (for the latter, both scores are negative). Since the conventional 

thermal spray presents carcinogenic emissions, the cancer effects scores from Impact2002+ are 

disregarded. Additionally, the drawback of presenting increased score for impact categories such as 

particulate matter and climate change must be considered as well since both methods present a 

similar cancer effect score.  
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Table 5.14 - Thermal spraying impact categories results for ReCiPe, Impact2002+ and ILCD 

 

Table 5.15 - Thermal spraying impact categories’ score variation from conventional to alternative 
formulation 
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6. Conclusions 

The intended goal of this work was to compare new coating alternatives with the conventional coating 

methods already established, from an LCC and LCA perspective. The LCC and LCA analyses allowed 

to see, whether the alternatives presented better economic and environmental performance or not 

(with a special focus on the carcinogenic emissions).  

The LCC methodology allowed the identification of the main cost drivers for the technologies studied 

(labor and equipment cost for electroplating and consumables for thermal spraying). The life cycle 

costs of the technologies were estimated considering the boundary conditions. Where the disposal 

costs of the alternatives were used for their respective conventional methods as well. As such, the 

economic performance was focused mainly on the production stages of the different formulations. 

The LCA methodology allowed the assessment of the environmental impacts of the alternatives and 

conventional methods throughout their life cycle. The LCA was first performed using ReCiPe in 

SimaPro, in order to identify the main impact and damage categories for each method and to see the 

performance of the alternatives regarding human toxicity. Then, the use of Impact2002+ and ILCD 

tools allowed to complement the results obtained with ReCiPe. Some discrepancies were found 

(namely in the results obtained using Impact2002+) but are justified since these methods use different 

weighting systems and characterization factors. 

The PBCM was created in order to have a parametric model capable of calculating the inventories of 

multiple production scenarios (sensitivity analysis) along with performing the LCC. With it, the data 

provided by the companies during the PROCETS project allowed the creation of an inventory for each 

process. The mass and energy flows along with the emissions were calculated and related with part 

description and operations. The flows calculated were also uploaded into SimaPro in order to perform 

the LCA. With the PBCM, various cost sensitivity analyses were made to the electroplating 

formulations by varying the production volumes, cycle times, production context and solution cost.  

The results obtained with this work show that the alternative electroplating has higher fabrication costs 

than the conventional electroplating. This alternative presents similar costs with the conventional for a 

range of production volumes and cycle times as established in the sensitivity analyses, but will remain 

more expensive. The equipment cost is also higher for the alternative electroplating in a non-dedicated 

production context, whereas the solution cost can be lowered and allow the alternative electroplating 

to present the economic performance of the conventional electroplating. This scenario is only possible 

if the particle preparation is not required. The environmental results for the electroplating formulations 

show that the alternative electroplating presents higher damage to human health (caused by the 

existence of particulate matter formation). In the impact categories, the alternative electroplating 

shows reduced human toxicity and cancer effects (for the three LCIA tools). The alternative 

electroplating presents similar damage scores to ecosystem and resources to those of conventional 

electroplating.  
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The results obtained for the thermal spraying lines show that both alternative thermal spray and 

conventional thermal spray present equal fabrication costs (the life cycle costs are the same since the 

same disposal cost is used for both cases). The environmental results for the thermal spraying lines 

show that the alternative thermal spray scores higher in all the damage categories of ReCiPe. It 

shares a similar value with the conventional thermal spray for human toxicity (for ReCiPe) and in ILCD 

it scores higher than the conventional thermal spray for cancer effects.  

For these reasons, despite its lower economic performance, the alternative electroplating is a 

promising replacement to the conventional electroplating. Whereas, the alternative thermal spray is 

not a suitable replacement for the conventional thermal spray since it is more hazardous to the 

environment and human health. 
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7. Future Work 

In this chapter, a few suggestions for future work are presented. 

A first suggestion is based on the fact that theoretical data was used for the conventional methods. 

Since the quality of the results obtained with this set of methodologies is highly dependent on the 

quality of the data used, it is recommended that a new comparison between alternative and 

conventional methods is done after gathering data from companies that perform the conventional 

coating processes. Allowing to validate the results obtained in this work. 

Secondly, the alternative electroplating is still being optimized (the parameters are still being fine-

tuned). As such, there should be a special focus in the reduction of cycle time. Despite not allowing to 

reach the same economic performance as the conventional electroplating, this will increase the 

maximum capacity of the line and allow for similar productive capacity with the conventional method. 

This will allow for both higher production volumes (resulting in lower cost per piece) and lower energy 

consumption (resulting in lower environmental impact and energy costs). 

Another suggestion is to create grounds for comparison between the electroplating and thermal 

spraying technologies. This would allow the thermal spraying technologies to also be studied as a 

potential replacement to the conventional electroplating. To achieve this, the companies performing 

these types of coatings must be consulted, in order to determine the inventory required to coat a pre-

determined piece. Allowing the results to be comparable. This study would be carried out for coatings 

of different sizes (e.g. 3 pieces of different sizes would be coated with all the methods, within 

reasonable size limits for both technologies). This comparison is limited by the fact that thermal spray 

does not allow the coating of complex geometries (since the coating is dependent on the gun’s line-of-

sight).  

Finally, a study on the alternatives’ mechanical properties should be made, in order to understand 

whether they present a performance similar to that of the already established coatings or not. This 

study is currently being conducted in the PROCETS project and is a relevant study as these coatings 

are functional coatings (they are used in mechanical components, pieces of machinery, etc.). As such, 

the end-users require these coatings to have similar mechanical properties to those obtained with the 

conventional coatings (protection to wear, corrosion, resistance to heat, hardness, etc.). Additionally, 

the SiC nanoparticles distribution for the alternative electroplating should be observed, in order to 

understand if the coating is uniform or if the nanoparticles are forming agglomerates. 
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Annexes 

Annex A – Thermal spraying production volume 

sensitivity analysis 

 

Figure A.1 - Alternative and conventional electroplating fabrication costs per production volume 
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Annex B – Impact2002+ results 

 

 

Figure B.1 - Electroplating LCA Impact2002+ impact categories 

 

Table B.1 - Impact2002+ impact categories' scores for electroplating (higher scores in yellow and lower 
scores in blue) 
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Figure B.2 - Thermal spraying LCA Impact2002+ impact categories 

 

Table B.2 - Impact2002+ impact categories' scores for thermal spray (higher scores in yellow and lower 
scores in blue
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Annex C – ILCD results 

 

 

Figure C.1 - Electroplating LCA ILCD impact categories 

 

Table C.1 - ILCD impact categories' scores for electroplating (higher scores in yellow and lower scores in 

blue) 
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Figure C.2 - Thermal spraying LCA ILCD impact categories 

 

 

Table C.2 - ILCD impact categories' scores for thermal spray (higher scores in yellow and lower scores in 
blue) 

 


