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ENVIRONMENTAL LIFE CYCLE ASSESSMENT OF ZINC
PHOSPHATING CHEMICALS

SUMMARY

The industrialization has gained importance with the rapidly increasing world
population. Over time, productions have evolved from physical strength to machine
power, and have diversified in terms of quality and quantity. With the need for more
production, industrialization has started to be mentioned with the environmental
problems that it causes. In the period from the industrial revolution to the present day,
sustainability has become a subject that is closely followed by everyone, especially in
the last period. Increasing social sensitivity has started to reveal the necessity of
making necessary improvements in new projects or existing production systems with
product life cycle analyses. The product lifecycle is a common method that provides
to evaluate product or service the environmental impacts that each of the stages of raw
material extraction, production, use, disposal, and all other stages have over the
duration. The rapid disappearance of natural resources and the increase of
environmental impacts arising from industry in nature caused the developed countries
to increase their product life analysis studies and take necessary measures.

Metal has been widely used in many industries since ancient times. Metal is damaged
depending on environmental conditions and over time. In order to prevent damage and
prolong material life, various additional chemicals must be used. These chemicals are
called metal pretreatment chemicals and, it is a type of surface treatment. The surface
treatment is a process applied to the surface of a material to make it better in some
way. It can be used in different applications and purposes. These chemicals are used
in wide areas and different applications. Automotive, electronics, construction, and
packaging are common application areas in the industry. The metal pretreatment
chemical usage is directly affected and increases with the ever-growing of metal usage.
The metal pretreatment chemicals are generally classified into three categories, zinc
phosphating chemicals, mangan phosphating chemicals, and iron phosphating
chemicals. In this study, zinc phosphating chemical production is examined in the
scope of environmental impacts. This chemical is used for corrosion protection,
lubrication, decoration, and insulation purposes in industries.

The main purpose of this study is to evaluate the results of the environmental effects
that occur during the production of metal surface treatment chemicals that commonly
used in the metal industry by using the product life cycle assessment approach. For
this purpose, two zinc phosphating chemicals are used with different formulations in
the study. These chemicals can be used substitutes for each other. There are two
differences between the products. These are the type of raw material, and raw material
amount in products. In this study, these products are called as product A and product
B.

In this study, there is an evaluation in terms of raw material, water, material, and
energy consumption used in the production of surface treatment chemicals, which is
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an indispensable part of the metal industry. The current state of the production process
in terms of sustainability is analyzed with an environmental life analysis approach. In
the study, all production stages of two different zinc surface coating chemicals of a
factory producing metal surface treatment chemicals are examined. The system limits
cover the duration of the processes from the supply of raw materials to the moment the
product leaves the factory. Also, the effects of transportation are investigated in the
study. Chemicals and materials transportation, and waste transportation to the
hazardous waste incineration plant datas are included. Distances between supplier and
production plant, transportation type, vehicle, and fuel type are included in
transportation analyses. In addition to that, energy optimization scenarios applied for
the production plant. Electricity consumption is not a major source of environmental
impact categories for two products. But the required electricity is only provided from
the grid mix for all products in the factory. Wind turbine and photovoltaic systems are
used for environmental impact comparison with grid mix. Energy supply scenarios
show their contribution to the environment while producing 1 kW/h.

Chemicals and deionised water are widely used during the production of surface
treatment chemicals. Deionized water is one of the common raw material in both
products. There is a water preparation system in the factory. The system provides to
convert tap water to deionized water. Production includes the mixing of the raw
materials specified in the instructions with the rates for a specific time in the mixer
and filling in the packaging in an automatic filling machine.

All data used in the research were taken from the real production facility for the first
six months of 2019. Ganzheitliche Bilanz (GaBi) 7.3 software and Ecoinvent database
were used to analyze inventory data. The data were collected based on inputs and
outputs for each process within the production flow chart. Production input data
includes supply and shipment of materials and chemicals, water, etc. and consumption
of energy.

The results obtained of the study are determined by dividing into various CML impact
categories that are located in the GaBi software program. These impact categories
include global warming potential (GWP), abiotic depletion potential (ADP fossils and
elements), acidification potential (AP), eutrophication potential (EP), freshwater
aquatic toxicity (FAETP), human toxicity potential (HTP), ozone layer depletion
potential (ODP), photochemical ozone depletion potential (ODP), terrestic ecotoxicity
potential (TETP) were selected and necessary evaluations were completed.

According to the results of the comparison, it is determined that product B had more
negative effects on the environmental impact categories than product A. Only in the
GWP impact category, product A has a more impact on the environment than product
B. The results show that almost all environmental impact categories of zinc
phosphating chemical production both products A and B are affected due to raw
material consumptions. Nitric acid production and phosphoric acid production are the
major contributors to both products about all impact categories. Not only the
environmental impact comparison of the two chemicals with each other but also the
results of similar chemicals life cycle assessment studies are compared in the literature
with product A and B. Three environmental product declarations(EPD) are used for
comparison. These products are used as coating chemicals for different purposes in
different industries. Results of EPD's and two products are different from each other
in impact categories. It is seen that, the results are directly affected by type and amount
of raw materials. In addition to that, to show the environmental impact of producing 1

Xviii



kW/h electricity from grid mix and renewable sources, wind turbine, photovoltaic, and
grid mix results were compared to each other. Producing electricity from the wind
turbine is a more environmentally friendly option when it's compared with

photovoltaic and grid mix.
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CINKO FOSFATLAMA KiMYASALLARININ CEVRESEL YASAM
ANALIZ DEGERLENDIRMESI

OZET

Hizla artan diinya niifusu ile birlikte sanayilesme 6nem kazanmistir. Zaman igerisinde
tiretimler beden giliciinden makina giicline evrilmekle birlikte nitelik ve nicelik
acisindan cesitlilik kazanmistir. Daha ¢ok iiretim ihtiyacinin duyulmasi ile birlikte
sanayilesme artik dogurdugu cevresel problemlerle de anilmaya baglanmistir. Sanayi
devriminden giliniimiize kadar gecen siire icerisinde Ozellikle son donemlerde
stirdiiriilebilirlik herkes tarafindan yakindan takip edilen bir konu haline gelmistir.
Toplumsal duyarliligin artmasi, yeni baslanacak projelerde ya da mevcutda bulunan
tiretim sistemlerinde gerekli iyilestirmeler yapilmasi gerekliligini yapilan iiriin yasam
dongiisii analizleri ile ortaya ¢ikartmaya baslamustir. Uriin yasam déngiisii, bir {iriiniin
veya hizmetin hammadde elde edilmesi, tiretim, kullanim, bertaraf ve bu agsamalar
arasindaki tiim asamalarimin her birinin slire boyunca yol actig1 cevresel etkileri
degerlendirmek i¢in kullanilan yaygin bir yontemdir (Journal of Environmental
Management,2010). Dogal kaynaklarin hizlica yok olmasi ve dogadaki sanayi
kaynakli ¢evresel etkilerin artmasi gelismis tilkeleri liriin yagam analizi ¢aligmalarini
arttirllmalarini ve gerekli 6nlemlerin alinmasina neden olmustur. Metal ylizey islem
kaplama kimyasallar1 metal kullaniminin siiregelen artimi ile dogru orantili olarak
arttig1 goriilmektedir. Bu calismanin ana amaci, metal endiistrisinde yaygin olarak
kullanilan metal yiizey islem kimyasallariin {iretimi esnasinda olusan c¢evresel
etkilerinin {iriin yasam dongiisii degerlendirmesi yaklagimi kullanilarak sonuglarin
degerlendirilmesidir.

Metal, eski zamanlardan beri bir¢ok endiistride yaygin olarak kullanilmaktadir. Metal,
cevresel kosullardan etkilenir ve zamanla hasar goriir. Hasar1 6nlemek ve malzeme
Omriinii uzatmak icin ¢esitli ek kimyasallar kullanilmalidir. Bu kimyasallara metal 6n
islem kimyasallar1 denir ve bu bir tiir yiizey islemidir. Yiizey islemi, malzemenin
yiizeyine uygulanarak degisik amaclarla daha iyi hale getirmek i¢in uygulanan bir
islemdir. Bu kimyasallar, farkli uygulamalarda ve ¢esittli amaclarla kullanilabilir. Bu
kimyasallar genis alanlarda ve farkli uygulamalarda kullanilmaktadir. Otomotiv,
elektronik, ingaat ve ambalajlama metal 6n islem kimyasallarinin yaygin olarak
kullanildig1r sektorlerdir. Metal on islem kimyasal kullanimi dogrudan metal
kullanimindan etkilenir ve artar. Metal 6n igslem kimyasallar1 genellikle {i¢ kategoride
simiflandirilir: ¢inko fosfatlama kimyasallari, mangan fosfatlama kimyasallar1 ve
demir fosfatlama kimyasallari. Bu ¢alismada ¢inko fosfatlama kimyasal tretimi
cevresel etkileri kapsaminda incelenmistir. Bu kimyasal, endiistrilerde korozyon
korumasi, yaglama, dekorasyon ve yalitim amaglar1 i¢in kullanilir.

Bu ¢aligma igerisinde, metal endiistrisinin vazgegilmez bir pargasi olan yiizey islem
kimyasallarinin iiretimi asamasinda kullanilan hammadde, su, malzeme ve enerji
tilketimi acisindan degerlendirmesi bulunmaktadir. Bu amagla, calismada farkl
formiilasyonlara sahip iki ¢inko fosfatlama kimyasali kullanilmistir. Bu kimyasallar
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birbirlerinin yerine kullanilabilinmektedir. Uriinler arasinda iki fark vardir, bunlar
iirlinlerdeki hammadde tiirii ve hammadde miktaridir. Bu ¢alismada, bu liriinler A
tiriinii ve B tiriinii olarak adlandirilmaktadir.

Uretim siirecinin siirdiiriilebilirlik agisindan mevcut durumu gevresel yasam analizi
yaklagimi ile analiz edilmektedir. Calisma igerisinde, metal yiizey islem kimyasali
liretimi yapan bir fabrikanin farkli iki ¢inko yiizey kaplama kimyasallarinin tiim iiretim
asamalar1 incelenmektedir. Sistem sinirlart hammadde temininden baglayarak, tiriniin
fabrikadan c¢iktig1 ana kadar gecirdigi islemleri siireyi kapsamaktadir. Ayrica
calismada ulagimin etkileri aragtirilmigtir. Kimyasallarin ve malzemelerin taginmasi ve
atiklarin tehlikeli atik yakma tesisine tasinima ait bilgiler dahil edilmistir. Tedarikg¢i ve
iretim tesisi arasindaki mesafe, nakliye tipi, ara¢c ve yakit tipine ait bilgiler analiz
icerisinde yer almaktadir. Ek olarak, {iretim tesisi igin enerji optimizasyon senaryosu
bulunmaktadir. Elektrik tiiketimi her iki irlin i¢in de cevresel etki kategorileri
igerisinde baskin kaynak degildir. Ancak, fabrikada iiretilen tiim tirtinler icin gerekli
olan enerji sebekeden saglanmaktadir. Sebekeden elde edilen elektrigin gevresel etki
sonugclari ile karsilastirmak {izere lizgar tribiinii ve giines paneli kullanilmistir. Enerji
temin senaryolart 1 kW/h elektrik tliketimi sirasinda olusan cevresel etkileri
gostermektedir.

Yiizey islem kimyasallarinin iiretimi esnasinda kimyasallar ve deiyonize suyu agirlikli
olarak kullanilmaktadir. Deiyonize su her iki iirlinde de ortak olarak kullanilan
hammaddelerden biridir. Fabrikada su hazirlama sistemi bulunmaktadir. Sistem
musluk suyunun deiyonize suya déniistiiriilmesini saglar. Uretim genel anlamda,
regete icerisinde oranlar ile belirtilen hammadelerin mikser igerisinde belirli bir siire
karismas1 ve otomatik dolum makinasinda ambalaja doldurulmasini kapsamaktadir.

Arastirmada kullanilan tiim veriler gercek tiretim tesisinden 2019 yili ilk alt1 ay1 igin
alinmustir. Envanter verilerini analiz edebilmek i¢in Ganzheitliche Bilanz (GaBi) 7.3
yazilimi kullanilmistir.  Veriler, iiretim akis semasi igerisinde her bir islem igin
girdilere ve ¢iktilara bagli olarak toplanmustir. Uretim girdi verileri enerji ve kimyasal,
su vb malzemelerin teminini ve sevkiyatini icermektedir. Calisma sonucunda elde
edilen sonuglar, GaBi yazilimi igerisinde etki kategorisi bashig: altiginda cesitli etki
kategorilerine boliinerek bellirtilmistir. Bu etki kategoriler, kiiresel 1sinma potansiyeli
(GWP), abiyotik tiikenme (ADP fosilleri ve elementleri), asitlesme potansiyeli (AP),
otrofikasyon potansiyeli (EP), tatli su sucul toksisitesi (FAETP), insan toksisite
potansiyeli (HTP), ozon tabakasi incelme potansiyeli (ODP), fotokimyasal ozon
tilketme potansiyeli (ODP), arazi ekotoksisite potansiyeli (TETP) secilmis ve gerekli
degerlendirmeler yapilmistir.

Karsilastirma sonuglarina gore, B iirlinlinlin ¢evresel etki kategorileri {izerinde A
triiniinden daha olumsuz etkileri oldugu belirlenmistir. Yalnizca GWP etki
kategorisinde A {irlinlinlin ¢evre iizerinde B iriiniinden daha fazla etkisi vardir.
Sonuglar, ¢inko fosfatlama kimyasal tiretiminden kaynaklanan hemen hemen tiim
cevresel etki kategorilerinin hem A hem de B iiriinlinde hammadde tiiketimi nedeniyle
oldugunu gostermektedir. Nitrik asit liretimi ve fosforik asit iiretimi, her iki tirline de
tiim etki kategorileriyle ilgili onemli katkilarda bulunmaktadir. Sadece iki kimyasalin
birbiriyle gevresel etkileri agisindan karsilagtirmasi degil, literatiirde yer alan benzer
kimyasallar ait yasam dongiisii degerlendirme ¢alismalarinin sonuglari da iiriin A ve
B’nin sonuclan ile karsilastirllmistir. Karsilastirma icin ii¢ ¢evresel iirlin bildirimi
(EPD) kullanilmistir. Bu tirtinler farkli endiistrilerde farkli amaglar i¢in kullanilan
kaplama kimyasallaridir. Cevresel iiriin beyanlar1 ve iki iirliniin sonuglart etki
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kategorileri agisindan birbirinden farklidir. Sonuglarin hammadde tiirii ve miktarindan
dogrudan etkilendigi goriilmektedir.

Buna ek olarak, sebekeden ve yenilenebilir kaynaklardan 1 kW/s elektrik iiretmenin
cevresel etkisini gostermek igin riizgar tiirbini, giines enerjisi ve sebekenin sonuglari
birbirleriyle karsilagtirildi. Glines enerjsi ve sebeke ile karsilastirildiginda riizgar
tiirbininden elektrik {iretmek daha ¢evre dostu bir segenektir.
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1. INTRODUCTION

1.1. Importance of the Study

Nowadays, the population of the world growths day by day, and the consumption of
natural resources is rapidly increasing to meet people’s needs. Every new day is a risk
for today’s populations and the next generations in the view of environmental
conditions. Many types of natural sources are depleted due to industrial demands and
unfortunately, there is no option to create a new natural source. The important point is

that it is possible to minimize damage to natural sources with engineering solutions.

The depletion of natural sources and environmental pollution because of the industry
can be addressed as one of the most important environmental problems (Gutti B. and
oth., 2012). Because of the increasing consumption of sources with industrialization,
natural resources are decrease and its more and more polluted day by day.

Metals are the backbone of civilization and industrialization. It is commonly used in
lots of industries and different ways and functions (Cyril O. and oth., 2017). Today,
metals are used as indispensable input in many industries. Metal manufacturers have
some issues with metal life. Corrosion, rust and some problems seen in metals have
suggested that metal coating chemicals are a need (Fine Homebuilding,1997). The
metal coating chemicals are commonly used in industries in different processes. The
treatment of metals is an essential significance in many different industries. It is
possible to say it is not a new process in today's condition because the similar process
of coating has been used for gold decoration in 4000 BC (Practical Building
Conservation: Metals, 2012).

There are lots of companies that produce metal surface and pre-treatment chemicals

which depends on the demand of customers’ requirement in all around the world.

The coating of metal materials has evolved into a big business, covering a huge amount
of commercial applications. Metal is very prone to corrosion because of its structure.
Corrosion is a chemical reaction that in metal reactions with atmospheric moisture and
oxygen gas convert to metallic oxides within the environment. According to The
World Corrosion Organization, the global cost of corrosion to be approximately US$

1



2.5 trillion yearly based, and that a huge part of this cost - as much as 30%-35% - could
be resolved by applying basic precautions (Url-1).

The tendency of metals to corrosion caused the formation of protective chemicals it is
called pre-pretreatment chemicals. The consumption of pretreatment chemicals
directly affected by the usage of metals. The pre-treatment chemicals offer an option

to make metals more resistant to corrosion and have a long life.

One of business company it is called a Markets& Markets has researched about metals
consumption in all around the world with a global company. Related research shows
that coating pretreatment market size was estimated to grow from USD 2.89 Billion in
2016 to USD 3.83 Billion by 2021. Increasing demand from its end-use industries is
the main reason for the rapid growth of the coating pretreatment market is the
increment (Coating Pretreatment Market Report,2016). According to the Paint and
Coating Industry Report that was released by Republic of Turkey Ministry of
Economy, Turkish paint and coatings industry has a big place in paint and coating
markets in Europe. Turkey reached a 2% market size in total market size of 850.000
tons with 2 billion USD in global paint and coating industry according to the 2018
data. Environmental problems will be inevitable that occurred with increasing
production amount of metal pretreatment chemicals shortly soon.

In addition to that, there is a piece of limited information in the literature on the
sustainability and life cycle assessment of zinc phosphating chemical production and

usage in industry. It is an area that requires scientific attention for the next years.

A life cycle assessment is a method of monitoring the different phases of the life of a
product or a process. It provides to determine the main environmental impact
categories (Li Y. and oth. (ed),2016). By this mean, the manufacturer may work on
their process that reduces the impact on the environment and make the product more
sustainable. Life cycle assessment is a method of monitoring the different phases of
the life of a product or a process. It provides to determine the environmental impact of
the life cycle, by this mean manufacturer may work on their process that reduces the
impact on the environment and make the process more sustainably. Previous research
shows that the results of the study and new approaches contribute to protecting the

environment.



1.2. Aim and Scope of the Study

The main objective of this study is to evaluate the environmental burdens of widely
used two different zinc phosphating chemical formulations by the life cycle approach.
By doing so the more environmentally friendly alternative will be addressed, zinc
phosphating chemicals are among the type of metal coating chemicals. It can be a type
of manual for producers, and also it can be used in selecting of chemicals stage before
the production. Finding more environmental-friendly production applications are
always the most effective way of reducing environmental impacts. Therefore, it can be
a good opportunity to decrease to environmental impacts of chemicals with

replacement methodology.

In this context, an inventory of inputs and outputs of the production stage was collected
from the formulation plant that is located in Kocaeli/Turkey. This study covers
information and assessment from raw material production to production in the plant.

All results are given according to the functional unit of 1000 kg chemical.

In this study, two different zinc phosphate chemicals that can be used as substitutes,
are compared in the scope of environmental impacts. There are two differences
between two chemicals. The first one is, one of the comparable chemicals it is called
A has an additional input of iron sulfates, the other chemical that is called B, does not
include iron sulfate input. The second difference is, besides the iron sulfate the rest of
the chemicals input the same but the amount of them is different. Both chemicals are
produced in the same production mixer and all inputs like raw materials, electricity,

process water, and packages are provided from the same supplier.

The study divided into 6 chapters. General information and literature review about
metal surface treatment, life cycle assessment and applied life cycle assessment related
to zinc phosphating chemical’s inputs are presented in Chapter 2. The materials and
methods of this study in the view of goal and scope, functional unit and system
boundary are considered in Chapter 3. Chapter 4 describes the process of zinc
phosphating chemicals production in the scope of input and output data of the system
is mentioned. Information about results and discussion of the study is described in Chapter

5. In Chapter 6 concluding remarks and recommendations are given.






2. LITERATURE REVIEW

2.1. Metal Surface Treatment Technologies

Most materials need an additional coating to improve the appearance of the material
and to protect it from the environment. Surface finish chemicals can be applied by
different practices like brushing, spraying, and dipping (European Commission, 2006).
The practice of surface chemicals depends on the surface and the material's

qualifications.

The metal pre-treatment industry has a key role in extending the life of metals.
Generally, surface treatment products are preferred for many types of processes such
as cleaning, coating, and sealing of metal surfaces. It provides to improve paint
adhesion and corrosion protection on metal surfaces. It is also used for increasing the
safety of materials and decreasing consumption of other materials and raw materials.
The surface treatment products do not create products or new materials, they only
change the surface specifications of beforehand formed products or materials for
ensuing use. It is a process that provides to increase the mechanical, electrochemical,
and thermal performance of a material. Using surface treatment chemicals it is possible
to reduce process steps, improve efficiency and facilitate process cost savings. The
surface treatment of metals service to largely in many industries such as automotive
and aerospace industry, food and beverage, printing, telecommunication, and
information technology systems, domestic appliances and furniture, medicals,
constructions, general supplies, etc. (European Commission, 2006). In addition to that,
surface treatment chemicals also provide to reduce the consumption of raw materials

that will be used in other steps of production.

The metals have been common use in the industry since old times. The selection of
proper surface treatments is based on getting a complete set of requirements on the
surface parts with a suit to intended both operating and process conditions. There are
two essential points for selecting correct surface treatment; the first one is, part
specifications should be converted into specifications of materials and layers, the

second one is chosen surface technologies must be suitable in corresponding process



steps (Tillmann W.,VVogli E., 2006). In addition to that, another important point is
production costs and environmental expectations. Some specialized products may
need specific functions and it creates cost. For selecting any type of surface treatment,
it needs to understand and asses the requirement of operation, a very large variety of
possible materials and technological processes. The correct time to decide which type

of surface treatment is used is an early stage of product or process development.
Surface treatment technologies provide some advantages:

e To decrease requirement energy and water

e To decrease the consumption of a product

e To decrease the generate of wastes

e Reduction of process steps

e Reduction of cycle periods

« To provide environmental benefits

2.2. Environmental Impact of Metal Surface Treatment Chemicals

The surface treatment industry has a key role in the life of metals. The metal industry
is important in the country's economics due to manufacturing, employment, and
export. By the year 2029, the stainless steel market is estimated to growth 150% in
terms of market volume (Cottage V. 2019). The increase in the production of surface
chemicals is directly proportional to the increase in metal production. The surface
treatment chemicals have a lot of environmental impacts. The main environmental
problems from the surface treatment of metals relate to energy and water consumption,
the consumption of raw materials, emissions to surface and groundwater, hazardous
and nonhazardous wastes, the production plant condition on the shutdown of activities
(European Commission, 2006). The chemicals used in the process have the potential
to affect environmental harm especially to surface waters, groundwaters, and soil. It
can be classified as a chemical risk. With the environmental perspective, the things
that we do not want to emit are substances that are stable, toxic and/or bio-accumulable

effects on the environment.
e Decreasing the effect on the external environment,
e Integrating processes that are not harming the environment,
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e Finding a new solution for pollutant chemicals like using substitutes,
e Decreasing the amount of waste (Url-2)

In addition to that, source consumption is another important environmental burden of
surface treatment chemical. These are energy, water, raw materials (SPIN Sustainable
Production through Innovation in SMEs,2012). The water is required for cleaning,
activation, and phosphating stage. The sources of chemicals are working as an additive
in stages of phosphating. The solid waste occurs from packaging activities, and
wastewater occurs from the cleaning steps of the process. Electricity consumption of
process and emission from transportation materials are also caused more carbon
footprint. Conventional coating processes produce VOC emissions because these are
a solvent-based type of coatings. It needs to be required under control with several
devices as carbon adsorption units, condensers or thermal catalytic oxidizers
(Tamilselvi M. And oth. 2015). Figure 2.1 describes upstream and downstream of the

surface treatment chemicals chart.

Toxicity, acidity
. . .. ——— | Greenhouse gases
Raw mateials / |Air emissions g
\ Ozone depletaion
Energy -— — Water emissions
Resmgce Surface
) depletion treatment . "
Water «— —  [Soil contamination

Other fuels ‘/ \ \ Hazardous waste

Chemical risk

Figure 2.1 : Upstream and downstream of surface treatment chemicals.

Producers and users of surface treatment chemicals should consider environmental
conditions to achieve better environmental performance. The surface treatment
production plants that exist in the industrialized part of the world should use chemical
precipitation to minimize environmental burdens. The metal coating chemicals are
necessary for metals in the scope of a lifetime. On the other hand, it has some important
environmental impacts both on the production step and usage step (European

Commission, 2006).

e Reduction of the consumption of raw materials, energy and water sources



e Reduction of emissions using pollution control parameters
e Reduction of waste generation and its appropriate management

e Progress of chemical safety and decrease of environmental accidents.

2.3. Phosphate Coating Process

Phosphate coating is one of the most appropriate methods for surface treatment of
metal in the industrial area. The phosphating chemicals have been used most widely
in several industries to provide corrosion protection since the last century. Generally,

they are used to treat steel, aluminium, and zinc: (European Commission, 2006).

e Cold forming: this includes very high surface forces and, phosphating can be
used in all types of cold forming processes.

e Coil coating: this includes steel strip electroplated by zinc phosphate in the
process to improve formability in consequent drawing processes

e Rustproofing: heavy zinc and manganese phosphate coatings maintain a
protective oil film and, it presents important corrosion prevention.

e Bearing surface lubrication: manganese phosphate increases the retention of
lubricant and reduces running-in times.

e Painting: phosphating improves the adhesion and corrosion stability of paints

The coating process generally applies in industries that have a metal surface in their
production stage. Phosphating chemicals are the most common process that preferred
for metals in surface treatments. It is a typical pretreatment process to save surfaces
from environmental conditions in time. Thus, it is possible to create a new layer of
material using phosphating chemicals and it provides new specifications for materials.
It has a key role in many production areas because of the price, operation speed,

resistance of corrosion and wear, adhesion and lubricative properties.

The phosphating process can be defined as the treatment of a metal surface. End of the
treatment it gives a hard, electrically non-conducting surface coating with insoluble
phosphate. And, it is a type of topochemical reaction (Narayanan,2005). The
topochemical reaction is a chemical reaction that happens at the top of solid phases.
The coating is a result of a topochemical reaction, that causes the surface of the base

metal to render itself as a piece of the corrosion-resistant film.



The structure of a coating is determined by the mechanism of its formation. There are
three major steps contribute to metallic powders;

e Heating and melting in partial or total,

e Interacting with the oxygen of the air in a surface,

e Contacting with the surface of the base metal or contiguous layer (Tushinsky

L. and oth., 2002)

A wide variety of coating processes have been developed in the past years to achieve
coatings with desired specifications to meet surface requirements. The phosphate
coating chemicals involve the chemical conversion of metal surfaces between
chemicals. Phosphate crystals are formed on surfaces including zinc, manganese or
iron phosphates. The iron phosphate coating is a simple process, but it has lower
corrosion resistance (Wang C. and oth. 2006). Iron phosphate coating is commonly
used for temporary corrosion resistance applications rather than permanent works
(Wang C. and oth. 2006). Iron phosphate can provide paint adherence with more
flexibility. Another advantage of iron phosphate is it can be used in cleaning and
etching steps of aluminium or galvanized metals (Url-3). Zinc phosphate coating has
a good impact on corrosion resistance. Generally, it is used for the surface finishing
process and also as a bond coat for the painting process. This coating chemical is
commonly used in industries like automotive, metals and aluminium due to high
performance on corrosion. Manganese phosphate coating has the highest hardness of
the three types of phosphate coating chemicals and, it has the best corrosion and wear
resistance performance on products (Wang C. and oth. 2006). Figure 2.2 shows that
general application of three phosphate coating chemicals.

Wear Corrosion Painting
reduction Protection
Mn 7n Fe
Phosphate Phosphate Phosphate
Decoration Lubrication Insulation

Figure 2.2 : Applications of phosphating chemicals.



The phosphating process is not a single chemical process, it is a tiered process. It takes
place at the solid-liquid phases and continues until the balance is completed (Duszczyk
J. and oth., 2018). In general, the phosphating process includes four main stages and
figure 2.3 shows the phosphate chemical process flowchart. Also, that depending on
the surface conditions of the metal, some of these stages may be taken out or additional
stages may be integrated into the operation. The phosphating process includes the
cleaning degreasing stage, activation stage, phosphating stage, and final passivation
stage. In practice, the process can be extended using additional baths and chemicals to

get high quality of product and reduce costs of operations (Ozcanak,2008).
( Cleaning 1 |:> ( Activation 1 |:> ( Phosphating ] I::> ( Passivation Rinses ]
Degreasing Stage Stage Stage Stage

Figure 2.3 : Phosphate coating process flowchart.

There are lots of phosphating chemicals for use in different types of materials and
surfaces. The main differences are their ingredients between each other.

A few simple activities require to reach for final treatments. The stage of the process

is changeable due to the requirements of materials coated with phosphating chemicals.

The phosphating process forms a layer of the desired property that comprises multiple
steps. In every stage, surfaces are prepared for the next one with some operations. By
this means, the time needs of the next stages may be shorter and it may provide to be

faster for processes (Narayanan,2005).
e Benefits of stage application include:
e Decreasing time of the process,
e Decreasing rejects,
e Making a product with high quality,
e Decreasing costs of the process,
e Decreasing the environmental impact of products

Cleaning Stage: Chemical cleaning is the first part of a process to prepare products
for the next steps or final treatment. It is possible to dispose of unwanted taints,

contamination, dust or accumulation from the surface.
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There are many options for chemical decreasing stages. It depends on the type, size,
and properties of products. Dipping and spraying are most preferable in industries. A
very simple cleaning system may include only force, such as an air blower or a dry grit
blast. For example, if the equipment size is so huge as an automobile, the process
should be dipping. The dipping process occurs in a huge tank, the equipment immerses
in the chemical tank or pool to clean the entire surface. Chemical spraying applies with

nozzles and sprays tubes, it is related to equipment.
The main purpose of the cleaning stage is;
e Total elimination of surface soils, oils, dirt’s
e Prevention of contamination of soil on the surfaces
e Removing of all residues of the cleaner solution and soils
e Prevention of cleaner drag out from entering the surface conditioning stage

For the cleaning degreasing process generally, surfactants and alkaline components
such as carbonate, caustic, alkaline phosphate and silicates are preferred. To select
degreasing chemicals, there are some important points: (Yoshihara, 1983). Chemicals

should be capable of degreasing even component subjected to dipping.

e Even the surface is rust-preventive oil, chemicals should be having degreasing
capability

e Chemical should be hard to generate foam in spray operations
e Chemical should be having satisfactory qualification for oil separating

The rinsing step should be followed when chemical degreasing operation is completed.
Rinsing prevents the hold of chemicals used in the earlier stages. And, it prevents

contamination to the next stages.

Activation stage: The activation step is applied for an increasing amount of phosphate
crystals per unit area. This process is used to coat the surface with a uniform film layer
in the next process naming the phosphating process.

Phosphating stage: Properly cleaned and activated surfaces are next subjected to the
phosphating stage. The correct choice of the components and the operating conditions
and requirements of the phosphating bath are made based on the properties of the

material to be processed and its final use. The phosphating process takes in steps at the
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solid-liquid interface and continues until the balance is completed. It should be carried
out at temperatures from 30 C to 99 C (Narayanan,2005). The main components of

phosphating reactions:
e Phosphoric acid (H3POs)
e lons, cations of bivalent metals: Zn?*, Fe?*, Mn?*

e Accelerator — an oxidizing reagent (nitrate, nitrite, peroxide) (Saji, 2007)

The main principle of phosphating is that it converts to a coated phosphate layer of the
metal surface after immersion in phosphoric solutions. The normal reaction for zinc

phosphate coated can be defined as follows: (Weng and oth.,1998)
3Zn*2+ 2HPO4 + 4H20 = Zn3(P0O4)2.4H,0 + 4H (2.1)
Or
2Zn*2 + Fe? + 2HoPO4 + 4H20 = FeZny(POa)2.4H20 + 4H  (2.2)

Passivation rinses: After phosphating, it is necessary to remove water from soluble
salts, acid residue, and nonadherent particles. The important thing is, ensure that the
water supply is sufficiently free. The passivation process prevents surface
contamination with a type of chemical dissolution. Generally, nitric acid is used widely

in the passivation rinses stage (Parsons S. and oth., 2019).
The main purpose of passivation rinses stage is:

e Prevention of surface drying and flash rusting
e Prevention of drag outs

e Prevention of blister formation

2.4. Life Cycle Assessment

Life Cycle Assessment is a tool that provides to assess the environmental impacts
throughout a product, materials, and processes. It is possible to evaluate for all supply
chain of materials from raw material extraction to final products and it includes the
assessment of environmental impacts of products or services. Life cycle assessment
(LCA) is an I1SO 14040 type of methodology for the environmental assessment of
industrial systems (ISO 14040). Figure 2.4 illustrates the system boundary stages
according to EPA,1993.
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Figure 2.4 : System boundary stages (EPA,1993).

There are many approaches to assess or calculate to environmental impacts of a
product or process based on a step by step. Selecting the approach method is can be

variable in production processes or services and also the aim of the study.

Cradle to grave is commonly used in studies and it means that, all life cycles of a
product from raw material extraction stage to disposal stage (Curran,2006). This
approach includes the staging of raw material extractions, transportation of the

product, the process of products and its end of life with disposal method.

Cradle to the gate is another approach, that includes the raw material extraction stage

to the production stage. It is not assessed product life after leaves the production area.

Cradle to cradle approach is a technique that provides to assess all environmental
burdens associated with all stages of a product; from extraction raw materials to reuse
stage that means it is possible to use it as a raw material in different or same processes
(Muralikrishna I. and Manickam V., 2017).

Gate to gate approach is another option for assessing the environmental impact of
products, it is only related in production stage; in this approach no need assess to
background information or end of life information of a products. Figure 2.5 shows the

basic system boundary types within a life cycle assessment.
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Figure 2.5 : Basic options to select system boundaries.

It is possible to assess of environmental impacts of a product from one stage to many
stages. With this approach, only one stage can be assessed or emphasize one stage’s
environmental burdens. According to the ISO 14044, life cycle assessment framework

is available in figure 2.6.

Goal and Scope
Definition

11

Inventory Analysis

11

Impact Assessment

Interpretation

i m u

Figure 2.4 : Life cycle assessment framework (ISO 14044).

2.4.1. Goal and scope definition
The process is determined to the goal and scope of the process that includes the
boundary of the system and details. The important point for determining goals and
scope is closely related to the subject and intent of the study. The detail and level of
study can be different according to the goal that is set (ISO 14044:2006). It is possible

to give useful inputs to drive correct specific behaviour with well determining to goal
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and scope. The functional unit is defined to compare the performance of a product

system or services as a reference unit.

2.4.2. Inventory analyses
The inventory analyses are collecting all of the input and output data regarding
products or services. It's the second phase of LCA, and it provides to create an
inventory with all raw materials, natural sources, wastes, products, co-products, etc.
(ISO 14044:2006). Inventory analyses is one of the most important and time-
consuming phases for all study to get an outcome of a life cycle impact.

2.4.3. Life cycle impact assessment
The main purpose of the Life Cycle Impact Assessment (LCIA) is to evaluate the
results from inventory analysis of a product's environmental impacts in a comparable
way. It provides to consider the potential environmental impacts of the products. LCIA
includes three stages to get a result from the study; selection of impact assessment
methods, selection impact categories and characterization (Capaz, Seabra, 2016). In
the first stage, impact assessment methods aim to reach a life cycle inventory result in
its potential environmental burdens. Life cycle inventory results are classified with
impact categories according to the ISO 14042 Environmental management-Life cycle

assessment-Life cycle impact assessment.

In the characterization stage, each selected category in the last stage is quantified the
potential impacts due to the flows defined in the product system. These potential

impacts are evaluated according to the characterization factors.

2.4.4. Interpretation
In the interpretation stage, the results are obtained from the life cycle inventory
assessments and discussed to the goal and scope of the study. The not only result of

the study, but also potential environmental impacts are also considered.

2.5. Applied Life Cycle Assessment Studies

Various LCA databases can be used to identify and compare the environmental effects
and loads of phosphating chemicals. The metal surface treatment chemicals are
commonly used in different industries as a part of their processes. It is produced by
many companies globally and locally. Unfortunately, there is no directly LCA study
related to this subject and different options with the green industry. There are some
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environmental product declarations (EPD) for various coating chemicals. The
environmental product declarations do not consist of detailed information about the
process or service like literature studies, it just gives results of the assessment. Three
different coating chemicals EPD are used for comparison in this study. (Url-4), (Url-
5), (Url-6).

Deutsche Bauchemie e.V. prepared an EPD related to methacrylate resin products,
highly-filled, flow coatings preliminary products in 2013. (Url-4) It's a two-component
reactive resin. The chemical is widely used in different areas such as construction,
furnishing, repairing, and waterproofing of buildings Methacrylate formulations and
hardening agents are used in the production step. In this EPD, the environmental
impacts of the product were declared according to 1 kg functional unit and the GaBi 6
software program was used for calculations with background data. The system
boundary includes the manufacturing of raw material extraction and production and
packages, transportation to plant, energy usage , waste treatment and installation of the

plant. The functional unit was declared as a 1 kg product.
This EPD will be referred to as EPD1. Table 2.1 illustrates the results of the study

based on environmental impact categories.

Table 2.1 : The environmental impact results of methacrylate resin products, highly-
filled, flow coatings EPD (Url-4).

Impact Categories Unit/fu Results
GWP [kg CO? eq.] 1.92E+00
ODP [kg CFC11 eq.] 3.03E-10
AP [kg SO? eq.] 6.84E-03
EP [kg (PO4)® eq.] 4.68E-04
POCP [kg ethene eq.] 1.38E-03
ADP Elements [kg Sbeq.] 1.95E-05
ADP Fossil [MJ] 4.30E+01

According to the results, in ODP, material extraction and production phases (> 80%)
and production (<10%) are largely contributed (Url-4). Approximately 60% of the AP

is coming from to sulphur dioxide which is emitted during the production of the resins.
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Preliminary products have approximately 75% and production have approx. 10% of
the AP. Approximately 65% of the EP is caused by the manufacture of preliminary
products, and the resins have the highest influence on the EP. On the contrary of the
other impact categories results, in POCP category is not dominated by the production
of preliminary products. The largest share (50%) is coming from the installation of the

methyl methacrylate product (Url-4).

Verband der deutschen Lack- und Druckfarbenindustrie e.V. prepared an EPD about
epoxy powder coating chemicals 2017 (Url-5). The coating chemical is an organic,
thermally-hardening, duroplastic material. The coating chemical generally used in
used on steel and aluminum substrates in internal applications and provides some
specifications for materials like protection and resistance to chemicals. In addition to
that, it's used in the construction sector, heating and sanitary ware, pipes, doors, and
railings. Declared functional unit is 1 kg epoxy powder chemical and the EPD was
prepared following with cradle to gate approach. The system boundary includes
supplying raw materials and energy input, manufacturing, and transportation of
materials and the treatment of all waste. In this study, this EPD will be referred to as
EPD2 (Url-5). Table 2.2 shows the detailed results of the epoxy powder coating’s EPD.

Table 2.2 : The environmental impact results of epoxy powder coating EPD (Url-5).

Impact Categories Unit/fu Results
GWP [kg CO? eq.] 6,47E+00
ODP [kg CFC11 eq.] 3,43E-10
AP [kg SO? eq.] 1,32E-02
EP [kg (PO4)3 eq] 1,60E-03
POCP [kg ethene eq.] 1,94E-03
ADP Elements [kg Sb eq.] 2,80E-05
ADP Fossil [MJ] 1,12E+02

The largest contribution is coming from the production phase and the upstream chain
related to the raw material supply. The main cause of the raw material production
step's impact is coming from binding agents and titanium dioxide (Url-5). The titanium
dioxide also the main cause of AP of Soil and Water and ADP of non-fossil resources
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(Url-5). The binding agent plays a big role in all other environmental impacts within
raw material supply impact categories (Url-5). An exemption is expressed by the are
fundamentally dominated by the binding agent and ODP section in which the titanium
dioxide in the numerous environmental impacts is the principal reason for pollution
(Url-5).

Polyester-based powder coating EPD study was prepared by Verband der deutschen
Lack- und Druckfarbenindustrie e.V. in 2017 (Url-6). The coating chemical refers to
a weatherproof polyester powder. The chemical includes polyester resin with a similar
curing agent, additives, proper filler, and weather-resistant dyes. This coating chemical
is widely used in the construction industry for aluminum and steel materials.1 kg
polyester-based powder coating was declared as a functional unit and cradle to plant
gate approach was defined as a system boundary (Url-6). Supplying raw material and
system energy, material transportation to plant, production and waste treatment stages
were discussed in the EPD (Url-6). In this study, this EPD will be referred to as EPD3.

Environmental impact category results according to study are given in table 2.3.

Table 2.3 : The environmental impact results of polyester-based powder coating

EPD (Url-6).

Impact Categories Unit/fu Results
GWP [kg CO? eq.] 4,67E+00
ODP [kg CFC11 eq.] 3,45E-10
AP [kg SO? eq.] 2,87E-02
EP [kg (PO4)® eq] 9,54E-04
POCP [kg ethene eq.] 1,93E-03
ADP Elements [kg Sb eq.] 5,23E-06
ADP Fossil [MJ] 9,24E+01

Similarly, with epoxy powder coating EPD study results the main environmental loads
are coming from the raw material supply and using of binding agent and titanium
dioxide. The main impact of AP of soil and water, POCP and ADP elementsis coming
from the using titanium dioxide. Pigments are directly affected by the ODP category

(Url-6). These EPD's have not been directly related to phosphating chemicals. In all
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three studies, LCA studies were conducted for different coating chemicals. Since the

product’s raw materials and usage areas are different, the results are different.
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3. MATERIALS AND METHODS

3.1. Aim and Scope of the Study

The objective of this study is to evaluate the life cycle environmental impacts of two
different zinc phosphating chemical formulations that can substitute each other. The
study can provide to new environmentally sound solutions in the pre-treatment
industry. In addition to that, it can make a key role in finding green substitutors besides

using chemicals that have a huge environmental impact.

In this study, all inputs and output data that used inventory analysis stage were
obtained from the production plant and its standardized according to the ISO
14040:2006 and 14044:2016 (ISO 2006, ISO 2016). The production of zinc
phosphating chemicals is considered as a main environmental impact. The production
plant located in Kocaeli/Turkey. The study was conducted according to the first 6-
months data in 2019. The GaBi software was used to perform LCA with the Ecolnvent
database. The results that are obtained from the study were compared with surface
treatment literature. This study can be used as a guideline for analyzing the

environmental impacts of phosphating chemicals production process.

Ten different impact categories are chosen for LCA studies according to the products
and processes. These impact categories are global warming potential (GWP), abiotic
depletion potential (ADP fossils and elements), acidification potential (AP),
eutrophication potential (EP), freshwater aquatic toxicity (FAETP), human toxicity
potential (HTP), ozone layer depletion potential (ODP), photochemical ozone
depletion potential (ODP), terrestic ecotoxicity potential (TETP) were selected and

necessary evaluations were completed.

GWHP refers to a long-term change in the planet's weather conditions and average
temperatures. It is the main aspect of climate change and has been explained by direct
temperature measurements and by measurements of different outcomes of warming.
The global warming potential values are calculated in units of kg CO2 Eq.
Transportation is an important contributor to global warming. Because in the

transportation process, vehicles consume a large amount of petroleum and energy. In
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addition to that, it produces air pollution with particulates and oxides. Trucks and
tankers emit carbon dioxide, carbon monoxide, methane, nitrogen oxides, nitrous
oxide, particulates during transport. GWP is directly affected by to distance between
supplier and production plant, also the amount of the chemicals. The depletion of
resources category is an important point of the LCA approach because depletion of
one particular natural resource is directly affected to another.

The ADP of a resource was determined as the rate of the yearly total production and
the square of the last reserve for the resource distributed by the same ratio for a
reference resource(Oers L. and oth. ,2019). ADP (elements) presents an assessment
of the availability of natural elements, while ADP (fossil), considered in MJ, involves
the fossil energy carriers, such as thick oil, natural gas, and coal(Christoforoua E and

oth.,2015). Kg Sb.-Eqg. values are considered as the units of ADP elements effect.

AP is an outcome of acids being released to the atmosphere and consequently
accumulated in surface soils and waters (Pacheco-Torgal F. and oth., 2016). Kg SO2-

Eq. values are considered as the units of acidification potential effect.

ODP regards for results correlated to the reduction of the protecting ozone layer within
the stratosphere affected by emissions of ozone-depleting materials (Url-7). The kg

R11 equivalent values are considered as the units of ozone depletion potential effect.

EP is related to the pollution land of marine ecosystems in which the extreme-
fertilization of water and soil has turned into an extended mass of biomass. Kg

Phosphate-Eq. values are considered as the units of EP effect.

FAETP defines to impact on freshwater ecosystems caused by emissions of toxic
materials to air, water and soil (Url-8). The kg DCB-Eq. values are regarded as the
units of FAETP effect.

POCP is related to particular volatile organic compounds and it does not include
information about concentrations history and meteorological conditions (Finkbeiner
M.,2020). It is declared and assessed in kg Ethene-Eq.

Impacts of chemical material on terrestrial plants are examined in the scope of the
TETP category. Studies with TETP are important for protecting our ecosystem. Kg
DCB-Eq. values are considered as the unit of TETP in this study.

The HTP category concerns the impacts of toxic materials on the human habitat. Kg

DCB-Eq. values are considered as the unit of HTP in this study.
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3.2. Functional Unit

Scope of the study is defined as the zinc phosphating chemicals production in a factory.
The production includes information on raw materials extraction, production and
transportation, transportation of materials, production and waste management. Waste
packages occur from powder raw material packages and liquid materials packages.
Wastes are collected in a temporary waste area and send to a licensed hazardous waste
incineration plant facility. Wastewater occurs from a mixer cleaning operation. There
IS no wastewater treatment system in the factory, wastewater directly sends to
organized industrial zone wastewater treatment plant. The function of the production
system should be determined clearly in the first step to analyze the results of the study
in the correct way. The functional unit can be variable because it is directly related to
the process or production system. In this study, the functional unit (fu) is defined as
1000 kg zinc phosphating chemical, because similar studies in literature use the same
fu (Genderen E., and oth.,2016). All input and output data of raw materials, process

water, packages, and energy were calculated for per 1000 kg product in the framework.

3.3. System Boundary

The system boundary shows the scope of the study by pointing out the inputs and
outputs. Figure 3.1 shows the system boundary of zinc phosphate chemical production.
In this study, an environmental impact assessment performed on the chemical
production stage in a factory. The cradle to gate approach was followed in this study
while producing zinc phosphating chemicals. Tap water production, reject water from
the water preparation system, treated water from the wastewater treatment system and
zinc phosphating chemical product are not included in system boundary. The inputs
were defined according to the required product quality. Chemical amounts were
calculated for the 1000 kg zinc phosphating product.
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Figure 3.1 : System boundary of zinc phosphate chemical production with life cycle
assessment perspective.

Table 3.1 shows all inputs and outputs of the formulation process that were selected
from the GaBi database. Chemicals, materials, and energy types were selected most
suitable items from the GaBi and Ecolnvent databases.

Nickel nitrate production process is not available in the GaBi database. It was added
manually to the database according to the GaBi datasets in the GaBi’s website (Url-9).
The data set includes all relevant process steps/technologies covering the supply chain
of the described cradle to gate inventory with good overall data quality. Nickel , nitric
acid (98%), water (desalinated, deionized), electricity grid mix and thermal energy
were added, to process with mixing according to the input data of datasheet. Nickel
nitrate hexahydrate is produced by dissolving nickel metal in diluted nitric acid. (Url-
9). In the model, the stoichiometric amounts are used to produce 1 kg nickel nitrate
hexahydrate. 0.2 kg nickel, 0.43 kg nitric acid, and 0.74 kg deionized water are used
for producing 1 kg nickel nitrate hexahydrate. In addition to chemical inputs, 0.2 Mj
electricity and 0.89 Mj thermal electricity are used during production. 0.36 kg of
excess water occurs during production. It is distilled from the mixture and reintroduced
into the process with deionized water input (Url-9). Figure 3.2 illustrates the

production of 1 kg nickel nitrate in GaBi according to the dataset data (Url-9).
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Figure 3.2 : Stoichiometry of 1 Kg nickel nitrate production in GaBi (Url-9).

Sodium metabisulfite (SMBS) which is one of the inputs for the process water
production process is not available in the database so it was added manually from
literature data (ChinaChemNet, 2019). 335 kg hydrogen sulphide, 575 kg soda, 2000
kg tap water are used for producing 1000 kg SMBS. The required energy for
production is provided by electricity with 486 Mj and steam with 700 kg
(ChinaChemNet, 2019). Figure 3.3 shows the production of SMBS in GaBi according

to the literature data.

‘Hydro gen sulphide ‘ 335 ké
| Soda | 575 ke
‘ Tap water ‘ 2000 {g SMBS
‘ Electricity ‘ 486 1\&1
‘ Steam ‘ 700 k»g

Figure 3.3 :1000 kg SMBS production in GaBi (ChinaChemNet, 2019).

In addition to that, there is no appropriate process for water input because of quality
concern. According to the design parameters received from the plant, the water
preparation facility was created within the GaBi database. The water preparation
system consists of pretreatment and reverse osmosis units. The system was added to
the GaBi database manually with electricity consumption data for all systems and
required chemical data for dosage units. Tablet salt, chlorine and sodium metabisulfite

are used in dosage units.
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Table 3.1 : GaBi and Ecoinvent database selection list of zinc phosphating chemical

production.

Database Selection in GaBi 7.3 and Ecoinvent

Nitric Acid
Phosphoric Acid

Nickel
Nitric acid
Zinc Oxide
Iron Sulfate

Copper Sulfate
Tap Water

Tablet Salt
Caustic, liquid
Sodium Meta Bisulfite

Soda ash
Steam

Hydrogen sulfide

Total Electricity (Water
preparation, Mixing, Filling and
Packaging)
High-density polyethylene Plastic
package (for chemicals) and
Intermediate bulk container (for
packaging the product)
Wooden Pallet(for packaging the
product)

Wastewater treatment

GLO: nitric acid, without water, in 50%
solution state [allocatable product]*
GLO: phosphoric acid, industrial grade,
without water, in 85% solution state
[allocatable product]

GLO:market for nickel, 99.5% ecoinvent

RoW: nitric acid production, product in 50%
solution state ecoinvent

RoW: zinc oxide [allocatable product]?
RER: iron sulfate [allocatable product]?
GLO: copper sulfate [allocatable product]

CH: tap water [allocatable product]

GLO: sodium chloride, powder [allocatable

product]

GLO: sodium hydroxide, without water, in
50% solution state [allocatable product]
It's not available in GaBi, it was created

according to the literature data.

GLO: market for soda ash, dense ecoinvent

GLO: market for steam, in chemical industry
ecoinvent

RoW: hydrogen sulfide production ecoinvent

TR: electricity, medium voltage [allocatable
product]

RER: Polyethylene Bottle (PE-HD)

GLO:EUR-flat pallet ecoinvent

RoW: treatment of wastewater from coating,
capacity 1.1E10l/year ecoinvent

! global and represents activities that are thought to be a common valid for all countries in the world.
2 describes the Rest of the World apart from Europe

% describes Europe.
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4. ZINC PHOSPHATING CHEMICALS PRODUCTION PROCESS

4.1. Zinc Phosphating Chemicals Production

The formulation of zinc phosphating chemicals occurs three steps; raw material
feeding, mixing and packaging. In the first stage, raw materials are fed manually or
automatically. There are two options for feeding operations because of the chemical
properties and usage rate in products. There is a tank area in the production plant, and
liquid chemicals like phosphoric acid and nitric acid are fed in mixer automatically.
Zinc oxide, iron sulfate, nickel nitrate, and copper sulfate are in powder form. The
powder chemicals and small quantities of liquid chemicals are fed manually by using
the feeding point of the mixer.he manufacturing of both zinc phosphating chemicals
has the same type of production processes. The same mixer is used in the production
of both chemicals. Both zinc phosphating chemicals include the same raw materials
almost. The mixer works with electrical energy and it is provided from the electricity
grid. After the mixing operation is completed, the packing operation is started in the
automatic filling system. And the automatic filling system works with electrical energy
like the mixer. In packaging operation, high-density polyethylene intermediate bulk
container and wooden pallet are used for both products. The input materials used in
the production of both products are obtained from the same suppliers.

Deionized water is used as a raw material in both products. Tap water can not directly
be used in the product because of the water quality criteria. There is a water preparation
system in the production plant to convert tap water to deionized water that has required
qualification. After tap water converting operation is completed, deionized water is
called process water in the process. The water preparation system includes
pretreatment and reverse osmosis units. Multimedia filters and activated carbon filter
are used in the pretreatment unit. Three additional chemicals are used in dosage units
for different purposes. Chlorine is used for disinfection purposes in the tap water tank.
The chlorine in the tap water damages the membranes in the reverse osmosis system.
To prevent this situation, SMBS is dosed to the system before the reverse osmosis

system. The caustic dosage unit is located before the process of water tank. It is used
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for the neutralization of acidic specification in tap water. The deionized water tank has
10 m3 capacity and, the required deionized water is fed from the tank to mixer. Figure

4.1 shows a flowchart of the water preparation system.

. . Activated Reverse | Process water
Tap water Multimedia Carbon Ostosis Process
I Filter ’ . — - Water Tank
Filter System I
Chlorine, JISMBS ) Caustic
Pre-treatment Unit Reverse Osmosis
Unit

Figure 4.1 : Water preparation system flowchart.

After the raw material and deionized water feeding processes are completed, the
second step is started in the mixer. Raw materials and process water are mixed for
approximately five hours in mixer. The mixer is worked with electricity. In the last
step, zinc phosphate chemical product is filled in high-density polyethylene (HDPE)
intermediate bulk container (IBC) automatically. There is an automatic filling system
in the production area. HDPE IBC is used for finished goods filling, and the required
time of filling operation for one IBC is 25 minutes. The IBC is used together with a
wooden pallet for transportation.

Hazardous wastes occur from used raw material packs. Raw materials are in paper
packs, and additional chemicals that are used in the water preparation system are in
paper and plastic packs. The hazardous wastes are transferred to the hazardous waste
incineration plant and processed in there.

The only wastewater source is mixer washings. Approximately 95% of total washing
water is collected in a tank and used for the next production process. There is no
wastewater treatment system in the plant and, the wastewater is directly sent to the
industrial zone area wastewater treatment plant. The environmental impacts of the
wastewater treatment system are also included in the system boundary. Wastewater
treatment plant data was used from the coating chemicals wastewater treatment system
in the GaBi. All impacts categories results were obtained according to the coating
chemicals wastewater treatment system data. Figure 4.2 and Figure 4.3 illustrates the
production flowcharts of the zinc phosphating chemicals that are called A and B.
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Figure 4.2 : Production flowchart of product A.
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Figure 4.3 : Production flowchart of product B.

4.2. Inventory of the Formulations

— [Filling&Packaging -i—» Product

—_————————— e ——

'|—P Product

Inventory analysis of the process was prepared according to the defined functional unit

is 1000 kg zinc phosphating chemical. Detailed information about process inputs is

outlined for both A and B products in table 4.1 It is possible to reach data about all

inputs of raw materials, energy consumption, packaging and outputs of the finished
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good, waste and wastewater with this table. All data were obtained from the production

plant in the first six months of 2019.

Table 4.1: Inputs and outputs of zinc phosphating chemical formulation

Inputs Units Product A Product B
Nitric acid kg 464 238
Phosphoric acid kg 144 506
Zinc oxide kg 190 135
Nickel nitrate kg 4 1.9
Iron sulphate kg 4 -
Copper sulphate kg 2 0.38
Tap water kg 320 198
Tablet Salt kg 5.09E-02 3.15E-02
Sodium Meta(ESEiI\s/luéfét)%% (Liquid) kg 1.79E-04 1 06E-04
Caustic,liquid kg 7.63E-04 4.72E-05
T S O 351
IBC kg 60 60
Wooden pallet kg 30 30
Outputs
Paper packages for chemicals kg 1.98 1.36
Plastic packages for chemicals kg 9.91E-08 2.31E-5
Waste water kg 2.5 2.5
Reject from water preparation system kg 128 79

The main water consumption comes from water usage as a raw material in production.

There is a water preparation system in the plant and, process water is obtained from

tap water with a reverse osmosis unit. The reverse osmosis is a type of membrane

technology. It provides water demineralization from high mineral to low mineral via



osmotic pressure. Before the reverse osmosis unit, there is a pretreatment unit to
eliminate undesirable particles in water. Multimedia filters and activated filters are
used in the pretreatment unit. Tap water does not meet the quality requirement of
process water in the product. Table 4.2 illustrates the tap water quality and required

process water quality.

Table 4.2 : Quality of tap water and process water.

Parameter Units Process Water Tap Water
pH - <7.0 7.88
Conductivity  pS/cm <10 puS/cm 234
Silicate ppm free -
Solid matter ppm none 0

< 20 ppm (if Pb-

C0O2 ppm containing paint) -
Bacteria ppm <10° °
Temperature - 10 -35°C 20

In the water preparation system, three additional chemicals are used for reaching
defined water quality. Tablet salt, SMBS and caustic are used for reaching the required
water quality. Table 4.1 includes the amount of additional chemicals used in water
preparation system. The process water inputs are different in both products, therefore
the amount of chemicals used is also different. In order to produce 1000 kg zinc
phosphating chemicals, product A contains 192 kg deionized water and, product B
contains 119 kg deionized water. But, the water preparation system does not work with
a 100% yield. The system works with a 60% yield according to the design data. In
product changeover, the mixer is washed with process water. The amount of
wastewater generated per 1000 kg product is 2.5 kg according to weekly production
and machine wash information. The main and only energy source is electricity in the
plant. The required electricity for the mixer and the automatic filling system is
provided from the same system. Both chemicals are produced in the same mixer. The
mixer operates with electricity and it consumes 22 kW/h according to the datasheet.

The mixing step of A and B products takes approximately 5 hours. After production is

31



completed, the product goes to the automatic filling system via pipeline and the system
consumes 0.1 kW/h. There is an air pump for transferring chemicals to automatic
filling equipment. The air pump operates with air that generates by the compressor. In
this study, the effects of air pumps were not evaluated because air pumps consume
very low electricity. The energy consumption is approximately the same for producing
both of A and B products. Because these two chemicals are produced in the same
production mixer and finished good is filled in the same automatic filling system. In
addition to the production and filling process, the water preparation system is the other
electricity consumption source in the plant. Table 4.2.1 includes the total electricity
consumption both products for all steps in production, filling processes and water

preparation system.

HDPE IBC is used with a wooden pallet for finished good packing. Both A and B
products are filled in the same type of package after the production process is
completed. HDPE gives the tank bladder of the IBC that level of protection, for
instance, to qualify it for the transport of dangerous goods. It provides high stability
for the product. The most significant thing is that it persists stable and does not leak.
The intermediate bulk container is a reusable type of package for using as mass
handling, transporting and storing liquid or semi-liquid. The IBC is suitable for
transport and storage of liquids. Phosphating chemicals contain a high ratio of acidic
raw materials, so stability and tightness are a key factor for selecting finished good
packing material. IBC is used with wood pallet for transporting activities. The wooden
palletis supplied with a different company from the IBC supplier. HDPE IBC has 1000
kg capacity and the empty container is 60 kg weight.

Waste chemical packaging material and wastewater occur in the zinc phosphating
chemical production process as a waste. Two raw materials nitric acid and phosphoric
acid are fed to mixer from a tank through the pipeline. Both of these chemicals are
transported to the factory by using a chemical tanker. Other raw materials copper
sulfate, zinc oxide, iron sulfate, and nickel nitrate are fed manually through a manual
feeding point. The powder chemicals are in 25 kg paper packages and the chemicals
come at the factory by truck. The wastes are transferred to the licensed hazardous waste
incineration plant. The main cause of the small number of waste packages per tonne
of chemical is the other liquid raw materials are coming to plant via tanker truck.

Wastewater occurs from the mixer washing. According to the production data for six
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months, the mixer is cleaned once a week approximately. In every cleaning operation,
50 kg process water is used. A huge portion of process water in cleaning operation is
transferring to the water holding tank and it is used for as process water in the next
product. And 2.5 kg process water is sending to the chemical wastewater treatment

plant.

In this study, also the effects of transportation are investigated for chemical and
material transportation to the factory and waste chemical packaging material
transportation to the hazardous waste incineration plant. All chemicals and materials
are supplied by manufacturers that are located in different cities in Turkey. Tankers
and trucks are used for transportation from suppliers. Distance between supplier and
production plant, the technology of vehicles, road type, fuel type, and other conditions
are the main transportation factors affecting directly to the emission. Table 4.3 shows
the distance between the chemical suppliers and production plant. The distance
between the supplier and the factory was calculated through Google maps.

Table 4.22: Information on transportation of the materials for both products.

Materials Di(sl:?nr;ce Location Trani_p;préation
Nitric acid 267 Tekirdag/Turkey  Road transport
Phosphoric acid 614 Antalya/Turkey Road transport
Zinc oxide 380 Ankara/Turkey Road transport
Nickel nitrate 628 Aydin/Turkey Road transport
Iron sulphate 140 Istanbul/Turkey Road transport
Copper sulphate 26 Istanbul/Turkey Road transport
Tablet Salt 53 Kocaeli/Turkey Road transport
SMBS 53 Kocaeli/Turkey Road transport
Caustic,liquid 53 Kocaeli/Turkey Road transport
HDPE IBC 32 Kocaeli/Turkey Road transport
Wooden pallet 35 Istanbul/Turkey Road transport
Hazardous waste to incineration 19 Kocaeli/Turkey Road transport

plant

33






5. RESULTS AND DISCUSSION

The study contains the required information on the production steps for comprehensive
research according to the functional unit of 1000 kg products. The study covers
detailed process information, chemical usage, energy and materials consumption for

life cycle assessment for different two zinc phosphating chemicals.

5.1. Environmental Impacts of Zinc Phosphating Chemicals

The inputs and outputs of chemicals, materials, electricity, water that result in
environmental impacts have been covered in this study. Data were collected for the
life cycle inventory of zinc phosphating chemical production processes in surface
treatment production plant to define main causes that have a great effect on
environmental impacts, also find environmental-friendly solutions to exist

causes.LCA modelling with GaBi Software

5.1.1. LCIA results

In this study, the total impact of each environmental effect was defined. Also, the
environmental impacts for each process of two different zinc phosphating chemicals
are given. The results were assessed according to the functional unit of 1000 kg of zinc
phosphate chemical. Ten different environmental impact categories are examined in
this study. The categories are related to specific environmental problems. The table
5.1 shows the environmental impact categories and assessment results of both products
A and B.

Table 5.1 : The environmental impact categories and assessment results of product A

and B.
Environmental Unit Impact Impact .
value value Percent difference

Impact Category ~ Equivalent o 4\ A product B

[kg Sb-Eq]  1.44E-02  2.48E-02

Product B is 72%
greater than product A

Product B is 26%
greater than product A

ADP elements

ADP fossil [MJ] 2.42E+04  3.06E+04
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Table 5.1 (continued) : The environmental impact categories and assessment results
of product A and B.

Environmental Unit Impact Impact

Impact Category ~ Equivalent value value Percent difference
Product A Product B

Product B is 26%
greater than product A

[kg Phosphate-  5.07E+00  7.58E+00 Product B is 49%

AP [kg SO%-Eq.] 1.61E+01  2.02E+01

EP Eq.] greater than product A

[kg DCB-Eq.] 8.82E+02  1.91E+03 Product B is 116%
FAETP greater than product A

GWP [kg CO%-Eq.] 2.51E+03  2.35E+03 Product A is 7%
greater than product B

HTP [kg DCB-Eq.] 1.45E+03  1.99E+03 Product B is 38%
greater than product A

ODP [kg R11-Eq.] 1.64E-04 2.54E-04 Product B is 55%
greater than product A

POCP [kg Ethene- 8.65E-01 1.15E+00 Product B is 33%
Eq.] greater than product A

TETP [kg DCB-Eq.] 1.75E+01  2.07E+01 Product B is 18%

greater than product A

In order to compare products A and B, all environmental impact categories resuls in
product B production were accepted as 100%, and the percentage distribution of
product A was determined according to this acceptance. Figure 5.1 shows the
percentage distribution of product B and A.

LCIA Percentage Distribution
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Figure 5.1: LCIA percentage distributions.
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Except for the results of the GWP impact category, it is seen that in all other categories,
Product A is more environmental friendly than Product B. While the GWP impact
category results difference between product B and A was 7%, it was observed that
difference of results were higher in other impact categories.The main difference
between the two products is the raw material usage amount in the mixture. LCIA
results are directly affected by the rate of chemicals using. Product B has 72% more
impact on ADP elements category, 26% more impact on ADP fossil category, 26%
more impact on AP category, 49% more impact on EP category, 116% more impact
on FAETP category, %38 more impact on HTP category, 55% more impact on ODP
category, 33% more impact on POCP category and 18% more impact on TETP
category than product A.

The results of the impact categories were analyzed in separate sections to determine
where the greatest impact came from. These impact categories are raw materials used
in products, energy consumption, production of finished good packing, incineration of
hazardous wastes, water preparation system, wastewater treatment and transportation.
Transportation values are given in total for all materials. Details of all impact sources
information are given in table 5.2 with their percentage contribution to impact
categories for product A and B.
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Table 5.2 : Percentage contribution of impact sources to impact categories for both products A and B (%).

Impact ADS Al AP EP  FAETP GWP  HTP ODP POCP TETP
Categories/ elements fossil

Impact Sources A B A B A B A B A B A B A B A B A B A B
Copper Sulfate 14 2 0 0 2 0 4 1 7 1 0 0 15 2 0 0 2 0 4 1
Iron Sulfate 0 - 0 - 0 - 0 - 0 - 0 - 0 - 0 - 0 - 0 -
Nickel Nitrate 6 2 0 0 18 7 2 1 5 1 1 0 4 1 0 0 14 5 1 0
Nitric Acid 22 6 25 10 34 14 43 14 14 3 56 31 28 10 35 11 26 10 46 20

Phosphoric Acid 39 79 17 46 23 64 32 72 53 86 9 34 27 69 25 57 24 62 19 56
Process Water 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Zinc Oxide 8 3 27 16 13 5 5 3 7 3 18 14 11 5 17 12 18 7 13 8

Finished Good
Packing Material
Incineration of
Hazardous Waste

3 17 14 4 3 5 3 5 2 7 7 7 5 5 3 8 6 12 10

Wastewater °©o o o 0 0 0 0 0 0O 0O 0O 0O 0O 0O O O0O 0 0 o0 0
Treatment
Electricity o o 4 3 3 3 6 4 6 3 3 3 3 2 1 1 3 2 11
Consumption
Transportation 6 5 9 11 3 4 3 3 2 2 6 9 4 4 16 15 6 8 3 4
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
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Figure 5.2 illustrates the percentage contribution of different impact sources to

impact categories results for product A.

Product A-LCIA Results Percentage Contributions
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Figure 5.2 : Product A-percentage contribution to LCIA results.

It is seen that the results of Product A are mostly caused by the use of nitric acid and
phosphoric acid. Nitric acid and phosphoric acid have the largest contribution to all
impact categories in product A. 1000 kg product A includes 464 kg nitric acid and 144
kg phosphoric acid. These two chemicals have a 61% place in the product in total.
Chemical amounts in the mixture and environmental specifications of the chemical are

directly effecting the impact category results.

In ADP elements impact category, copper sulfate production has 14%, nitric acid
production has 22% and phosphoric acid production has 39% contribution in total
impact. In the ADP fossil impact category, nitric acid production has 25%, phosphoric
acid production has 17%, zinc oxide production has 27% and finished good packing
material has a %17 share in total impact. In the AP impact category, nickel nitrate
production has 18%, nitric acid production has 34%, phosphoric acid has 23% and zinc
oxide has a 13% contribution in total impact. In the EP impact category, most of the

total impact is caused by nitric acid production with 43% and the rest is due to
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phosphoric acid production with 32% contributions. In FAETP impact category, nitric
acid production has 14% and phosphoric acid production has a 53% share in total
impact. In the GWP impact category, nitric acid production has 56% and zinc oxide
production has a 18% contribution in total impact. In the HTP impact category, copper
sulfate has 15%, nickel nitrate has 28%, phosphoric acid has 27% and zinc oxide has
an 11% share in total impact. In the ODP category, nitric acid production has 35%,
phosphoric acid production has 25%, zinc oxide production has 17% and
transportation of all materials has a 16% contributions in total impact. In the POCP
impact category, nickel nitrate production has 14%, nitric acid production has 26%,
phosphoric acid production has 24% and zinc oxide production has a 18% share in
total impact. In the TETP impact category, nitric acid production has 46%, phosphoric
acid production has 19%, zinc oxide production has 13% and finished good packaging

material production has a 12% share in total impact.

Figure 5.3 illustrates the percentage contribution of different impact sources to impact

categories results for product B.

Product B-LCIA Results Percentage Contribution

100%
~ BREEFRENED
80%

70%
60%
50%
40%
30%
20%
10%
0% == s B - =
& > R R R N\ R N\ R R
S R R SR R S
o o ] S
Q}Q) QQ Q
N\ kag
®
m Copper Sulfate Nickel Nitrate
Nitric Acid Phosphoric Acid
= Water Preparation System m Zinc Oxide
m Finished Good Packing Material m Incineration of Hazardous Waste
® Wastewater Treatment ® Electricity Consumption

® Transportation

Figure 5.3 : Product B-percentage contribution to LCIA results.
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The chemical production step has the highest impact on all environmental impact
categories in product B similarly with product A. The phosphoric acid has almost half
of the share in 1000 kg products. The impact category results are directly affected by
the inputs of the products. For this reason, the most contribution in all of the effects

almost categories is due to the use of this chemical.

In the ADP elements impact category, phosphoric acid production has a 79%
contribution in total impact. The rest is caused by other impact sources but they have
lower than 10% contributions. In the ADP fossil impact category, nitric acid
production has 10%, phosphoric acid production has 46%, zinc oxide production has
16%, finished good packing material has 14% and transportation of all material has
11% share in total impact. In the AP impact category, phosphoric acid production has
the most contribution with %64. Then, nitric acid production has a 14% contribution
in total impact. In the EP impact category, the biggest contribution is due to the
production of phosphoric acid wit %72 share in total. After that, nitric acid production
has a 14% impact on the total. In the FAETP impact category, the most dominant
source is phosphoric acid production with 86% contribution in total. The rest impacts
are due to other impact sources but the sources have not higher than 10% impacts on
the total. In The GWP impact category, nitric acid production has 31%, phosphoric
acid production has 34%, and zinc oxide production has a 14% share in total impact.
In the HTP impact category, phosphoric acid production has 69%, and nitric acid
production has a 10% share on total impact. In the ODP impact category, nitric acid
production has 10%, phosphoric acid production has 57%, zinc oxide production has
12%, and transportation of all materials has a 15% contribution in total impact. In the
POCP impact category, phosphoric acid production has 62% and nitric acid production
has 10% share in total impact. In the TETP impact category, nitric acid production has
20%, phosphoric acid production has 56%, and finished good packing material has a
10% share on total impact.

The product B and product A can be used as substitues in many applications. The
results between the two products were compared in the next step according to their

contribution to the impact categories.
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5.2. Environmental Impacts Comparison in Products A and B

The results obtained from the two different chemical products in this study are
compared with each other, and the literature of coating chemicals LCA studies. The
main difference between the two zinc chemical product is the consumption of raw
materials. Raw material consumption is directly effected to impact categories result.
Transportation impact categories results were calculated as a total for all materials
supplied from different suppliers. While calculating the environmental impact arising
from the transportation, the distance between the suppliers and the factory, the type of
vehicle used in transportation and the type of fuel was taken as a basis and how the

transportation was made.

All comparisons were performed according to the common fu, as 1000 kg zinc

phosphating chemical for both products.

5.2.1. Global warming potential (GWP)
According to the results of the study, a total of 2510 kg CO2 Eq./1000 Kg product A,
and 2350 kg CO2 Eq./1000 Kg product B are obtained. The main contributors of GWP
are nitrous oxide with 44% in product A, carbon dioxide with 70% in product B. GWP
impact sources and its contribution to each process in products A and B are shown in
table 5.3.

Table 5.3 : GWP impact sources and its contribution to each process in products A

and B.
GWP Source Product A mpact Product B mpact
2_ 2_
[kg CO™-Eq.J/fu Percentage [kg CO™Eq J/fu Percentage

Copper 5.30E+00 0.21% 1.01E+00 0.04%

Sulfate
Iron Sulfate 1.01E+00 0.04% - 0.00%
Nickel Nitrate 1.51E+01 0.60% 7.16E+00 0.30%
Nitric Acid 1.41E+03 56.08% 7.23E+02 30.71%
PhOAS'gih orie 2.31E+02 9.19% 8.11E+02 34.46%
Process Water 2.28E-01 0.01% 8.66E-02 0.00%
Zinc Oxide 4.43E+02 17.63% 3.33E+02 14.15%
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Table 5.3 (continued) : GWP impact sources and its contribution to each process in
products A and B.

GWP Source Product A impact Product B impact
2 2_
[kg CO™-Eq.J/fu Percentage [kg CO™-Eq.J/fu Percentage
Finished
Good Packing 1.76E+02 7.00% 1.76E+02 7.47%
Material
Incineration
of Hazardous 5.11E+00 0.20% 3.68E+00 0.16%
Waste
Wastewater 7 4og-04 0.00% 7.40E-04 0.00%
Treatment
Electricity 7.79E+01 3.00% 7 55E+01 3.21%
Consumption
Transportation 1.52E+02 6.04% 2.24E+02 9.50%
Total 2.51E+03 100% 2.35E+03 100%

It is seen that product A has %7 more effect on GWP than product B. Figure 5.4
illustrates the large percentage distribution [kg CO2-Eq.] values for both A and B

products.

Global Warming Potential

0% 20% 40% 60% 80% 100%
® Nitric Acid Phosphoric Acid
Zinc Oxide ® Transportation
m Others

Figure 5.4 : Percentage contribution of units to GWP for A and B products

The big portion of GWP amount is coming from the nitric acid. Nitric acid has56%
share in GWP for Product A. The whole effect of nitric acid production is due to the
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releasing of inorganic emissions. Nitrous oxide is the main source with 75%

contributions to nitric acid production.

Unlike product A, the highest GWP is caused by using phosphoric acid in product
The biggest source of GWP in phosphoric acid production by 92% is carbon dioxide
as an inorganic emission release into the air. After that, nitric acid production comes
with a 31% share in total GWP. The effect in nitric acid production results from the

release of inorganic emissions into the air. In this effect, nitrous oxide has 70% shares.

5.2.2. Abiotic depletion (ADP elements)
According to the results of the study, product A has 1.44E-02 Kg Sb.-Eqg. and product
B has 2.48E-02 Kg Sh.-Eq for ADP elements. The main contributors ADP elements
are copper with 28%, gold with 20%, and cadmium with 17% in product A. In product
B, major contributors are cadmium with 27%, lead with 19%, gold and lead with 16%
individually. Table 5.4 gives the ADP elements category results of the study for
products A and B.

Table 5.4 : ADP elements sources and its contribution for each process in products

A and B.
Product A/fu Product B/fu
ADP Elements Source [kg Sb-Eq.] Impact [kg Sbh-Eq.]/ Impact
/fu Percentage fu Percentage

Copper Sulfate 2.05E-03 14.95% 3.90E-04 1.57%
Iron Sulfate 2.03E-05 0.15% - 0.00%
Nickel Nitrate 8.62E-04 6.28% 4.09E-04 1.65%
Nitric Acid 3.14E-03 22.86% 1.61E-03 6.49%
Phosphoric Acid 5.55E-03 40.45% 1.95E-02 78.65%
Process Water 2.21E-06 0.02% 8.39E-07 0.00%
Zinc Oxide 1.14E-03 8.34% 8.13E-04 3.28%
Finished Good 7.26E-04 5.20% 7.26E-04 2.93%

Packing Material
Incineration of 8.27E-06 0.06% 5.96E-06 0.02%

Hazardous Waste
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Table 5.4 (continued) : ADP elements sources and its contribution for each process
in products A and B.

Product A/fu Product B/fu
ADP Elements Source [kg Sb-Eq.] Impact [kg Sb-Eq.])/ Impact
/fu Percentage fu Percentage

Wastewater Treatment 4.81E-09 0.00% 4.81E-09 0.00%

Electricity 2.19E-05 0.15% 2.12E-05 0.09%
Consumption

Transportation 8.92E-04 6.50% 1.32E-03 5.32%

Total 1.44E-02 100% 2.48E-02 100%

There is a 42% difference between the results of the ADP element for both products.
The detailed ADP elements contribution percentages for both products are given in

figure 5.5.

Abiotic Depletion (ADP Elements)

Product B . 79% 3%l)

0% 20% 40% 60% 80% 100%
m Copper Sulfate = Nitric Acid Phosphoric Acid
Zinc Oxide m Others

Figure 5.5 : Percentage contribution of units to ADP (elements) potential for
products A and B.

Considering the results of the study, the greatest contribution to abiotic depletion in
both products comes from the production of phosphoric acid. In product A, the
phosphoric acid contribution is due to the consumption of non-renewable elements
during production. The consumed elements are cadmium with 40%, copper with 13%,
gold with 15%, and lead with an 20% share in total.
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In product B, phoshphoric acid has 79% contribution to ADP elements. The total
phosphoric acid production contribution is originated from the consumption of non-
renewable elements. Cadmium has 30%, lead has 21%, gold has 15%, copper has 13%

shares in non-renewable elements.

5.2.3. Abiotic depletion (ADP fossil)
Product A has 2.42E+04 Mj Eq. and product B has 3.06E+04 Mj Eq. In product A,
major contributors are natural gas with 48% and crude oil with 40%, The main
contributors in product B, are crude oil 48%, and natural gas with 38%. Table 5.5
illustrates the ADP fossil results for both products in the unit of MJ Eq.

Table 5.5 : ADP fossil sources and its contribution for each process in products A

and B.
Product A Product B
ADP Fossil Source Impact Impact
[MJ Eq.}/fu Percentage [MJ Eq.}/fu Percentage
Copper Sulfate 6.30E+01 0.26% 1.20E+01 0.04%
Iron Sulfate 7.93E+00 0.03% - 0.00%
Nickel Nitrate 1.20E+02 0.50% 5.72E+01 0.19%
Nitric Acid 6.15E+03 25.40% 3.15E+03 10.30%
Phosphoric Acid 4.00E+03 16.54% 1.41E+04 45.97%
Process Water 2.68E+00 0.01% 1.02E+00 0.00%
Zinc Oxide 6.53E+03 26.97% 4.92E+03 16.08%
Finished Good Packing  , »oe 03 174606  4.20E403  13.81%
Material

Incineration of
Hazardous Waste

Wastewater Treatment 6.87E-03 0.00% 6.87E-03 0.00%

1.95E+01 0.08% 1.40E+01 0.05%

Electricity Consumption  9.13E+02 3.65% 8.82E+02 2.88%
Transportation 2.20E+03 9.11% 3.27E+03 10.67%

Total 2.42E+04 100% 3.06E+04 100%
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The detailed dominant impact sources of ADP fossil contribution percentages for both
products are given in figure 5.6.

Abiotic Depletion (ADP Fossil)

Product B . 46% 16% 14%
Product A - 17% 27% 17%

0% 20% 40% 60% 80% 100%
m Nitric Acid Phosphoric Acid Zinc Oxide
Finished Good Pack m Transportation = Others

Figure 5.6 : Percentage contribution of units to ADP (fossil) for products A and B.

Nitric acid and zinc oxide productions are dominant sources of ADP fossil with 27%
and 25% shares respectively for product A.Total zinc oxide production impact is
obtained from the consumption of non-renewable energy sources. The main
contributor to the non-renewable resource is natural gas with a 93% share. In nitric
acid production, the total contribution is coming from the energy resources by non-
renewable energy. 52% is crude oil, and 36% is natural gas contributed to total nitric

acid impact.

In product B, phosphoric acid production has a great effect on the impact category,
and it is due to non-renewable energy sources consumption, crude oil has 56% as the

main contributor.

5.2.4. Acidification potential (AP)
Product A has 1.61E+01 kg SO2-Eq. and product B has 2.02E+01 kg SO2-Eq. The
main contributors of AP is sulphur dioxid in both products. In product A, sulphur oxide
has 78%, and in product B, it has 70% contributions. Table 5.6 shows the SO2-Eq for
both products A and B.
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Table 5.6 : AP sources and its contribution for each process in products A and B.

e L Product A Product B
Acidification
Potential Source 2 Impact 2. Impact
kg SO™-Eq.J/fu Percentage [kg SO™-Eq.J/fu Percentage
Copper Sulfate 3.00E-01 1.87% 5.71E-02 0.28%
Iron Sulfate 4.64E-03 0.03% - 0.00%
Nickel Nitrate 2.92E+00 18.13% 1.39E+00 6.85%
Nitric Acid 5.46E+00 33.95% 2 80E+00 13.85%
Phosphoric Acid 3.68E+00 22.89% 1.29E+01 63.96%
Process Water 1.50E-03 0.01% 5.68E-04 0.00%
Zinc Oxide 2.04E+00 12.65% 1.02E+00 5.04%
Finished Good 6.42E-01 3.99% 6.42E-01 3.17%
Packing Material
Incineration of 1.25E-02 0.08% 9.00E-03 0.04%
Hazardous Waste
V¥f§;f;’n"§;‘ir 3.27E-06 0.00% 3.27E-06 0.00%
CELZit;;'t%n 5.30E-01 3.18% 5.12E-01 2.53%
Transportation 5.21E-01 3.23% 8.65E-01 4.27%

There is a %26 difference between the results of the AP impact category for both

products The detailed impact source of the AP is illustrated in figure 5.7.

Acidification Potential

Product B 7%- 64% 5%-

0% 20% 40% 60% 80% 100%
Nickel Nitrate m Nitric Acid = Phosphoric Acid = Zinc Oxide = Others

Figure 5.7 : Percentage contribution of units to AP for products A and B.
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In product A, nitric acid production is the biggest contributor to the AP impact
category with 34%. The total effect of nitric acid production is coming from release
emissions to air. This emission consists of 35% ammonia, 26% nitrogen oxide, and
38% sulphur dioxide.

While phosphoric acid production is not a dominant impact source in product A, it is
dominant in product B. The consumption of non-renewable energy sources constitutes
the total effect of phosphoric acid production. These resources and their contributions

are crude oil with 56%, and natural gas with 26%.

5.2.5. Ozone depletion potential (ODP)
According to results of studuy, 1.64E-04 R11 Eq./1000 Kg product A and 2.54E-03
R11 EQ./1000 Kg product B are obtained. The main contributors of ODP is
halogenated organics with 100% in both products. Table 5.7 shows the kg R11 Eq.
ODP for both products A and B.

Table 5.7 : ODP sources and its contribution for each process in products A and B.

. Product A Product B
Ozone Depletion
Potential Source [kg R11- Impact [kg R11- Impact
Eq.])/fu Percentage Eq.])/fu Percentage

Copper Sulfate 4 48E-07 0.27% 8.51E-08 0.03%
Iron Sulfate 6.61E-08 0.04% - 0.00%
Nickel Nitrate 7.95E-07 0.49% 3.78E-07 0.15%
Nitric Acid 5.66E-05 34.54% 2.90E-05 11.45%
Phosphoric Acid 4.08E-05 24.93% 1.44E-04 56.59%
Process Water 2.71E-08 0.02% 1.03E-08 0.00%
Zinc Oxide 2.82E-05 17.24% 3.13E-05 12.34%
Finished Good Packing ¢ 5ar 5.24%  858E-06  3.38%
Material
Incineration of 3.46E-07 0.21% 2 49E-07 0.10%
Hazardous Waste
Wastewater Treatment 4,23E-11 0.00% 4,23E-11 0.00%
Electricity Consumption 1.91E-06 1.12% 1.84E-06 0.73%
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Table 5.7 (continued) : ODP sources and its contribution for each process in
products A and B.

. Product A Product B
Ozone Depletion
Potential Source [kg R11- Impact [kg R11- Impact
Eq.])/fu Percentage Eq.)/fu Percentage
Transportation 2.61E-05 15.90% 3.86E-05 15.23%
Total 1.64E-04 100% 2.54E-04 100%

Product B has a 55% more impact on the ODP impact category than product A. All
contribution percentages to ODP impacts for products A and B are illustrated in figure
5.8.

Ozone Depletion Potential

Product B - 59% 13% -I/o

0% 20% 40% 60% 80% 100%
m Nitric Acid Phosphoric Acid Zinc Oxide
® Transportation m Others

Figure 5.8 : Percentage contribution of units to ODP for products A and B.

In product A, dominant impact source is nitric acid production. Releasing halogenated
organic emissions to air is the main cause of nitric acid production impact on the ODP

category. %97 of halogenated organic emissions impact is caused by halon(1301).

In product B, phosphoric acid production has the most contribution with a 64% share
to the AP impact category. The total impact of phosphoric acid production is originated
from releasing inorganic emissions to air. Sulphur dioxide has the biggest impact with

89% share in the total impact of phosphoric acid production.
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5.2.6. Eutrophication potential (EP)
Product A has 5.06E+00 kg Phosphate-Eq. and product B has 7.58E+00 Phosphate-
Eqg. as a total. The main contributors of EP are nitrous oxide with 20% for air emission,
and phosphate with 28% for freshwater emission in product A. In product B, phosphate
Is dominant for freshwater and seawater emissions with 41% and 21% respectively.
Table 5.8 illustrates the kg Phosphate-Eq. for both products A and B.

Table 5.8: EP sources and its contribution for each process in products A and B.

- Product A Product B
Eutrophication
Potential [kg Phosphate- Impact [kg Phosphate- Impact
Eq.])/fu Percentage Eq.])/fu Percentage
Copper Sulfate 2.25E-01 4.45% 4.28E-02 0.55%
Iron Sulfate 2.65E-03 0.05% - 0.00%
Nickel Nitrate 1.06E-01 2.10% 5.06E-02 0.65%
Nitric Acid 2.19E+00 43.23% 1.12E+00 14.36%
Phosphoric Acid 1.60E+00 31.55% 5.61E+00 71.77%
Process Water 7.12E-04 0.01% 2.70E-04 0.00%
Zinc Oxide 2.46E-01 4.87% 2.03E-01 2.60%
Finished Good 2.55E-01 5.04% 2.55E-01 3.26%
Packing Material
Incineration of 7 oo g3 0.14% 511E-03  0.07%
Hazardous Waste
Wastewater 1.97E-06 0.00% 1.97E-06 0.00%
Treatment
Electricity 2.94E-01 5.61% 2.84E-01 3.63%
Consumption
Transportation 1.49E-01 2.95% 2.44E-01 3.13%
Total 5.07E+00 100% 7.58E+00 100%

There is a %49 difference between the results of the EP impact category for both
products In figure 5.9 is illustrated to the percentage contribution of the unit to EP for

products A and B.

In product A, the main reason for EP is nitric acid production with 43% contribution.

The total EP percentage of nitric acid production is divided into two categories. 81%
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part of the EP is from discharges inorganic emissions to air, and 16% is from releases
emissions to freshwater. Inorganic emissions released into the air is mainly due to

nitrous oxide with 46%.

Eutrophication Potential

Product B - 12% 3°/-

0% 20% 40% 60% 80% 100%
® Nitric Acid Phosphoric Acid
Finished Good Pack m Electricity consumption
m Others

Figure 5.9: Percentage contribution of units to EP for products A and B.

In product B, the total share of phosphoric acid production is originated from releasing
halogenated organic emissions into the air. The total impact of phosphoric acid
production ODP impact is obtained from halon(1301) with 78% share.

5.2.7. Freshwater aquatic ecotoxicity potential (FAETP)

Table 5.9 presents the Kg DCB-Eq. for both products A and B according to assessment
results, 8.80E+02 Kg DCB-E(./1000 Kg product A and 1.91E+03 DCB-Eq. /1000 Kg
product B DCB-Eq. are calculated for FAETP. The main contributors of FAETP are
vanadium ion in both products. In product A, sulphur oxide has 43%, and in product

B, it has 63% contributions.
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Table 5.9 : FAETP sources and its contribution for each process in products A and

B.
Freshwater Aquatic Product A Product B
Ecotoxicity Potential [kg DCB- Impact [kg DCB- Impact
Eq.)/fu Percentage Eq.])/fu Percentage

Copper Sulfate 6.24E+01 7.08% 1.18E+01 0.62%
Iron Sulfate 8.56E-01 0.10% - 0.00%
Nickel Nitrate 4.47E+01 5.07% 2.13E+01 1.12%
Nitric Acid 1.26E+02 14.34% 6.47E+01 3.39%
Phosphoric Acid 4.65E+02 52.79% 1.63E+03 85.61%
Process Water 1.64E-01 0.02% 6.25E-02 0.00%
Zinc Oxide 6.47E+01 7.34% 4,98E+01 2.61%
Finisigood 4.30E+01 4.88% 4.30E+01 2.25%

Packing Material
Incinergtigpor 157E+00  0.18% 1.08E+00  0.06%

Hazardous Waste
" 420E03  0.00% 4.20E-03 0.00%

reatment
Electricity 520E+01  5.71% 503E+01  2.64%
Consumption

Transportation 2.19E+01 2.48% 3.24E+01 1.70%
Total 8.82E+02 100% 1.91E+03 100%

Product B has a 116% more impact on the ODP impact category than product A.
Percentage contribution to FAETP impact category for products A and B are shown in
figure 5.10

In product A, phosphoric acid production is the main impact source with a 53%
contribution to the FAETP impact category. Releasing emission to freshwater is the
dominant resource of phosphoric acid production. And, the major contributor

vanadium ion has a %75 share.
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Freshwater Aquatic Ecotoxicity Potential

Product B 1|I 86% 315%
Product A - 53% 7% . 12%
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Figure 5.10 : Percentage contribution of units to FAETP for products A and B.

In product B, phosphoric acid production has the biggest contribution to the total
FAETP impact category. The main contributor to phosphoric acid production is
represented as releasing emissions to freshwater and it is accounted for 85%. The

major contributor is vanadium ion with 72%.

5.2.8. Photochemical ozone creation potential (POCP)
Table 5.10 shows the results of the study in the scope of POCP with kg Ethene-Eqg. for
both products A and B. 8.64E-01 kg Ethene-Eq. for product A and 1.15E+00 Ethene-
Eq. for product B were obtained according to the results. The main contributors of
POCP is sulphur dioxid in both products. In product A, sulphur oxide has 55%, and in

product B, it has 56% contributions.

Table 5.10 : POCP potential sources and its contribution for each process in
products A and B.

Photochemical Product A Product B

Ozopnet Crte_:altlon [kg Ethene- Impact [kg Ethene- Impact
otentia Eq]/fu Percentage Eq]/fu Percentage

Copper Sulfate 1.37E-02 1.58% 2.60E-03 0.23%
Iron Sulfate 2.83E-04 0.03% - 0.00%
Nickel Nitrate 1.19E-01 13.77% 5.65E-02 4,90%
Nitric Acid 2.24E-01 25.89% 1.15E-01 9.94%
Phosphoric Acid 2.03E-01 23.51% 7.14E-01 61.86%
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Table 5.10 (continued) : POCP potential sources and its contribution for each
process in products A and B.

Photochemical Product A Product B
Ozcl):)net CI:[('EaItIOH [kg Ethene- Impact [kg Ethene- Impact
otentia Eq]/fu Percentage Eq]/fu Percentage
Process Water 9.10E-05 0.01% 3.45E-05 0.00%
Zinc Oxide 1.52E-01 17.57% 8.33E-02 7.22%
Finished Good 6.66E-02 7.71% 6.66E-02 5.77%
Packing Material
Incineration of 3.57E-03 0.41% 2.46E-03 0.21%
Hazardous Waste
Wastewater 3.43E-07 0.00% 3.43E-07 0.00%
Treatment
Electricity 2.79E-02 3.13% 2.70E-02 2.34%
Consumption
Transportation 5.51E-02 6.38% 8.68E-02 7.53%
Total 8.65E-01 100% 1.15E+00 100%

There is a 34% difference between the results of the POCP impact category for both
products. Figure 5.11 illustrates detail percentage contribution to POCP for all steps in
both products A and B.

Photochemical Ozone Creation Potential

Product B .- 62% 8% 6%”0
s | R 2o o

0% 20% 40% 60% 80% 100%
® Nickel Nitrate ® Nitric Acid Phosphoric Acid
Zinc Oxide Finished Good Pack m Transportation
= Others

Figure 5.11 : Percentage contribution of units to POCP for products A and B.

The contributions of nitric acid production and phosphoric acid production are quite

similar in the POCP impact category for product A. The biggest contributions of nitric
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acid production are collected from releasing inorganic emissions with 74% and organic
emissions with 22% into the air. In nitric acid production, inorganic emissions released
into the air are nitrogen oxides with 38% and sulfur dioxide with 42% shares. Similarly
with nitric acid production, releasing inorganic emissions with 83% and organic
emissions with 16% are major contributors to phosphoric acid production. Sulphur

dioxide has 66% contribution to inorganic emission releasing.

In product B, the total phosphoric acid production impact is obtained in releasing
inorganic and organic emissions into the air. Releasing inorganic emissions have 82%
contribution, and the major contributor is sulphur dioxide with 63%. . Releasing
organic emissions have 19% contribution, and Non-methane volatile organic

compound (NMVOC) is a contributor to organic emission releasing with a 10% share.

5.2.9. Terrestrial ecotoxicity potential (TETP)
1.75E+01 kg DCB-Eq. for product A and 2.07E+01 for product B were calculated.
The main contributors of TETP are chromium and vanaidium in both products. In
product A, chromium has 36%, and vanadium has 31% shares. In product B, chromium
has 44%, and vanadium has 16% shares. Table 5.11 illustrates the TETP category
results with using kg DCB-Eq. unit for both products A and B.

Table 5.11 : TETP potential sources and its contribution for each process in products

A and B.
. Product A Product B

Terrestrial

Ecotoxicity Potential [kg DCB- Impact [kg DCB- Impact
Eq.])/fu Percentage Eq.])/fu Percentage

Copper Sulfate 7.30E-01 4.17% 1.39E-01 0.67%
Iron Sulfate 2.08E-02 0.12% - 0.00%
Nickel Nitrate 1.70E-01 0.97% 8.06E-02 0.39%
Nitric Acid 8.10E+00 46.24% 4.15E+00 20.07%
Phosphoric Acid 3.27E+00 18.70% 1.15E+01 55.59%
Process Water 1.81E-03 0.01% 6.86E-04 0.00%
Zinc Oxide 2.30E+00 13.12% 1.64E+00 7.92%

Finished Good
Packing Material
Incineration of
Hazardous Waste

2.13E+00 12.16% 2.13E+00 10.29%

1.11E-02 0.06% 7.50E-03 0.04%
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Table 5.11 (continued) : TETP potential sources and its contribution for each
process in products A and B.

. Product A Product B
Terrestrial
Ecotoxicity Potential [kg DCB- Impact [kg DCB- Impact
Eq.]/fu Percentage Eq.]/fu Percentage
Wastewater 1.12E-03 0.01% 1.12E-03 0.01%
Treatment
Electricity 2.39E-01 1.32% 2.31E-01 1.11%
Consumption
Transportation 5.47E-01 3.12% 8.10E-01 3.91%
Total 1.75E+01 100% 2.07E+01 100%

Product B has a 18% more impact on the ODP impact category than product A.
Detailed percentage contribution for all steps in both products A and B to TETP are
illustrated in figure 5.12.

In product A, nitric acid production has a 46% contribution to the TETP impact
category. Releasing heavy metals to air was accounted for 90% of the total nitric acid
production. The main contributors are chromium with 30% and vanadium with a 60%

share.

Terrestrial Ecotoxicity Potential

Product B - 56% 8% 10% .

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

m Nitric Acid Phosphoric Acid Zinc Oxide
Finished Good Pack = Others

Figure 5.12 : Percentage contribution of units to TETP for products A and B.

In product B, phosphoric acid production has a 56% contribution to the TETP impact
category. Phosphoric acid production's total impact is caused by releasing emissions

to air and agricultural soil. The air emissions have 81% contribution and it is originated
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from heavy metals, and the dominant element is chromium with 57%. The agricultural
soil emissions are originated from pesticides with a 14% share in total phosphoric acid
production impact. The major pesticide is cypermethrin, and it is caused the total effect

on the emission of agricultural soil.

5.2.10. Human toxicity potential (HTP)
Product A has 1.45E+03 Kg DCB-Eg. and, product B has 1.99E+03 Kg DCB-Eq. The
main contributors of HTP are chromium with 19% and arsenic 12% in product A. In
product B, chromium has 36%, and vanadium has 31% shares for air emissions. In
additon to that, vanadiilum has 22% share for freshwater emissions. Table 5.12 shows

the HTP impact category results with Kg DCB-Eq. for both products A and B.

Table 5.12 : HTP potential sources and its contribution for each process in products

A and B.
Human Toxicity Product A Product B
Potential [kg DCB-Eq.] Impact [kg DCB-Eq.] Impact
Ifu Percentage /fu Percentage
Copper Sulfate 2.22E+02 15.36% 4.22E+01 2.12%
Iron Sulfate 1.65E+00 0.11% - 0.00%
Nickel Nitrate 5.73E+01 3.97% 2.72E+01 1.37%
Nitric Acid 4.04E+02 27.95% 2.07E+02 10.42%
Phosphoric Acid 3.90E+02 27.01% 1.37E+03 68.96%
Process Water 1.73E-01 0.01% 6.58E-02 0.00%
Zinc Oxide 1.64E+02 11.36% 1.08E+02 5.43%
Finished Good 1.07E+02 7.43% 1.07E+02 5.40%
Packing Material
Incineration of 1.06E+00 0.07% 7.15E-01 0.04%
Hazardous Waste
Wastewater 3.04E-03 0.00% 3.04E-03 0.00%
Treatment
Electricity 398E+01  2.76% 3.94E+01 1.98%
Consumption
Transportation 5.74E+01 3.97% 8.53E+01 4.29%
Total 1.45E+03 100% 1.99E+03 100%
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There is a 37% difference between the results of the HTP impact category for both
products All contribution percentages to the HTP category are shown in Figure 5.13
for both products A and B.

Human Toxicity Potential

Product B 2- 69% .6%.

0% 20% 40% 60% 80% 100%
m Copper Sulfate m Nitric Acid Phosphoric Acid
® Finished Good Pack = Zinc Oxide = Others

Figure 5.13 : Percentage contribution of units to HTP for products A and B
In product A, the total share of nitric acid production is divided into two categories;
release emissions to air with 82% and freshwater with 18% shares. Releasing
emissions to air category is consisted of releasing heavy metals to air with 75%.
Arsenic, nickel, chromium have 18% shares individually, and vanadium has a 11%
share. In phosphoric acid production impact consist of two categories, releasing
emissions into the air with 45%, and releasing emissions to freshwater with 60%
contributions. The major freshwater emission contributors are selenium with 15%, and
vanadium ion with 33%. Arsenic has 11%, and chromium has a %15 share in inorganic

emission discharging to air in phosphoric acid production impact.

In product B, the impacts of phosphoric acid production were categorized into
releasing emissions into the air with 43% and releasing emissions to freshwater with
56% shares. The air emissions are mainly originated from heavy metals. The major
heavy metals are chromium with 13%, and arsenic with 10%. Principally sources of
freshwater emissions are vanadium ion with %32, and selenium with 13%

respectively.
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5.3. Environmental Impact Comparison between Products and Literature

Three different EPD (Url-4,Url-5,Url-6) were used for comparing the results obtained
for product A and product B. All of these chemicals are used for surface coating
purposes. Generally, EPD’s do not include all environmental impact categories
because they are prepared as voluntarily by companies and verified independently.
Only the some impact categories could be compared with results of products A and B.
All three studies that discussed were carried out on different coating chemicals that are
used in many applications in industry. Therefore, the inputs of the chemicals
mentioned in the EPD studies and the inputs of the products B and A are different.

The EPD1(Url-4) is related to methacrylate resin products and flow coatings. Cradle
to gate approach is used in study. The system boundary was defined as a cradle to gate
and it includes raw material supply, transport to site and manufacturing steps. GaBi 6
data base was used as backround data. GWP, AP, EP, POCP, and ADP fossil resources

impact categories were used for comparison.

The EPD2(Url-5) is related to epoxy powder coating chemicals. Cradle to gate
approach was followed in this EPD and, the study covered raw material supply,
transport to site and manufacturing steps. GaBi 7.3 was used for modelling the life
cycle of the declared product. GWP, AP, EP, POCP, and ADP fossil resources impact

categories were used for comparison with product A and B LCA study results.

The EPD3(Url-6) is about weatherproof polyester powder coating. The system
boundary was defined cradle to plant gate in the study. Raw material supply,
transportation, and manufacturing stages were evaluated in the EPD. GaBi ts 7.3
software system was used for modeling the life cycle of the declared product. The EPD
includes assessment and results of GWP, AP, EP, POCP, and ADP fossil resources
impact categories. The comparable results for EPD1, EPD2 ,EPD3 and products B and
A are illustrated according to the 1000 kg chemical of fu in table 5.13.

Table 5.13 : EPD1, EPD2, EPD3 and products A and B environmental impact
results comparison (Url-4,Url-5,Url-6).

Product  Product
Impact Unit EPDL epp2  EPD3 A B
Categories

2
[kgc?]o 1.92E+03 6.47E+03 4.67E+03

2
[kIQEJqS]O 6.84E+00 132E+01 2.87E+01 1.55E+01 1.97E+01

GWP 2.34E+03 2.19E+03

AP
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Table 5.13 (continued) : EPD1, EPD2, EPD3 and products A and B environmental
impact results comparison (Url-4,Url-5,Url-6).

Impact . EPD1 Product  Product

Categories Unit EPD2 EPD3 A B
3 -
Ep [kgE(;’%) 4.68E-01 160E+00 9 54E-01 5.14E+00 7.91E+00
POCP [kgEe(';h]ene 1.38E+00 194E+00  1.93E+00 8.01E-01 1.10E+00
ADP Fossil [MJ] 4.30E+04 1.12E+05 9.24E+04 2.01E+04 2.65E+04

The results in the GWP category were at the same level for products A and B with
three EPD studies. EPD2 has the highest GWP impact among all studies. In the GWP
category, the big contributions are coming from the nitric acid and zinc oxide
production step for both products A and B. In EPD1, resin components production
plays a great role in the study. There is no information about GWP impact category
contributors in EPD2 and EPD3.

In the AP impact category, a large contribution comes from nitric acid and phosphoric
acid usage in products B and A. In EPD1, sulphur dioxide was used and it has a big
contribution to AP. EPD3's AP impact category result is higher than other studies '

results. According to the study, titanium dioxide is the main cause of the AP results.

In the EP impact category, product B has the highest impact on the environment in all
studies. The product A has the second-highest EP effect among studies. The main
cause of EP is phosphoric acid production step in product B, and nitric acid production

step in product A.

EPD2 and EP3 have the highest impact on the POCP category. There is a 1%
difference between the two EPD results. The binding agent was used as a raw material
in EPD2 and EPD3, and it dominates all impact categories. In product B, phosphoric
acid production step dominates to POCP category, nitric acid, and phosphoric acid

production steps dominate to POCP category in product A.

In ADP fossil impact category, EPD2 result is higher than the other EPD’s and product
B and A results. The environmental loads within raw material supply are
fundamentally dominated by the binding agent and titanium dioxide in the several
environmental impacts categories in EPD2. In LCA study of product B, phosphoric

acid has a large contribution with 69% percentage in total share.
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5.4. Energy Supply Scenarios for Zinc Phosphate Production

The energy required for the operation of the equipment used in the production plant is
electrical energy. Production consists of three stages, raw material feeding, mixing and
packaging. Energy is required for the operation of the mixer and packaging equipment.
Additionally, it works with energy in the instruments in the water preparation facility

that prepares the quality water required for production.

In GaBi software. it is possible to reach different electricity databases according to the
country-specific usages with different production methods. All the results delivered
are collected by using grid mix electricity for Turkey in the database. According to the
EUAS report, in terms of resources as of 2018. 37.4% of the total electricity production
is from coal. 29.9% from natural gas. 19.8% from hydraulic sources. 6.6% from wind,
2.5% i is supplied from geothermal, 0.3% from liquid fuels, 3.3% from biofuels and
solar energy and 0.2% from waste heat (EUAS,2018). According to the energy policy
of Turkey, it is aimed that increase to capacity an additional 10 000 MW of both
photovoltaic and wind energy in the next ten years (EUAS,2018). For this purpose,
wind and photovoltaic renewable resources were investigated separately in the study
in the scope of their environmental impacts. Two different scenarios are applied in this
study, wind turbines and photovoltaic energy sources were used as renewable sources
instead of the grid mix of Turkey electricity. The LCA model was set up in the Gabi
database for both scenarios. TR nation processes were selected for electricity
production from grid mix and wind turbines. Unfortunately. there is no TR nation
process for electricity production from photovoltaic. Table 5.14 illustrates the selected

process for scenarios in ecoinvent database.

Table 5.14 : Database selection for renewable energy scenarios and grid mix.

Electricity Sources Process

Grid Mix TR: market for electricity,medium voltage ecoinvent

Wind Turbine TR: electricity production, wind, 1-3MW turbine,onshore
ecoinvent

RoW: electricity production, Photovoltaic, 3kWp flat-roof

Photovoltaic installation, single-Si ecoinvent
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5.4.1. Wind turbin usage
The wind turbines model includes both an average onshore and offshore wind model.
The data set includes all related process stages and technologies within the supply
chain. Following the life cycle stages are considered production, transportation,
installation, operation, dismantling and removal of the wind turbines includes
electrical gear in both models. The onshore model is based on a 300 MW wind park,
and working 182 wind turbines with 1.65 MW each. Differently from the onshore
model, the offshore model is based on a 300 MW wind park and operating 100 wind
turbines with 3.00 MW each. The operational lifetime of both wind turbines and cables
is 20 years (Url-10). Table 5.15 illustrates the environmental impacts categories of
Zinc phosphating chemicals production which works by conventional grid mix
electricity of Turkey compared with the wind turbine. The functional unit was defined

according to the required energy for producing 1000 kg zinc phosphating chemical.

Table 5.15 : Environmental impact of zinc phosphating chemicals based on grid mix
of Turkey and wind turbine.

’ ] Wind , ] Wind
Caoroes Unit orC WA Tubine M Turbine
9 Product A Product B
=" kg Sb-Eq.  2.19E-05 3.38E-05 2.12E-05  3.38E-05
elements

ADP fossil MJ 0.13E+02 1.70E+01 8.84E+02  1.70E+01
AP kg SO%-Eq. 5.30E-01 8.89E-03 5.13E-01  8.89E-03

kg
EP Phosphate-  2.94E-01  4.24E-03  2.85E-01  4.24E-03

Eq.

FAETP kg DCB-Eq. 5.22E+01 9.30E+00 5.05E+01  9.30E+00
GWP kg CO-Eq. 7.79E+01 142E+00 7.54E+01  1.42E+00
HTP kgDCB-Eq. 4.12E+01 4.68E+00 3.98E+01  4.53E+00
ODP kgR11-Eq. 1.91E-06 1.03E-07 1.85E-06  1.03E-07
POCP kg EEtge”e' 2.79E-02 9.66E-04 2.70E-02  9.66E-04
TETP kgDCB-Eq. 2.39E-01 1.04E-01 2.31E-01  1.04E-01
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In case the energy is supplied from the wind turbines instead of the grid mix, the
environmental impact of the impact sources decreases. The table 5.16 illustrates

reduction percentages of impact categories for both products A and B.

Table 5.16 : Percentage change of impact categories by using wind turbines instead

of grid mix.
Impac't Unit/fu Product A Product B
Categories
ADP elements kg Sb-Eq. +55% +55%
ADP fossil MJ -98% -98%
AP kg SO2-Eq. -98% -98%
Ep kg Phlcz)sphate- -99% -99%
q.

FAETP kg DCB-Eg. -82% -82%
GWP kg CO?-Eq. -98% -98%
HTP kg DCB-Eq. -89% -89%
ODP kg R11-Eq. -95% -95%
POCP kg Ethene-Eq. -97% -97%
TETP kg DCB-Eq. -57% -57%

The amount of energy required for the production of both products is very close to
each other. In terms of the grid mix. the difference is 3.7 kW/h. Therefore. if the
required energy is provided from wind turbines, the impact categories of both products

are affected in the same amount.

In the ADP element impact category, environmental impacts 55% increase was
observed caused by using wind turbines instead of the grid mix. Renewable electricity
production plants have higher impacts on the environment due to consuming lots of
elements (Gheewala S. And oth., 2016). Wind turbine constructions most entirely
(99.7%) source for the consumption of the elements because of the use of metals
(Atilgan B., Azagapic A., 2015). Therefore, facilities producing renewable energy
sources have negative contributions to mineral resources and abiotic conditions. In
ADP fossil category, usage of wind turbines has contributed positively by reducing the
ADP fossil impact on the environment by 98%. In AP impact category, there was a

98% decrease in the results of the impact category while providing energy from the
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wind turbine. Together with the electricity provided by wind turbines, a 99%
contribution was decreased to the EP impact category. In the FAETP impact category,
a 82% reduction was observed by using wind turbines. The GWP impact category
impacts have resulted in a 98% reduction with supplying energy from wind turbines.
In the HTP impact category, using wind turbines contributed to a 89% reduction. 95%
reduction was observed in the ODP impact category thanks to the usage of wind
turbines instead of the grid mix. In the POCP impact category, using wind turbines
provided a 97% impact reduction on the environment. The least positive effect in all

Impact categories was achieved in the TETP category with a reduction of 57%.

5.4.2. Photovoltaic system usage

The photovoltaic model is based on the global average market mix of photovoltaic
technologies. It includes Mono-Silicon 42 %. Multi-Silicon 47 %. Cadmium-Telluride
(CdTe) 7 % and Copper-Indium-Gallium-Diselenide 4 %. The data set covers all
related process stages and technologies within the supply chain. The production and
operation of the system are considered. The End-of-life of the panels is not included
in the data set because there are no current technologies to reuse/ recycle them.
Operational lifetimes of the panels are modelled with 20 years (Url-11). Table 5.17
illustrates the environmental impacts categories of zinc phosphating chemicals
production which works by conventional grid mix electricity of Turkey compared with
the photovoltaic system. The functional unit was defined according to the required
energy for producing 1000 kg zinc phosphating chemical.

Table 5.17 : Environmental impact of zinc phosphating chemicals based on grid mix
of Turkey and photovoltaic.

Impact Unit/fu Grid Mix  Photovoltaic ~ Grid Mix  Photovoltaic
Categories Product A Product A Product B Product B
ADP —\gSb-Eq. 219E-05  343E-04  212E-05  3.3E-04
elements
ADP fossil MJ 9.13E+02 1.11E+02 8.84E+02 1.1E+02
2.
AP kgESqO 5.30E-01 8.03E-02 5.13E-01 7.8E-02
kg
EP Phosphate- 2.94E-01 3.21E-02 2.85E-01 3.1E-02
Eq.
FAETP <O EqCB' 520E+01  215E+01  5.OSE+0L  2.1E+01
2
GWP kgE%O " 779E+01  9OLE+00  7.54E+01  9.6E+00
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Table 5.17 (continued) : Environmental impact of zinc phosphating chemicals based
on grid mix of Turkey and photovoltaic.

Impact Unit/fu Grid Mix  Photovoltaic ~ Grid Mix  Photovoltaic
Categories Product A Product A Product B Product B
HTP kg EDqCB' 412E+01  1.86E+01  3.98E+01  1.80E+01
ODP kgEF;“' 191E-06  1.44E-06  1.85E-06  1.4E-06
pocp K9 _EEtge”e 2 79E-02 5.99E-03 270E-02  5.8E-03
TETP K9DPCB- 530r 01 905E-02  231E-01  8.8E-02

With supplying the required energy from the photovoltaic instead of the grid mix, it is

possible to decrease the environmental impact of the impact sources. Table 5.18 shows

reduction percentages of impact categories for both products A and B.

Table 5.18 : Percentage change of impact categories by using photovoltaic.

Impact

. Unit/fu Product A Product B
Categories
ADP elements kg Sb-Eq. +1464% +1464%
ADP fossil MJ -88% -88%
AP kg SO?*-Eq. -85% -85%
Ep kg PhI(E)sphate- -89% -89%
g.

FAETP kg DCB-Eg. -59% -59%
GWP kg CO%-Eq. -87% -87%
HTP kg DCB-Eg. -55% -55%
ODP kg R11-Eq. -24% -24%
POCP kg Ethene-Eq. -719% -719%
TETP kg DCB-Eq. -62% -62%

Since the amount of energy required for both product's production process is nearly

the same, in case the required energy is supplied from photovoltaic the impact

categories of both products are affected in the same amount.

66



In the ADP element impact category, if the energy is supplied from the photovoltaic
instead of the grid mix. there was a big increase in the environmental impact with
1464%. Since natural resources are consumed during photovoltaic production as well
as wind turbine construction it has a great negative effect on the abiotic exhaustion
category. In addition to that, it is observed that when renewable energy production
compared to fossil electricity production from coal, mineral resource depletion is
increased (Gheewala S. And oth.,2016). In the ADP fossil impact category, there was
a 88% decrease in the results of the impact category while providing energy from the
photovoltaic. The AP impact category impacts have resulted in a 85% reduction with
supplying energy from photovoltaic. The use of photovoltaic has contributed
positively by reducing the EP impact on the environment by 89%. Together with the
electricity provided by photovoltaic, a 59% contribution was decreased to the FAETP
impact category. In the GWP impact category, a 87% reduction was observed through
using photovoltaic. In the HTP impact category, using photovoltaic contributed to a
55% reduction. The least positive effect in all impact categories was achieved in the
ODP category with a reduction of 24%. 79% reduction was observed in the POCP
impact category thanks to the usage of photovoltaic instead of the grid mix. In the
TETP impact category, using photovoltaic provided a 62% impact reduction on the

environment.

5.4.3. Comparison of renewable energy sources with grid mix

It is observed that, positive contributions to the use of renewable energy sources in all
other impact categories except for the ADP elements category for both wind turbine
and photovoltaic. According to the results of the study, the use of wind turbines has
more positive effects on environmental impact categories. Figure 5.14 shows the
percentage difference between grid mix, wind turbine, and photovoltaic system usage.
The ADP elements impact category result was not included in the comparative graphic
because the results show an increase by more than 1000% when compared with grid

mix.
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Figure 5.14 : Environmental impact comparison of grid mix, wind turbine, and
photovoltaic usage.
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6. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations are gathered from this study that
evaluates the two different zinc phosphating chemicals that are different in structurally

from each other but functionally the same.

Products A and B had different results in different environmental impact categories.
The main reason is the different structure of both chemicals. There are two differences
between the products. The first is the rate of use of raw materials in the products. As
can be seen from the results, the proportion of chemicals used in the products play a
key role in the impact categories. The second difference is that while product A
contains iron sulfate, product B does not. Since iron sulfate is used 2 kg in 1000 kg

product A, it was observed that it does not directly affect the results.

When looking at the results of the two products in the environmental impact categories,
it is observed that product A had more effects than product B in the GWP impact
category only. It is seen that in all impact categories except the GWP impact category,

product B has a more negative impact on the environment than product A.

There is a 7% difference between the results of products A and B in the GWP impact
category. Nitric acid usage is the main reason why product A has more impact than
product B. The amount of nitric acid used in product A is almost twice the amount

used in product B.

In the ADP element impact category, product B has 72% more impact than product A
on the environment. The major contributor to product B comes from the use of

phosphoric acid. Phosphoric acid corresponds to half of the 1000 kg mixture.

In the environmental impact results of the ADP fossil impact category, product B has
26% more impact than product A The main factor of this difference is due to the use

of phosphoric acid.
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Product B has 26% more contribution than product A in the view of environmental
impact in the AP impact category. Phosphoric acid usage is the dominant factor with

a 64% share in total.

In the EP impact category, the difference between product B and product A is
accounted for 50%. The use of phosphoric acid in product B caused this difference
with a 72% contribution to the total.

The greatest difference between in all effect categories results in products A and B are
calculated in the FAETP impact category. Product B has 117% more impact on the
environment than product A. The main source of this great difference in product B is
due to the use of phosphoric acid, and it has an 86% contribution in the total result.

In the POCP impact category, product B has 34% more environmental impact than
product A. This effect of Product B is due to a 62% share of phosphoric acid in total
impact.

There is an 18% difference between the contribution of products A and B in the TETP
impact category. Product B has a greater effect than product A, due to the use of a high
amount phosphoric acid contained in product B. Phosphoric acid is the dominant factor

in with 56% share in the total result of product B.

In the HTP effect category results, it is determined that product B had 38% more
impact than product A. Phosphoric acid is the dominant factor and the reason for the

difference between the two products, with a 69% contribution in product B.

There is no LCA study on zinc phosphate chemicals in literature. For this reason, the
results of products A and B were compared with the EPD studies results conducted on
coating chemicals. This coating chemicals are different from product A and B in the
scope of their raw materials and finished good usage areas. In EPD studies, the most
impact is obtained from the production stage, and it is stated that this is due to raw
material extraction and production steps. Similarly with this result, products A and B's
LCA studies represent that the most contribution occurred during the production of
raw materials. Phosphoric acid production and nitric acid production are the main

sources of all impact categories.

In both LCA studies, Turkey grid mix data is used as an energy source during the
production of products A and B. To determine the environmental effects of using

renewable energy sources instead of grid mix, two scenarios are created in the model.
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While the energy produced by wind turbines is used in the first scenario, photovoltaic
is preferred for the second scenario. There is no big difference between the required
energy of producing products A and B. The only difference in energy consumption in
both products is coming from the water preparation system. Product A includes more
deionized water, therefore it needs additionally 4 kW/h energy. Therefore, the impact
of renewable energy sources is the same for both products.

Wind turbine usage gives a positive result in all other impact categories except the
ATP elements category. In the ATP elements category, using a wind turbine has a 55%
negative effect when compared to using a grid mix. The main reason for this negative
result is, manufacturing of wind turbines causes element consumption. %98
environmental impact reduction is obtained in the ADP fossil impact category. In the
AP impact category, the %98 of environmental impact is decreased. The
environmental impact reduction is calculated as %99 in the EP impact category. A
decrease is obtained in impact by 82% in the FAETP impact category. In the GWP
impact category, 98% of environmental impact reduction is observed. 89% of the
environmental impact is decreased in the HTP impact category. In the ODP impact
category, environmental impact reduction is accounted for 95%. 97% of
environmental impact reduction is obtained in the POCP impact category. In the TETP

impact category, 57% of environmental impact is decreased by using wind turbines.

When photovoltaic is used as an electrical source, a reduction in all environmental
impact categories is achieved, except for the ADP element category. The negative
effect of the use of Photovoltaic in the ADP element category is the element
consumption during photovoltaic production. Supplying electricity from photovoltaic
has 1464% more impact on the environment than from the grid mix. In the ADP fossil
impact category, an 88% decrease is obtained. %85 reduction is received in the AP
impact category. A decrease is obtained in impact by 89% in the EP impact category.
The environmental impact reduction is calculated as %59 in the FAETP impact
category. In the GWP impact category, 87% of environmental impact reduction is
observed. A decrease is obtained in impact by 55% in the HTP impact category. %24
environmental impact is decreased in the ODP impact category. In the POCP impact
category, environmental impact reduction is accounted for 79%. And, 62%

environmental impact reduction is obtained in the TETP impact category.
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When compared with the environmental effects of product B and product A, it is seen
that product B has more negative effects on the environment. The production of these
two chemicals is recommended with clean technology in order to reduce the effect of
nitric acid and phosphoric acid production on the environment. In addition to that, it is
recommended to perform LCA studies related with zinc phosphating chemicals, as
very limited studies can be found.
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