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ABSTRACT

EVALUATION OF BEST AVAILABLE TECHNIQUES FOR PAPER
RECYCLING PROCESSES USING LIFE CYCLE ANALYSIS

Er t uKaaru |
Master of ScienceEnvironmental Engineering

SupervisorProf. Dr. Filiz B. Dilek

September 202298 pages

Paper recycling is the process of converting waste paper into new paper products
enabling savings in energy, water, and other resources, yet the @iscagsnerates
environmental burden3he European Integrated Pollution Prevention and Control
(IPPC) Bureau outlines best available techniques (BATgheénBAT reference
(BREF documents to reduce environmental impacts, costs, and resource use. The
Production of Pulp, Paper and Board and Energy Efficiency BREFs provide several
BATSs applicable to paper recycling. However, selecting the most suitable measures

requires quantifying their environmental impacts under faesjtgcific conditions.

This study apled the Life Cycle Assessment (LCA) methodology to evaluate

selected BATs and oth&xchnologiegor a paper recycling facility through scenario

anal ysi s. The facilityds inputs and outop
conductedwith the help ofSimaProsoftwareusing the ReCiPe 2016 Endpoint (H)

method, with a functional unit of 1 ton of recycled pgpmeducedand a gate¢o-gate

system boundary.



Five scenarigancluding the implementation of selected BAT options in the facility,
were assessetihe results showed that the drying unit was the largest contributor to
impacts, accounting for 44.2% of the total score, primarily due to coal and wood
consumption. Replacing grslipplied electricity with rooftop solar PV achieved the
most significant impvement, reducing the overall impact by.B9 and
substantially lowering fine particulate matter formation and global warimmpgcts

In contrast, adding a deinking process increased the total impact by 54.6% due to
higher energy, water, and chemical @dews, alongside greater waste generation.

Keywords: Paper Recycling, Life Cycle Assessment, Best Available Techniques,

Energy Efficiency
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CHAPTER 1

INTRODUCTION

1.1 General

The Paper Recycling Industry stands out as an industry that utilizes recycled fiber
(waste paper) as a raw material, as opposed to virgin fiber (such as wood) or agro
fibers (for example, rice husk or sugar cane hugkpnsale et al., 2023 he
utilization of recycled fiber establishes it as a raw material that is more sustainable
and kind to the environment than others in the indu$trg.industry plays a pivotal

role inglobal efforts towards sustainability and environmental conservation.

Although the use of recycled waste paper as a raw material is more environmentally
friendly compared to other raw materials, some environmental issues still persist
Theseenvironmentalssuesncludeconsumption of paper for recycling, water use,
energy demand, waste water emissions, solid waste generation, air emissions from
energy generation, use of chemical additives, air emissions from sludge and residue
incineration, noise and vibiah from paper machines (local) and odour from

vapours and waste water treatment plants (I¢€&PBBREF, 2015)

Addressing these environmental concerns requires the implementation of best
available technique¢BAT) that are bth technically feasible and economically
viable. In this context, the European Integrated Pollution Prevention and Control
(IPPC) Bureau has developed BAT Referen(RREF) Documentsto guide
industries on reducing environmental impacts across various sectors, including the

Production of Pulp, Papeand Board.



The Production of Pulp, Papend Board BRERPPPBBREF), published by the
European Commission, outlines BATs aimed at miming environmental impacts

in the pulp and paper sector. The BRE&Soriginally released in 2001 and revised
starting in 2006. The document evaluates industrial processes, environmental
performance, pollution reduction techniques, and emerging techeslGgven that

the paper and pulp industrig an energyntensive industryFleiter et al., 2012)
characterized by both highly enefgyensive production processes as well as by the
generation of large amounts of energy outputs as apsatkict, thePFPB-BREF

also emphasizes that BATs provided in the Energy Effici@REF (ENEBREF)
should be taken into account to further enhance environmental and energy

performance.

However, selecting and implementing the most suitable BATs in industrial facilities
remains a challenge. It is often difficult for a facility owner to determine whether a
technique identified in BREF documents will deliver the expected outcomes for their
specific operational context. Therefore, a systematic and quantitative approach is
essatial to evaluate the environmental implications of various techniques and

support informed decisiemaking in technology selection.

Life Cycle Assessment (LCA) has emerged as one of the most robust tools for such
evaluationsLCA is a methodological framework used to estimate and evaluate the
environmental impacts associated with the entire life cycle of a pr@idabttzer et

al., 2004) The LCA enables upntitative analysisallowing comparisons based on
clear data. In theight of these comparisons, decisiorakers can make more

accurate and correct decisions

With an increasing awareness of the environmental impact of deforestation and the
depletion of natural resources, the demand for recycled paper has in¢Retsiezkr

et al., 2004) Despite the increasing developmenttlod paper recycling industry,
there is a notable gap in the literature regarding the evaluatiBATs usingLCA
methods within this industry. While BREF documents provide extensive guidance

on BATSs, teir practical applicability remains underexplordd. other words,



althoughthese techniques represent the most effective and economically viable
methods for minimizing environmental impact, there is limited quantitative analysis

of how much environmentakenefit can be achieved by adopting BATs in-eatld

paper recycling facilities. Thereforthis study addressed this gap by applying the

LCA methodology to assess the environmental impacts of selected BATs in a
representative paper recycling facilityi Ankar a, Tg¢rkiye. The re
insights into the potential benefits of different technical applications and serve as a
reference for facility owners in making informed decisions for sustainable

production.

In addition to BATs that aim to mimize environmental impacts, this study also
included techniques that welikely to increasdhe environmentaimpacts. These
techniques weralsomodeled as scenarios and evaluated using the LCA meéthod
this way, alternative techniques in the paper recycling industry have been
highlighted

1.2  Objective and Scopeof the Study

The primary objective of this study is to examine the techniques used in paper
recycling facilities and to quantitatively assesdrteavironmental impactsia the

LCA. By using the primary data of a reference paper recycling facility in Ankara,
Te¢rkiye, the study ai mwirortmentalampsobfstee b ot h
facility (as a baseline scenar@md several alternative s@ios derived from BATS

outlined in thePFPB-BREFandENE-BREFdocumentghat would be applicable in

the facility. In a way, the environmental impact improvements to be achieved with

the implementation aheseBATS could be put forward quantitatively.

LCA was conducted using the SimaPro softw@®.0.3)in conjunction with the
Ecoinvent 3 database. Environmental impacts were calculated through the ReCiPe
2016 Endpoint (H) method. The system boundaries are establisiigatets gat®.

The functional urtiwas definedsfil ton of recycled papgroduced .



As part of the studyseveralsite visits were conducted at the facilifyatawere
collected from the facility to understand the processes and to use in LCA studies.
These data formed the foundatiortloé baseline LCA studies.

Several scenarios, indicated below, were analyzed in an attengamine the

environmental impacts of alternatitechniquest the facility.

1 Scenario 1- Use of HighEfficiency Electrical Motors: To investigate the
effect of replacing all electric motors in the process with enaffigient
ones

1 Scenario 2- Rooftop Solar PV for Electricity Supply: To investigate the
effect of replacing grid electricity (with a high fossil fuel share) with solar
energy in all processes

1 Scenario 3- Reuse of Flash Steam in the Steam Boilefo investigate the
effect of reusing flash steam in the steam boiler of the drying unit (the most
energyintensive unit of the process)

1 Scenario 4 - Open and Closed Water Circuits To investigate the
difference between open and closed water circuit systems

1 Scenario 57 Deinking: To investigate the effect of including deinking

processes

In this respect, the first chapter introduces the research problem and briefly explains
the environmental issues raddtto the paper recycling industry, along with the role

of LCA andBATs in addressing these issues. The second chapter presents a detailed
overview of the paper recycling industry and its associated environmental
challenges. It also includes a comprehem&xplanation of the LCA methodology

and introduces the relevant BREF documents. Furthermore, this chapter incorporates
a literature review, covering previous LCA studies conducted in the field and
summarizing their key findings and methodological appreschihe third chapter
provides a detailed account of the methodology applied in this study, including data
collection, system boundaries, inventory analysis, and scenario development. The

fourth chapter presents the results of the baseline and scbasi LCA



evaluations, supported by characterization, normalization, and single score
interpretations. Finally, the fifth chapter presents the main findings of the study and
provides recommendations regarding future research directions and the potential

application of environmentally favorable techniques in paper recycling facilities.






CHAPTER 2

THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1  Paper Recycling Industry

In today's world, as the effects of climate change become more apparent, the
importance of issues such as sustainability and environmental conservation has
increasedThe paper recycling industry plays a pivotal role in global efforts towards
sustainabiliy and environmental conservation. With an increasing awareness of the
environmental impact of deforestation and the depletion of natural resources, the
demand for recycled paper hasreased This industry not only addresses the
growing need for sustainkb alternatives but also significantly contributes to
reducing the carbon footprint associated with paper produdieplacing primary
feedstocks with recovered paper can result in substantial resourcabod dioxide

(COy) emissions saving@lin et al, 1999) A general view from a paper recycling

plant is provided irFigure2.1.

Figure2.1 Paper Recycling Indust$?PPBBREF, 2015)



If we look at global greenhouse gg&HG) emissions by sectoas can be seen in
Figure 2.2, the energy use irpaper & pulp industry has a share of about 0.6%
Additionally, deforestationhas a share of abo@t2%, chemical$iave a share of
about2.2%, landfillshave a share of abdd.9%, and wastewatbas a share of about
1.3%. While these contributions are not exclusively from the paper & pulp industry,
thepaper & pulp industrys a factor that contributes to them.

Global greenhouse gas emissions by sector

I'his is shown for the vear 2016 - global greenhouse gas emissions were 49.4 billion tonnes CO.eq.

For estr y &

- Ty Land Use
"J".""m_r;.,;‘. 18.4%

Figure2.2 Greenhouse Gas Emissions by Se@dapted fronRitchie et al., 2020

InT ¢ r kpapeerecycling has become a key component of both resource efficiency
and environmental protection policies. The total amount of recycled paper (domestic
and importedwas 4,931,275 tons in 2021, which increased by 0.5% to 4,958,142

tons in 2022. These recycling activities also prevented the cutting of 80 million trees

in 2022( Geek,2023).



A study carried out under the coordination of the Waste Paper and Recyclers
Association classified waste papers into quabgsed categories, collected monthly
supply data from factories, and mapped the regional distribution of recycled paper.
The results revealed that the Marmara Region accounted for the highest share of
recyclingwith 44%, whereas the Black Sea Region recorded the lowest share with
only 1% (Maden & Arslankaya2017)

Furthermorewhile in some European countries the paper recycling rate reaches up
to 90%, the overall average remains around 72%. This reflectéféloveness of
long-standing waste management systems and policy incentine3. ¢ r ki y e
however, the recycling rate has remained constant at around 50% for the past decade
(Maden & Arslankaya, 201As we delve into the intricacies of the paper recycling
process, it becomes evident that this industry serves as a cornerstone for a more eco
friendly and resourcefficient future. In general, the establishment and operation of
recycling facilities can be done at a much lower cost, operated with lower energy
consumption and operating expenses, sustain production with less harm to the
environment, and contribute significant added value to national econ{Baikm,

2016)

The processes of paper recycling facilities vary significantly across different paper
recycling facilities. This variation is influenced by factors such as the raw materials
used, the type and quality of the desired end product, and various other reasons. The
steps in a general paper recycling process are illusirailggure2.3. The figure not

only covers the stock preparation and paper preparation parts within the paper

recycling facility but also includes the preceding steps.



Collection | — | Transportation | —» Sorting S Pulping

1

Mechanical
Cutting — Drying — De-inking — Removal of
Inpurities

Figure2.3 Steps of Paper Recycling

2.1.1 Collection, Transportation and Sorting

Used paper, board, etcs,collected from various sources for recycling to be used as
raw material. They are transported to collection yards where ttiegsprocess takes
place. In these collection yards, papers are categorized. Following this categorization
process, efforts are also made to eliminate paper elements, such as plastics, and
paper and board that could be detrimental to the producti@egsoAfter all these
processes, the papers are delivered to the paper recycling facility. Better collection
and sorting will lead to a higher quality of paper for recyc(lPBPBBREF, 2015)

The efficiency of collection transportation andsorting plays a vital role in
determining the quality of recovered papdixed or poorly sorted waste leads to
higher reject rates during reprocessing, thereby decreasing system efficiency and

diminishing environmental benefi(Rivhenko et al., 2015)

2.1.2 Pulping

In paper recycling facilities, the first stage of stock preparatidineipulping. The

pulper allows the cellulose fibers in the paper to become individual fibers (paper
pulp) and removes nefibrous fillers and other materials¥ kt e m, In thi® 1 6 )
stage, raw material, hot water, and various chemicals such as NaOH gféigisex

2.4). Thepulper is like a hugelender that mixes the paper with water. To ensure the
desired benefits of the recycling process and provide the least damaging conditions
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for cellulose fibers, it is crucial to control important variables such as concentration,
pH, temperature in the meér(Sahin, 2011)

Hot Water =—

Raw Material —— — Paper Pulp

Pulper

Chemicals =—— — Removed Materials

Energy —s

Figure2.4 Inputs and Outputs of Pulper

The industry utilizes two primary processes based on the technology employed:
conventional pulpers and drum pulpers. Conventional pulpecylamdrical vessels
equipped with impellers and baffles, suitable for consistencies between 6% and 19%.
On the other hand, drum pulpers consist of large, slowly rotating pipes and are
appropriate for consistencies of up to 20%. Drum pulping is a contirproaess

while conventional pulpers can operate as both batch and continuous processes

(Grossmann et al., 2014)

2.1.3 Mechanical Removal of Inpurities

The elimination of mechanical impurities relies on contrasting physical properties
between fibers and contanaints, considering factors like size and specific gravity
in comparison to fibers and water. This process emm®@eertype equipment
featuring vaying dimensions of screen openings (holes and slots) and optionally
incorporates various types of hydrolytes (highconsistency cleaners, centrifugal
cleaners, etc(PPPBBREF, 2015)

2.1.4 Deinking

Deinking is not a process that should be present in every paper recycling facility.

Fibers obtained from paper recycling are usually usegroduce loweguality
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papers. In these lowguality papers, ink removal may not be necessary. Deinking

is a costly process that leads to excessive resource consumption.

The deinking process can occur as a standalone stage or actually begins with the
chemicals added to the pulper. Some of the chemicals used in deinking are shared in
Table2.1.

Table2.1 Some of theChemicalsUsed inDeinking(Sahin, 2016)

Ratio (%) Chemicals
2.05.0 Caustic Soda (NaOH)
3.545 Soda Ash (NgCOs)
1.5/1.5 Caustic Soda/Metasilicate
2.5/2.5/3.0 Caustic Soda/Soda/Sodium Silicate
2/0.25 Caustic Soda/Sodium Silicate
1.52.0/3.66.0 Hydrogen Peroxide (#D2)/Sodium Silicate
2.5/2.5/1.5/3.0 Caustic Soda/Soda/Hydrogen Peroxide/Sodium Silice
2.0 Hydrogen Peroxide

Additionally, the type and quantity of chemicals used also vary based on the ink
content of the raw material since different raw materials contain ink in different
proportions. For example, the ink ratios of newspggdayoks, and magazines are
shared inTable2.2

Table2.2 Ink Content of Raw Material Typ&Sahin, 2011)

Raw Material Type Ink Content (%)
Newspaper 1-2
Book 0.51
Magazine 1-7
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2.1.5 Drying

In paper recyclingacilities, rollers play a crucial role in the drying stage, which
involves the removal of excess water from the pulp. Rollers are utilized in pressing
and drying processes to attain the desired moisture level in the papepresghre
rollers effectivey extract the water content from the paper, ensuring proper drying.
There can be multiple stages involving rollers in the process, anavdrth noting

that stearrheated rollers tend to have high energy consumption.

However, this process is among the m@&hergyintensive steps in paper
manufacturing. The drying sectia@an account for over 50% of the total energy
consumption in paper mills, primarily due to thermal losses and the high demand for
steam(Kramer et al., 2009)

2.1.6 Cutting

Recycled papers are tctio the desired size either manually by personnel or
automatically by machines, and then they are sent out for delivery. During the cutting
process, any waste portions are returned to the pulping stage to be(RRB&
BREF, 2015)

2.2  Environmental Issues Related tahe Paper Recycling Industry

The paper & pulp industry can be classified in terms of raw materigdin fiber-

based (such as wood), agro fibers (for example rice husk or sugar cane husk), and
recycled fiberbasedwaste paper). The Paper Recycling Industry constitutes the use
of recycled fibetbased (waste paper) as raw matd@ainsale, Yashpal, Pohekar, &
Purohit, 2023) Although the use of recycled fibbased (waste paper) as avra
material is more environmentally friendly compared to other raw materials, some
environmental issues still persist. Environmental issues regarding paper production

with recycled paper are shownTable2.3.
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Table2.3 Environmental Issues Related to Paper Riany Industry

Environmental Issues Relatedttee Paper Recycling Industry

Consumption of Paper Recycling
Water Use
Energy Demand
Waste Water Emissions
Solid Waste Generation
Air Emissions fromEnergy Generation
Other

2.2.1 Consumption of Paper Recycling

Although paper recycling is a very important technology for the environment, the
impurities in the paper increase as it is recyctedl it becomes more difficult to
recycle each time. More cleaniramd bleachingare required. This means more
energy, chemical and water use, more solid wasig more wastewater. This is one

of the environmental concerns of the development of recy(thR§BBREF, 2015)

Furthermore, in theurrent environment, resource efficiency is even more important.
Nonetheless, society is still not sufficiently aware of the importance of resource
efficiency. Making the best possible use of available resources is essential. For
instance, burning differérwastes in a biomass plant to create energy might seem
like a sustainable and eédendly way for farmers to meet their energy needs
without using fossil fuels at first. In another industry, the burned wastes might,
nevertheless, have a far higher addallie. As a result, it's critical to assess these
wastes before burning to make sure they can actually benefit an industry; if not,

burning might be required.

Similarly, recycling every piece of paper may not always be the right choice. As
mentioned in thgparagraph above, as the intricacy of inputs increases, the energy,

water, and chemical amounts used for paper recycling also increase. The quantity of
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solid waste and wastewater also rises, indicating a greater environmental impact.
Therefore, not recyatig papers of the mentioned quality could result in less harm to

the environment.

Obviously, recycling is a way to cut waste streams and, in turn, the amount of
capacity needed for waste treatment. It might not be as evident that a greater
recycling rate cold also lead to a higher consumption of nonrenewable resources
(Virtanen & Nilsson, 1993)

On the other handhé global rivalry for wood is expected to intensify due to the
scarcity of forest resources in certain nationsthedwvidely acknowledged need to
utilize a greater proportion of bimased fuels and goods instead of fossil fuels. Given
this, it is quite expected that, at least in the medium future, demand for recovered

paper and board as well as alternative fibersngd (Grossmann et al., 2014)

2.2.2 Water Use

The paper recycling industry is a watetensive sector, leading to the emergence of
some environmental concerns. Water is becoming more and more important on a
global scale. Climate change and inappropriate resouse are causing our water
resources to shrink, making it necessary to take water usage into account in all

sectors of the economy, including paper recycling.

In this context, some paper facilities have adopted a sustainable approach by closing
the wate circuits in their production facilities, preventing the accumulation of
effluents. Only the water evaporated during production (approximatefjt paper)

needs to be replaced with fresh water. While these facilities generally use fewer
chemical addities for processes like ink removal, the completely closed water
circuit, however, gives rise to a variety of problems due to the gradually increasing
concentrations of dissolved matter and contaminants. These problems can be solved

only with great technicadffort (Grossmann, Handke, & Brenner, 2014)
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An example of an optimised stoekater system for the integrated production of

deinked pulp is given ifigure 2.5

Clean water

Q stock/Q waste water= 32 Q specific I!kg: 12

Q absolute m*/d: 4200

A e R R 44O R 18 SRS RO T P
Flbreos and fillers: Stock cnoncentration Vaporised
25 % of stock: %: 0.3 mit 1.5
v m’id: 525
Production of DIP Stock T Production t/d: 350
3 Qm’id: uctiol
t/d 262.5 » preparation |S3ces7*| PoPer machine (bulk)
part in fibre stock 'y y
%: 75
Ciww m3ld: . White water 2
L I 2800 Save-all
Y (stock recycling)
General
run-off | m¥d:|QmYd: am’it: | QmYd:
350 350 0.5 175
4 ¥ Y 4 . To waste water
Chosen m’/t; 8.0 1.0 1.0 " treatment plant
Total waste water: m7jt: 10.5 m/d: 3675

Figure2.5 Example of arOptimisedStock-waterSystem for thdntegrated
Production ofDeinkedPulp (PPPBBREF, 2015)

2.2.3 Energy Demand

A key issue in paper recycling is the impact of energy use in manufacturing.
Processing waste paper for pa@nd board manufacture requires energy that is

usually derived from fossil fuels, suchasoiland¢o8y st r °m & L°nnstedt,

In most of the paper facilities, companies typically produce steasit@nand they

may alsoprocure electricity from the public grid. Paper facilities most of the time
require both steam and electricity, making combined heat and power plants a
favorable option. Combined heat and power @amtpaper facilities occasionally
generate surplus elecity beyond the needs of the production process. This excess
electricity can be fed back into the public gifPPBBREF, 2015)

The energy consumption depends on the raw materials used, the stock preparation
layout, the insdlled equipment, and the product properties to be achi@RER

BREF, 2015) Also, the results from a study revealed that waste paper recycling is
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energy efficient at low recovery ratdut becomes less efficient at highecovery
rates(Shang, Diao, Liu, & Yu, 2021)

Depending on the technologies used at various stages, process heat and electrical
power are used. Process heat and electrical power utilization in a sample facility

according to Rycess Units are sharedTable2.4.

Table2.4 ProcesdHeat ancElectrical Power Utilization in aSampleFacility
According to Process Uni(PPPBBREF, 2015)

Process Processheat Electrical power
Unit (MJ/ADt) (kWh/ADt)

Deinking 200 175
Washing and screening 0 50
Bleaching 0 75
Total pulp mill 200 300
Stock Preparation 0 235
Paper machine 5300 350
Total paper mill 5300 585
Effluent treatment 0 32
Total pulp and paper mill 5500 917
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224 Wastewater Emissions

Wastewater emissions can vary depending on the type and quality of paper produced
in the paper recycling plant and the choice of technology in the production stages. In
particular, the chemical additives used @winking and bleaching will increase
wastewater emissions. The decision whether to use these chemicals depends on the
type of paper produced or the quality required, but also on the type of raw material.
Some raw materials may require more chemicals tsbd in the process. Therefore,

when selecting the raw material to be used, the wastewater generated as a result of
the processes should also be taken into ac¢@RRBBREF, 2015)

2.25 Solid Waste Generation

Most of the impuritiesrom the processed recycled paper end up as waste. In paper
recycling facilities that use raw materials with higher impurity levels, the waste
generation tends to increase. The major waste materials include ragger ropes, rejects,
various types of sludgand, in cases of esite incineration of residues, ashes and
filter dust. Solid waste generation is particularly prominent in R&€$ed paper mills

during stock preparation, process water clarification, and wastewater treatment
(PPPBBREF, 2015)

Using raw materials with lower levels of impurities is important to reduce the
generation of solid waste. The characteristics of the paper used for recycling and the
grade of paper produced determine the percentage of residues asswoitiateed

input of raw materials, as shownTable2.5.
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Table2.5 Amount ofResiduedRelated to thénput ofRaw Material (%)
Depending orQualities ofPaperUsed forRecycling andPaperGradeProduced
(PPPBBREF, 2015)

Graphic Tissue Market Paper
Product Papers DIP Board
Office Paper Shopping
Recovered Newspaper, for Center

Paper Magazines, Recycling, Office Paper Waste, Pape

Quality Higher Files, for Recycling for Recycling
Qualities Medium from
Quality households
Total Losses 1520 2840 32-40 4-9
20-35
Coarse/ 1-2 1-2 <1 1-2
Heavy <2
Fine/ 3-5 3-5 4-5 3-6
Light <3
Deinking 8-13 8-13 12-15 -
10-20
Process 2-5 1525 1525 0-(1)
Water 1-5
Clarification
Wastewater ~1 ~1 ~1 ~1
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2.2.6 Air Emissions from Energy Generation

Air pollutants during the paper recycling process are mostly caused by the production
of energy (steam and electricity), not the actual manufacturing process. The main
pollutants releaseduring gas firing are Cf£andnitrogen oxidegNOx), whereas
emissions from oil or coal burning include &®Ox, sulfur dioxide(SCy), dust, and

low concentrations of heavy metaBPPBBREF, 2015)

Comparing studies that examine paper recycling with conventional paper
production, findings fromthe International Institute for Environment and
Development suggest that greater fossil fuel inputs are necessary for recycled
materials(MacEachern, 2009)On the other hand, a Danish study indicates lower
heat requirements in the pulping of waste paper, leading to a higher proportional

energy consumptio(schmidt, Holm, Merrild, & Christensen, 2007)

2.2.7 Other

Apart from consumption of paper for recycling, water use, energy demand,
wastewater emissions, solid waste generateomd air emissions from energy
generation, the following aspects associated with paper recycling are of concern
(PPPBBREF, 2015)

Use of Chemical Addives
Air emissions from sludge and residue incineration (optional);

1
1
1 Noise and vibration from paper machines (local);
1

Odour from vapours and from wastewater treatment plants (local).
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2.3 Life Cycle AssessmenfL.CA)

Life cycle assessment is a methodological framework used to estimate and evaluate
the environmental impacts associated with the entire life cycle of a product. These
impacts include factors like climate change, stratospheric ozopéetide,
tropospheric ozone (smog) creation, eutrophication, acidification, toxicological
stress on human health and ecosystems, resource depletion, water use, land use, and

noise, among othefRebitzer et al., 2004)

Numerical analysis of these factorancbe carried out with the LCA tool. Thus,
comparisons are made based on clear data. In the light of these comparisons, decision
makers can make more accurate and correct decisions. In addition, having different
categories helps to facilitate problem idBcation. Since categorgpecific results
emerge, the most impdust category or categories can be identified and the solution

can be found.

The LCA method has four different stagas given in Figure 2.8 he first stage is

Goal & Scope Definition. Thédirst stage involves defining the objectives of the
study, identifying the product to be assessed. In the second stage, called Life Cycle
Inventory (LCI), data from all processes of the life cycle of the product under study
are collected and processedthis stage, energy, water, chemj@ald raw material
requirements, environmental emissipasd discharges of the product and other
processes are calculated and presented for all stages of production. This data is then
used to calculate consumption anslatiiarges from all processes in the product's life
cycle. The third stage is called Life Cycle Impact Assessment (LCIA), where
inventory data is translated into impacts on various categoriesh@man health,
ecological health and resource depletion). sAa result, in the final stage,
recommendations are made based on the results of the LCI and LCIA stages. The
final stage is calledife Cycle InterpretatiofEryuruk, 2015)
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Life Cycle Assessment Framework
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Figure2.6 Stages of Life Cycle Assessmé@urran, 2006)

2.3.1 Goal & Scope Definition

This stage involves defining the purpose and scope of the study and a quality
assurance method for the results. The functional unit of a prozldeffined to be

able to compare productsasedon the functions they fulfill rather than their
guantitative quantityTukker, 2000)

The functional unit forms the basis of LCA. Every data to be entered into the
Inventory musbe entered according to the functional unit. The results will also be
based on the functional unit. Therefore, at this stage, it is very important to select the
functional unit in the most accurate and efficient way for the study. If the functional
unit is not selected in accordance with the purpose of the study, the results will not
be accurate. The functional unit is a quantitative description of the service
performance of the product system or systems under study. For a refrigerator, the
functional unitcould be defined, for example, as cubic meter years of cooling to 15
JC below room temperatuf®ebitzer et al., 2004)r for a paper recycling plant, the
functional unit could be defined as "1 ton of recycled pagéré. steps for defining

the functionalunit are visually presented in Figure 2.7.
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Figure2.7 Steps of Defining Functional UnjReap, Roman, Duncan, & Bras,
2008)

Boundary selection within the Goal & Scopefinition determines the processes

and activities included in an LCA study
including life cycle stages, impacted geographic awead relevant time horizon

influence boundary selectidReap, Roran, Duncan, & Bras, 2008)he boundary

selection can lead to very different results. It is therefore important to choose an
appropriate boundary according to the purpose of the study. When making this
choice, the boundary choices used in previaiudies on this subject can be used as

a reference.

2.3.2 Life Cycle Inventory (LCI)

In the second stage, Life Cycle Inventory, a system is defined that includes all
relevant process chains for the production, use and waste management of the product
function in question. For each process in this chain, relevant environmental
interventions are inventoried in relation to the contribution of the process to the
central product function. The interventions caused by each process that is part of the
relevant system amdded according to the type of intervention. The final result is a

list of all environmental interventions associated with the function of the product.
This mentioned list is called the inventory tapleikker, 2000) Figure 28 presents

a typical environmental evaluation in BCA.
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Figure2.8 A Typical EnvironmentaEvaluation in an LCATukker, 2000)

Raw material inputs and product outputs, watege, energy use, wastewater, solid
waste, air emissionand many other parameters can be included in the inventory. In
LCA, the more data in the inventory, the more comprehensive and accurate the LCA
study will be. The accuracy of the data is very intgat. If the data is incorrect or

too incomplete, it affects the results of the study in a bad way. To avoid this situation,
the realism and accuracy of the data should be cheakddhe most accurate data

possible should be used.

2.3.3 Life Cycle Impact Assessment (LCIA)

Life cycle impact assessment provides indicators and a basis for analyzing the
potential contributions of environmental interventions in an inventory to a range of
potential impacts. The result of LCIA is an assessment of a producydiie @n a
functional unit basis, in terms of various impact categories (such as climate change,
toxicological stress, noise, land use, etc.) and in some cases in aggregate (such as
years of human life lost due to climate change, carcinogenic effects, atige
(Rebitzer, et al., 2004)mpact categories and units giventhe CML LCA manual

are shared ifable2.6.
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Table2.6 ImpactCategories antnits Givenin the CML LCA-manual

Type Impact Category

Squandering of Resources Abiotic Resources

Biotic Resources

Pollution Global Warming
Depletion of the Ozone Layer
Human Toxicity
Aquatic Ecotoxicity
Terrestrial Ecotoxicity
Photochemical Oxidant formation

Acidification

Eutrophication
Waste Heat

Odour

Noise

Affection Ecosystem and Landscape
Death

2.3.4 Life Cycle Interpretation

Life cycle interpretation is the final stage of the LCA process. Life cycle
interpretation is a systematic technique for identifying, measuring, contralayg
evaluating information derived from LCIStage 2 and LCIAStage 3 results and
communicating them effectively. The stages of Interpretation are as follows. First,
significant issues based on LCI and LCIA are identified. This is followed by an
assessent considering integrity, accurgcynd consistency checks. Finally,
recommendations are made based on the results reporting is donéCurran,
2006)
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2.4  Best Available Techniques Refegnce (BREF) Documerg

The European Integted Pollution Prevention and Control Bureau has addressed the
BATsin theBRED documents, aiming to minimize environmental impact, cost, and

resource use in the relevant processes.

The BREFs mainly focus on specifiectorsknown as sectoral BREFs. Iddition
to theseBREFs there are also horizontal BREFs that address broader topics such as

energy efficiency, industrial cooling systems, and emissions from storage

According to Article 15(3) of thdndustrial and Livestock Rearing Emissions

Directive (IED 2.0), BAT conclusions shall serve as the reference for setting permit

conditions for installations covered under the Direciifzeropean Commission,

2024) This legal obligation ensures that industrial operators in theparoUnion

(EU) must meet the environmental performance levels associated with the relevant

BAT conclusions. Whil e T¢r kBRERJocunsenti ot a Me mt
continue to be widely acknowledged and utilized as key technical references in

shapimg national environmental legislation and permitting practices.

Each BREF document includes multiple BATs applicabléh&r sectorsor for all
sectors if it isa horizontal BREF In this study, the sectoral BREF Production of

Pulp, Paperand Board andhe horizontal BREF on Energy Efficiency were used.

2.4.1 The Production of Pulp, Paper and Board BRERPPPB-BREF)

As one of the sectoral BREF#et Production of Pulp, Paper and Board BREF,
published by the European Commission, outlines BATs aimed at minimizing
environmental impacts in the pulp and paper sector. The BR&Foriginally
released in 2001 and revised starting in 2006. The document evaluates industrial
processes, environmental performance, pollution reduction techniques, and
emerging technologies. €hofficial BAT conclusions were adopted by the

Commission in 2014. BAT determination involves identifying key environmental
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issues, assessing relevant techniques, and considering feasibility, costs, and cross
media effects. As a living document, the BREFsubject to periodic updates to

reflect technological progress and industry innovat{@®®PBBREF, 2015)

In thePPPBBREFdocument, separate BAT conclusions are provided for the Kraft
(Sulphate) Pulping Process, Sulphite hdpProcess, Mechanical Pulping and
Chemimechanical Pulping, Processing Paper for Recycling, and Papermaking and
Related Processes. In addition, general BAT conclusions applicable to the entire pulp
and paper industry are also presented. These generat@&#clusions address the

following subjects:

Environmental management system

Materials management and good housekeeping

Water and wastewater management

Energy consumption and efficiency

Emissions of odour

Monitoring of key process parameters and of emissiorwater and air
Waste management

Emissions to water

Emissions of noise

= =2 4 A4 -4 A4 -5 -4 -2 -2

Decommissioning

Among these, certain BATs are particularly relevant to paper recycling processes
due to their direct relation to resource efficiency, emissions control, and waste
maragement. In this context, TabR7 presents a selection of the general BAT
conclusions that are most applicable to the operational and environmental aspects of

paper recycling facilities.
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Table2.7 Techniques for General BAT Conclusions Relevant to Paper Recycling
(PPPBBREF, 2015)

BAT 5 - to reduce fresh water use and generationastewater

a) Monitoring and optimising water usage
b) Evaluation of water recirculatiooptions
c) Balancing the degree of closure of water circuits and potential drawba
adding additional equipment if necessary
d) Separation of less contaminated sealing water from pumps for vacut
generation and reuse
e) Separation of clean cooling water from @minated process water and rel
f) Reusing process water to substitute for fresh water (water recirculatior
closing of water loops)
g) In-line treatment of (parts of) process water to improve water quality to ¢

for recirculation or reuse

BAT 6 - to reduce fuel and energy consumption in pulp and paper mills

a) Use an energy management system
b) Recover energy by incinerating those wastes and residues from the proi
of pulp and paper that have high organic content and calorific value
c) Cover the steam armqmbwer demand of the production processes as far
possible by the cogeneration of heat and power (CHP)
d) Use excess heat for the drying of biomass and sludge, to heat boiler fee
and process water, to heat buildings, etc.
e) Use thermo compressors
f) Insulae steam and condensate pipe fittings

g) Use energyefficient vacuum systems for dewatering

h) Use highefficiency electrical motors, pumpand agitators

i) Use frequency inverters for fans, compressamsg pumps

j) Match steam pressure levels with actual presseeels
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Table 2.7 Techniques for General BAT Conclusions Relevant to Paper Recycling
(PPPBBREF, 2015c ont 6 d)

BAT 12 - to reduce the quantities of waste sent for disposal

a) Separate collection of different waste fractions (including separation ¢
classification of hazardous waste)
b) Merging of suitable fractions of residues to obtain mixtures that can be |
utilized
c) Pretreatment of process residues before reuse or recycling
d) Material recovery and recycling of process residues on site
e) Energyrecovery onor off-site from wastes with high organic content
f) External materialtilization

g) Pretreatment of waste before disposal

In the section titled BAT Conclusions for Processing Paper for Recycling, three main
themes are highlighted: Materials Maement, Wastewater and Emissions to

Water, and Energy Consumption and Efficiency.

Under Materials Management, a single BAT (BAT 42) is provided. BAT 42 outlines
five technigques aimed at preventing soil and groundwater contamination, reducing
the risk theref, and minimizing wind drift and diffuse dust emissions from the paper

recycling yard.

Under Wastewater and Emissions to Water, there are three BATs presented, each

accompanied by relevant techniques:

BAT 43 - to reduce fresh water use, waste water flawd the pollution load

BAT 44 - to maintain advanced water circuit closure in mills processing
paper for recycling and to avoid possible negative effects from the increased
recycling of process water

1 BAT 45 - to prevent and reduce the pollution load vedstewater into

receiving waters from the whole mill
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Lastly, within the Energy Consumption and Efficiency section, BAT 46 is presented.
BAT 46 includes three techniques aimed at reducing electrical energy consumption
specifically within RCF (Recovered Pap€&ibre) processing mills. Table &.
presents the specific techniques outlined under the relevant BAT conclusions.

Table2.8 Techniques for BAT Conclusions in Paper for Recycling Se¢géPB
BREF, 2015)

BAT 42

h) Hard surfacing of the storage area for paper for recycling

i) Collection of contaminated ruoff water from the paper for recycling stora
area and treatment in a wastewater treatment plant

j) Surroundinghe terrain of the paper for recycling yard with fences agait

wind drift

k) Regularly cleaning the storage area and sweeping associated roadwa;

emptying gully pots to reduce diffuse dust emissions.
[) Storing of bales or loose paper under a roof to probecmaterial from

weather influences

BAT 43

k) Separation of the water systems
[) Countercurrent flow of process water and water recirculation
m) Partial recycling of treated wastewater after biological treatment
n) Clarification of white water
BAT 44

h) Monitoring and continuous control of the process water quality
i) Prevention and elimination of biofilms by using methods that minimis
emissions of biocides
J) Removal of calcium from process water by a controlled precipitation

calcium carbonate
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Table2.9 Techniques for BAT Conclusions in Paper for Recycling Se¢&éiPB
BREF, 2015\ cont 6d)

BAT 45
a) the techniques specified in BAT 13, BAT 14, BAT 15, BAT 16, BAT &%
BAT 44

BAT 46

a) High consistency pulping for disintegrating paper for recycling into sepa
fibres
b) Efficient coarse and fine screening by optimising rotor design, s¢ramhs
screen operation, which allows the use of smaller equipment with low
specific energy consuyption
c) Energy saving stock preparation concegsdracting impurities as early as
possible in the rpulping process, using fewer and optimised machine

components, thus restricting the enenggnsive processing of the fibres

Given the importance of ergy consumption in RCF facilities, another BREF
document relevant to this thesis work is BRE-BREF, which is a horizontal
guidance document developed under the IPPC Directive. It provides general BAT
recommendations for improving energy use across ralustrial sectors. The
document highlights the role of energy management systems, sysiem
optimization, and tools such as energy audits and process integration. Although it
does not focus on sectspecific techniques, it contributes to reducing energy
related environmental impacts and supports EU climate and sustainability objectives
(ENE-BREF, 2009)

2.4.2 The Energy Efficiency BREF(ENE-BREF)

The Energy Efficiency BREF document does not contain BAT conclusions in the

formal sense, as it serves primarily as a horizontal reference document providing
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technical guidance and examples of energy efficiency measures across various
industrial sectors. The document is structured around two main sections: energy
efficiency techniques gficable at the installation level, and techniques related to
energyusing systems and processes. Although it does not define BAT conclusions,
many of the techniques listed are directly relevant to enetgpsive sectors,

including paper recycling.

The tchniques presented in the second section of the document are organised under
various categories that are commonly encountered across industrial operations.

These categories include:

Steam Systems

Heat Recovery

Cogeneration

Electrical Power Supply
ElectricMotor Driven Sub Systems
Compressed Air Systems

Pulping Systems

HVAC Systems

Lighting

=A =4 4 A4 -4 A4 -5 -4 - -2

Drying, Seperationand Concentration Processes

While theENE-BREF (2009) does not include formal BAT conclusions, it offers
technical background and practicatamples that can support energy efficiency
considerations acrossl sectorsThe document may serve as a useful reference for
identifying techniques relevant to paper recycling operations and for supporting the
interpretation of energyelated aspects dressed in the?PPBBREF document.
Techniques such as cogenerationuse of flash steam, and the enegdfycient
design and installation of steam distribution pipework are among the many examples

provided in this context.
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2.5 Literature Review on LCA in Paper Recycling

Life Cycle Assessment is an important tool for assessing the environmental impacts
of recycling technologies. It has been widely used in both the evaluation of individual
treatment processes and the development of integrated waste managetemeés.
Although there are limited LCA studies focused solely on prelesss evaluations
within paper recycling facilities, a growing body of literatymevides valuable
methodological insights and comparative findings relevant to this thesis. These
studies utilize diverse LCA software tools, functional units, and impact assessment
methods, and collectively highlight the role of system boundaries, allocation
approaches, and multidicator evaluations in shaping outconm@sllectively, these
referenes strengthen the methodological foundation of this thesis and support the
use of LCA as a decisiemaking tool in identifying environmentally optimal BATs

for paper recycling processes.

In the study conducted lyu et al., 2020an integrated Material Rlo Analysis and

LCA model to evaluate the economic and environmental performance of China's
wastepaperrecycling systenmas been developet ton of recovered waste paper as

the functional unit was used. The system boundary included pulp production,
paperboard production, and waste paper recovery, with emissions data derived from
ecoinvent and national sourc@&e study evaluateSHG emissons as the primary
environmental indicator and reports baseline emissions as 901.IFleCer ton

of recovered paper for the year 2017. The projected GHG emissions for 2030 under
improved system integration are estimated to be 942.9 kg@er tonAlthough

LCA is applied as the methodological framework, the study does not disclose which
LCA software or which impact assessment method was Tikedesults of the study
showed that integrating nonstandard recycling vendors into formal systems
significantlyimproves both economic benefits and GHG emissions. This approach
demonstrates how recycling system design and regulatory structure directly
influence environmental performance. The study links prelesss LCA outputs

with systemlevel policy decisionsThe study also integrates a sensitivity analysis to
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evaluate how changes in recovery parametfect system efficiency and
environmental outcome®y combining material flow modelling with LCA and
economic inputoutput calculations, the study provides a&cidionsupport
framework for policymakers to assess the implications of regulation and integration

strategies in the recycling sector.

In another studyyillanueva & Wenzel, 2007eviewed nine publishedCA studies

on waste paper and cardboard managencentparing the environmental impacts

of recycling, incineration, and landfilling. A total of 73 scenarios were analyzed,
focusing on impact categories such as energy use, greenhouse gas emissions,
resource consumption, toxicity, and the generation of wastlewastewatefThe

study concluded that recycling is generally more environmentally favorable than
landfilling or incineration, especially in energglated impact categories where data
guality and consistency are high. The study also emphasized tiadiovesrin results
across LCA studies are mostly due to methodological differences, not fundamental
contradictionsThe studyhighlighted the importance of defining and justifying key
assumptionsparticularly regarding system boundaries, secondary seryeg.,
energy recovery), and time perspectif@sachieving meaningful and comparable
outcomes in future LCAdnN particular, recycling consistently showed lower energy
consumption than virgin paper productidollowed by incineration or landfilling,
owing to the energyntensive nature of wood pulping and drying. Energhated
impacts such as global warming potential and acidification were also lower in most

recycling scenarios, though sensitive to assumptions about marginal energy sources.

Feo & Malano (2009 usedthe LCA methodology to evaluate twehMunicipal
Solid Waste MISW) management scenarios italy. The study focuseddn
environmental performance acrodd impact categories. The studysed the
WISARD tool The toolcalculated mass anehergy balances for sixteen defined
management phases per scenario, resulting in 192 modeled. piresssudydoes
not explicitly state a unique functional unithe findings revealed that paper
recycling had the highest avoided environmental impact st seenariasAlso, dry
residue collection logistics contributed most significantlyhtegenerated impacts.
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The use of WISARD, despite its database limitations, offered a structured approach
for regional waste policy evaluatioAmong the twelve scenas@nalyzed, scenario

11 characterized by 80% separate collection withRefuseDerived Fuel(RDF)
incinerationwas found to be the most environmentally beneficial in six out of eleven
categories, including renewable and total energy use, water consamptio
eutrophication, and hazardous waste. Scenario 10, which included RDF production
and incineration, performed best in three categories:rewewable energy use,
greenhouse gases, and acidification. Overall, the scenarios with higher levels of
separate dtection consistently resulted in greater avoided impacts across most
categories. Notably, paper collection and recycling emerged as the most
environmentally advantageous component in 45.5% of the cases, while dry residue
collection logistics representduktlargest source of environmental burdens in 54.5%
of casesThe authoralsoemphasized that while LCA is a powerful tool for MSW
management planning, its effectiveness depends heavily on data availability and

regional specificity.

Wang et al. (2012¢orducted a comparativeCA to evaluate the environmental
performance and greenhouse gas emissions of three waste paper management
strategies Thesestrategies ar®ioethanol production, recycling, and incineration
with energy recovery. The study aimed toesssthe full life cycle environmental
profile of bioethanol produced from various waste papers and compare it against
conventional waste paper treatments. Two distinct functional units were defined
These functional units afekg of bioethanol used in &ekible-fuel vehicle and the
treatment of 1 kg of waste pap&he system boundaries for the bioethanol pathway
included threedifferent stages For the comparative assessment, cldseg
recycling and energgecovery incineration models were also devebthpThe
Simapro 7.3 software was used to perform the LCA, employing the CML baseline
2000 v2.05 characterization model. Impact categories analyzed included global
warming potential, abiotic resource depletiacidification, eutrophication, ozone
depletion human toxicityand several ecotoxicity potentialde study revealed that

certain bioethanol production scenaraitered favorable or neutral environmental
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profiles compared to recycling or incineration. However, incineration with- high
efficiency recoery was generally the most preferred option in environmental terms.
This studyillustrateshow alternative pathways for paper waste can be evaluated
through detailed LCA modeling

Azuaje, et al., 2025nvestigated the influence of allocation methods on GHG
emissions results in the LCA of corrugated containerboard systems using both virgin
and recycled fibers. The study comparediferentallocation approaches over 50
recycling cycles, using a totautput of 3.3 billion tons as the functional unit. The
studyshowed that including fiber losses significantly reduced variation in emission
results Among all methods, the cuaiff approach was found to be the most reliable
due to its simplicity and minimaleviation from the baseline.

Although not directly related to procelevel LCA or specific BAT selection, the
study by Shanget al, 2022 offers a valuable mac#evel perspective on the paper
industry's environmental performance. Using a magkétndedLCA model and
entropyTOPSIS, thestudy evaluated the green development level of the paper
industry across 48 countries from 2000 to 20BBese evaluation was done by
considering environmental, economic, and social indicators. Redultss study
showel that while developing countries improved faster, developed countries
maintained a higher ecological performance due to better decoupling of growth from
environmental impactsThis was primarily attributed to their more effective
decoupling of economic gwth from environmental pressures such as carbon
emissions, energy consumption, and industrial water use. The findings also revealed
notable regional disparities, suggesting that countries follow diverse pathways
shaped by their economic structures, poliftgmeworks, and technological
capabilities. In particular, countries that invested in cleaner technologies, improved
resource efficiency, and optimized their production systems achieved better
environmental outcomes without compromising economic perfazearhe study
emphasized the importance of integrated strategies that simultaneously address

environmental, economic, and social dimensions, and concluded that global paper
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industry development should prioritize both technological innovation and

institutional coordination to support a sustainable transition.

Skalset al, 2007 conducted d.CA to evaluate the environmental performance of
enzymeassisted processing in the pulp and paper induBlry studycompars the
enzymatic processvith conventional chmical and energyintensive methods.
Although this work is not directly related to waste paper recycling, it can give an
idea about waste paper recycling because it goes through similar processes to paper
production.The LCA, performed in SimaPro using d&tam ecoinvent and industry
sources9 different applications ass&ed.The functional unit was defined as 1 ton

of pulp or paperResults showed that enzyme applications generally reduce fossil
energy use and impacts such as global warming, acidifi¢atiuh photochemical

smog This isparticularly due to lower chemical input and electricity demand. While
deinking results were less robust due to data uncertainty, overall the study supports

enzyme technologies as promising alternatives.

Lastly, althoughnot directly related to processvel BAT evaluation, the study by
Liang et al, 2012 provides useful insights through a Physical lin@uitput LCA
(PIOLCA) model assessing four rechteskei ng in
recycling nputs arecrop draws, bagasse, textile waste, and scrap pSpexp paper
showeda high product yieldit also had notable indirect environmental impacts
Specifically, the study highlighted thttese indirect impacts primarily stem from

the international import of sap paper, which shifts part of the environmental burden

to exporting countries and creates complex cbhmsger material and energy flows.

This leads to increased indirect energy consumption and pollution in upstream
processes, including collection, sogjntransportation, and preprocessing of
imported waste papetn contrast, crop straw and wood waste dusar paper
production benefited more from technology development. Bagasse and textile waste
recycling, on the other hand, were found to have limitedirenmental
improvements, suggesting that alternative pathways should be evallatestudy

emphasizethat raw material choice can significantly influence LCA outcomes
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CHAPTER 3

METHODOLOGY

3.1  Study Approach

In this study, a LCA was carried out for a paper recycling facility usprgmary

data from apaper recycling facilityin Ankara, T ¢ r k Althoaigh the plant has
relatively low production capacity, it includes many processes specific to paper
recycling and can be used as gerence forthe paperecycling industryDetailed

information on this study plant is provided in 8exs 3.1.1

As part of the study, site visits were conductetthe facility. Both verbal and written
information and data were collected from the facility owner to understand the
processes and to use in LCA studies. These data formed the foundation of the
baseline LCAstudiesand are of great importance. Missingadatere obtained from

the literature. After analyzing the curresituationof the facility and completing the
baseline LCA, severalscenarios were identifiednd thecorrespondind.CA runs

were performedThe basis considered during the identification scenarios is provided
in Se¢ion 3.2.1

All LCA runs were performed using SimaPro 9.3 software h accordance with

the ISO 14040 and ISO 14044 standards, which provide the internationally accepted
framework for conductind.CA studies.The steps implemented while using the
SimaPro 9.3.3softwarear e descri bed i n det aictioni n
to LCA wi t(Goedkoopns &20160
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3.1.1 Overview of the Paper Recyling Facility Under Study

The facility examined during the site visits and used for data in this study is a small

scale paper recycling plant based in Ankara. Althougpétates at low capacity, it

stands out as a strong reference model due to its various processes unigue to paper

recycling operationd&=or pri vacy reasons, the facilityod:

the facility and its process units, are not disclosetisgtudy.

The facility produces three different types of recycled paper, depending on customer

orders. These recycled paper types include:

a) Brown Sulphite Paper
b) Fluting Paper
c) White Sulphite Paper

Brown Sulphite Paper is a prifriendly packaging materimhade from mixed paper.
Fluting Paper, commonly used in corrugated cardboard and undulated board
production is made from OCC (Old Corrugated Containers). White Sulphite Paper,
on the other hand, is manufactured using white paper as its raw material.

The faility manufactures all three types of recycled paper each year in specific
percentages. The production process remains consistent across all three recycled
paper types. However, slight differences occur in the volume and composition of the
waste generatedThere is no deinking process implemented at the facility. Ink

removal is not carried out during the production of any of the recycled paper types.

At the facility, coal and wood are used to generate steam in the boiler of the drying
unit. 2 forklifts in the facility operate with diesel. All other operations are fully
powered by electricity. The electricity is supplied from the national grid, and no

renewable energy sources are utilized.

The facility operates with a closed water circuit system. Chemicdeust the
facility is minimal. Only an antifoaming agent is used in the Pulp Chest unit to

prevent water foaming.
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The process flow chart of the paper recycling facility, whose data were used in this
study, is shareth Figure 32. There are a total of 2a#its in the facility, including

pumps used. The reason for considering the pumps as separate units is that their
placement within the facility may vary from one fagilinstallation to another. If

they were considereid conjunction with upstream equipntethis could lead to a
misattribution of environmentampacts.Furthermore, since pumps are considered

as separate units, their environmental impacts can be more accurately assessed

independently from those of other equipment.

The facility annually produces 7,200 tons of recycled paper. 45% of this production
is Brown Sulphite Paper, another 45% is Fluting Paper, and the remaining 10% of
this production is White Sulphite Paper. The facility utilizes a total of 8,231 tons of
waske paper each year as raw material to achieve this production. The yield loss for
mixed paper used in producing Brown Sulphite Paper is approximately 14%, while
theyield loss for OCC paper used for Fluting Paper is approximately 9.5% and lastly
theyield loss for white paper used for White Sulphite Paper is approximately 22%.
Figure3.1displaysthe input wastg@aper types alongside the corresponding recycled

paper products. A summary of production data is also provided.

Mixed %14 |oss ~ Brown Sulphite
Paper |:> \ Paper

3.767 > 3,240
ton/year ﬁ ton/year
occC

3,541
ton/year

%9.5 loss Fluting

|:{> ﬂ Paper
3,240

ton/year

\ White Sulphite

White QLT *) %22 l0ss
Paper

Paper :
923 3

Nr

720

ton/year ton/year

Figure3.1 The Quantity of Recycled Paper Produced at the Facility and the

Amount of Waste Paper Used as Raw Material
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3.2 Goal and Scope Definition

The goal of this study is to conduct baseline assessments for a paper recycling facility
that can be considered representative and to compare the effects of scenarios derived
from the PPPBBREF and ENE-BREF documents.The process flowchart of the
facility, prepared based on the site \@sihd both verbal and written informatidata
obtained from the facility owneilis given inFigure 3.2.The system boundary
considered iglso indicatedn this figure The elements included and excluded from

the system boundgare presented ifiable3.1. Within this system boundarggate
to-gateapproach wagrimarily adopted for the LCAHowever, for certain input

flows such as electricity, chemicals, and raw material transportation, toaghée

or cradleto grave data were used based on the available unit processies in
databases d@imaPro.

Table3.1 Processeincluded andexcluded from theStudy

Included Excluded
Raw material transport t@cycling Production of raw materialsvaste
facility paper)by upstream generators

Coal andwvoodtransport to recycling  Distributionof the finished product

facility
Internal transport within facility Use phase of recycled paper produ
Papemecycling processes Transportation of wastegnerated

o _ Non-directfacility operations
Electricity, coal, wood and diesel o ) o
_ . (e.g., administrative buildings,
consumption for all active processes _
offices, wastewater treatment plan

Water consumption andastewater

generation

Chemical inputs
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Selecting an appropriate functional unitvisry importantfor conducting reliable
LCA studies. In this study, the functional unit was defiasfil ton of recycled paper
produced. This selectionwas made by considering the processability of data
obtained from the facility as well as consistency with similar studidisenature
Using this functional unit allowed for the most accurate and straightforward input of

data into the software, leaditgreliable results.
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3.21 ScenariosDeveloped for the Study

After analyzing the currensituationof the facility and conducting the baseline
LCAs, five scenarios were identified based on BiRPBBREF and ENE-BREF

documentsas indicated iTable3.2.

The aim was to evaluate the environmental performance of selected techniques that
are either supported by formal BAT conclusions or widely discussed in the BREFs
as technically and environmentally relevant. For example, Scenario 1, which focuses
on replaang existing electric motors withigh-efficiencymodels, aligns with BAT

6(h) of thePPPBBREF. Scenario 3, involving the reuse of flash steam in the drying
unit's steam boiler, correspondsBAT for Steam Systems (Recoverg) ENE-

BREF, which recommendsptimising steam systems through recovery methods.

While Scenario 2 does not correspond to a specific BAT in either BREF, it
investigates the potential environmental benefits of replacing dossdd grid
electricity with rooftop solar power. AlthougbNE-BREF does not directly cover
renewable energy, it acknowledges that the use of sustainable energy sources or
surplus heat may be more beneficial than using primary fuels, even when energy

efficiency is lower.

While some of the BREBased scenarios arepected to have positive impacts, the
scenarios are not limited to only favorable outcomes. The study also examines cases
such as the absence of an already-fuglttioning application at the facility, or the
inclusion of an additional recycling process oatrently in place, both of which may
increase environmental burdens. For example, the first three scenarios are expected
to improve the environmental performance of the facility, whereas the fourth
scenario analyzes the effect of removing an alreadytefée water recirculation
practice. This scenario reflects techniques outlined in BAT 5(f) and BAT 43(b)
(Table 2.7 and Table 2.8, respectivetf)the PPPBBREF, which emphasize the

importance of water circuit closure and reuse. The fifth scenario igaesti the
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impact of introducing a deinking process. While this is not covered by a formal BAT
conclusion, the same BREF document includes extensive comparative data on
facilities with and without deinking, underlining the environmental significance of
this process. Additionally, the baseline scenario was evaluated using three different
types of raw material® allow for a comparative analysis of paper recycling under

varying input conditions.

Some BATSs listed in Section 2.4 were not included in the saenaalysis. These
exclusions were primarily due to their limited relevance to the defined system
boundary, the absence of sufficient data, or the need for infrastructural modifications
that exceed the operational scope of the current facility. While sabhitjues may
contribute to improved environmental performance at the facility level, they often
involve external coordination or detailed input data that were not available within
the framework of this study. As a result, these BATs were not modelec in th
scenariebased LCA, although they could be considered in future assessments aimed
at more comprehensive facility upgrades.
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Table3.2 ScenariosGoals and RelevafATs

Goal Relevant
Subject/
Scenario Name BREFBAT
S0-a Basei Mixed Paper To investigate the effect
SO0-b Basei OCC the type of recycled ra
S0-c¢c Base White Paper material
To investigate the effect 1 PPPBBREF
S1 Useof High-Efficiency replacing all electric motor BAT 6 (h)
ElectricalMotors in the process with energ
efficient ones
To investigate the effect 1 Renewable
replacing grid electricit Energyfor
S2 Rooftop Solar PV for (with a high fossil fuel shar¢  Electricity
Electricity Supply . _
with solar energy in a
processes
To investigate the effect « ENE-BREF
reusing flash steam in tt  BAT for
S3 Reuse of Flash Steam steam boiler of the dryin Steam
the Steam Boller
unit (the most energy Systems
intensive unit of the proces (Recovery)
PPPBBREF
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3.3 Life Cycle Inventory

3.3.1 Gathering Primary Data

The datausedin this studycomesfrom an actual paper recycling facility based in
Ankara, ensuring the use i@al primary data. Irsituationswherethefacility 6data

was insufficient for conducting th& CA, supplemental information was sourced
from existing literature. Furthermoranits available within the SimaPro software

databasg mainly Ecoinvent 3yereused.

Onsite visits were carried out to obtain detailed data and insights regarding the
facility several timesThese visits involved direct discussions with the facility
owner. In-depth information was gathere@nd relevant datavas collected.
Additionally, a compriensive tour of the facility was conductseleral timesThe
insights gained through these site visits played a crucial role in supporting and

shaping the development of this study.
Waste Generation

The facility generates approximately 1,031 tons of wasteially from raw material
inputs. Approximately37% of this waste is categorized as 'Pulper Waste," which
includes materialighter than watersuch as plastic, styrofoam, wood, and fabric
Althoughplastic making up a particularly large shdhes type of waste is sent to a
separate facilityn Ankarafor energy recoveryDense materials that sink water,

like glass, sand, and irpaccount for around 16% of the total waste and are disposed
of at landfill sites. The remaining waste is carried witheraeither directly to the
sewer system or first to a wastewater treatment plant before final dischayge

3.3 shows the types of waste generated at the facility and their annual quantities
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Waste

1031.5
ton/year

Glass - Sand - Iron

Waste
384.88 164.63 482.99
ton/year ton/year ton/year

Figure3.3 Waste Types and Quantities Generated at the Facility

Water Consumption

The facility consumes approximately 43,200 tons of water annuEtly facility
operates with alosedcircuit water systeminstead of being discharged after a single
use, the praess water is circulated within the facility and reused up to four times
before final dischargeThis applicationsignificantly enhanceghe environmental
sustainability of the paper recycling procdsach year, approximately 36,000 tons
of wastewater ardischarged, which is lower than total water consumption because
part of the water is lost through evaporation during the prokteesms of chemical
usage, the onlghemicalapplied is an antifoaming agent in the Pulp Chest unit, with

an annual usage @{200 kilograms to prevent water foaming
Transportation

Two dieselpowered forkliftsare operating in the facilitfgach forklift is estimated
to consume 3.5 liters of diesel per hour and to run for approximately 3 hours dalily.
Based on these assumpti@msl the presence of two forklifts, the total annual diesel

consumption is calculated to be 6,300 liters.
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Furthermore, during the Transport stage included in the LCA stuldgre waste
paperscoal andwood are delivered to the facility from designatecdhfsoin Istanbul
or Ankara dieselpowered trucks are utilized. The total diesel consumption for this

stage is estimated at 42,039 liters per year.
Wood and CoalConsumption

The wood used in the steam boiler is sourced from a nearby woodworking facility
and has an ash content of about 1%. Wood is utilized in the boiler whenever it is
available in sufficient quantity. However, due to supply limitatidmngnite Coalis

also usd as a supplementary fuel, with an ash content of approximately 18%.
Annually, approximatelyl,080 tons of coal and 1,680 tons of wood are consumed
for energy generation in the steam boiler. Since no other parts of the facility use coal
or wood, theseonsaimptions arealso the total yearly consumption of both fuels at

the site.
Electricity Consumption

All units at the facility, except for the steam boiler used in the drying amdt
forklifts, operate on electricity. The electricity is purchased fronmttienal grid.

The steam boiler, on the other hand, uses coal and wood as fuel.

The facility consumes approximately 4,471,457 kWh of electricity annwaligh
means621 kWh per ton ofecycled paperAccording to the?PPBBREFdocument,

the typical energgonsumption for nofeinking paper recycling facilities ranges
from 300 to 700 kWh per ton. This facility, which does not perform deinking, falls
within that benchmark range. The relatively high energy use is primarily due to its
small production scale The f aci | i lowe® soperationall efficiency.

Additionally, the motors in use at the facility are paergy efficient

For theLCA study, a detailed breakdown of electricity consumption for all 28 units
within the facility is required. The followingadla was collected from the facility to

perform this calculation:
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a) The power rating of the electric motor (if present) in each unit
b) Annual operating hours
c) Load factor

d) Efficiency class

Based on the informatiogathered from the facility ownerll motors operate at

roughly 75% load and are classified as IE2 in terms of efficiency. Additionally,
motors have been rewound as needed following failufée total electricity
consumption of the facility was calculated using bittl data obtained &m the

facility and information sourced from the literature. These calculations are provided

in detail inAppendixA. The <calcul ated results were
electricity bills and found to be consistent.

The four units with the highest eleicity consumption are listed below:

1) Vacuum

2) Pulper

3) Drying

4) Press Groups

Approximately 55% of the facility's total electricity consumption occurs in the raw
material preparation stage, while the remaining 45% is used in the-rpagarg
stage. Additionallythe 28 units within the facility have been categorized into the
following sevenprocessg groups. The specifiprocesig groupfor each unit is

provided in Table 3.

a) Supporting System
b) Pulping

c) Screening & Cleaning
d) Drying

e) PostProcessing

f) Pumps

g) StorageTanks
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According to this categorization, the distribution of electricity consumption is
illustrated inFigure3.4. The Dryinggroupaccounts for the highest share, consuming
39.5% of the total electricity. It should beentionedhat this figure does notatude

coal and wood consumptio@oal and wood consumptiamasaddedwhile making

the primary energycomparison. Following Drying, Storage Tanks, Pumps,
Screening & Cleaning, and Pulping have similar levels of electricity usage. Notably,
the Pulpinggroupcomprises only a single umwhich isthe Pulper. Whil¢he pulper

hast he f ac i Iwithtthedasgesimmstalled poweits operating hours are
relatively low. On the other hand, the Screening & Cleagnogipconsists of nine
separate units, many which donot havemotors Insteadtheyoperate using pumps
installed earlier in the system. Storage Tanks have a relatively high electricity
consumptionas all four tanks are equipped with motors that run continuously. A
similar situationis alsoobserved with the Pumgsoup Consequently, both Storage
Tanks and Pumps account for a considerable share of total electoiegiymption

In contrast, the Supporting Systemand PosProcessingg r osugleotricity

consumption share is very low.

Supporting

Storage Tanks
e * System,0.02%  pyiping, 12.71%

16.10%

Screening &
Cleaning, 14.77%

Pumps, 15.60%

Post-Processing,
1.31%

Drying, 39.50%

Figure3.4 Electricity Consumption Breakdown of the Facility Byocessing
Groups
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The facility's energy consumption is not limited to electricity; it also includes coal,
wood, and diesel usage. To determine percentage share of each, their primary
energy consumption values have been calculated. The primary energy consumption
shares of the sevgamocessg groupsare presented iRigure 3.5.

Storage Tanks,  Supporting
7.84% System, 2.89%
Pulping, 6.19%
Screening &
Cleaning, 7.19%

Pumps, 7.60%
Post-Processing,
0.64%

Drying, 67.65%

Figure3.5 Primary EnergyConsumption Breakdown of the Facility Byocessing
Groups

TheDrying grouphas the largest share at 67.65%, accounting for the majority of the
facilitybés total primary energy consumpt.
and coal brned in the steam boiler located within tigioupto produce steam.

Pulping, Screening & Cleaning, Pumps, and Storage Tanks ftiiarying group

with similar shares, although the g&etween them andhe drying group is

significant. Thepostprocessig grouphas no noteworthy share in primary energy
consumptionOn the other handhé Supporting System accounts for 2.89% due to

diesel usage and a small amount of electricity consumption. A comparison of
electricity consumption shares and primary en@gysumption shares fgroupis

presented iTable3.3.
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Table3.3 Electricity and Primary Energy Consumption by Procgs&roup

Processing Electricity Consumptior  Primary Energy

Group (%) Consumption (%)
Supporting System 0.02 2.89
Pulping 12.71 6.19
Screening & Cleaning 14.77 7.19
Drying 39.50 67.65
PostProcessing 1.31 0.64
Pumps 15.60 7.60
Storage Tanks 16.10 7.84

The breakdown of energy sources used at the facilityustrated inFigure 3.6.
Electricity accounts for the largest portionith 48.70% of total primary energy
consumptionwhich isnearly half. This is followed by wood at 29.47%, and coal at
18.95%. Diesel has the smallest share, contributimg2.88%.

Primary Energy Consumption

Coal (18.95 %)

Diesel (2.88 %)

-
o g

Figure3.6 Breakdown of Primary Energy Sources Used in the Facility

Detailed energy consumption data for the 28 units angrheessing groupthey
belong to are presentedTiable3 4.
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Table3.4 DetailedEnergyConsumptiorData for 28 unit®f the Facility

Processing | Electricity Coal Wood Diesel Electricity | Primary Energy Primary Energy

Unit Group (kWh) (ton) (ton) (L) (%) (kWh) (%)

Transport Supporting 0 0 0 42,039 - 548,462.30 2.51
System

Internal Transport  Supporting 0 0 0 6,300 - 82,193.02 0.38
System

Conveyor Supporting 948.56 0 0 0 0.02 2,259.88 0.01
System

Pulper Pulping 568,181.82 0 0 0 12.71 1,353,657.68 6.19

Pump A Pumps 10,335.57 0 0 0 0.23 24,623.85 0.11

Storage Tank A Storage 180,000.00 0 0 0 4.03 428,838.75 1.96

Tanks

Pump B Pumps 132,885.91 0 0 0 2.97 316,592.37 1.45

Coarse Screen A Screening & 0 0 0 0 - 0 0.00
Cleaning
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Table 3.4 Detailed Energyonsumption Data for 28 units of the Facilityc ont 6 d)

Processing | Electricity Coal Wood Diesel Electricity | Primary Energy Primary Energy
Unit Group (kWh) (ton) (ton) (L) (%) (kWh) (%)
Turbo Seperator Screening & 123,934.43 0 0 0 2.77 295,266.03 1.35
Cleaning
Pump C Pumps 20,326.22 0 0 0 0.45 48,425.96 0.22
Reject Sorter Screening & 31,006.71 0 0 0 0.69 73,871.55 0.34
Cleaning
Storage Tank B Storage 180,000.00 0 0 0 4.03 428,838.75 1.96
Tanks
Pump D Pumps 132,885.91 0 0 0 2.97 316,592.37 1.45
Coarse Screen B Screening & 0 - 0 0.00
Cleaning
Deflaker Screening &| 103,278.69 0 0 0 231 246,055.02 1.12
Cleaning
Storage Tank C Storage 180,000.00 0 0 0 4.03 428,838.75 1.96
Tanks
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Table 3.4 Detailed Energyonsumption Data for 28 units of the Facilityc ont 6 d)

Processing | Electricity Coal Wood Diesel Electricity | Primary Energy Primary Energy

Unit Group (kWh) (ton) (ton) (L) (%) (kWh) (%)

Pump E Pumps 132,885.91 0 0 0 2.97 316,592.37 1.45

Storage Tan Storage 180,000.00 0 4.03 428,838.75 1.96

Tanks

Fan Pump Pumps 268,211.92 0 0 0 6.00 638,998.14 2.92

Fine Sand Separati Screening & 0 0 0 0 - 0 0.00
Cleaning

Pressure Screen Screening &| 180,000.00 0 0 0 4.03 428,838.75 1.96
Cleaning

Pulp Chest Screening & 0 0 0 0 - 0 0.00
Cleaning

Screen Screening &| 222,000.00 0 0 0 4.96 528,901.13 2.42
Cleaning

Vacuum Drying 798,260.87 0 0 0 17.85 1,901,806.65 8.69

Press Groups Drying 436,721.31 0 9.77 1,040,461.24 4.76
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Table 3.4 Detailed Energy Consumption Data for 28 units of the Fgcitityo nt 6 d )

Processing | Electricity Coal Wood Diesel Electricity | Primary Energy Primary Energy
Unit Group (kWh) (ton) (ton) (L) (%) (kWh) (%)
Drying Drying 531,147.54 1080 1680 0 11.88 11,856,123.51 54.20
Roll Wrapper Post 38,758.39 0 0 0 0.87 92,339.44 0.42
Processing
Rewinder Post 19,687.50 0 0 0 0.44 46,904.24 0.21
Processing
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3.3.2 Input - Output Data for the Facility

All input and output datanentioned inSedion 3.3.1are structured based on the
functional unit of 1 ton of recycled paper and have been uséddeline scenarios.

It is important to note that there are thiifferent baseline scenarioSeparate
analysesvere conducted for each type oécycledpaper. The inputs and outputs
entered into SimaPrtor Mixed Paperbaseline scenarifor each unit acrosare
detailedin Table 3.5. The inputs and outputsf the other baseline scenarios are
provided in detail irAppendixC (TableC-1 andC-2). The process units used in the
LCA scenariosare presented as screenshots in AppeBdiwhere all input entries

areclearly indicated.

59



Table3.5 Thelnputs andutputsEnteredinto SimaPro for Mixed Pap&aselineScenario(S0-a) for EachUnit

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S. 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) (n7) Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)

Transport 1.16265 0.00 0.00 0.00 5.94 0.00 0.0000 1.162650.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Internal 1.16265 0.00 0.00 0.0 0.89 0.00 0.00000 1.162650.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Transport
Conveyor 1.16265 0.13 0.00 0.00 0.00 0.00 0.00000 1.162650.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pulper 1.16265 80.%6 0.00 0.00 0.00 0.00 0.00000 1.128930.01198 0.01198 0.01578 0.00 0.00 0.0000
Pump A 1.12893 1.45 0.00 0.00 0.00 0.00 0.00000 1.128930.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Storage 1.12893 25.29 0.00 0.00 0.00 0.00 0.00000 1.128930.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank A

PumpB 1.12893 18.67 0.00 0.00 0.00 0.00 0.00000 1.128930.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Coarse 1.12893 0.00 0.00 0.00 0.00 0.00 0.00000 1.084900.01583 0.01583 0.02061 0.00 0.00 0.0000

Screen A

60



Table 3.5 The Inputs and Outputs Entered Into SimaPro for Mixed Paper Baseline Scerayim(&ach Uni{f cont 6 d)

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m®) (ton) (ton)

Turbo 1.08490 17.32 0.00 0.00 0.00 0.00 0.00000 1.0849C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Seperatol

Pump C 0.21698 2.84 0.00 0.00 0.00 0.00 0.00000 0.216980.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Reject 0.21698 4.33 0.00 0.00 0.00 0.00 0.00000 0.173580.0159% 0.01595 0.02031 0.00 0.00 0.0000

Sorter

Storage 1.04151 25.16 0.00 0.00 0.00 0.00 0.00000 1.041510.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank B

Pump D 1.04151 18,57 0.00 0.00 0.00 0.00 0.00000 1.041510.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Coarse 1.04151 0.00 0.00 0.00 0.00 0.00 0.00000 1.026930.00504 0.00504 0.00682 0.00 0.00 0.0000
Screen B

Deflaker 1.02693 14.3 0.00 0.00 0.00 0.00 0.00000 1.018710.00282 0.00282 0.00384 0.00 0.00 0.0000
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Table 3.5 The Inputs and Outputs Entered Into SimaPro for Mixed Paper Baseline Scerayim(&ach Uni{f cont 6 d)

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m®) (ton) (ton)

Storage 1.01871 25.04 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank C

PumpE 1.01871 1848 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Storage 1.01871 25.04 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank D

Fan 1.01871 37.31 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pump

Fine 1.01871 0.00 0.00 0.00 0.00 0.00 0.00000 1.010560.0028C 0.00280 0.00381 0.00 0.00 0.0000
Sand

Separatol
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Table 3.5 The Inputs and Outputs Entered Into SimaPro for Mixed Paper Baseline Scerayim(&ach Uni{f cont 6 d)

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m®) (ton) (ton)

Pressure 1.01056 25.00 0.00 0.00 0.00 0.00 0.00000 1.002480.00278 0.00278 0.00378 0.00 0.00 0.0000

Screen

Pulp 1.00248 0.99 0.00 0.00 0.00 0.00 0.99978 1.002480.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Chest

Screen 1.00248 30.79 0.00 0.00 0.00 6.00 0.000000 1.000000.00083 0.00083 0.00116 5.00 0.00 0.0000

Vacuum 1.00000 110.& 0.00 0.00 0.00 0.00 0.00000 1.0000€0.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Press 1.00000 60.66 0.00 0.00 0.00 0.00 0.00000 1.0000C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Groups

Drying 1.00000 73.77 0.15 0.23 0.00 0.00 0.00000 1.0000C0.0000C 0.00000 0.0000C 0.00 0.03 0.0023

Rollw. 1.00000 5.38 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Rewinder 1.00000 2.73 0.00 0.00 0.00 0.00 0.00000 1.0000C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
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3.3.3 Input Data for Scenarios

Scenario 1- Use of High Efficiency Electrical Motors

Goal: To investigate the effect of replacing all electric motors in the process with

energy efficient ones

The facility assessed in the LCA study operates at a low production capacity,
resulting in relatively high specific energy consumption. Most of the motors in use
are IE1 or IE2 models, which have been rewound and reused after failures, gradually
reducing heir efficiency over time. Upgrading to newer, higificiency motor
technologies would be a crucial step toward lowering electricity use and enhancing
overall energy efficiencylE3 classmodern motors are considerably more efficient
than oldemotorssud as IE1 and IE2.

This scenario was developed based on technique (h) described in BAT 6 of the
PPPBBREFdocumentThe relevant BAT information igresentedn Table 3.6.

Table3.6 Relevant BAT Information of Scenario 1

BAT 6 Techniqueh
In order to reduce fuel and energy Use highefficiency electrical motors
consumption in pulp and paper mills, B/ pumps and agitators
is to use technique (a) and a combinati (Generally Applicable)

of the techniques given.

When this technique is applied, as the reduced losses result in a lower temperature
rise in the motor, the lifetime of the motor winding insulation and bearings increases.
Therefore, in many cases, according toENE-BREF (ENE-BREF, 2009)

1 reliability increases

 downtime and maintenance costs are reduced
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tolerance to thermal stresses increases

ability to handle overload conditions improves

resistance to abnormal operating conditions urat@ overvoltage, phase
unbalance,

poorer voltage and current wave shapes,(Bagmonics), etd. improves
power factor improves

noise is reduced.

By taking these advantages into account, the 3de of HighEfficiency Electrical
Motors scenario was developed. In this scenario, updated electricity consumption
data had to be calculated to replacedhmassociated with inefficient motors. In the
baseline scenario, calculations were based on the standard effttencies
provided inthe Energy Management and Energy Efficiency in Indubtgk (Kaya

& ¥zt ¢ r kalong %ith k8% efficiency reduction due to rewinding. For this
new scenario, the efficiencies listed for higfficiency motors in the same book

were used instead. These efficiency valuepereidedin AppendixB (TableB-1).

It is important to note that these efficiency values correspond to IE3 motors. While
there are motor classes with higher efficiency than IEBadla today On the other
hand,the most accurate and widely accepted datadraturecurrently pertains to

IE3 models. If IE4 motors were implemented, the efficiency gains and associated
environmental benefits calculated in this study would see a shaugease. The
electricity consumption figures and associated data for each unit, based on the use of

high-efficiency motors, are provided AppendixB (TableB-2).

Based on the calculations, annual electricity consumption in the baseline scenario,
originally 4,471,457 kWh, has been reduced to 4,271,123 kWh. This corresponds to
4.48% energy savingsThe economic evaluation of this scenario is provided in
Sectiond.2.1

Table 3.7, sourced from th&NE-BREF document(ENE-BREF, 2009) outlines
potentially significant energgaving measures that may be applicable to motor
driven subsystems. While the values presented are typical, the releartte
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effectiveness of each measure will depend on the specific characteristics of the
installation.

Table3.7 Energy Saving Measures for Motor Driven Ssystems and Their
Typical Savings Rangé&ENE-BREF, 2009)

Typical Energy

Energy Saving Measures for Savings Range
Motor Driven Sub-Systems (%)
Energy Efficient Motors 2-8
Correct Sizing 1-3
Energy Efficient Motor Repair 0.52
Variable Speed Drives 4-5
High EfficiencyTransmission®educers 2-10
Power Quality Control 0.53
Lubrication, Adjustments, Tuning 1-5

According to the table, energpfficient motors can provide energy savings in the
range of 28%. The potential energy savin@s48%)for this facility also fall within
this range.

The calculated data has been organized based on the functional unit of 1 ton of
recycled paper and was used for this scen@ihie.organized dataf Scenariadl are
provided in detail in Appendi€ (TableC-3). The process units used in the scenario
are presented as screenshots in Appedixvhere all input entries are clearly
indicated.It should be noted that, as similar results are expected across scenarios,
separate calculations for each paper type weteonducted. Comparisons will be

made usinghe mixed papebaseline scenarionly.
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Scenario 2- Rooftop Solar PV (RSPV)for Electricity Supply

Goal: To investigate the effect of replacing grid electricity (with a high fossil fuel

share) with solar engy in all processes

A scenario has been developed in which the facility generates its electricity through
a rooftop solar power plant insteadbofyingit from thenationalgrid. Due to its low
production capacity, the facility has a relatively higipecific electricity
consumption This significantly increasests environmental impadbecause it is

relying on gridsupplied electricity.

While this scenario is not provided as a BAT in either RRPBBREF or ENE-
BREFdocuments, the Executive Summary of HME-BREFn ot es t hat At he
sustainabl e energy sources and/ or O&éwast e
than using primary fuel s, evdBNEBREF,t he en:
2009) Although the document prioritizes efficient energy use and does not directly
address renewabbBourcesthe scenario was developed based on this observation.

Solar energy was selected due to its widespread adoption in the industriahsdcto

the existence of supportive instruments such as subsidies and feefs.

As mentioned irbection3.3.1 t he facilityés total annua
4,471,457 kWh. This accounts for 48.7% of the total primary ensggumption

which is nearly half. All of this electricity is currently purchased from tia¢ional

grid. Although the share of renewable energy¥ia r k ielgceiditg generation is

increasing each year, it is still insufficient. Combined with transmission losses, the
envyronmental impact remains significant. In Ankara, it is estimated that a solar

power plant with a capacity aipproximately 3.8 MWp would be needed to

generate the entire 4,471,457 kWh of electricity annually. The economic analysis of

this plant is presdad in Section £.2

In the baseline scenarios of the LCA, the SimaPro softused electricity fronthe
grid as the electricity source. In this scenaalectricity fromthe rooftophas been

selected instead. It is important to note that this scenario focuses solely on electricity
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consumption. Namnew applicationsvere made to the coal, wood, or diesel usage in
processes where these fuels are involved. As the input and output values remain
identical to those in the baseline scenarios, they aneroeided agaiin this section.

The process units used in tBeenario 2are presented as screenshots in Appendix

D, where all input entries are clearly indicated.

Scenario 3- Reuse of Flash Steamrmithe Steam Boiler

Goal: To investigate the effect of reusing flash steam in the steam boiler of the drying

unit (the most energintensive unit of the process)

In Scenario 3, theeuse of flash steam technique, listed under BAT for Steam
Systems (Recove)yn theENE-BREFdocument, was selected and developed into
a scenario to evaluate its environmental implications within the paper recycling
processThis technique is also briefly mentioned in Section 2.4 as part of the relevant

BREF overview. Theorresponding information is presented in Table 3.8.

Table3.8 Relevant Information of Scenar®

Section TechniqugRecovery)
Reuse of flash steam. (Useggh-

pressureondensate to make lew

Steam system technigues to improve

energy efficiency pressure steam)

Flash steam is generated when hogassure condensate is released to a lower
pressure. At this point, a portion of the condensatvaporates and becomes flash
steam. This steam contains betlrified water and a substantial amount of residual
energy from the original condensate, effectively harnessing the energy present in the
returning condensa{&NE-BREF, 2009)
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With the implementation of this technique, the rered flash steam will be entered
into the software aavoided.To determine the amount to be entered as avdided
Table 3.9 the datdrom theENE-BREFdocument has been used.

Table3.9 Relative Share of the Energy which can be Recovered in Flash Byeam
Absolute PressuieENE-BREF, 2009)

Relative Share of the Energy

Absolute Pressure which can be Recovered in Fla

(bar) Steam (%)
1 0.0
2 19.9
3 28.9
5 38.6
8 46.2
10 49.4
15 54.7
20 58.2
25 60.6

40 65.4

This table outlines the potential for flash steam recovery based on the operating
pressure (bar) of steam boilers. As illustrated, boilers running at higher pressures
offer greater recovery potential. The steam boiler assessed in the LCA study can
operate at gessures up to 8 bar; however, under current conditions, it runs at

approximately 3 bar. This suggests that with the implementation of a flash steam
recovery system, a recovery rate of 28.9% could be achieved for this boiler.

The total amount of coal andowd used annually for the steam boiler at the facility
is 0.38 tons Assuming a boiler efficiency of 80%Df this amount 28.9% is
recoverable, which corresponds@®8786 ton This amount has been entered into
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the SimaPro software as avoided under thgrgrunitfor Scenario 3The process
units used in Scenario 3 that differ from the baseline scenario are presented as

screenshots in AppendX, where all input entries are clearly indicated.

Scenario 4:0pen and Closed WatelCircuits
Goal: To investigate the difference between open and closed wiateit systems

The facility studiedin the LCA study utilizes a closed water circuit, allowing the
incoming water to be reused four times before becoming wastewater. This
application contributesto water conservation and indirectly reduces wastewater
generation. In the baseline scenarios, this featureenteredinto the SimaPro
software as avoided. However, in this scenario, the avoided water input has been
removed. Additionally, adjustments veemade to the wastewater amount due to
expected changes in evaporation rates. As there are no reliable sources indicating
how much energy consumption would increase in open water cjrguits

considered negligibleNo changesvere made to energy consuitiop figures.

This scenario was developed based on technique (f) under Bi&Erteral BAT
Conclusion for the Pulp and Paper Indusemyl techniquéb) under BAT 43BAT
Conclusions foProcessing Paper for Recyclinaf)the PPPBBREF.

Table3.10 Relevant BAT Information of Scenario 3

BAT 5 Technique

In order to reduce freshiateruse and  Reusing process water sabstitute
generation ofvastewaterBAT is to close fresh water (water recirculation an
the water system t@degree technically closing of water loops)
feasible in line with the pulp and pape
grade manufactured by using a

combination of the techniques given.
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BAT 43 Technique b

In order b reduce fresh water use, was Countercurrent flow of process wat

water flow, and the pollution load, BAT and water recirculation
to use a combination of the technique

given below.

It should be noted that the facility is already applying the BAflined in the BREF
document. As such, this is considered a negative scenario rather than a positive one.
The comparison is between the currently implemented closed water circuibh and a
open water circuit. Furthermore, the facility owner has stated thatdditional
measuressuchas the use of extra chemicalave been adopted to mitigate the
potential drawbacks of a closed water circuit as referenced in the BREF. Therefore,
no chemicals related to the closed water circuit have been included in theebase
scenarioThe process units used in Scendribat differ from the baseline scenario

are presented as screenshots in Appeddixvhere all input entries are clearly

indicated.
Scenario 5i Deinking
Goal: To investigate the effect of including deingiprocesses

The facility where the Baseline LCA study was conducted does not include a
deinking procesd-or theproducts of the facilityink removal from thevastepaper

is not required. However, there are many paper recycling facilities around the world
thatneeddeinking processes.

In this scenario, a comparison is made between the facility in the baseline scenario

where deinking is not appliednd a facility thatncludes a deinking process.

While this scenario is not provided as a BAT in RieRPBBREFdocuments, paper
recycling facilities with deinking processes have been compared with those without

deinking across many parameters. Numerouswedd data sourcebave been
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provided in these comparisongh the BREF documentThis data has been

extensivelyusedin the development of this scenario.

For this scenario, a deinking uhias beemdded to the system in SimaPro software.
Inputs related to this processu as energy consumption, water consumption,
wastewater generation, chemicals used, and solid waste quesetieytaken from

the data provided in tHePPBBREFdocument. The data used are explained below.

It should be noted that the additional inputs and outputs resulting froaaditeon

of the deinkingunit are not solely attributable to the deinking unit itself. The
environmental impacts of other units also increase. For example, in the current
facility, thereis no use othemicals in the Pulper, but if deinkingaidded chemical
usage must be added. Similarly, electricity consumption in the Pulper unit will also
increase. However, reliable studies time literature do not provide unitevel
breakdown®f such data. Therefore, all additional inputs and outputs associated with
the inclusion of deinking have been assigned to the deinking unit. As a result, this
scenario will not involve ainit-basedcomparison The scenario willprovide a

facility-level cmmparison.

The following subsections present how the inclusion of the deinking unit influences
different environmental parameters of the facility. All input values and assumptions
are based on thePPBBREF document.The process units used in Scendrithat
differ from the baseline scenario are presented as screenshots in Agpewtiere

all input entries are clearly indicated.
a) Energy Consumption

With the addition of the deinking unit, a significant increase in the facility's
electricity consumption is x@ected. The current facilitywithout deinking
consumes 621 kWh/ton of electricity. According to BRRPBBREFdocument, the
electricity consumption range for paper recycling facilities without deinking is
between 300 and 700 kWh/ton. Therefore, although the electricity consumption of
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the facility used in this LCA study is slightly higher than that of otherahinking

facilities, itis still in the specified range.

The same BREF document states that the electricity consumption of an example
paper recycling facility with deinking is 900 kWh/ton. Additionally, later in the
document, it is noted that another exaniatality with deinking, located in Sweden,

has an electricity consumption of 917 kWh/ton. Taking all of this data into account,
it is assumed that the electricity consumption of the current facility would increase
from 621 kWh/ton to 908.5 kWh/ton if a eding process were added.

On the other hand, the BREF document indicates that approximately 9% more
energy would be required in the Drying unit. Accordingly, the system has been

modified to reflect this additional energgmand
b) Water and Wastewater

Accordng to thePPPBBREF document, wastewater generation in paper recycling

facilities without deinking ranges bet we
used for the LCA st udy, BRERdocsmentasthtes¢hati s 5
in facilteswi t h dei nki ng, annual wastewater gen

Based on this information, it is assumed that adding a deinkiiido the facility

woul d increase wastewater generation fro
water consumption, whch i s currently 6 mj/ton, i S
mj/ ton.

Additionally, the current facility operates with a closed water circuit system.
Typically, facilities with closed water circuits may require additional chemical usage
for hygiene anatherreasons. However, in this facility, no extra chemicals are used
for that purpose. The main reason for this is the absence of a deinking process. With
the addition of deinking, chemicals will be required not only for the deinking process
itself but also fo maintaining the closed water circuit. Therefore, in this scenario,
the system has been converted to an egeer circuit. That meartkere will be no

avoided water.
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In addition,addingdeinkingunitswill also result in changes in the concentration of
wastewater. Th€PPBBREF document provides the wastewater emission values
(BAT-AELSs) presented in Table 3.%ar paper recycling facilities with and without
deinking. The difference in emission levelstWween deinking and nesteinking
facilities has been incorporated into the new scenario. The system has been adjusted

accordingly to reflect these changes

Table3.11 BAT Associated Emission Levelsr PaperRecyclingFacilities(PPPB

BREF, 2015)
Yearly Average Yearly Average
Parameter (without Deinking) (with Deinking)
(kg/ton) (kg/ton)
Chemical Oxygen Demand (COL 0.41.4 0.93.0
Total Suspended Solids (TSS) 0.020.2 0.080.3
Total Nitrogen 0.0080.09 0.01-0.1
Total Phosphorus 0.0020.005 0.0020.01

c) Chemicals

For deinking purposes, various chemical additives are applied in the paper and board
industry. The amount and types of additives vary depending on the paper grade and
the equipment used. The chemical additives used in the paper industry can be
classified nto product aids, which are added to optimize the specific properties of
the paper according to customer requirements, and procesgP&BRBREF,

2015) The PPPBBREF document provides detailed information on the types and
guantities of chemical additives usedarfacility with a deinking procesas shown

in Table 3.12 These chemicals have been incorporated intsybiEm
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Table3.12 Chemical Additives Used for Deinkin@ PPBBREF, 2015)

Chemical Additives Use (kg/ton of deinked stock)
Sodium Hydroxide 2-10
Sodium Silicate 12-25
Soap 3-8
Hydrogen Peroxide 0.00105-25
Chelating Agent (DTPA) 0-3
Sodium Dthionite 6-10
Sulphuric Acid 8-10
Bentonite 0-4

d) Yield Lossesand Wastes

With the addition of the deinking unit, yield losses also increase. livdkeline
Mixed Paper scenario, the yield loss is approximately 14%. According RPRB

BREF document, yield loss in deinking units can range from 8% to 13%. Based on
this information, an additional 10.5% vyield loss has been incorporated into the
system. This means tha¢cause ofhe additionof adeinkingunit, a greater amount

of wastepaper isnow required to produce 1 ton of recycled paper. The system has
beenmodified accordingly. Furthermordt, should be noted thahe increased need

for wastepaper raw material also affects transportation requirements.

With the addition of the deinking itnthe yield loss will increase, meaning that more
waste will be generated. Moreover, the types of waste produced differ from those in
paper recycling facilities without deinking.
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3.34 Assumptions and Acceptances

The assumptions and acceptances considerg@rigled inTable 3.13.

Table3.13 Assumptions and Acceptances

Motor Load Factor

Motors are assumed to operate at 75% of their |
capacity. This aligns with standard practice in indus
energyassessments and was verbally confirmed by

facility owner.

Motor Rewinding

Efficiency Loss

For rewound motors, an efficiency reduction b5% was
considered, based on values commonly reported il

literature.

Waste Papefransport An average distance of 200 km was assumed, refle

Distance

variability in delivery locations (Istanbul and Ankara).

Forklift Diesel

Consumption

Diesel consumption was estimated using data from se
datasheets. These values were used directly ir

calculations

Inclusion of Non
energyConsuming
Units

Units like Coarse Screen A/B and Fine Sand Separat
not consume electricity or materials but generate w
To ensure they are included in the SimaRrodel, ar

input of 1 kWh electricity was assigned to each.

Scenario 2

It was assumed that a rooftop solar PV system cou
installed. If rooftop space is insufficient, a grou
mounted system could be used with minimal impac

environmental results.

Scenario 3

Although the actual facility has nother equipment tc
reuse flash steam, it was assumed to be fully reus

reflect sectoral best practices.
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Table3.14 Assumptions and Acceptances (tod d )

Due to limited detailed data in the literature, all additic
impacts (e.g., chemical use and electricity) from dein

Scenario 5 were assigned to the deinking unit. As a re:
environmental impacts were assessed at the facility |
not unit by uni.

The SimaPro software relies heavily on internatic
databases, particularly ecoinvehtwhich may not fully
reflect local Turkish conditions. When selecting
processes within the software, it was often observec
there weren@l at asets specifice
In such cases, the most comparable or geograph

SimaPro Software relevant processes (e.g., datasets from Europe with s
industrial ~ structures) were carefully chosen
approximate Turkish conditions. Although this aggorh
ensures that the modeling remains as realistic as pos
it inevitably introduces a degree of uncertainty, as |
variations in efficiency, emission factors, and supply ¢
dynamics may not be fully captured.

3.4 Life Cycle Impact Assessment

Life Cycle Impact Assessment is a critical component of life @ssessmentCIA
evaluateghe potential environmental effects linked to each phase of a product or
servicefrom the extraction of raw materials through manufacturing, distribution, use,

ard finally, disposal or recyclin{Bare, 2009)

There are severdalCIA methodsto use fordiffering regional needs and analytical
frameworks Commonly use@mong thesenethodsare CML-IA, IMPACT 2002+,
TRACI 2.1, and ReCiP2016.Among the commonly used LCIA methods, CML
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IA, IMPACT 2002+, and TRACI 2.1 each offer valuable approaches but have certain
limitations that make them less suitable for this stiBlow areshortinformation

about these limitations.

CML-IA is a midpant-oriented method developed at Leiden Univerditycan be
widely used in simplified assessments, but it lacks endpoint analysis, weighting, and
global relevance. IMPACT 2002+ combirteaemidpoint and endpoin©On the other
hand, itincludes fewer midpint categories than newer methods like ReCiPe 2016.
TRACI 2.1, developed by the US EPA, developedspecifically for the United
States and lacks endpoint indicatoffis islimiting its applicability for globally
scoped LCAs. Due to these limitations, n@ore comprehensive and globally

consistent method was requirg&imaPro, 2020)

In this study,accordingly,the ReCiPe 2016 method was selected for the LCIA.
ReCiPe2016is a widely used LClAnethodthat combines both midpoifproblem
oriented) and endpoint (damageented) approaches. It provides 18 midpoint
impact categories and 3 endpoint categdhes carbe seenn Figure 37. ReCiPe
also offers three cultural perspectives (Individualist (1), Hierarchist (H), and
Egalitarian (B) (SimaPro, 2020)

Furthermore, ReCiPe 2016 has been developed to represent a global scale, unlike its
predecessor (ReCiPe 2008), which wasropean It provides characterisation
factors that are representatif@ the global scale instead of the European scale,
while maintaining the possibility for a number of impact categories to implement

characterisation factors at a country and continental @daigoregts et al., 2017)

The relations between the 18 midgoimpact categories and the 3 endpoint

categories of ReCiPe 2016 are giverfrigure3.7.
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Damage Endpoint area
Midpoint impact category pathways of protection

| Particulate matter Increase in
respiratory

| Trop. ozone formation (hum) disases

| lonizing radiation ‘ e R Damage to

| Stratos. ozone depletion | various types of human
\L | health

| Human toxicity (cancer)

— Increase in other
I Human toxicity (non-cancer) llaiatea ralises

l Global warming Pre——

l Water use malnutrition \
l Freshwater ecotoxicity Damage to
freshwater

[ Freshwater eutrophication

species
[ Trop. ozone formation (eco)
Damage to Damage to
l Terrestrial ecotoxicity terrestrial | ecosystems

| Terrestrial acidification species

Damage to

| Land useftransformation
marine species

l Marine ecotoxicity T
Increased | Damage to
| Marine eutrophication extraction costs |7 resource
. * | availability
leeral resources | Oiligas/coal /
| Fossil resources I— """ energy cost

Figure3.7. Representation of tHeelationsBetween thémpactCategories
Midpoint and theéAreas ofProduction(endpoint)(Huijbregts et al., 2017)

There are several steps involved in the LCIA process. In the first step, known as
characterization, all substances are multiplied by characterization factors that reflect
their relative contributions to each environtanmpact category. This quantifies

how much a product or service contributes to each specific impact. In the
normalization step, the results are compared to a reference value, such as the average
annual environmental impact caused by one individuahdrsingle score step, the
weighted results are aggregated into a single value representing the overall

environmental burde(BimaPro, 2023)

In this study, results have been presented for all three Stependpoint approach
was used to enable this becauseallows for characterization, normalization, and

single scoreesults In contrast, the midpoint approaatows only characterization
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and normalization, but not single scorerther the endpoint approach also allows
to reach the impact scores per mpidint impact categories, even in more detailed
subcategories based on the factors presented in Taibe Therefore, engboint
approach was preferred to follow in this study.

ConsequentidlCA has emerged as a methodological tool to capture environmental
impacts of product systems that extend beyond the physical relationships considered
in attributional or conventional LCAA consequential approach was developed to
incorporate market informatminto LCA and thereby avoid the normative-ofit of

system boundaries (Earles & Halog, 2011). This approach differs from tiodéf cut
allocation by considering the broader system consequences of recycling activities.
For these reasons, the consequengpt@ach was applied in this study.
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Table3.15 ImpactCategories that ar€overed in the ReCiPe2016 vIMethod,Characterizatiorractors, andamagePathways
(Huijbregts et al.2017)

. . ' _ Mid -Point to
Mid -Point o Mid - End-Point End- L
Abbreviations Description of the End-Point Normalization
Impact Point Impact o Point Factors
Category ) Characterization _ (Conversion
Category Unit Category Unit to APt
Factors
AYears of | i
disabled related to
Global ) o
_ increased malaria, diarrhe| yr/kg CO
warming, . . 9.3E07 DALY
GW, HH | malnutrition, and natural | to air
Human health _ .
disasters due to increaseq
Human
gl obal mean 41.7
~ _ Health Pt/DALY
AYears of | i
Stratospheric SOD disabled related to yr/kg
ozone increased skin cancer and CFC11 to 9.3E07 DALY
depletion cataract due to UV air

exposureo
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Table3.16 ImpactCategories that ar€overed in the ReCiPe2016 vIMethod,Characterizatiorractors, andamagePathways
(Huijbregts etal.,201) cont 6 d)

. ] ) Mid -Point to
Mid -Point o o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point _ Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
AYears of |
o disabled related to an
lonizing ) _ yr'’kBg Co
o IR increase in cancer and _ 8.5E09 DALY
radiation . . 60 to air
hereditary diseases dueg
to exposur e Human 41.7
AYears of | Health PY/DALY
Ozone OF, HH to an increase in
) ) . yr/lkg NOXx to
formation, respiratory diseases ) 9.1E07 DALY

Human health

caused by exposure to

ozoneo

air
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Table3.17 ImpactCategories that ar€overed in the ReCiPe2016 vIMethod,Characterizatiorractors, anddamagePathways
(Huijbregts etal.,201) cont 6 d)

. . _ Mid -Point to
Mid -Point o o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point _ Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
AYears of |1
Fine to an increase in
. : yr’kg
particulate FPMF cardiopulmonary and lung
PM2.5 to 8.5E09 DALY
matter cancer caused by exposy
air
formation to primaryand secondary
R Human 41.7
aerosol so '
Health Pt/DALY
AYears of ||
Human HCT disabled due to cancer at
. . yrikg 1,4
carcinogenic non-cancer effects due to ) 3.3E06 DALY
DCB to air

toxicity

ingestion and inhalation ¢

toxic subst
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways

(Hui jbregts et al., 2017) (contdd)
. ) ) Mid -Point to
Mid -Point . o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point _ Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors

fnYears of I

disabled due to cancer

Human non
_ _ HNCT andnon-cancer effects | yr/kg 1,4
carcinogenic ) _ ) 6.7E09 DALY
o due to ingestion and DCB to air

toxicity ) . . Human 41.7
inhalation of toxic Health PUDALY
substanceso

Water

_ AMal nutriti
consumption, |  WC, HH yr/m®water 2.2E06 DALY
water short
Human health
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Table3.18 ImpactCategories that ar€overed in the ReCiPe2016 vIMethod,Characterizatiorractors, anddamagePathways
(Huijbregts etal.,201) cont 6 d)

. ) ) Mid -Point to
Mid -Point o o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point _ Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
ASpecies | o
Global _ _
_ GW, TE | changing biome
warming, o yrikg COx to )
_ distributions due to _ 2.8E09 species.yr
Terrestrial _ air
. increased global
ecosystems
temperatur e Ecosystems 676. Pt
species.yr
Global . _
_ AFi sh speci
warming, GW, FE _ yr'lkg CQOp to )
decreased river _ 7.7E14 species.yr
Freshwater _ . |air
di schargebo
ecosystems
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways

(Hui jbregts et al., 2017) (contdd)
. ) ) Mid -Point to
Mid -Point . o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point _ Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
Ozone .
_ ALoss of pl
formation, OF, TE _ _ yr/kg NOx to _
) due to increase in ozon¢ 1.3E07 species.yr
Terrestrial . air
exposureo
ecosystems
_ TA ALoss of pl . 676 Pt/
Terrestrial _ | species.yr/kg _ .
o due to decrease in soil _ Ecosystems 2.1E07 species.y SPECIES.yr
acidification . SQ: to air
pHO
ALoss of aq .
) species.yr/kg
Freshwater FE due to increased _
o P to 6.1E07 species.yr
eutrophication phosphorus
| fresh water
concentrat.
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways

(Hui jbregts et al , 2017) (contdd)
' . . Mid -Point to
Mid -Point . o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point . Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
. ALoss of aqspecies.yr/kg
Marine ) .
o ME due to increask N to 1.7609 species.yI
eutrophication _ _
nitrogen ¢ gmarinewater
. . species.yr/kg
_ ASpecies | @
Terrestrial TET hemical . 1.4 £ 4508 .
chemical exposure in : species.yr
ecotoxicity _ \p DCB to Ecosystems P Y 676, Py
soil so _ _ _ species.yr
industrial soil
. . species.yr/kg
ASpecies | @
Freshwater FET _ . 1.4 .
o chemical exposure in 7.0E10 species.yI
ecotoxicity | DCB to fresh
freshwatero
water
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Fadotragmeathways

(Hui jbregts et al , 2017) (contdd)
. ) . Mid -Point to
Mid -Point . o _ _ End-Point _ End- o
Abbreviations Description of the Mid -Point End-Point . Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
. ASpeci es | o s|species.yr/kg
Marine ) . .
o MET chemical exposure in 1.4 1.1E10 species.yI

ecotoxicity )
mari ne wat er|DCB
ASpecies | o0s
diff tt f land 676 PY

ifferent types of land use Ecosystem species.yr

Speciedoss caused by the | species/rh

Land use LU transformation of natural | annual 8.9E09 species.yI
land to used land, including crop land
the time it takes to baek
transform to
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 M#thaatterization Factors, and Damage Pathways

(Hui jbregts et al , 2017) (contdd)
) . ) Mid -Point to
Mid -Point . o _ _ End-Point _ End- lizat
Abbreviations Description of the Mid -Point End-Point _ Normalization
Impact _ Impact o Point Factors
Category Unit Characterization _ (Conversion
Category Category Unit to APt
Factors
Water ADecrease in .
_ o species.yr/m
consumption Productivity because of _
) water 1.4E08 species.yr
Terrestrial WC, TE | water shortage as a proxy|
consumed
ecosystem for total sp 676 Pt/
Water Ecosystems species.yr
_ o | species.yr/rh
consumptionj] WC,AE (A Fi sh speci € )
) | water 6.0E13 species.yr
Aquatic decreased ri
consumed
ecosystems
Mineral ACost i ncrea US2013 $/k
: . g
resource MRS | mineral extraction Resources 0.23 USD2013| 3-57E05 PY/
_ _ . Cu USD2013
scarcity increasebo
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways
(Hui jbregts et al., 2017) (contdd)

-US2013
$/kg crude
oil

Fossil ) 1 -US2013 0.46
i C oirxciiease due to fossil
resource FRS . | $/kg hard Resources 0.03 USD2013| 3 5705 Pt/
. extraction i
scarcity coal 0.30 USD2013
-US2013
$/Nm?

natural gas
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3.5 Interpretation

In the final stage of the LCA study, the results obtained from the impact assessment
were evaluated and interpreteditawmeaningful conclusions. This phase involved

a comparison of the environmental performances of the modeled scenarios based on
their endpoint results, including characterization, normalization, and ssugiee.

The interpretation focused on understanding the key contributors to environmental
burdens and highlighting traddfs between different impact categories. The results

are discussd in detail in thefollowing section, with graphical representations to
clearly present the comparison.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter provides an-gtepth presentation of the resutibtainedfrom the
Baseline LCAscenarioandother scenarios Each scenari od6s envir
has been comprehensively examined, compared, and discDssailedcompiled

resultsare provided irAppendix E.

4.1  Environmental Impacts of the Paper Recycling Base Scenario $0)

The paper recycling facility that provided the data for this study produces three
distinct types of recycled papeeach derivedfrom a different categoryof waste
paper Mixed Paper, OCC, and White Papas outlined in Chapter. Bespite the
differencesin input material, b of thesethree typesindergo the same processing

steps.

The baseline scenar{80) of this LCA study has been conducted separately for each
of the three different wastapes used agput materias.

41.1 Effect of Waste Paper TypeBaseMixed Paper Scenario(S0-a)

Figure 4.1 presents the singleore result$or the BaseMixed Paper scenario, one
of the baseline scenaridsigure 4.1 consists of two sdigures: (a) shows the mid
point results, while (b) displays the epdint impacs. The results are presented
separately for 28 differentnits,including the pumpand storage tankavolvedin

theprocessingas indicated ifrigure 3.2.

The total impact score, expressed in Pt, quantitatively represents the overall

environmentalmpact for each unjtallowing for directcomparison among them. In
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addition, the effectsnall impactsub-categories are shown individualBs indicated
in Secion 3.4.

= =4 4 A4 -4 A4 -5 -4 -4 -5 -4 -5 -5 -5 -5 -4 -5 -5 -4 A2 A -2

Global warming, Human heal{ieWw, HH)
Global warming, Terrestrial ecosyste(@WN, TE)
Global warming, Freshwater ecosystdi@G$V, FE)
Stratospheric ozone depleti®OD)

lonizing radiation(IR)

Ozone formation, Human healf®F, HH)

Fine particulate matter formatiggPMF)

Ozone formation, Terrestrial ecosystef@$-, TE)
Terrestrial aciditation(TA)

Freshwater eutrophicatidiE)

Marine eutrophicatioME)

Terrestrial ecotoxicityTET)

Freshwater ecotoxicit{FET)

Marine ecotoxicity MET)

Human carcinogenic toxicitfHCT)

Human norcarcinogenic toxicitf HNCT)

Land usgLU)

Mineral resource scarcitfMRS)

Fossil resource scarcitfRS)

Water consumption, Human hea(iNC, HH)
Water consumption, Terrestrial ecosyst@hC, TE)

Water consumption, Aquatic ecosystefwaC, AE)
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Figure 4.1 (b) illustrates that the majority of the total environmental impact is
attributed to the Hman Health impact category. In contrast, the Ecosystem and
Resource categories contribute to a much smaller extent in comparison. Therefore,
in the analysis of midpoint impact categories corresponding to the Human Health
endpoint (Global Warming, Ozone firaation, and Water Consumptigit)was also
observed that the values associated with human heddtted midpoints were

significantly higher compared to those related to Ecosystems and Resources.

As can be seen irigure4.1 (aand b, the highest environmental impact is observed
for the Drying unit.This unit has by far the most significant negative environmental
effect with atotalscore of 27.67 Ptn other words, 44.2% of the total environmental
impact of the entire facilitpelongsto the Drying unit. The primary reason for this
is that the Drying unit is the onlynit that uses coal and wood as energy sources.
Except for the diesel used in theamsport and Internal Transport units, all other
units either consume only electricity or do not use any ersangrce In contrast, the
Drying unit consumes a considerable amount of coal and ,walmshg with
electricity, as indicated in Tablg4. The sigificant contribution ofcoaland wood

use to its overall impact is also evidenced by the pie chart presented in Figure 4.2.

52%

22%

M Heat, district or industrial, other than natural gas {PL}| heat and power
co-generation, hard coal | Conseq, U

Spoil from lignite mining {GLO}| treatment of, in surface landfill |
Conseq, U

Remaining processes

Figure4.2 ContributingFactors to th&nvironmentalmpact of Drying Unif{(SO-a:
Base- Mixed Paper)
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The Drying unit is followed by the Vacuum unit, with a score of 6.8Z#4.VVacuum

unit is the paper recyclingfacility's highest consumer of electrigitaccounting
forl7.85% Although this unit does naise coal, wood, or diesel, dndoes not
generate any significant waste, its environmental impact remains substantial due to
its high electricity consumptiorfTable 34). The significant contribution of
electricity use to its overall impact is also evidenced by the pie chart pregented
Figure 43.

m Electricity, high voltage {TR}| electricity production, lignite | Conseq, U
Remaining processes

Figure4.3 ContributingFactors to thé&nvironmentalmpact of Vacuum UnigSO-
a: Base Mixed Paper)

The third unit with the highest environmental impact is the Pulper. It ranks as the
secondargest consumer of electricity after the Vacuum,usstindicated in Table

34. In addition to its electricity consumption, the Pulper also generates a
considerable amount of waste, as it is one of the first equipment used in the facility.
Thesignificant contribution of electricity use to its overall impact is also evidenced
by the pie chart presented in Figurd.4.
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| Electricity, high voltage {TR}| electricity production, lignite | Conseq, U
Remaining processes

Figure4.4 ContributingFactors to th&nvironmentallmpact of Pulpetnit (SO-a
Base- Mixed Paper)

When the impact categories acempared Fine Particulate Matter Formation
(FPMF), Global WarmingGW), Human NorCarcinogenic Toxicitf{HNCT), and
Human Carcinogenic Toxicitf{HCT) emerge as the most significaimhpact
categories(Figure 4.1 (a)). The comparison of these four impact categoiges
illustrated inFigure 45 in terms of their percentage contributions.

Other

Human non-
carcmogemc
toxicity Global warming
10% 22%
Human

carcmogemc
tmuutv

Fine particulate
matter formation
60%

Figure4.5 Percentag€ontributionof ImpactCategoriedased on Single Scores
(SO-a: Base Mixed Paper)
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As seen from Figure 8, Fine Particulate Matter FormatigPMF) is the impact
category with the highest share in the facility, accounting for 60%. This category
refers to the environmental impact of substances such as reMased into the
atmosphere as a result of fossil fuel combustion and industrial electecigyagion
processesAlthough industrial electricity generation is not directly carried out at the
facility, background emissions associated with electricity consumption are
consideredAir pollution can have a substantial negative impact on human health,
ranging from respiratory symptoms to hospital admissions and @&elth, Preiss,
Goethem, Dingenen, & Huijbregts, 2018his impact category is observed at high
levels across all units that consume eneffiyis effect, due tahe release of
substances like PM2.5 into the atmosphere, is critically important for both air quality
and public health. Fine particulate mat"
represents a complex mixture of organic and inorganic substances. RIg@s5igks

to human health as it can penetrate the upper airways and lungs when inhaled
(Huijbregts et al., 2016)

I n 2020, 52% of T¢rkiyeds tot al installe
energy sources. However, only 11.7% of the electrisigdually produced from

renewable¢ T¢r ki ye Ministry of EneThgfactthand Nat u
electricity production inT ¢, r kstiillynestlyrelies on fossil fuels is one of the main

reasons for the high levels inshimpact category.

Accordingly, improvements such as reducing electricity consumptiomusing
alternative renewable energy sources instead of the nationahdhd facility are
deemedboth important and necessary. In facilities where such improverassnts

implemented, the share of this impact category wbkidly decrease.

The Global WarmindGW) impactcategory is also highlymportant with a share

of 22 %. This category represents the f a
through greenhouse gamissions. Although this impact is pregeiitigh in many

units due to electricity consumption, it is particularly concentrated in the Drying unit.

As previously mentioned, this is primarily due to the combustion of coal and wood
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in the Drying unit. Accordng to Liu et al. (2020), GHG emissions were also
evaluated as the primary environment al i ndi
system. Although a direct comparison cannot be made in this study, the significant

share of the Global Warming impactcategp i s consi stent with the

study.

Human NonrCarcinogenic Toxicity(HNCT) and Human Carcinogenic Toxicity
(HCT) impact categoriemgether account for approximately 17% of the total impact.
The characterization factor for human toxicity awbtoxicity takes into account a
chemical's environmental persistence (fate), its accumulation in the human food

chain (exposure), and toxicity (effe¢¢Huijbregts et al., 2016)

It can be attributed tdne trace elements and heavy metals present iihfiosls used
for energy productionwhich could increase toxicitythe scoresof the facility.
Additionally, althougftheiramounts verylow, the use of chemical additivesuch

asdefoamersgouldalso contribute to these categories

Since the facilitydoes not include deinking processes, chenmadalitive usage is
minimal. In contrast, facilities théave deinking processes tend to use significantly
more chemicals. Therefore, in a facility with deinking, it is likely that the percentage

contribution ofthese two categories would be higher.

Characterization and Normalization resulgich are in accordance with these

findings, are provided irFigures 4.6 and 47.
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As can be seen from Figures64and 47, the Drying unit exhibits the highest
percentagecontribution across all impact categoriescept Stratospheric Ozone
Depletion (SOD), lonizing Radiation (IR), Terrestrial Ecotoxicity (TET), and Fossil
Resource Scarcity (FRS). In the TET impact category, the Transport process shows
a considerably high sine due to the use of trucks. Moreover, the Vacuum, Pulper,
and Press Group units also present substantial contributions in impatt

categories.

In addition, Figure 4 reveals negative values in the Water Consumption (WC)

categoies associated with thé&creen unitas well asthe IR, TET, and FRS
categoriesssociateavith the Drying unit. The negative impact observed in the WC

categoesi s attri buted to the f acThi$systeend0s <cl osed
enables the reuse of water within the pssceand the avoidedater input was

entered into the software to reflect this condition. Since the Screen unit is where

water is initially introduced into the system, the resulting negative value Whe

is attributed to this unit.

Regarding the negativealues in the IR, TET, and FRi&pactscategories, the

overall contribution of these anpactsgori es to
relatively low, as also seen in the Single Score results (Figure 4.1(a)). These negative

values stem from indact effects related to the use of caald wood instead of

nuclear energy. For instance, the absence of nuclear pmeeto the reliance on

wood and coalesults in a negative value in the IR category, which implies a positive

environmental effect.

In the following subsectionsthe environmental impacts posed lfie Stock
Pre@ration and Paper Machirstages in the facility are presented and discussed.

102



Stock Preparation and Paper Machine Stages

Paper recycling facilities can be divided into two metagesthe first of these is the
Stock Preparatiostage In thisstage wastepaper(input material)s processed into
raw material to be used in the Paper Mackstagje This includes all units up to the
vacuum unit, which marks the beginning of theétd@achinestage In other words,
it is the raw material preparation phase. In the Paper Maskage the prepared
material is transformed into recycled paper and made ready fakluseits starting
from the vacuununit are considered part of the Papdachinestage In this part of
the study, the environmental impacts of these stagesare comparedwithin the

context of the S@: BaseMixed Paper scenario.

Figure4 8 illustrates thecomparison ofiggle scoreresultsof the Stock Preparation
and Paper Machinestages The Paper Machinetage accounts for 38.7 Pt
(approximately 62% of the total impact), while the Stock Preparation accounts for
23.9 Pt (approximately 38% of the total impact). The Paper Mastagehashigher
Pt value becausef the high energy consumption.afg it is worthnoting that the
primary energy consumption of the Paper Maclsitagjeis approximately 68%0n
the other handits environmental impact is 62%vhich is slightly lower. This
difference could mainly be attributed to the use of water, wastastewater
generation, and chemicalsedin the Stock Preparatiostage Such norenergy
componentgouldalso influence the overall resuitslirectly. Figure 48 also shows
that the major environnental midpoint impact categoriecame out to be-ine
Particulate Matter Formation, Global Warming, Human f8@ncinogenic Toxicity,
and Human Carcinogenic Toxicity
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Figure4.8 Impacts ofStock Prepration and Paper MachirgtageqS0-a: Base
Mixed Papey (Single ScordResult3

In line with this, he normalized impactgivenin Figure4.9 help reveamore clearly

which of the twostagesc ont ri butes more significantly
environmatal impactcategoriesCharacterizatiomesults which are in accordance

with these findingsare provided in Appendik (Figure F1).
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As can be seen frorRigure 4.9, various impact categories have shown different

levels ofimpactacross the twstages

The Global WarmindGW) impact of the Paper Machistages threetimes higher

than theStock Preparatiostage The impacts of the Human Carcinogenic Toxicity
(HCT) and Human NoiCarcinogenic Toxicity(HNCT) categoriesof Paper
Machineare 6.6 and 6.4 times higher, respectively. As discussed in the previous
section(Section4.1.J), this is hrgely due to the toxic emissions resulting from coal
and wood consumption in the Paper Maclhstage In contrast, the Fine Particulate
Matter Formation(FPMF) impacts are nearly equal between the tstages
Furthermorepnlike the other impact categosidPMF impactis slightly higher in

the Stock Preparatiostage The main reason for this is the higher electricity
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consumption in Stock Preparation, which accounts for approximately 59% of the

facilitybés tot al electricity wuse.

In addition to the facilig 6feur most significant impact categorie$errestrial
Acidification (TA), Freshwater AcidificatiofFA), and Land Us€LU) also stand
out in Figure 49, even though their contributions to thetal impactsare relatively

smaller.

The impact category dfA arises from the atmospheric deposition of pollutants such

as NOx, ammonia (NH), and S@ duringthe combustion ofossil fuek. These
pollutants, once emitted, undergo deposition processes that may lead to a decrease
in soil solution pH. A reduction ipH can negatively affect terrestrial ecosystems by

causing the loss of sensitive plant spefitsy et al., 2014)

The impacion FAis associated with the transfer of atmiming gases into aquatic
ecosystems duringhe production ofenergy Coal and othe fossil fuels have
traditionally been used for electricity generation in thermal power plants. However,
their excessive use over time has raised significant environmental and health
concerns. The combustion of these fuels results in substantial anthmimpoge
emissions, many of which haaelverseeffects on both the environment and human
health. Among these emissions,l5O N O , fF eeactwitiNakinospheric water
vapor and can be transported via precipitation, contributing to the acidification of
nearby wéer bodiegGoel et al., 2025)

While LU is the main driverof global biodiversity losgBaaN et al., 2013 the
impact on LUcategoryincreases indirectly with energy consumptibor example,

the coal fuel cycle influences land use patterns both directly and indirectly
throughout various stages, including mining, beneficiation, and electricity
generation.The drect impacts of land use are observed particularly during the
mining stage, where cba&xtraction alters the natural landscape, degrades soil
guality, and removes ground vegetat({®thenakis & Kim, 2009)
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Therefore, even though these impacts appear minor in the Single Score results, the
intensive use of coand wood in the Paper Machistagehas led to higher impacts

in these categories compared to the Stock Preparsttage

In the following subsections, impacts based on the processing stages are presented.
As stated earliethis LCA study includes a tak of 28 units. Therefore, these units

have beenlividedinto 7 processinggroupsas follows:

Supporting System
Pulping

Screening & Cleaning
Drying
PostProcessing

Pumps

=4 =2 =4 A4 A4 A -

Storage Tanks

Theseprocessingyroupsare eaclanalyzed separately in the followisgbsections.

4.1.1.1 Supporting Systens

In this section, three unitsategorizedunder the Supporting Systerprocessing

groupareanalyzed

a) Transport
b) Internal Transport

c) Conveyor

Figure4.10 illustrates theresultsobtained belonging tthe endpointimpacts(per
impact categorylor these three units within the Supporting Sysgnoup
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Figure4.10 Impactsof the Supporting Syster{S0- Mixed Paper)Single Score
Result3

When comparing the environmentaipacts of theeunits, itcan be seethat the
Transport unit has a significantly higher impact than the ottrégsire 4.10). The
facility's four mostsignificantimpact categories remasignificantfor this unit, but

in addition, the Fossil Resourcedscity (FRS)impact category also shows a notably
high share. Thisould bemainly attributedo the fuel consumption of the trucks used
to transportraw material frondifferent citiesto the facility.

Similarly, the Internal Transport unit, which includego forklifts used in the
facility, exhibits comparable impact levels. The only notable difference is in the
share of NofCarcinogenic Toxicit NCT). In the transport unit, the share of this
impact is8.5% On the othehand,in theinternal tansportunit, it is 1.4% There is

a clearly visible difference This difference is primarily due to higher fuel

consumption, more intensive exhaust emissions, and the environmental burden
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associated with the transport vehicle in the background data of the Ttgmrsigess.

This explains why Internal Transport, despite using the same type of fuel, results in

a lower environmental impattanTransport.

Lastly, the Conveyor unit has very low environmental impacts. Although it operates

on electricity, its overall aatribution to electricity consumption accounts for only

0.02% of the facilityés total consumpt.i

operation timeskigure4.11 presents the Characterization results of the Supporting

System unitsAs can be seen ffigure4.11, the Conveyohasminimal impact across

many categories. It should be noted that the overall impact of the SupportingsSystem

group on the facility isalso limited. This further reduces the significance of the

Conveyoro6s contribution.
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Theseresultshowt hat emi ssions from transportation

environmental performance, particularly in climaa@d healthrelated impact
categories. They also highlight a high potential for improvement in areas such as fuel
type and transportatiostrategies. Examples of such improvements include the
electrification of transport vehicles or sourcing raw materials from closer locations.
Normalizationresults which are in accordance with these finding® provided in
AppendixF (FigureF-2).

4.1.1.2 Pulping

In the Pulpingprocessinggroup only the Pulper unit is includedrigure 4.12
presentsthe results obtained belonging to the eaint impacts (per impact
category)for the Pulper unitThe Pulpingunit was handled separately due to the
distinct role of the Pulper unit. As the point where recovered paper is first
disintegrated into pulp, it has a critical influence on both the material and energy
flows in the subsequent stages. Therefore, its envirominenpact was analyzed

individually to reflect its unique contribution to the overall system.
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Figure4.12 Impactsof Pulper(SG-a: Base Mixed Paper)Single Scordresult

Normalizationand Characterizationesults which are in accordance with these
findings are provided in Appendik (Figure F3 and F4).

Table4.1 presents a comparison betweenghgle scoreesults of the Pulper unit

and those of the entire faciliths seen, theame impact categoristandout.
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Table4.1 The Comparison dmpacts forPulper Unit and the Entire Facility

Impact Pulper Total

Category
Fine particulate matter formatidfo) 80.24 59.76
Globalwarming(%o) 13.03 2178
Human norcarcinogenidoxicity (%) 3.41 9.
Human carcinogenic toxicitffo) 2.32 6.77
Other(%) 1.01 1.7
Single ScoreRt) 5.09 6263

The most significant difference between the impact distribution of the overall facility
and that of the Pulper unit is the notably high share of Fine Particulate Matter
Formation in the Pulper unit. Thisould beprimarily due to its high electricity

consumptionas seen in Figure ¥3.

m Electricity, high voltage {TR}| electricity production, lignite | Conseq, U
Remaining processes

Figure4.13 ContributingFactors to thé&environmentallmpact ofPulping
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4.1.1.3 Screening & Cleaning

In this sectionnine units categorized under ti8zreening and Cleanirmgyocessing
groupare analyzed:

a) Coarse Screen A
b) Turbo Seperator
c) Reject Sorter

d) Coarse Screen B
e) Deflaker

f) Fine Sand

g) Pressure Screen
h) Pulp Chest

i) Screen

Figure 4.14 illustrates theimpacts caused bthe units within the Screening &
Cleaninggroup

2.
]
15 [
—_—
=
o
=3
E —
a .
H] —
o
o
Q
S
05
T
3 I
o . l —-— — ||
Coarse Turbo Reject Coarse  Deflaker FineSand Pressure Pulp Chest Screen
Screen A Seperator Sorter Screen B Seperator  Screen
-0.5
® Global warming, Human health m Global warming, Terrestrial ecosystems B Global warming, Freshwater ecosystems
W Stratospheric ozone depletion M lonizing radiation ® Ozone formation, Human health
M Fine particulate matter formation ® Ozone formation, Terrestrial ecosystems W Terrestrial acidification
Freshwater eutrophication W Marine eutrophication W Terrestrial ecotoxicity
H Freshwater ecotoxicity Marine ecotoxicity Human carcinogenic toxicity
B Human non-carcinogenic toxicity Land use Mineral resource scarcity

Fossil resource scarcity Water consumption, Human health Water consumption, Terrestrial ecosystem
Water consumption, Aquatic ecosystems

Figure4.14 Impactsof Screening & Cleanin@Group(S0-a: Base Mixed Paper)
(Single ScordResult3
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As can be seen frorRigure 4.4, units such as the Coarse Screens, Fine Sand
Separator, and Pulp Chéstve significantlyjower environmental impacts compared
to the other unitsTheseunits ather do not consume energy or consume negligible
amountgTable 34). The environmental impacts of these units are largetyected

to waste generation. In the case of the Pulp Chiestsmall amount of chemical
usage(Table 34) could also contribute to its environmental impact. The higher
environmental impacts of the other units are primarily due to their electricity

consumption.

On the other handhe Screen unit stands out frore tithersin addition to electricity
consumption, water usage significantly contributes to the environmental impacts of
this unit. On the other hand, the facility operates with a clesedr circuit which
means a portion of the waterdsnsideredavoidedand reflected accordingly in the
results. Figure 4.15 illustrates the Characterization results of the Screening &

Cleaninggroup
100.
80.
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E HH TE AE

20.

-20.
-40,
-60.
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Figure4.15 Impactsof Screening & CleaninGroup(S0- Mixed Paper)
(Characterization Results)
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As can be seen froffigure4.15, the positive environmental impact observed in the
Water ConsumptiofWC) impact categories entirelyattributedto the Screen unit,

due to t hedwatecdrduift t ydos cl ose

Although thewater consumed in the pulp and paper industry has been reduced in the
last decade, its quantity, evaluated in the range-@f0l0'kg of paper produced, still
remains high(Pizzichini et al., 2006 . Therefore, closed water circuit systems are
highly impartant. In operwatercircuit systems, positive environmental effects such

as those observed in these resutisld not be achievedThis issue is elaborated

further within the scenario analysis in Section 4.2.

Normalization resultsvhich are in accordae with these findingsre provided in
AppendixF (Figure F5).

4.1.1.4 Drying

In this section3 units categorized under tirying processingyroupare analyzed:

a) Vacuum
b) Press Groups
c) Drying

Figure4.16 illustrates thenormalized impacts fothe Dryinggroup
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Results)

Single Score and Characterizati@sults which are in accordance with these

findings, are provided in Appendik (Figure F6 and F7).

As can be seen frorRigure 4.16 and as discussed fBection 4.1.1the highest
environmental impact is attributed to the Drying umiis is primarily due to its

intensive use of coal and wood in addition to electrj@syseen in Figure 41
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Figure4.17 Contributing factors to the environmental impactofing

Figure 4.18 showsthe impact category shares of the Drying unit, which has the

highest environmental impact the Single Score results with 27.67 Pt.
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Figure4.18 ImpactCategoryShares of the Dryingnit (SG-a: Base Mixed Paper)
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4.1.1.5 PostProcessing

In this sectiontwo units categorized under tipestprocessingyroupare analyzed:

a) Roll Wrapper
b) Rewinder

Figure4.19 illustrates the Single Score results of the units in the-pastessing

group Althoughthese unit®perate for similar duratiornually the Roll Wrapper

unit consumes more electricity annually doéts motorwith larger installed power

(Appendix A), resultingin a higher environmental impact.
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Figure4.19 Impactsof PostProcessingsroup(SGa: Base Mixed Paper)Single

Score)

Characterization anélormalization resultswhich are in accordance with these

findings are provided in Appendik (Figure F8 and F9).
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4.1.1.6 Comparison of Impacts of Processingsroups

In this part of the study, therocessinggroupsthat were previouslgxaminedand
evaluated unit by unit in earlier sectid®@®ection 4.1.1L7 4.1.15) are nowcompared
with each otherFigure4.20 shows therelevantresults.
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Figure4.20 Comparison of the Impacts of the PessingGroups(S0O-a: Base
Mixed Paper)Single Score)

As can be seen frofigure 420, the Dryinggrouphas the highest environmental
impact, with a score of 38.23 RAthis groupis followed by Storage Tanks with 6.19
Pt, Pumps with 5.99 Pt, Screeni®@dCleaning with 5.93 Pt, and Pulping with 5.09
Pt. However, the gapetween the score of the Dryiggbupand those of othgroups

is substantial. In the Dryingroup alone, the Fine Particulate Matter Formation

impact category accounts for 18.09 Pt, #mel Global Warming impact categes
account for 10.16 Pt.
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Based on these findings, it is evident that in a paper recycling facility, the units
classified under the Dryingroup are the most environmentally impactfuls
mentioned earlier,hie primary reson for this is their highintensity energy
consumption. Therefore, implementing improvements aimed at reducing electricity
consumption across the facility or transitioning to renewable energy sources, as well
as targeted enhancements within the SteameBaf the Drying unit, could

significantly reduce the overall environmental impact of the facility.

Figure 421 presents the characterization results of the categories. An interesting
observation in thifigureis the positive environmental impact of theyldg category

in the lonizing RadiatioIR) impact category. This is due to the absence of nuclear
energyinT ¢ r ki y e 0gsid nmxaAlso, iheniradirect avoidance of nuclebased
systems through the use of caald especially wooih the steam boiler. As a result,

IR appears as an avoided impact. However, it should be noted that this effect is
almost negligible and too minor to be considered in the Normalization and Single
Score results primarily because the contribution of the category to the total
environmental impact is minimal compared to other impact categories such as
FPMF, GW HNCT, HCT. Furthermore, the avoided impact observed in the IR
category stems from indirect substitution effects, which tend to have relatively low
weighting factors in the endpoint assessment phase.

Similarly, positive environmental impacts are also observed in the Water
Consumption impaatategoriesThis is primarily attributed to the facility's use of a
closedloop water system, whereby the incompiwater is reused up to four times
before being discharged as wastewater. Such water recirculation significantly
reduces the nataterconsumption of the system, leading to an avoided burden in
this category. Although the positive effect is more pronodmoenpared to lonizing
Radiation, its relative contribution to the overall environmental profile remains

limited and does not significantly influenttee single score results.

Normalization resultsvhich are in accordance with these finding® providedn
Appendix F (Figure R.0).
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4.1.2 Effect of Waste Paper TypeBaseOCC (S0-b) and BaseWhite

Paper (S0-c) Scenarios

Although paper recycling is a very important technology for Hake of
environmenral impacts recycling certain types of waspaper isalso challenging.

For some types of waspaper, nore processes are required, which means increased
energy, chemical, @h water consumption, as well as more solid waste and
wastewater generation. This is one of the environmental concerns associated with
the advancement of recyclif@PPBBREF, 2015) Therefore separatd. CA runs

were conducted for each of the thieastepapertypesused as raw material an
attempt to explore the effect of wagt@per typeTheresultsobtained are shown in

a comparative manner in Figude22. Normalizationand Characterizatioresults
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which ae in accordance with these findings are provided in Appendix F (Figure F
11 and F12).
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As can be seen froffigure 4.2, the scenario with the highest environmental impact
is for the White Papel(SO-c: BaseWhite Paper)with 68.18 Pt. It is followed by
Mixed Papewith 62.63 Ptwhich was the primary focus of analysis and comparison
in this study Lastly,the base scenario withCC (S0-b: BaseOCC) has the lowest
environmental impaatith 61.81 Pt.The White Papeicaseresulted inthe highest
environmental impagctikely due toits higher yield losgapproximately 22%mas seen

in Figure 3.) compared to the other two wagiaper types. When White Paper is
used as raw material for recycled paper production, it generates morg Tedikte

3.5). Although its energy, water, and other input consumption levels are similar to
those of Mixed Paper, ¢hlower amount of recycled paper produced results in a
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higher environmental impact. In contrabieOCCcasehas a yield loss of only about
9.5%, which contributes to its lower environmental impact compared to the other
two wastepaper typesAlthough the observed impact differences are not very
remarkableit is still possible totatethat the type of wastgaper entering the system

as raw material makes a difference.

In this respect,his part of thestudy highlighéd the importance ofvase paper
selection in paper recycling processes.

4.2  Environmental Impacts of the Paper Recycling- Alternative Scenarics

Within the scope of this stud¥, different scenariosndicated inTable 3.2 were
performedAs also stated in Se8.2.1, the first three scenarios involve improvement
stratgies to be implemented in the existing paper recycling facility. The remaining
two compare alternativeegative applicationthat differ from the current operations

of the facility.

421 S1- Use of High Efficiency Electrical Motors

Energy efficiencyis an impetant issue whichs tied not only to commercial and
industrial competitiveness and energy security but also increasingly to

environmental benefits, such as reducing=Cénissions (Patterson, 1996).

Large amounts of raw materials and energy are consumebei pulping and
papermaking processes; as a result, the pulp and paper ingdustysidered a
typically resourceand energyntensive industrial subector(Kong, Zhao, Li, Lou,
& Zhang, 2020)

This high energyconsumption has been particularly noticeable in the baseline
scenarios conductad this study as indicated in Sé&on 4.1 Most of the unitsn
the facility operate with electric motors, which means that almost all units exhibit

environmental impacts due electricity consumption.
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Based on these findingswas deemed reasonable to implermeeatenario in which

all old and inefficient electric motors in the facility were replaced with energy
efficient onesThis scenario was developed based on techrflguiescribed in BAT

6 of thePPPBBREFdocument.

The results obtained for tlendpoint impacts(as per impact categorgssociated
with this scenarianvolving the replacement of electric mot¢®&l) can be depicted
from Figure4.23 in comparison to thbase scenari(S0-a).

S1 Use of High Efficiency Electrical
Motors
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Figure4.23 Comparison othe Impactsfor ScenaridS0-aandS1 (Single Score
Result3

As seenirFigure423,t he facilityds overall Single Scor
60.90 Pt. The more efficient motors used in the motor replacement scenario provided

a 4.48% reduction in energy consumption. This results in a decrease in electricity

use across the facility his decreasdirectlyreduce€nvironmental impacts in many

categories where electricityrelated effects are dominant.
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Figure 424 illustrates the characterization results, showing the changes across
impact categories\Notably, there is a 3.7% reductiamthe Fine Particulate Matter
Formation(FPMF) impactcategory and a 1.7% reduction in the Global Warming

(GW) impact category.

Although the overall effedbr the facilityis relatively small, the reductions observed
in certain impact categories arenotewortly. Specifically, a 9.7%reductionin
lonizing Radiation(IR), a 5.0%reductionin Fossil Resource Scarci(fRS) and a
4.3% reductionin Stratospheric Ozone Depletig8OD). All of thesereductions
were achieved through the 4.48% electricity sgsiresulting from the replacement

of electric motors.

Normalization resultswvhich are in accordance with these finding®e provided in
AppendixF (F-13).

1

ES

GW GW GW soD IR OF FPMF OF, TE TA FE ME TET FET MET HCT HNCT LU MRS FRS
-20
-100

W S0-a m S1 Use of High Efficiency Electrical Motors

(=1

=]
o

@
o

=
o

N
o

&

3

8

Figure4.24 Comparison ofmpactsfor ScenaridS0-aandS1 (Characterization
Result3
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This comparison demonstrates that the use of-kifjbiency electric motors is an
effective and feasible strategy for reducing environmental impaeiso shows that

it does not l ead to a radical change
performanceHowever, considering that theowd paper and paperboard demand

and production are increasing significantly, leading to an increase in this sector's
energy use and G@missiongKong, Hasanbeigk Price, 2016, it would not be

wrong to statesuch improvements ould have more effective results when
considered alongside broader energy optimization strategies. Nevertheless, even if
improvements like tisi may not causeradicalchange, they are highly feasible from

an economic perspective. The economic analysis results for the Use of High

Efficiency Electric Motors scenario are presentedable 4.2

Table4.2 Economic Analysigor S1

Parameter Value
Total InstalledPower(kW) 1,096
Electricity Savings (%) 4.48
Investment Cost (EUR) 52,695
Discounted NPV (EUR) 107,661
Internal Rate of Retur(%o) 31.4
Simple Pay Back Period (year) 3.28

The internal rate of return (IRR) of 31.4% and a relatively short simple payback
period of 3.28 years indicate that the investment is financially attractive. The positive
net present value (NPV) of EUR 107,661 further supports the viability of this
measureln light of these figures, it can be concluded that replastisngdarcdelectric
motors with higkefficiency models not only contributes to energy savings of 4.48%,

but also offers a strong economic justification, making it a practical stégflities.
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4.2.2 S2- Rooftop Solar PV for Electricity Supply

Similar to Scenario {S1), this scenario was performednsideringthe significant
environmental impacts associated with high electricity consumptidiis scenario

(S2) what if a rooftop solar PYRSPV)systemis installed to supply electricity to

the facility, instead opurchasing fronthe national grigis exploredin other words,

texpl ores the potenti al environment al I m

through & RSPV system instead of the national grid.

I n Te¢thlei xewuntryds total installed electr
2020, is projected to reach 189.7 GW by 2035. The share of renewable energy in this
capacity is expected to rise from 52.0% ir2@@o 64.7% by 2035. Specifically, solar

power capacity is anticipated to increase from 32.9 GW to 52.9 @Wthe other

handin 2020, only 11.7% of electricity proi
renewable sourcgs T ¢ r k nistre of Bhergy and Natural Resources, 2022e

use of solar and wind energy in paper recycling facilities is still relatively uncommon
(Sonsale, Yasphal, Purohit, & Pohekar, 2021)

However, through this scenario, 10086f the facilityods el ect
would be generated from renewable energy instead of just 13d%e scenario is
designed based on the installationanf RSPVsystem withsufficient capacityto

meet the facilitybds entire electricity di

Given that solar energy is inexhaustible and its conversion to electricity through
photovoltaics causes no direct environmental pollut@irenbruch & Bube, 201,2)

the use of rooftop solar is considered a highly sustaireéddricity supply option.

Figure 4.5 illustrates theendpoint impacts (per impact category) tbe S0-aand

S2in which theRSPVsysteminstallationis considered, in a comparative way
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As seenirFigure 4.3, t he facilityds overal/l Single Sc
62.63 Pt to 25.63 Ptt is expectedsince,under thisscenaript he f aci |l it yés ene
profile has been largelghangedfossil fuel consumption has been greatly reduced

In a way, amajor shift to renewable sources has been achiewethe Fine

Particulate Matter FormatigiFPMF)impact categorywhichisone of t he f aci | it
most dominantimpact categoies an 8.8% reduction has been recordéu.the

Global Warming GW) impact category, this reductioeache81.5%. Additionally,

improvements observed in categories such as Water Consur\ptnwhich are

not directly related to inputs, further indicate that this scenario represents a more
environmentally friendly approach overall. The Characterization results are

illustratedin Figure 4.%. Normalization resultsvhich are in accordance with these

findings, are alsoprovided in Appendi (Figure F14).
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As seen in Figure 462 dthough the Single Score impacts are relatively small,
subgantial reductions were achieved in lonizing Radiaff®?) (208.4%), Fossil
Resource ScarcitfFRS) (98.1%), and Stratospheric Ozone Depleti@OD)
(78.3%) impact categoriesOn the other hand, despite having relatively minor
contributions to the Singl8core, environmental impacts in Terrestrial Ecotoxicity
(TET), Freshwater EcotoxicityFET), and Marine Ecotoxicit{MET) categories
increased. This indicates that the increased use of renewable energy sources in the
system does not uniformly reduce alveonmental impactsWhile photovoltaic
technology is considered one of the most environmentally friendly energy generation
options the production and disposal of PV panels involve toxic and often
nanostructured materials that pose risks to both ecosysésmh human health
(Biutrago, Novello, & Meyer, 2020)The key inputs used in solar panel
manufacturing include cadmium telluriddead, chromium, copper, silver,
aluminium, and ethylene vinyl acetate. These materials are kiwovimeir toxicity
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and their potential to cause cancer, organ damage, and ecological harm if not
properly managed throughout the life cyc&ich substances can leach into the
environment during production or disposal phases, particularly affectingrsbil a
aguatic system@ayapradha & Barik, 2023)lowever, these negative effects remain
relatively small compared to the overall environmental benefitsan be seen in
Figure 4.3.

These results demonstrate that restructutimegsystem not only at the equipment
level (S1) but also in terms of energy sources is highly effective in reducing
environmental impacts. Scenarios like RSPV can be considered feasible and high
impact strategies for the sector to achiemrreironmental imact reductionslt should

be noted that this scenario addresses only electricity consumption. There is no
improvement regarding the wood and coal burned in the steam boiler or the diesel
used in trucks and forklifts. If the electrification of transportieiels and innovative

or electricbased solutions for the steam boiler are included in this scenario, even

lower environmental impacts could be achieved.

In addition, the installation costs of solar energy systems are decreasing day by day,
and their paybdcperiods are becoming shorter. The economic analysis results for

the 'Rooftop Solar PV for Electricity Supply' scenario are presemf€dble 4.3

Table4.3 Economic Analysigor S2

Parameter Value

Total Installed Capacity (MWp) 3.38

Total Installed Capacity (M\&) 3.19
Net Electricity Production (kWh/year 4,474,000
Investment Cost (EUR) 1,524,226
Discounted NPV (EUR) 2,063,221

Inernal Rate of Retur(®o) 20.2

Simple Pay Back Period (year) 4.89
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These results demonstrate that R&PV system, despite its relatively high initial
investment cost compared fcenario 1 offers substantial lonterm economic

benefits. Thepositive NPV of EUR 2,063,221 clearly shows that the investment is
profitable over its lifetime. Moreover, the IRR of 20.2Mdicates financial
attractiveness. Although the simple payback period is approximately 4.89 years,
which is longer than that of Scenario 1ljsitstill considered acceptable given the
scale of the project and its capacity t
demand with renewable energy.

4.2.3 S371 Reuse of Flash Steam in the Steam Boiler

As presented in Sgon 3.3.1 Drying representshe mos energyintensivestageof

the paper recycling facility. It is responsible for 39.5% of total electricity
consumption and 67.65% of the overall primary energy(bggires 3.4 and 3.5

This high demand comes from the operations of the Vacuum, PresssGamap
Drying units (particularly the steam boiler in the Drying unit). Steam is essential for
rapidly drying the processed paper, and producing this steam requires burning 1,080
tons of coal and 1,680 tons of wood annyadly presented in Section 3.3This
substantial fuel usage significantly increases the primary energy share attributed to

the Dryingstage

Heat consumption in nedeinking paper recycling facilities typically falls within the
range of 1100 to 1800 kWh/tRPPBBREF, 2015)At the facility assessed inigh
study, the heat consumption is 1558.52 kWh/ton. While this figure is within the
practical range, there istill significant potential for performance improvement.
Since the majority of heat consumption comes from the steam boiler in the Drying

unit, optimizing this unitvould be helpful

In this respect, igiilar to ScenariosS1 and S2, this scenario was developed
considering the facility's high energy consumption. However, the focus here is

specifically on the use of coal and wood in the steam boiler, which is the largest
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contributor to the f,asindicatedyn 8&on 3E3rlvlier onment al

scenaridnvolves the reuse of flash steam in the steam boiler. Since the flash steam
system is based on the principle of recovering and reusing steam generated during
the drying process, it offers significant advantages, particularly in terms of energy
efficiency.Figure 4.7 illustrates theendpoint impacts (per impact category) for the

S0-a and S in which theflash steam is reused in the steam bqiiera comparative
way.

Normalizationand characterizatiomesults which are in accordance with these
findings, are provided in Appendik (Figure F15 and F16).
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Figure4.27 Comparison ofmpacts forScenario aand3 (Singe Score Results)
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AsseenirFigure4.Z, t he f a cimpactdegredsed fom @2r6&aRt th 57.29
Pt. The most significant reductions in ScenarBisandS2 were observed in major
impact categories such as Fine Particulate Matter Form@tehF) and Global

Warming(GW). Onthe otherand,this scenario showed the greatest reductions in
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Human Carcinogenic Toxicitf{HCT) and Human No+Carcinogenic Toxicity
(HNCT). The primary reason for this is the reduction in fossil fuel use for steam
production, whichcould lead to lower emissions of heavy mlst and toxic

substances. These reduction percentages are presensddant.4

Table4.4 ReductionsAccording to Impact Categories in & compared to(sa)

Impact SO S3 Reduction
Category
Fineparticulate matter formatiof§o) 37.43 Pt  36.05 Pt 3.7%
Global warming%o) 13.00 Pt 11.20 Pt 13.9%
Human norcarcinogenic toxicitf{%)  6.23 Pt 5.11 Pt 18.0%
Human carcinogenic toxicit{?o) 4.23 Pt 3.47 Pt 18.1%
Total 62.63 Pt 57.29 Pt 8.54%

In addition to its overall impact on the facility, this scenario should also be analyzed
in more detail in terms of its effect on the Drying uBiécausd directly targets tts
specific unit.Also, the improvement proposed in the scenario is implemented in the
steam boiler within the Drying uniEigure 4.8 illustrates the engoint impacts (per
impact category) for Scenarios-80S1, S2, and S3 in a comparative manner. For

all scenarios, the modaty was based on the Drying Unit only, rather than the entire

facility.
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In the baseline scenar{80-a), theimpact scordor the Drying unit was 27.67 Pt. In

S1, it decreased slightly to 27.49 Pt, corresponding to only a 0.67% reduction. In S2,
it decreasetb 23.34 Ptcorresponding t@a significant reduction of 15.64%. In this
scenario, it further decreased to 22.32 detresponding t@a 19.33% reduction.
Among all scenarios, S3 results in the greatest reduction for the Drying unit.
However, it is important to note that all three sngs are compatible and can be
implemented together. Hll these 3 scenariagereappliedtogether a reduction of

up to approximately 35% in the Drying unit could be achieved.

Lastly, Figure 429 illustrates the comparison of normad impactresults br the

base scenari(80-a) and ScenarioS1, S2, andS3. One key point to highlight in this
figure is that although S2 achieves greater reductions than S3 in impact categories
such as Global Warmin@sW) andHuman norcarcinogenic toxicitf{ HNCT) and

Human carcinogenic toxicitfHCT), S3achieveshigher environmental impacts in
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the Fine Particulate Matter Formati@aPMF) category.This can be explained by
the fact that in Scenario S3, the facility continues to consume electricity and,
although energy demd is reduced through flash steam recovery, wood and coal are
still used for thermal energy generation.

Characterization resultg/hich are in accordance with these findingie provided
in AppendixF (Figure F17).
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Figure4.29 Comparison ofmpactsfor Drying Unit (SG-a, S1, S2, andS3)
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Al t hough this scenario does not bring a
environmental impact, its effect on the Drying unit igndicant. Considering that

the Drying unit is the most environmentally harmful and enémtgnsive unit in

paper recycling facilities, this improvement becomes particularly important.
Moreover, implementing thiscenariadoes not preclude the applicatiohthe first

two scenarioslt can be integrated into broader energy optimization strategies for

more effective results
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4.2.4 S471 Open and Closed Water Circuits

Closing up water circuits in paper production processes offers several potential
advantages, but also brings certain drawbacks. On the positive side, it improves
the retention of soluble materials in the paper web and reduces energy requirements
for heating and pumping. Enhanced dewatering properties on the wire lead to energy
savings in the dryesection. Furthermore, wastewater treatment becomes more
efficient, and total discharges to water bodies are significantly reduced. However,
some disadvantages must be considered. Higher concentrations of dissolved and
colloidal substances may accumulatethe water circuits, increasing the risk of
slime formation, which can cause deposits and web breaks. Product quality may
decline, affecting properties such as brightness, strength, softness, and porosity.
There is also a higher risk of clogging in pipsspwer nozzles, wires, and felts.
Lastly, maintaining hygiene becomes more challenging, particularly for tissue
production and applications involving food contact or medical stand&ieBB

BREF, 2015)

The facility currently perates with a closed water circuit, in which the incoming
water is used four times before being discharged as wastewater. However, not all
facilities have a closed water circuit. Therefore, a scenario has been developed to
explore the environmentahpactdifferencesf this sustainabléechniquewvere not

implemented.

Waterinput enters the facility through the sprinklers in the Screen unit. Therefore,
the most accurate comparison for this scenario should be based on the individual
results of the Screen inFigure 430 illustrates the engboint impacts (per impact

category) for the Ga and 8.
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As seenn Figure 430, the environmental impact of the Screen unitis 1.79 Pt in the
Baseline scenarigS0-a) with the Closed Water CircuitOn the other handn
Scenario 4(with the Open WateCircuit), it increases to 2.05 Ptepresenting
12.8% rise. Although this inease is largely associated with the Water Consumption
(WC) impact categories, every impact category, without exception, shows varying
degrees of increase. This calsobe observed ifrigure 431, which presents the
Characterizatiommpactresults Normalization resultsvhich are in accordance with

these findingsare provided in Appendik (Figure F18).
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Figure4.31 Comparison ofmpacts forScreen Unit (Scenario 0 and 4)
(Characterization Results)

These findings highlight that closed water circuit systems offer environmental
benefits not only in terms of water consumption but also indirectly across other
impact categories. If Closed Water Circuits were implemented in all facilities, their

contributon to achieving sustainable production goals would increase significantly.

4.2.5 S5 Deinking

The main objectives of deinking are to increase brightness and cleanliness and to
reduce stickies. It should be noted that the difference between deinketbmand
deinked grades lies in the process, not in the final product(@efBBREF, 2015)

In paper recycling facilities with deinking, in addition to the mechanical cleaning of

the furnish, a chemical pretreatment is appliedhe pulper, and printing inks are
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removed in flotation cells. A prerequisite for successful deinking is that the ink
particles are detached from the fibers and maintained in dispéPRIFBBREF,
2015)

Although deinking proesses result in recycled paper that is brighter and cleaner,
they also have certain negative environmental impacts due to higher energy, water,

and chemical consumption compared to paper recycling facilities without deinking.

The facility in which the LCAstudy was conducted does not include a deinking
processas ink removal is not necessary for the recyplaoerproduced. However,

in the paper recycling industry, the number of facilities that include deinking is quite
significant. For certain paper typedeinking is essential. Nevertheless, the addition

of a deinking process to a facility also brings some negative environmental impacts.
So, his scenario was developed to identify the magnitude and causes of these
impacts.Figure 432 illustrates the engboint impacts (per impact category) for the
S0-a and S in a comparative way.

100.

Water consumption, Aquatic ecosystems
80

) Water consumption, Terrestrial ecosystem
Water consumption, Human health
Fossil resource scarcity
Mineral resource scarcity
Land use
60. . X -
- ™ Human non-carcinogenic toxicity
Human carcinogenic toxicity
Marine ecotoxicity
® Freshwater ecotoxicity
W Terrestrial ecotoxicity
40.
® Marine eutrophication
Freshwater eutrophication
w Terrestrial acidification
m Ozone formation, Terrestrial ecosystems
20. M Fine particulate matter formation
® Ozone formation, Human health
M lonizing radiation
W Stratospheric ozone depletion
M Global warming, Freshwater ecosystems
o ® Global warming, Terrestrial ecosystems

50-a (without deinking) S5 (with deinking) = Global warming, Human health

Weighted Result (Pt)

-20.

Figure4.32 Comparison ofmpacts forScenario éaand5 (Single ScordResult

139



As shown in Figur&.32, the Single Score increases from 62.63 Pt to 96.83 Pt with
the addition of the deinking process, representing4.&% increase. This is a
considerable rise, primarily driven by the elevated consumption of energy, water,
and chemicals, as well as the réisig increase in wastewater and solid waste
generation These changes in input and output flows associated with the deinking
process are detailed in Sectior8.3 Table 4.5presents the increasés impact
observed in the most critical impact categories for facilities with and without

deinking.

Table4.5 Increasan Impacts with DeinkingS5vs -a)

Increase in
Impact impacts
Category w/ deinking
Fineparticulate matter formatiofdo) 38.3%
Global warming%o) 28.1%
Human norcarcinogenic toxicity%) 34.2%
Human carcinogenic toxicit{fo) 26.4%
Total 35.3%

Theresults ofScenario 5 clearlghowthat theadditionof the deinkingunit leads to
a widespread and substantial increase in environmental impacts. With the integration
of deinking into the system, an increase in environmeémgahctswas observed not

only in specific impact categories but across all categories without exception

Figure 433 illustrates the detailed distribution of these increases across individual
impact categories. These findings indicate that the applicability of the deinking
process should be assessed not solely based on quality requirements but also
supported by comprehsive environmental costenefit analysesNormalization

results which are in accordance with these findingse provided in Appendi¥

(Figure F19).
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4.3  Summary of the Results

The objective of this study was to examine the techniques used in paper recycling
facilities and to quantitatively assess their environmental impacts. To achieve this,
an LCA was conducted using the SimaPro software in conjunction with the ecoinvent

3 database. Environmental impacts were calculated through the ReCiPe 2016
Endpoint (H) method.

In addition, techniques identified as Best Available Techniques in the reference
documents published by the European Integrated Pollution Prevention and Control
Bureau for both pulp and paper production and energy efficiency were reviewed.
These techniques were then adapted into scenarios, as presented in Table 4.6, and

their outcomesvere evaluated to assess their relative environmental performance.
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Table4.6 Scenarioonsidered

Scenario Name

S0-a Basei Mixed Paper

S0-b Basei OCC

SO-c¢ Base White Paper
S1 Use of HighEfficiency Electrical Motors
S2 Rooftop Solar PV for Electricity Supply
S3 Reuse of Flash Steam in the Steam Boiler
S4 Open and Closed Water Circuits
S5 Deinking

Thekeyresultsof this study are summarized below:

1 The energy consumption profile of the paper recycling facility used as a
reference in this study shows that energy is supplied from four different
sources: electricity, coal, wood, and diesel. The breakdown of these sources

is presented in Figur34.

Primary Energy Consumption

‘...1~ R ¥ o9
1 T < -
,"’.‘7:.\"" fgﬁ 24 '

Coal (18.95 %)

>

!
R KA g
I g 23

Electricity (48.70 %)

Diesel (2.88 %)

Figure 4.34 Breakdown of Primary Energy Sources Used in the Facility
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1 Electricity is widely consumed in almost all units, particularly in units such
asthe Vacuum, Pulper, and Press Groups. Approximately 55% of the total
electricity consumption occurs duritige Stock preparation stage, while the
remaining 45% is consumed during the paper machine stage.

1 Coal and wood are consumed only in the Drying unit, eh&eam is
generated, making this unit the cent
consumption. Diesel fuel is only used in the transportation and internal
transport units, where forklifts and trucks operate. Tdblepresents the
percentages of electrigiand primary energy consumption by prooegs

groupswithin the facility.

Table4.7 Electricity and Primary Energy Consumption by Procgs&roups

Processing Electricity Consumptior  Primary Energy

Groups (%) Consumption (%)
Supporting System 0.02 2.89
Pulping 12.71 6.19
Screening & Cleaning 14.77 7.19
Drying 39.50 67.65
PostProcessing 1.31 0.64
Pumps 15.60 7.60
Storage Tanks 16.10 7.84

1 According to the LCA results conducted under the MiRagper baseline
scenario, environmental impacts within the recycling facility are largely
concentrated in energgtensive processes. The highest environmental
impact across the entire facility was observed in the Drying unit, which is the
only unit that ues coal and wood as fuel. This unit alone accounted for
approximately 44% of the total environmental impact. It was followed by the

Vacuum and Pulper units, mainly due to their high electricity consumption.
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Among all impact categories, fine particulate teaformation emerged as
the most dominant. This result is associated with fdssked electricity
consunption. Other major impact categories included Global Warming,
Human Carcinogenic Toxicity, and Human NGarcinogenic Toxicity.

The comparison obaseline LCA analyses conducted for three different

wastepaper types (Mixed Paper, OCC, and White Paper) revealed that the

highest environmental impact occurred in the White Paper scenario, with a

total of 68.18 Pt. This outcome is primarily dueto Wta per 6 s r el ati vel
high yield loss of approximately 22%, which results in greater waste

generation. Despite similar levels of energy and water consumption, the

lower amount of recycled paper produced leads to an increased
environmental impadfy 9.34%). These findings highlight that the type of

wastepaper used in paper recycling facilities plays a crucial role in shaping

their environmental performance.

In Scenario 1, the environmental improvements resulting from the
replacement of old and inefficienteekric motors with higkefficient motors
throughout the facility were evaluated. As a result of this replacement, the
environmental impact of the facility decreased by 2.8%, from 62.63 Pt to
60.90 Pt. The 4.48% reduction in electricity consumption ledotabte
decreases in electriciglated impact categories such as Fine Particulate
Matter Formation, Global Warming, Fossil Resource Scarcity, and lonizing
Radiation. Although the overall improvement in environmental performance
was relatively modest, suanergy efficiency measures offer practical and
economically attractive solutions. This scenawibich adiresses BAT6 (h)

of PPPBBREF, has the potential to deliver more significant and et
environmental benefits if integrated into broader energtimipation

strategies.
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In Scenario2,ackear i o was created in which
demand is met througm@&SPV. This transformation assumes a complete
shi ft away from the national gri d,
100% renewable. As a result, the total environmental impact decreased
significantly by 59%, from 62.63 Pt to 25.63 Pt. The most notable
improvement was observed in the Fine Particulate Matter Formation category
with a reduction of 82.8%, followed by a 31.5%cdEase in the Global
Warming category. Additionally, substantial reductions were recorded in
other categories such as Fossil Resource Scarcity, lonizing Radiation, and
Stratospheric Ozone Depletion. From an economic perspective, the 3.38
MWop system offera reasonable payback period of 4.89 years and an internal

rate of return of 20.2%, making it a financially attractive solution as well.

In Scenario 3, the reuse of flash steam in the steam boiler of the Drying

m:c

unitwhi ch i s t he f ac.iallyimpadfid pronessvas envi r ¢

addressed. Through the recovery and

environmental impact decreased by 8.5%, from 62.63 Pt to 57.29 Pt. The
most significant improvements were observed in the Human Carcinogenic
Toxicity (18.1%) and Human Ne@arcinogenic Toxicity (18.0%) impact
categories. These improvements are primarily due to the reduction in coal
and wood consumption, which lowered toxic emissions. Focusing
specifically on the Drying unit, its impact decreased frah62 Pt to 22.32

Pt, corresponding to a 19.3% improvement. These results indicate that flash
steam recoverywhich is adressed as one of the BATs in ENBREF for
energy efficiency is a highly effective method for reducing the
environmental impaatf thefacility (8.5% overall;19.3% for the drying unit
alone) Moreover, this scenario can be implemented in combination with

Scenario 1 and 2 for broader and more lasting environmental improvements.
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1 In Scenario 4, the environmental benefits of the closa@mcircuit system
currently implemented at the facility were evaluated by comparing it to an
alternative scenario in which an open water circuit is used. Since water enters
the system through the Screen unit in the facility, the comparison was made
basedn the results of this unit. The environmental impact of the Screen unit
increased by 12.8% in the open circuit scenario. This increase was observed
not only in the Water Consumption category but across all impact categories
to varying degrees. These rlsushow that closetbop water systems
positively affect not only water use but also other environmental aspects
indirectly. Therefore, the adoption of such systeairessed in PPRB
BREF as BAT 5(f) an@BAT 43(b),in all paper recycling facilities canake
a significant contributior(by 12.8 %)to the sustainale operation of the
fadlity.

1 In Scenario 5, the environmental impacts of the deinking process were
evaluated. Deinking process is not currently used in the reference facility but
is commonly appéd in the paper recycling sect@vith the inclusion of the
deinking processthe f aci |l i tybds tot al environment :
35.3%, rising from 62.63 Pt to 96.83 Pt. This significant increase is attributed
to the higher consumption of energy, wat@nd chemicals, as well as the
resulting increase in wastewater and solid waste generation. These findings
indicate that the implementation of deinking should not be based solely on
product quality requirements but must also be supported by a comprehensiv

environmental codbenefit analysis.

The comparison of the single score results for all scenarios is illustrated in Figure
4.35. As can be seen from Figure 4.35, the most effective technique is represented
by S2. While S1, S3, and S4 achieve improvemantsearly similar levels, S2
demonstrates an outstanding performance. Despite its remarkable effectiveness, this
technique is not included among the BATs in the PBBREF or ENEBREF
documents. Within the scope of this thesis, its positive effect hagjbeatitatively
demonstrated, thereby revealing its significance. Conversely, S5 stands out in a
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negative manneiherefore, liis thesis has also enabled the clear observation of the
extent of environmental impact differences between facilities with vaititbut

deinking processes.

96.83 Pt

er
90, HNCT
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Figure4.35 Comparison of Single Score Results of the Study
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CHAPTER 5

CONCLUSION

This studywas undertaken to evaluate and quantify the environmental impacts of
selected process and technology improvement measures applicable to paper
recycling facilities, including but not limited BATSs identified in relevanBREF
documents. The assessment also considered certain measures commonly applied in
the sector that may not be classified as BATs, as well as those with the potential to
generate negative environmental impacts. The study employed L@k
methodology in accoraee with ISO 14040 and ISO 14044 standards, using the
ReCiPe 2016 Endpoint (H) method within the SimaPro software and the ecoinvent

3 database. The key conclusions are as follows:

Major contribution of energy -intensive operations The assessment revealédtt

a significant portion of the facilityod:s
processes with high energy demands, particularly steam generation and electricity
consumption in the drying unit, which accounted for 44.2% of the total Single Score

impact. This single unit accounted for a substantial share of the total impact,
underscoring the importance of targeting haginsumption units for environmental

improvement.

Importance of waste paper type:The studyshowed that the type of waste paper
used for reycling is a important factor influencing overall environmental
performance. Variations in yield affect the quantity of usable product obtained from
the same amount of input material, with lower yields leading to increased waste
generation resource useand higher associated impacthis finding underscores

the importance of selecting input materials with higher recovery efficiency to
minimize environmental impacts, as the environmental impacts chan§848y¢

depending on the type of waste paper used.
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Electricity as a major contributor to impacts: Electricity consumption, occurring

across al most al | process stages, was i den
environmental impacts, particularly in categories such as fine particulate matter
formation(FPMF), global warming GW), human carcinogenic toxicity (HCTand

human norcarcinogenic toxicity (HNCY. Electricity use accounts for

approximately 52% of the overall environmental impdgeducing electricity

demand can therefore yield benefits acros#iple impact categories and contribute

to the overall improvement of environmental performance.

Benefits of improving energy efficiency: The adoption of higheefficiency

electrical equipment across process units demonstrated measurable reductions in the
facilityos over al, lwith ¢he \Singleo Staone detreasing bymp a c t
approximately 2.8%Although the percentage reductions a fhcility level were

moderate, this approach is technically feasible, relativelydost, and capable of

delivering longterm cumulative benefits when integrated into comprehensive

energy management strategies.

Environmental improvements through renewabg electricity supply: Replacing

national grid-supplied electricity withRSPV led to substantial reductions in the
facilityos t ot al withnthei Single B@me tdackeasingmqya c t ,
approximately 59%. The most pronounced improvementgere observedin
categories such as fine particulate matter formatfePMF) where an 82.8%
reduction was recordednd global warming (GWith a 31.5% reductianMinor

increases were observed in terrestrial ecotoxicity (TET), freshwater ecotoxicity
(FET), and marinecotoxicity (MET) due to the material composition and life cycle
impacts of PV panels; however, these effects remained negligible compared to the
overall benefits.

Advantages offlash steam reuse:The recovery and reuse of flash steam in the
steam boillerb t he drying unit, i dentintethsived as t he

process, resulted in significant reductions in human carcinogenic toxicity (b4CT)
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18.1% and human norcarcinogenic toxicity (HNCT)by 18.0% and overall
environmental impacby 8.54% These findings highlight the effectiveness of
integrating flash steam recovery into operational practices, particularly in processes
with high thermal energy demand.

Wider benefits of closedloop water systemsClosedloop water circuits not only
reducewater consumption but also contribute to improvements across various
environmental impact categories when compared to -tqmgn systems. These
indirect benefits stem from reduced resource demand and process efficiencies,
reinforcing their value as an eftae sustainability measure for paper recycling

facilities.

Environmental trade-offs of deinking processesThe inclusion of a deinking
processalthough commonly applied to improve product quality in paper recycling,
was found to substantially increasevieanmental impactswith the Single Score
increasing by approximately 54.6%ue to higher energy, water, and chemical
consumption, as well as increased wastewater and solid waste generation. These
findings highlight the need for a comprehensive envirarale costbenefit
assessment to ensure that quality improvements justify the associated increase in

environmentaimpact

Overall, this study quantified the environmental performance of selected measures
and demonstrated that environmental outcomes agrsignificantly depending on
operational practices and input characteristics. The findings confirm that targeted
interventions in energy, water, and resource management can deliver substantial and
measurable reductions in environmental impacts. By sysieatip evaluating both

the positive and potential negative effects of different measures, this research
provides a datdriven basis for guiding decisiemaking towards more sustainable

and efficient paper recycling operations.
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CHAPTER 6

RECOMMENDATION

6.1 Recommendatiorsfor the Facility

Based on the findings of this study, it is recommended that the facility prioritize
interventions targeting its most enefigyensive processes, particularly the drying
unit, which was identified as the dominant contributmroverall environmental
impacts.In this regard, the integration of flash steam recovery systems should be

maintained and optimized

Replacing griesupplied electricity witrRSPV systems should also be given high
priority, as it achieved the largest overall reductions in environmental impacts
Integrating RSPV with energy efficiency upgrades across process units would
maximize these benefits by simultaneously reducing electridégnand and

increasing the share of renewable energy.

Closedloop water circuits should also be preserved, as they not only reduce water
consumption but also provide indirect environmental benefits by lowering resource

demand.

Lastly, any decision to intrduce qualityenhancing processes, such as deinking,
should be preceded by a detailed thehefit analysis to ensure that the expected
improvements in product quality outweigh the additional environmenfact
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6.2 Recommendations for Future Work

Future esearch should aim:to

1 Conduct more detailed, urspecific LCAs, provided that sufficient
operational data can be obtained, with particular attention to processes where
data gaps currently exist, including pulping.

1 Expand the system boundaries to incog® a more comprehensive
assessment of waste generation, wastewater characteristics, and the fate of
recycled paper products

1 Assesghe combined implementation of multiple improvement meagores
identify potential synergies and maximize letegm envionmental benefits.

1 Integrae more detailed economic assessments alongside environmental
analysis is also recommended to provide decismakers with a holistic
understanding of both the feasibility and the lbegn value of different

improvement strategs.

154



REFERENCES

Azuaje, |., Forfora, N., Urdaneta, I., Ortega, R., Frazier, R., Vera, R., . . . Jameel, H.
(2025). Reducing subjectivity when performing LCA for recycling systems in the
paper industry through a comprehensive evaluation of different allocation methods.

Re®surces, Conservation & Recycling

BaaN, L. d., Alkemade, R., & Koellner, T. (2013). Land use impacts on biodiversity
in LCA: a global approacltlobal Land Use Impacts on Biodiversity and Ecosystem
Services in LCA12161230.

Bare, J. C. (2009). Life cycle impact assessment research developments and needs.
Clean Technologies and Environmental Pqli8$1-351.

Bishop, T. H. (2024). EASA AEMT Study of Motor Repair Impact on Efficiency of
Premium Efficiency (IE3) Motor€Energy Eficiency in Motor System&3-39.

Biutrago, E., Novello, A. M., & Meyer, T. (2020). Thi@eneration Solar Cells:
Toxicity and Risk of Exposurédelvetica 103.

Bystr°m, S., & L°nnstedt, L. (1997). Pap

impact.Resouces, Conservation and Recy¢li03127.

Cardoso, D., Fael, P., & Espiritdanto, A. (2020). A review of micro and mild
hybrid systemsEnergy Reports395390.

Curran, M. A. (2006)Life Cycle Assessment Principles and Practice.

Earles, J. M., & Halog, A(2011). Consequential life cycle assessment: A review.

International Journal of Life Cycle Assessment, 16(5)) 488.

ENE-BREF (2009) Refeence Document on Best Available Techniques for Energy
Efficiency, Joint Science and Policy Reports, IndustrialisSions Directive
2010/75/EU (Integrated Pollution Prevention and Control)

155



Eryuruk, S. (2015). 7 Life cycle assessment method for environmental impact
evaluation and certification systems for textiles and clothing. In S. Eryuruk,
Handbook of Life Cycl&ssessment (LCA) of Textiles and ClotHimg 125148).

European Commission. (2024)ndustrial and Livestock Rearing Emissions
Directive (IED 2.0). Retrieved from European Commission: https:Heur
lex.europa.eu/legadontent/EN/ALL/?uri=CELEX:02010L00720240804%20

European Commission. (2025, 6 28AT reference documentRetrieved from

European Commission: https://eippcb.jrc.ec.europa.eu/reference

Fahrenbruch, A., & Bube, R. (201Fundamentals of solar cells: photovoltaic solar

energy conversiorkElsevier.

Feo, G. D., & Malvano, C. (2009). The use of LCA in selecting the best MSW
management syste/aste Managemen9011915.

Fleiter, T., Fehrenbach, D., Worrell, E., Bichhammer, W. (2012). Energy
efficiency in the German pulp and paper industry e A mbdseked assessment of

saving potentialEEnergy 84-99.

Fthenakis, V., & Kim, H. C. (2009). Land use and electricity generation: Ayt
analysisRenewable and Stainable Energy Review$4651474.

Goedkoop, M., Oele, M., Leijting, J., Ponsioen, T., & Meijer, E. (2016, January).
Il ntroducti on t o LCA with SimaPr o (Report

Consultants.

Goel, V., Nautiya, H., Kumar, J., Seth, M., Alam, 3ingh, T., & Khargotra, R.
(2025). Acidification potential estimation for small hydropower using LCA

methodology in IndiaScientific Reports

Grossmann, H., Handke, T., & Brenner, T. (2014). Paper Recycling. In H.
Grossmann, T. Handke, & T. Brennklandbook of Recyclin(pp. 165178).

156



Ge¢l - ek, M. (2023, April 27) . T¢rkiyedde

d°n¢kegm sanayii sunumu [ Conference presel

Huijbregts, M. A., Steinmann, Z. J., Elshout, P. M., Stam, G., Veréhge¥eira,

M., ... Zelm, R.v. (2017). ReCiPe2016: a harmonised life cycle impact assessment
method at midpoint and endpoint levé&he International Journal of Life Cycle
Assessmentl38147.

Huijbregts, Steinmann, Elshout, G, S., F, V., Vieira, R, v. Z. (2016)ReCiPe
2016 : A harmonized life cycle impact assessment method at midpoint and endpoint
level Report I: CharacterizationNational Institute for Public Health and the

Environment.

Jayapradha, P., & Barik, D. (2023). A Review of Solar tByaltaic Power
Utilizations in India and Impacts of Segregation and Safe Disposal of Toxic

Components from Retired Solar Panéeergy Research

Jin, E., Ewijk, S. v., Kanaoka, K. S., Alamerew, Y. A., Lin, H., Cao, Z., . . . Masanet,
E. (1999). Sustaindily assessment and pathways for U.S. domestic paper

recycling.Resources, Conservation and Recyglih@i7249.

Kabir, E., Kumar, P., Kumar, S., A., A., & Kim, 1. (2018). Solar energy:
Potential and future prospecBenewable and Sustainable Energy iReg 894
900.

Kaya, D. , & ¥ Stagpraky,i dd. EG2014) Y°net i mi v

Kocaeli: Umuttepe Yayeénl ar é.

Kong, L. (2016). Assessment of emerging enezfjiciency technologies for the
pulp and paper industry: a technical revidaurnal d Cleaner Production5-28.

Kong, L., Hasanbeigi, A., & Price, L. (2016). Assessment of emerging energy
efficiency technologies for the pulp and paper industry: a technical redoenal
of Cleaner Production5-28.

157



Kong, L., Zhao, J., Li, J., Lou, R., Zhang, Y. (2020). Evaluating energy efficiency
improvement of pulp and paper production: Case study from factory Iexehal
of Cleaner Production277.

Kramer, K. J., Masanet, E., Xu, T., & Worrell, E. (2008nergy Efficiency
Improvement and Cost ag Opportunities for the Pulp and Paper IndustdyS.
Environmental Protection Agency.

Liang, S., Zhang, T., & Xu, Y. (2012). Comparisons of four categories of waste
recycling in Chi naVaste Maragemgt036h2d ust ry based.

Liu, M., Tan, S.Zhang, M., He, G., Chen, Z., Fu, Z., & Luan, C. (2020). Waste
paper recycling decision system based on material flow analysislamadhal of

Environmental Managemen¥olume 255.

MacEachern, N. (2009). The Environmental Impact of Paper Waste Recykling:
Comparative Study.

Maden, S., & Arslankaya, E. (2017). Regional waste paper recycling inventory study
in Turkey and distribution of recycling quality classes. International Journal of

Natural and Engineering Sciences, 11(3),38}

Nassajfar, M. N. (2024 Environmental Impacts of Printed Electronics and

Challenging Electronic Wasteappeenrantdahti University of Technology LUT.

¥ktem, B. (2016). Effects of Product Cost
Cardboard Industrylournal of The Facultyfd&economics359381.

¥zte¢grk, H. H. , E&e Kpay aAhkameGe¢e Akadetni) .

Patterson, M. G. (1996). What is energy efficiency?: Concepts, indicators and
methodological issue&nergy Policy 377390.

Pivnenko, K., Eriksson, E., & Astrypl. F. (2015). Waste paper for recycling:
Overview and identification of potentiallWaste Management34142.

158



Pizzichini, M., Russo, C., & Meo, C. D. (2005). Purification of pulp and paper
wastewater, with membrane technology, for water reuse in aecldsop.
Desalination 351-359.

PPPBBREF (2015. Best Available Techniques (BAT) Reference Document for
theProduction of Pulp, Paper and Board. Europenan Commission, Joint Science
and Policy Reports, Authors: Michael Sutral., Industrial Emission®irective
2010/75/EU (Integrated Pollution Prevention and Control), EUR 27235 EN, 2015.

Reap, J., Roman, F., Duncan, S., & Bras, B. (2008). A survey of unresolved problems
in life cycle assessmerint J Life Cycle Asses290-300.

Rebitzer, G., Ekvall, T Frischknecht, R., Hunkeler, D., Norris, G., Rydberg, T., . ..
Pennington, D. (2004). Life cycle assessment: Part 1: Framework, goal and scope
definition, inventory analysis, and applications. In G. Rebitzer, T. Ekvall, R.
Frischknecht, D. Hunkeler, ®lorris, T. Rydberg, . . . D. Penningtdinvironment
International(pp. 761720).

Ritchie, H., Roser, M., & Rosado, P. (2020).fc@nd Greenhouse Gas Emissions.
Our World in Data. Retrievedlugust6, 2025, from https://ourworldindata.org/co2

andgreenhousgasemissions

Roy,P-:O. , Azevedo, L. B. , Mar gni , M., Zel m,
M. A. (2014). Characterization factors for terrestrial acidification at the global scale:

A systematic analysis of spatial variability and uncertaiftgienceof the Total
Environment270-276.

Sahin, H. (2011). The Effect of Process Variables at the Recycling on the Yield and
QualityBart eén Or man FlAKQl t esii Dergi si

Sahin, H. T. (2016). Basic Principles on Paper Recyling and Deinking Process.

EuropeanJournal of Science and Technolo@y-37.

159



Schmidt, J. H., Holm, P., Merrild, A., & Christensen, P. (2007). Life cycle
assessment of the waste hierar¢hg Danish case study on waste papafaste
Management15191530.

Shang, D., Diao, G., Liu, C., & Yl (2021). The Impact of Waste Paper Recycling

on the Carbon Emissions from Chinabds Paper |

& L. Yu, Environmental Manageme(pp. 811821).

Shang, D., Lu, H., Liu, C., Wang, D., & Diao, G. (2022). Evaluating the green
development level of global paper industry from 2@030 based on a market
extended LCA modellournal of Cleaner Productigi/olume 380, Part 2.

SimaPro. (2020)SimaPro database manual Methods LibrggymaPro.
SimaPro. (2023)SimaPro Tutorial SimaPo.

Skals, P. B., Krabek, A., Nielsen, P. H., & Wenzel, H. (2007). Environmental
Assessment of Enzyme Assisted Processing in Pulp and Paper Indusdry.

International Journal of Life Cycle AssessmehP4132.

Sonsale, A. N., Yashpal, Pohekar, S., & Puroh. (2023). Drivers to energy
efficiency measures in recycled paper and pulp induSostainable Energy

Technologies and Assessmed32961.

Sonsale, A. N., Yasphal, Purohit, J., & Pohekar, S. (2021). Renewable & alternative
energy sources for straie energy management in recycled paper & pulp industry .
Bioresource Technology Repaqris.

Tukker, A. (2000). Life cycle assessment as a tool in environmental impact
assessmenEnvironmental Impact Assessment Reyé®% 456.

Te¢er ki ye Mioniand Natyral Résoutees.e(202%y;, r ki ye Ul usal

Pl almgr. ki ye Ministry of Energy and Natur al

Villanueva, A., & Wenzel, H. (2007). Paper was$tdRecycling, incineration or

landfilling? A review of Waste Managemern29-46.

160

Enel
R €



Virtanen, Y., &Nilsson, S. (1993)Environmental Impacts of Waste Paper Recycling.

Wang, L., Templer, R., & Murphy, R. J. (2012). A Life Cycle Assessment (LCA)
comparison of three management options for waste papers: Bioethanol production,

recycling and incineration Wi energy recoveryBioresource Technologpg9-98.

Xiao, L., Xu, S., & Liao, J. (2024). A life cycleased comparison study of sludge
recycling technologyJournal of Cleaner Production

Zelm, R. v., Preiss, P., Goethem, T. v., Dingenen, R. V., & Huijbragt (2016).
Regionalized life cycle impact assessment of air pollution on the global scale: Damage
to human health and vegetatiégimospheric Environment23137.

161



162



APPENDICES

A. Electricity Consumption Calculationsfor the Facility

Table A1 provides the technical specifications of the motors used in each process

unit, along with their corresponding electricity consumption

TableA-1 Technical Specifications and Electricity Consumption of the Motors in
the Facility (Baselin)

Installed Working Load Efficiency Electricity
Unit Power Hours Factor (%) Consumptior
(kWh) (hourslyear) (%) (kWhlyear)
1- Transport n.a. n.a. n.a. n.a. 0
2- Internal n.a. n.a. n.a. 0
n.a.
Transport
3- Conveyor 3 336 75 79.7 949
4- Pulper 250 2,800 75 92.4 568,182
5- Pump A 22 560 75 89.4 10,336
6- Storage 30 7200 75 90.0 180,000
Tank A
7- Pump B 22 7200 75 89.4 132,886
8-Coarse 0 n.a. n.a. n.a. 0
Screen A
9- Turbo 90 1680 75 91.5 123,934
Seperator
10- Pump C 3 7200 75 79.7 20,326
11- Reject 22 1680 75 89.4 31,007
Sorter

163



Table A1 Technical Specifications and Electricity Consumption of the Motors in

the Facility (Baseline) c ont 6 d)

Installed Working Load Efficiency Electricity
Unit Power Hours Factor (%) Consumptior
(kWh) (hours/year) (%) (kWhlyear)
12- Storage 30 7200 75 90.0 180,000
Tank B
13 Pump D 22 7200 75 89.4 132,886
14- Coarse 0 n.a. n.a. n.a. 0
Screen B
15 Deflaker 75 1680 75 91.5 103,279
16- Storage 30 7200 75 90.0 180,000
Tank C
17- Pump E 22 7200 75 89.4 132,886
18 Storage 30 7200 75 90.0 180,000
Tank D
19 Fan 45 7200 75 90.6 268,212
Pump
20- Fine 0 n.a. n.a. n.a. 0
Sand
Separator
21- Pressure 30 7200 75 90.0 180,000
Screen
22- Pulp 0 n.a. n.a. n.a. 0
Chest
23 Screen 37 7200 75 90.0 222,000
24- Vacuum 136 7200 75 92.0 798,261
25 Press 74 7200 75 91.5 436,721
Groups
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Table A1 TechnicalSpecifications and Electricity Consumption of the Motors in

the Facility (Baseline) (cont o
Installed Working Load Efficiency Electricity
Unit Power Hours Factor (%) Consumptior
(kWh) (hours/year) (%) (kWhlyear)
26- Drying 90 7200 75 91.5 531,148
27- Roll 22 2100 75 89.4 38,758
Wrapper
28 11 2100 75 88.0 19,688
Rewinder

The energy efficiency ad motor varies depending on factors such as brand, model,

and installed power. While the motors at the facility are generally from the same
manufacturer, their installed power levels are very different. To estimate their
efficiencies, standard type motor vas fromthe Energy Management and Energy
Efficiency in Industry book (Kaya & ¥zt ¢l
table outlining motor efficiency based on installed power, which is presanted

Table A2.
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TableA-2 Average Efficiencies obtandard Type Motors based on Installed Power
(Kaya & ¥ztg¢grk, 2014)

Installed  StandardTypeMotor Installed Power StandardTypeMotor

Power AveragekEfficiency (kW) AverageEfficiency
(kW) (%) (%)
0.75 82.5 18.65 92.4
1.12 84.0 22.38 92.4
1.49 84.0 29.84 93.0
1.87 81.2 37.30 93.0
2.24 87.5 44.76 93.6
2.98 82.7 55.95 94.1
3.73 87.5 74.60 94.5
5.60 89.5 93.25 94.5
7.46 89.5 111.90 95.0
11.19 91.0 149.20 95.0
13.43 87.8 186.50 95.4
14.92 91.0 223.80 95.4

In additionto these energy efficiency values, the facility owner mentioned that
motors are rewound when they malfunction. Rewinding has an impact on motor
efficiency. A previous study highlighted in the literature indicates that rewinding

i nevitably rsefficieccg She diteratucetraviewd cited in the study
reports efficiency losses ranging from 1% to 5% (Bishop, 2024). As a result, a 3%
reduction was applied to motor efficiency values in the calculations to account for

the effects of rewinding.

As a reslt, the electricity consumption of each unit in the facility was calculated
individually, and the total annual electricity consumption was determined to be
4,471,457 KWh. This value was compared with the electricity bills of the facility and

found to be cnsistent.
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B. Electricity Consumption Calculations for Scenario 1

TableB-1 Average Efficiencies of Highly Efficieny Type Motors based on
Installed Powef Kaya & ¥ztg¢grk, 2014)

Installed Highly Efficient Type Installed Highly Efficient
Power Motor Average Power TypeMotor Average
(kW) Efficiency (%) (kW) Efficiency (%)
0.75 86.5 18.65 94.1
1.12 89.4 22.38 94.1
1.49 88.8 29.84 94.5
1.87 87.0 37.30 95.0
2.24 89.5 44.76 954
2.98 88.9 55.95 954
3.73 90.2 74.60 95.8
5.60 91.7 93.25 954
7.46 91.7 111.90 95.8
11.19 93.0 149.20 95.8
13.43 92.4 186.50 96.2
14.92 93.6 223.80 96.2
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FigureB-1 Motor Efficiencies based on Classifications and Installed Power

Ratings

TableB-2 Technical Specificationand Electricity Consumption of the Motors in
the Facility (Scenario 1)

Installed Working Load Efficiency Electricity
Unit Power Hours Factor (%) Consumptior
(kwWh) (hourslyear) (%) (kWh/year)
1- Transport n.a. n.a. n.a. n.a. 0
2- Internal n.a. n.a. n.a. 0
n.a.
Transport
3- Conveyor 3 336 75 88.90 850
4- Pulper 250 2,800 75 96.20 545,738
5- Pump A 22 560 75 94.10 9,819
6- Storage 30 7200 75 94.50 171,429
Tank A
7- Pump B 22 7200 75 94.10 126,249
8-Coarse 0 n.a. n.a. * 0
Screen A
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Table B2 Technical Specifications and Electricity Consumption of the Motors in
the Facility (Scenario I(cort 6 d )

Installed Working Load Efficiency Electricity
Unit Power Hours Factor (%) Consumptior
(kWh) (hours/year) (%) (kWhlyear)
9- Turbo 90 1680 75 95.40 118,868
Seperator
10- Pump C 3 7200 75 88.90 18,223
11- Reject 22 1680 75 94.10 29,458
Sorter
12- Storage 30 7200 75 94.50 171,429
Tank B
13- Pump D 22 7200 75 94.10 126,249
14- Coarse 0 n.a. n.a. * 0
Screen B
15 Deflaker 75 1680 75 95.80 98,643
16- Storage 30 7200 75 94.50 171,429
Tank C
17- Pump E 22 7200 75 94.10 126,249
18 Storage 30 7200 75 94.50 171,429
Tank D
19 Fan 45 7200 75 95.40 254,717
Pump
20- Fine 0 n.a. n.a. * 0
Sand
Separator
21- Pressure 30 7200 75 94.50 171,429
Screen
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Table B2 Technical Specifications and Electricity Consumption of the Motors in

the Facility (Scenario 1) (contodd
Installed Working Load Efficiency Electricity
Unit Power Hours Factor (%) Consumptior
(kWh) (hours/year) (%) (kWhlyear)
22- Pulp 0 n.a. n.a. * 0
Chest
23 Screen 37 7200 75 95.00 210,316
24- Vacuum 136 7200 75 95.80 766,597
25 Press 74 7200 75 95.80 417,119
Groups
26- Drying 90 7200 75 95.40 509,434
27- Roll 22 2100 75 94.10 36,823
Wrapper
28 11 2100 75 93.00 18,629
Rewinder
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C. Life Cycle Inventory Data Entered into SimaPro

In thisappendix, the inputs and outputs entered into SimaPro for the S®c, and

S1 for each unit are provided. The inputs and outputs of the other scenarios are
largely similar to the S@ input output table (Table 3B) presented in Section32
Therefore,they are not repeated in this appendix. The key differences of these

scenarios are presented in Appendix 4 with SimdRrentory Datascreenshots.
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TableC-1 The Inputs and Outputs Entered Into SimaPr®iGC Baseline Scenari(G0-b) for Each Unit

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash
(ton)  (ton) (ton) (m® (ton) (ton)
Transport 1.09290 0.00 0.00 0.00 5.58 0.00 0.00000 1.0929C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Internal 1.09290 0.00 0.00 0.0 0.84 0.00 0.00000 1.0929C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Transport
Conveyor 1.09290 0.12 0.00 0.00 0.00 0.00 0.00000 1.0929C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pulper 1.09290 75.44 0.00 0.00 0.00 0.00 0.00000 1.078690.0050%5 0.00250 0.00665 0.00 0.00 0.0000
Pump A 1.07869 139 0.00 0.00 0.00 0.00 0.00000 1.078690.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Storage 1.07869 24.17 0.00 0.00 0.00 0.00 0.00000 1.0786S0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank A
PumpB 1.07869 17.84 0.00 0.00 0.00 0.00 0.00000 1.078690.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Coarse 1.07869 0.00 0.00 0.00 0.00 0.00 0.00000 1.053880.00892 0.00427 0.01161 0.00 0.00 0.0000

Screen A
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Table G1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenabpf(@&ach Unitt cont 6 d)

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash
(ton)  (ton) (ton) (m® (ton) (ton)
Turbo 1.05388 16.82 0.00 0.00 0.00 0.00 0.00000 1.053880.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Seperatol
Pump C 0.21077 2.76 0.00 0.00 0.00 0.00 0.00000 0.210770.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Reject 0.21077 4.21 0.00 0.00 0.00 0.00 0.00000 0.168620.0155C 0.00691 0.01973 0.00 0.00 0.0000
Sorter
Storage 1.01172 24.44 0.00 0.00 0.00 0.00 0.00000 1.011720.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank B
PumpD 1.01172 18.04 0.00 0.00 0.00 0.00 0.00000 1.011720.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Coarse 1.01172 0.00 0.00 0.00 0.00 0.00 0.00000 1.008690.00105 0.00056 0.00142 0.00 0.00 0.0000
Screen B
Deflaker 1.0086 14.13 0.00 0.00 0.00 0.00 0.00000 1.006670.0006S 0.00038 0.00094 0.00 0.00 0.0000
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Table G1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenaho) (SOf o r

Each

Uni t

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output
Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash
(ton)  (ton) (ton) (m® (ton) (ton)
Storage 1.00667 24.75 0.00 0.00 0.00 0.00 0.00000 1.006670.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank C
Pump E 1.00667 18.27 0.00 0.00 0.00 0.00 0.00000 1.006670.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Storage 1.00667 24.75 0.00 0.00 0.00 0.00 0.00000 1.006670.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank D
Fan 1.00667 36.87 0.00 0.00 0.00 0.00 0.00000 1.006670.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pump
Fine 1.00667 0.00 0.00 0.00 0.00 0.00 0.00000 1.0046€0.0006¢ 0.00037 0.00094 0.00 0.00 0.0000
Sands.
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Table G1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenabg(SOf or Each Unit (contd

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)
Pressure 1.00466 24.86 0.00 0.00 0.00 0.00 0.00000 1.002650.0006¢2 0.00037 0.00094 0.00 0.00 0.0000
Screen
Pulp 1.00265 0.00 0.00 0.00 0.00 0.00 0.99895 1.002650.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Chest
Screen 1.00265 30.80 0.00 0.00 0.00 6.00 0.0000001.000000.0008¢ 0.00051 0.00124 5.00 0.00 0.0000
Vacuum 1.00000 110.87 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Press 1.00000 60.66 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Groups
Drying 1.00000 73.77 0.15 0.23 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.03 0.0023

Rollw. 1.00000 5.38 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Rewinder 1.00000 2.73 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
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TableC-2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline S¢8faridor Each Unit

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash
(ton)  (ton) (ton) (m® (ton) (ton)
Transport 1.28194  0.00 0.00 0.00 6.55 0.00 0.00000 1.281940.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Internal 1.28194  0.00 0.00 0.0 098 0.00 0.00000 1.281% 0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Transport
Conveyor 1.28194 0.15 0.00 0.00 0.00 0.00 0.00000 1.281940.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pulper 1.2819% 88.49 0.00 0.00 0.00 0.00 0.00000 1.224250.0205C 0.01016 0.02701 0.00 0.00 0.0000
Pump A 1.22425 157 0.00 0.00 0.00 0.00 0.00000 1.224250.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Storage 1.22425 27.42 0.00 0.00 0.00 0.00 0.00000 1.224250.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank A
PumpB 1.22425 20.%5 0.00 0.00 0.00 0.00 0.00000 1.224250.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Coarse 1.22425 0.00 0.00 0.00 0.00 0.00 0.00000 1.156920.02421 0.01158 0.03152 0.00 0.00 0.0000
Screen A
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Table G2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline Scena)idofIoach Unif cont 6 d)

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m®) (ton) (ton)

Turbo 1.15692 18.47 0.00 0.00 0.00 0.00 0.00000 1.156920.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Seperatol

Pump C 0.23138 3.03 0.00 0.00 0.00 0.00 0.00000 0.231380.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Reject 0.23138 4.62 0.00 0.00 0.00 0.00 0.00000 0.185100.01701 0.00759 0.02166 0.00 0.00 0.0000

Sorter

Storage 1.11064 26.83 0.00 0.00 0.00 0.00 0.00000 1.110640.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank B

PumpD 1.11064 19.80 0.00 0.00 0.00 0.00 0.00000 1.110640.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Coarse 1.11064 0.00 0.00 0.00 0.00 0.00 0.00000 1.077320.01153 0.00618 0.0156C 0.00 0.00 0.0000
Screen B

Deflaker 1.077326 15.09 0.00 0.00 0.00 0.00 0.00000 1.055770.0073S 0.00405 0.01008 0.00 0.00 0.0000
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Table G2 The Inputs and OutpuEntered Into SimaPro for White Paper Baseline Scenarie (50 f o r

Each Unit

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output
Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7

Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood

(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)

Storage 1.05577 25.95 0.00 0.00 0.00 0.00 0.00000 1.055770.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank C

Pump E 1.05577 19.16 0.00 0.00 0.00 0.00 0.00000 1.055770.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Storage 1.05577 25.95 0.00 0.00 0.00 0.00 0.00000 1.055770.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank D

Fan 1.05577 38.67 0.00 0.00 0.00 0.00 0.00000 1.055770.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pump

Fine 1.05577 0.00 0.00 0.00 0.00 0.00 0.00000 1.0346€0.00726 0.00396 0.00988 0.00 0.00 0.0000
Sands.

Pressure 1.03466 25.60 0.00 0.00 0.00 0.00 0.00000 1.013970.00712 0.00388 0.00968 0.00 0.00 0.0000

Screen
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Table G2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline Scenarip (S® or Each Unit (cont

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)
Pulp 1.01397 0.00 0.00 0.00 0.00 0.00 1.01023 1.013970.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Chest
Screen 1.01397 31.15 0.00 0.00 0.00 6.00 0.0000001.000000.00471 0.00271 0.00654 5.00 0.00 0.0000
Vacuum 1.00000 110.& 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Press 1.00000 60.65 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Groups
Drying 1.00000 73.77 0.15 0.23 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.03 0.0023
Roll 1.00000 5.38 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Wrapper

Rewinder 1.00000 2.73 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
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TableC-3 The Inputs and Outputs Entered I8ianaPro for Scenario 1 for Each Unit

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7

Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood

(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)

Transport 1.16265 0.00 0.00 0.00 5.94 0.00 0.00000 1.162650.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Internal 1.16265 0.00 0.00 0.0 0.89 0.00 0.00000 1.162650.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Transport

Conveyor 1.16265 0.12 0.00 0.00 0.00 0.00 0.00000 1.162650.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Pulper 1.16265 77.08 0.00 0.00 0.00 0.00 0.00000 1.128930.01198 0.00594 0.01578 0.00 0.00 0.0000

Pump A 1.12893 1.3 0.00 0.00 0.00 0.00 0.00000 1.128930.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Storage 1.12893 24.08 0.00 0.00 0.00 0.00 0.00000 1.128%® 0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank A

PumpB 1.12893 17.74 0.00 0.00 0.00 0.00 0.00000 1.128930.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Coarse 1.12893 0.00 0.00 0.00 0.00 0.00 0.00000 1.084900.01583 0.00757 0.02061 0.00 0.00 0.0000

Screen A
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Table G3 The Inputs and Outputs Entered Into SimaPr&fmnario 1 for EachUnftc ont 6 d)

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output
Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash
(ton)  (ton) (ton) (m® (ton) (ton)
Turbo 1.08490 16.61 0.00 0.00 0.00 0.00 0.00000 1.0849C0.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Seperatol
Pump C 0.21698 2.5 0.00 0.00 0.00 0.00 0.00000 0.216980.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Reject 0.21698 4.12 0.00 0.00 0.00 0.00 0.00000 0.173580.01595 0.00711 0.02031 0.00 0.00 0.0000
Sorter
Storage 1.04151 23.% 0.00 0.00 0.00 0.00 0.00000 1.041510.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank B
PumpD 1.04151 17.64 0.00 0.00 0.00 0.00 0.00000 1.041510.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Coarse 1.04151 0.00 0.00 0.00 0.00 0.00 0.00000 1.026930.00504 0.00270 0.00682 0.00 0.00 0.0000
Screen B
Deflaker 1.02693 13.74 0.00 0.00 0.00 0.00 0.00000 1.018710.00282 0.00154 0.00384 0.00 0.00 0.0000
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TableG3 The I nputs and Outputs Entered Into SimaPro
Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output
Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7

Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood

(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)

Storage 1.01871 23.8% 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank C

Pump E 1.01871 17.56 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000

Storage 1.01871 23.8% 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Tank D

Fan 1.01871 3544 0.00 0.00 0.00 0.00 0.00000 1.018710.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Pump

Fine 1.01871 0.00 0.00 0.00 0.00 0.00 0.00000 1.0105€0.0028C 0.00152 0.00381 0.00 0.00 0.0000
Sands.

Pressure 1.01056 23.82 0.00 0.00 0.00 0.00 0.00000 1.002480.00278 0.00151 0.00378 0.00 0.00 0.0000

Screen
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TableG3 The I nputs and OQOutputs Entered I nto SimaPro for

Inputl Input2 Input Input Input Input Input7 Output Output Output 3 Output Output Output Output

Mixed Electricity 3 4 5 6 Defoamer 1 2 Glass,S,I 4 5 6 7
Unit Paper (kWh) Coal Wood Diesel Water  (kg) Mixed Pulper Waste Other Waste Coal Wood
(ton) (ton) (ton) (L) () Paper Waste (ton) Waste Water Ash  Ash

(ton)  (ton) (ton) (m® (ton) (ton)
Pulp 1.00248 0.00 0.00 0.00 0.00 0.00 0.99978 1.002480.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Chest
Screen 1.00248 29.17 0.00 0.00 0.00 6.00 0.0000001.000000.00083 0.00048 0.0011€ 5.00 0.00 0.0000
Vacuum 1.00000 106.47 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Press 1.00000 57.93 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Groups
Drying 1.00000 70.75 0.15 0.23 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.03 0.0023
Roll 1.00000 5.11 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
Wrapper

Rewinder 1.00000 2.%9 0.00 0.00 0.00 0.00 0.00000 1.000000.0000C 0.00000 0.0000C 0.00 0.00 0.0000
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D. Screenshots of ife Cycle Inventory Data Entered in SimaPro

Scenario 0-a

| Products

Qutputs to technosphere: Products and co-products Amount  Unit Quantity Allocatic Category Comment

Mixed 1 [ton [ Mass  [100% [ Papen.\KAAN

Qutputs to technosphere: Avoided products Amount Unit Distributio SD2 or 25C Min Max Comment
[ Inputs

Inputs from nature Sub-compartment Amount  Unit Distributio SD2 or 25C Min Max Comment

Inputs from tech here: ials/fuel: Amount Unit Distributio SD2 or 25C Min Max Comment

1- Transport (Mixed Paper) 1.16265 ton Undefinec

2- Internal Transport (Mixed Paper) 1.16265 ton Undefinec

3- Conveyor (Mixed Paper) 1.16265 ton Undefinec

4- Pulper (Mixed Paper) 1.16265 ton Undefinec

5- Pump A (Mixed Paper) 112884 | ton Undefinec

6- Storage Tank A (Mixed Paper) 1.128%4 ton Undefi

7- Pump B (Mixed Paper) 1.12894 ton Undefinec

8- Coarse Screen A (Mixed Paper) 1.12894 ton Undefinec

9- Turbo Seperator (Mixed Paper) 1.08491 ton Undefinec

10- Pump C (Mixed Paper) 0.21698 ton Undefinec

11- Reject Sorter (Mixed Paper) 0.21698 ton Undefinec|

12- Storage Tank B (Mixed Paper) 1.04151 ton Undefinec

13- Pump D (Mixed Paper) 1.04151 ton Undefinec

14- Coarse Screen B (Mixed Paper) 1.04151 ton Undefi

15- Deflaker (Mixed Paper) 1.02693 ton Undefinec

16~ Storage Tank C (Mixed Paper) 1.01872 ton Undefinec|

17- Pump E (Mixed Paper) 1.01872 ton !

18- Storage Tenk D (Mixed Paper) 1.01872 ton Undefinec

19- Fan Pump (Mixed Paper) 1.01872 ton Undefinec

20- Fine Sand Seperator (Mixed Paper) 1.01872 ton Undefi

21- Pressure Screen (Mixed Paper) 1.01057 ton Undefinec

22- Pulp Chest (Mixed Paper) 1.00248 ton Undefinec

23- Screen (Mixed Paper) 1.00248 ton !

24- Vacuum (Mixed Paper) 1 ton Undefinec|

25- Press Groups (Mixed Paper) 1 ton Undefinec

26- Drying (Mixed Paper) 1 ton Undefinec

27- Roll Wrapper (Mixed Paper) 1 ton Undefinec

28- Rewinder (Mixed Paper) 1 ton Undefinec
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Transport

| Products
Outputs to technosphere: Products and co-product Amount  Unit Quantity Allocatic Category C
116625 | ton | Mass | 100% | Paper\.\KAAN
Qutputs to technosphere: Avoided products Amount Unit Distributio SD2 or 2SC Min Max Comment
| Inputs
Inputs from nature Sub-compartment Amount  Unit Distributio SD2 or 25C Min Max Comment
Inputs from technosphere: ials/fuels Amount  Unit Distributio SD2 or 2SC Min Max G it
Transport, freight, lorry >32 metric ton, euro6 {RER}| marlnetfunll 200 | tkm | Undefinec
Inputs from technesphere: electricity/heat Amount  Unit Distributio SD2 or 25C Min Max Comment
Internal Transport
Products
Qutputs to technosphere: Products and co-products Amount  Unit Quantity Allocatic Category C
116265 | ton | Mass | 100% | Paper.\KAAN |
Qutputs to technosphere: Avoided products Amount Unit Distributio SD2 or 25C Min Max Comment
‘ Inputs
Inputs from nature Sub-compartment Amount  Unit Distributio SD2 or 25C Min Max Comment
Inputs from tech h ials/fuels Amount Unit Distributio SD2 or 25SC Min Max C
Diesel, burned in building machine {GLO]| p ing|Conseq, | 3186 | M) | Undefinec [
Inputs from technosphere: electricity/heat Ameount  Unit Distributio SD2 or 25C Min Max Comment
Conveyor
| Products
Outputs to technosphere: Products and co-prod Amount  Unit Quantity Allocatic Category C
116265 [ton | Mass [ 100% [ Papen.\KAAN |
Outputs to technosphere: Avoided products Amount  Unit Distributio SD2 or 2SC Min Max Comment
[ Inputs
Inputs from nature Sub-compartment Amount  Unit Distributio SD2 or 2SC Min Max Comment
Inputs from technosphere: materials/fuels Amount  Unit Distributio SD2 or 2SC Min Max Comment
Inputs from technosph lectricity/heat Amount  Unit Distributio SD2 or 25C Min Max G
Electricity, medium voltage {TR}| market for | Conseq, U [o13 [ kWh | Undefinec
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Pulper

| Products

Outputs to technosphere: Products and co-products Amount  Unit Quantity Allocatic Category Comment

J112804 [ton [ Mass [ 100% [ Papen.\KAAN |

Qutputs to technosphere: Avoided products Amount Unit Distributio SD2 or 2SC Min Max Comment

Inputs
Inputs from nature Sub-compartment Amount Unit Distributio SD2 or 25C Min Max Comment
Inputs from technosphere: materials/fuels Amount Unit Distributio SD2 or 25C Min Max Comment
Inputs from tech here: electricity/heat Amount Unit Distributio SD2 or 2SC Min Max Comment
Electricity, medium voltage {TR)| market for | Conseq, U 8026 | kWh | Undefinec I |
[ Outputs
Emissions to air Sub-compartment Amount  Unit Distributio SD2 or 25C Min Max Comment
Emissions to water Sub-compartment Amount Unit Distributio 5D2 or 25C Min Max Comment
Emissions to soil Sub-compartment Amount Unit Distributio SD2 or 2SC Min Max Comment
Final waste flows Sub-comp Amount  Unit Distributio SD2 or 25C Min Max C
Plastic waste 0.01199 ton Und
Glass waste 0.005%4 ton Undefi
Municipal waste, unspecified 0.01579 ton Undefi
Products
Amount  Unit Quantity Allocatic Category Comment

112894 [ton  [Mass [ 100% [ Paper..\KAAN |

Qutputs to technosphere: Avoided products Amount  Unit Distributio 5D2 or 25C Min Max Comment

Inputs
Inputs from nature Sub-compartment Amount  Unit Distributio SD2 or 25C Min Max Comment
[ B
Inputs from technosphere: materials/fuels Amount  Unit Distributio 5D2 or 25C Min Max Comment
I
Inputs from techi h lectricity/heat Amount  Unit Distributio SD2 or 25C Min Max Comm:

Electricity, medium voltage {TR}| market for | Conseq, U 145 [ kwh | Undefinec
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Storage Tank A

[ Products

Qutputs to technosphere: Products and co-products Amount  Unit Quantity Allocatic Category Comment

1112804 [ton | Mass | 100% | Paper\..\KAAN |

Outputs to technosphere: Avoided products Amount  Unit Distributio SD2 or 25C Min Max Comment
| Inputs

Inputs from nature Sub-compartment Amount  Unit Distributio D2 or 25C Min Max Comment
Inputs from technosphere: materials/fuels Amount  Unit Distributio SD2 or 25C Min Max Comment
Inputs from technosphere: electricity/heat Amount  Unit Distributic SD2 or 25C Min Max Comm

Electricity, medium voltage { TR} market for | Conseq, U | 25.29 | kWh | Um:leﬁnu|

Pump B
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