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ABSTRACT 

 

EVALUATION OF BEST AVAILABLE TECHNIQUES FOR PAPER 

RECYCLING PROCESSES USING LIFE CYCLE ANALYSIS  

 

 

Ertuĵrul, Kaan 

 

Master of Science, Environmental Engineering 

 

Supervisor: Prof. Dr. Filiz B. Dilek 

 

 

 

September 2025, 298 pages 

 

Paper recycling is the process of converting waste paper into new paper products, 

enabling savings in energy, water, and other resources, yet the process also generates 

environmental burdens. The European Integrated Pollution Prevention and Control 

(IPPC) Bureau outlines best available techniques (BATs) in the BAT reference 

(BREF) documents to reduce environmental impacts, costs, and resource use. The 

Production of Pulp, Paper and Board and Energy Efficiency BREFs provide several 

BATs applicable to paper recycling. However, selecting the most suitable measures 

requires quantifying their environmental impacts under facility-specific conditions. 

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

selected BATs and other technologies for a paper recycling facility through scenario 

analysis. The facilityôs inputs and outputs were inventoried, and the analysis was 

conducted with the help of SimaPro software using the ReCiPe 2016 Endpoint (H) 

method, with a functional unit of 1 ton of recycled paper produced and a gate-to-gate 

system boundary. 
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Five scenarios, including the implementation of selected BAT options in the facility, 

were assessed. The 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 grid-supplied electricity with rooftop solar PV achieved the 

most significant improvement, reducing the overall impact by 59.1% and 

substantially lowering fine particulate matter formation and global warming impacts. 

In contrast, adding a deinking process increased the total impact by 54.6% due to 

higher energy, water, and chemical demands, alongside greater waste generation. 

 

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

Energy Efficiency 
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¥Z 

 

KAĴIT GERĶ D¥N¦ķ¦M S¦RE¢LERĶ Ķ¢ĶN YAķAM D¥NG¦S¦ 

DEĴERLENDĶRMESĶ ĶLE MEVCUT EN ĶYĶ TEKNĶKLERĶN 

DEĴERLENDĶRĶLMESĶ 

 

 

 

Ertuĵrul, Kaan 

 

Y¿ksek Lisans, ¢evre M¿hendisliĵi 

 

Tez Yºneticisi: Prof. Dr. Filiz B. Dilek 

 

 

Eyl¿l 2025, 298 sayfa 

 

Atēk kaĵēdēn yeni kaĵēt ¿r¿nlerine dºn¿ĸt¿r¿lmesi s¿reci olan k©ĵēt geri dºn¿ĸ¿m¿, 

enerji, su ve diĵer kaynaklardan tasarruf saĵlarken aynē zamanda ­evresel negatif 

etkiler de oluĸturmaktadēr. Avrupa Entegre Kirlilik ¥nleme ve Kontrol B¿rosu 

(IPPC), ­evresel etkileri, maliyetleri ve kaynak kullanēmēnē azaltmak amacēyla 

mevcut en iyi teknikleri (MET), MET referans (BREF) dok¿manlarēnda 

sunmaktadēr. Kaĵēt hamuru, Kaĵēt ve Karton ¦retimi ile Enerji Verimliliĵi BREF 

dok¿manlarē, k©ĵēt geri dºn¿ĸ¿m¿ne uygulanabilecek ­eĸitli METôler i­ermektedir. 

Ancak, en uygun ºnlemlerin se­ilmesi, tesisin kendine ºzg¿ koĸullarēnda ­evresel 

etkilerinin nicel olarak deĵerlendirilmesini gerektirmektedir. 

Bu ­alēĸmada, bir kaĵēt geri dºn¿ĸ¿m tesisinde se­ilen METôler ve diĵer teknolojiler, 

senaryo analizi yoluyla deĵerlendirilmek ¿zere Yaĸam Dºng¿s¿ Deĵerlendirmesi 

(YDD) yºntemi uygulanmēĸtēr. Tesisin girdi ve ­ēktēlarē envanterlenmiĸ, analiz 

SimaPro yazēlēmē yardēmēyla ReCiPe 2016 Endpoint (H) yºntemi kullanēlarak 
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yapēlmēĸtēr. Fonksiyonel birim, ¿retilen 1 ton geri dºn¿ĸt¿r¿lm¿ĸ k©ĵēt olarak 

belirlenmiĸ, sistem sēnērē ise kapēdan kapēya olarak tanēmlanmēĸtēr. 

Tesiste se­ilmiĸ METôlerin uygulanmasēnē da kapsayan beĸ senaryo 

deĵerlendirilmiĸtir. Sonu­lar, toplam skorun %44,2ôsinden sorumlu olan ve aĵērlēklē 

olarak kºm¿r ve odun t¿ketiminden kaynaklanan kurutma ¿nitesinin en b¿y¿k etki 

kaynaĵē olduĵunu gºstermiĸtir. ķebeke elektriĵinin ­atē ¿zeri g¿neĸ enerjisi sistemi 

ile deĵiĸtirilmesi, genel etkiyi %59,1 oranēnda azaltarak ve ince partik¿l madde 

oluĸumu ile k¿resel ēsēnma etkilerini ºnemli ºl­¿de d¿ĸ¿rerek en b¿y¿k iyileĸmeyi 

saĵlamēĸtēr. Buna karĸēlēk, m¿rekkep giderme s¿recinin eklenmesi, daha y¿ksek 

enerji, su ve kimyasal kullanēmē ile daha fazla atēk oluĸumu nedeniyle toplam etkiyi 

%54,6 oranēnda artērmēĸtēr. 

 

Anahtar Kelimeler: Kaĵēt Geri Dºn¿ĸ¿m¿, Yaĸam Dºng¿s¿ Deĵerlendirmesi, 

Mevcut En Ķyi Teknikler, Enerji Verimliliĵi 
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CHAPTER 1  

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 husk) (Sonsale et al., 2023). The 

utilization of recycled fiber establishes it as a raw material that is more sustainable 

and kind to the environment than others in the industry. The industry plays a pivotal 

role in global 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 

These environmental issues include consumption 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 vibration from paper machines (local) and odour from 

vapours and waste water treatment plants (local) (PPPB-BREF, 2015). 

Addressing these environmental concerns requires the implementation of best 

available techniques (BAT) that are both technically feasible and economically 

viable. In this context, the European Integrated Pollution Prevention and Control 

(IPPC) Bureau has developed BAT Reference (BREF) Documents to guide 

industries on reducing environmental impacts across various sectors, including the 

Production of Pulp, Paper, and Board. 
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The Production of Pulp, Paper, and Board BREF (PPPB-BREF), published by the 

European Commission, outlines BATs aimed at minimizing environmental impacts 

in the pulp and paper sector. The BREF was originally released in 2001 and revised 

starting in 2006. The document evaluates industrial processes, environmental 

performance, pollution reduction techniques, and emerging technologies. Given that 

the paper and pulp industry is an energy-intensive industry (Fleiter et al., 2012), 

characterized by both highly energy-intensive production processes as well as by the 

generation of large amounts of energy outputs as a side-product, the PPPB-BREF 

also emphasizes that BATs provided in the Energy Efficiency BREF (ENE-BREF) 

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 

essential to evaluate the environmental implications of various techniques and 

support informed decision-making in technology selection. 

Life Cycle Assessment (LCA) has emerged as one of the most robust tools for such 

evaluations. LCA is a methodological framework used to estimate and evaluate the 

environmental impacts associated with the entire life cycle of a product (Rebitzer et 

al., 2004). The LCA enables quantitative analysis, allowing comparisons based on 

clear data. In the light of these comparisons, decision-makers 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 increased (Rebitzer 

et al., 2004). Despite the increasing development of the paper recycling industry, 

there is a notable gap in the literature regarding the evaluation of BATs using LCA 

methods within this industry. While BREF documents provide extensive guidance 

on BATs, their practical applicability remains underexplored. In other words, 
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although these techniques represent the most effective and economically viable 

methods for minimizing environmental impact, there is limited quantitative analysis 

of how much environmental benefit can be achieved by adopting BATs in real-world 

paper recycling facilities. Therefore, this study addressed this gap by applying the 

LCA methodology to assess the environmental impacts of selected BATs in a 

representative paper recycling facility in Ankara, T¿rkiye. The results offer valuable 

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 minimize environmental impacts, this study also 

included techniques that were likely to increase the environmental impacts. These 

techniques were also modeled as scenarios and evaluated using the LCA method. In 

this way, alternative techniques in the paper recycling industry have been 

highlighted. 

1.2 Objective and Scope of the Study 

The primary objective of this study is to examine the techniques used in paper 

recycling facilities and to quantitatively assess their environmental impacts via the 

LCA. By using the primary data of a reference paper recycling facility in Ankara, 

T¿rkiye, the study aims to assess both the current environmental impact of the 

facility (as a baseline scenario) and several alternative scenarios derived from BATs 

outlined in the PPPB-BREF and ENE-BREF documents that would be applicable in 

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

the implementation of these BATs could be put forward quantitatively. 

LCA was conducted using the SimaPro software (9.3.0.3) in conjunction with the 

Ecoinvent 3 database. Environmental impacts were calculated through the ReCiPe 

2016 Endpoint (H) method. The system boundaries are established as ñgate to gateò. 

The functional unit was defined as ñ1 ton of recycled paper producedò . 
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As part of the study, several site visits were conducted at the facility. Data were 

collected from the facility to understand the processes and to use in LCA studies. 

These data formed the foundation of the baseline LCA studies. 

Several scenarios, indicated below, were analyzed in an attempt to examine the 

environmental impacts of alternative techniques at the facility. 

¶ Scenario 1 - Use of High-Efficiency Electrical Motors: To investigate the 

effect of replacing all electric motors in the process with energy-efficient 

ones 

¶ 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 

¶ Scenario 3 - Reuse of Flash Steam in the Steam Boiler: To investigate the 

effect of reusing flash steam in the steam boiler of the drying unit (the most 

energy-intensive unit of the process) 

¶ Scenario 4 - Open and Closed Water Circuits: To investigate the 

difference between open and closed water circuit systems 

¶ Scenario 5 ï 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 related to the paper recycling industry, along with the role 

of LCA and BATs 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 comprehensive explanation 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 approaches. The 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 scenario-based LCA 



 

 

5 

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. 
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CHAPTER 2  

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 

increased. The paper recycling industry plays a pivotal role in global efforts towards 

sustainability and environmental conservation. With an increasing awareness of the 

environmental impact of deforestation and the depletion of natural resources, the 

demand for recycled paper has increased. This industry not only addresses the 

growing need for sustainable alternatives but also significantly contributes to 

reducing the carbon footprint associated with paper production. Replacing primary 

feedstocks with recovered paper can result in substantial resource and carbon dioxide 

(CO2) emissions savings (Jin et al., 1999). A general view from a paper recycling 

plant is provided in Figure 2.1. 

 

Figure 2.1 Paper Recycling Industry (PPPB-BREF, 2015) 
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If we look at global greenhouse gas (GHG) emissions by sector, as can be seen in 

Figure 2.2, the energy use in paper & pulp industry has a share of about 0.6%. 

Additionally, deforestation has a share of about 2.2%, chemicals have a share of 

about 2.2%, landfills have a share of about 1.9%, and wastewater has a share of about 

1.3%. While these contributions are not exclusively from the paper & pulp industry, 

the paper & pulp industry is a factor that contributes to them. 

 

Figure 2.2 Greenhouse Gas Emissions by Sector (adapted from Ritchie et al., 2020)  

 

In T¿rkiye, paper recycling has become a key component of both resource efficiency 

and environmental protection policies. The total amount of recycled paper (domestic 

and imported) was 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 (G¿lcek, 2023). 
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A study carried out under the coordination of the Waste Paper and Recyclers 

Association classified waste papers into quality-based 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 

recycling with 44%, whereas the Black Sea Region recorded the lowest share with 

only 1% (Maden & Arslankaya, 2017).  

Furthermore, while in some European countries the paper recycling rate reaches up 

to 90%, the overall average remains around 72%. This reflects the effectiveness of 

long-standing waste management systems and policy incentives. In T¿rkiye, 

however, the recycling rate has remained constant at around 50% for the past decade 

(Maden & Arslankaya, 2017).As 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 resource-efficient 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 economies (Sahin, 

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 illustrated in Figure 2.3. The figure not 

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

recycling facility but also includes the preceding steps. 
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Figure 2.3 Steps of Paper Recycling 

2.1.1 Collection, Transportation and Sorting 

Used paper, board, etc., is collected from various sources for recycling to be used as 

raw material. They are transported to collection yards where the sorting process takes 

place. In these collection yards, papers are categorized. Following this categorization 

process, efforts are also made to eliminate non-paper elements, such as plastics, and 

paper and board that could be detrimental to the production process. After 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 recycling (PPPB-BREF, 2015). 

The efficiency of collection, transportation and sorting plays a vital role in 

determining the quality of recovered paper. Mixed or poorly sorted waste leads to 

higher reject rates during reprocessing, thereby decreasing system efficiency and 

diminishing environmental benefits (Pivnenko et al., 2015). 

2.1.2 Pulping 

In paper recycling facilities, the first stage of stock preparation is the pulping. The 

pulper allows the cellulose fibers in the paper to become individual fibers (paper 

pulp) and removes non-fibrous fillers and other materials (¥ktem, 2016). In this 

stage, raw material, hot water, and various chemicals such as NaOH are used (Figure 

2.4). The pulper is like a huge blender 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 pulper (Sahin, 2011). 

 

Figure 2.4 Inputs and Outputs of Pulper 

The industry utilizes two primary processes based on the technology employed: 

conventional pulpers and drum pulpers. Conventional pulpers are cylindrical 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 continuous process 

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 contaminants, considering factors like size and specific gravity 

in comparison to fibers and water. This process employs a screen-type equipment 

featuring varying dimensions of screen openings (holes and slots) and optionally 

incorporates various types of hydrocyclones (high-consistency cleaners, centrifugal 

cleaners, etc.) (PPPB-BREF, 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 used to produce lower-quality 
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papers. In these lower-quality 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 

Table 2.1. 

 

Table 2.1 Some of the Chemicals Used in Deinking (Sahin, 2016)  

Ratio (%) Chemicals 

2.0-5.0 Caustic Soda (NaOH) 

3.5-4.5 Soda Ash (Na2CO3) 

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 

1.5-2.0/3.0-6.0 Hydrogen Peroxide (H2O2)/Sodium Silicate 

2.5/2.5/1.5/3.0 Caustic Soda/Soda/Hydrogen Peroxide/Sodium Silicate 

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 newspapers, books, and magazines are 

shared in Table 2.2. 

Table 2.2 Ink Content of Raw Material Types(Sahin, 2011)  

Raw Material Type Ink Content (%) 

Newspaper 1-2 

Book 0.5-1 

Magazine 1-7 
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2.1.5 Drying 

In paper recycling facilities, 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 paper. High-pressure 

rollers effectively extract the water content from the paper, ensuring proper drying. 

There can be multiple stages involving rollers in the process, and it is worth noting 

that steam-heated rollers tend to have high energy consumption. 

However, this process is among the most energy-intensive steps in paper 

manufacturing. The drying section can 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 cut to 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 reused (PPPB-

BREF, 2015). 

2.2 Environmental Issues Related to the Paper Recycling Industry 

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

based (such as wood), agro fibers (for example rice husk or sugar cane husk), and 

recycled fiber-based (waste paper). The Paper Recycling Industry constitutes the use 

of recycled fiber-based (waste paper) as raw material (Sonsale, Yashpal, Pohekar, & 

Purohit, 2023).  Although the use of recycled fiber-based (waste paper) as a raw 

material is more environmentally friendly compared to other raw materials, some 

environmental issues still persist. Environmental issues regarding paper production 

with recycled paper are shown in Table 2.3. 
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Table 2.3 Environmental Issues Related to Paper Recycling Industry 

Environmental Issues Related to the Paper Recycling Industry  

Consumption of Paper Recycling 

Water Use 

Energy Demand 

Waste Water Emissions 

Solid Waste Generation 

Air Emissions from Energy 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 recycled, and it becomes more difficult to 

recycle each time. More cleaning and bleaching are required. This means more 

energy, chemical and water use, more solid waste, and more wastewater. This is one 

of the environmental concerns of the development of recycling (PPPB-BREF, 2015). 

Furthermore, in the current 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 different wastes in a biomass plant to create energy might seem 

like a sustainable and eco-friendly 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 added value. 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 the paragraph 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 recycling 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 could also lead to a higher consumption of nonrenewable resources 

(Virtanen & Nilsson, 1993). 

On the other hand, the global rivalry for wood is expected to intensify due to the 

scarcity of forest resources in certain nations and the widely acknowledged need to 

utilize a greater proportion of bio-based 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 fibers will rise (Grossmann et al., 2014). 

2.2.2 Water Use 

The paper recycling industry is a water-intensive sector, leading to the emergence of 

some environmental concerns. Water is becoming more and more important on a 

global scale. Climate change and inappropriate resource use 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 water circuits in their production facilities, preventing the accumulation of 

effluents. Only the water evaporated during production (approximately 1 m3/t paper) 

needs to be replaced with fresh water. While these facilities generally use fewer 

chemical additives 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 technical effort (Grossmann, Handke, & Brenner, 2014). 
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An example of an optimised stock-water system for the integrated production of 

deinked pulp is given in Figure 2.5. 

 

Figure 2.5 Example of an Optimised Stock-water System for the Integrated 

Production of Deinked Pulp (PPPB-BREF, 2015) 

2.2.3 Energy Demand 

A key issue in paper recycling is the impact of energy use in manufacturing. 

Processing waste paper for paper and board manufacture requires energy that is 

usually derived from fossil fuels, such as oil and coal (Bystrºm & Lºnnstedt, 1997). 

In most of the paper facilities, companies typically produce steam on-site, and they 

may also procure 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 plants in paper facilities occasionally 

generate surplus electricity beyond the needs of the production process. This excess 

electricity can be fed back into the public grid (PPPB-BREF, 2015). 

The energy consumption depends on the raw materials used, the stock preparation 

layout, the installed equipment, and the product properties to be achieved (PPPB-

BREF, 2015). Also, the results from a study revealed that waste paper recycling is 
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energy efficient at low recovery rates, but becomes less efficient at higher recovery 

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 Process Units are shared in Table 2.4. 

 

Table 2.4 Process Heat and Electrical Power Utilization in a Sample Facility 

According to Process Units (PPPB-BREF, 2015) 

Process 

Unit 

Process heat 

 (MJ/ADt) 

Electrical power 

(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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2.2.4 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 for deinking 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 to be used 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 account (PPPB-BREF, 2015). 

2.2.5 Solid Waste Generation 

Most of the impurities from 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 sludge, and, in cases of on-site incineration of residues, ashes and 

filter dust. Solid waste generation is particularly prominent in RCF-based paper mills 

during stock preparation, process water clarification, and wastewater treatment 

(PPPB-BREF, 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 associated with the 

input of raw materials, as shown in Table 2.5. 
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Table 2.5 Amount of Residues Related to the Input of Raw Material (%) 

Depending on Qualities of Paper Used for Recycling and Paper Grade Produced 

(PPPB-BREF, 2015)  

Product 

Graphic 

Papers 

Tissue Market  

DIP 

Paper  

Board 

Recovered 

Paper 

Quality 

 

 

Newspaper, 

Magazines, 

Higher 

Qualities 

 

Office Paper 

for 

Recycling, 

Files, 

Medium 

Quality 

 

 

 

Office Paper 

for Recycling 

 

Shopping 

Center 

Waste, Paper 

for Recycling 

from 

households 

Total Losses 
15-20 

20-35 

28-40 

 

32-40 4-9 

Coarse/ 

Heavy 

1-2 

<2 

1-2 <1 1-2 

Fine/ 

Light 

3-5 

<3 

3-5 4-5 3-6 

Deinking 
8-13 

10-20 

8-13 12-15 - 

Process 

Water 

Clarification 

2-5 

1-5 

15-25 15-25 0-(1) 

 

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 released during gas firing are CO2 and nitrogen oxides (NOX), whereas 

emissions from oil or coal burning include CO2, NOX, sulfur dioxide (SO2), dust, and 

low concentrations of heavy metals  (PPPB-BREF, 2015). 

Comparing studies that examine paper recycling with conventional paper 

production, findings from the 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 consumption (Schmidt, Holm, Merrild, & Christensen, 2007). 

2.2.7 Other 

Apart from consumption of paper for recycling, water use, energy demand, 

wastewater emissions, solid waste generation, and air emissions from energy 

generation, the following aspects associated with paper recycling are of concern 

(PPPB-BREF, 2015). 

¶ Use of Chemical Additives 

¶ Air emissions from sludge and residue incineration (optional); 

¶ Noise and vibration from paper machines (local); 

¶ Odour from vapours and from wastewater treatment plants (local). 
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2.3 Life Cycle Assessment (LCA)  

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 ozone depletion, 

tropospheric ozone (smog) creation, eutrophication, acidification, toxicological 

stress on human health and ecosystems, resource depletion, water use, land use, and 

noise, among others (Rebitzer et al., 2004). 

Numerical analysis of these factors can be 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 identification. Since category-specific results 

emerge, the most impactful category or categories can be identified and the solution 

can be found. 

The LCA method has four different stages, as given in Figure 2.6. The first stage is 

Goal & Scope Definition. The first 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 processed. In this stage, energy, water, chemical, and raw material 

requirements, environmental emissions, and discharges of the product and other 

processes are calculated and presented for all stages of production. This data is then 

used to calculate consumption and discharges 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 categories (e.g., human health, 

ecological health, and resource depletion). As a result, in the final stage, 

recommendations are made based on the results of the LCI and LCIA stages. The 

final stage is called Life Cycle Interpretation (Eryuruk, 2015). 
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Figure 2.6 Stages of Life Cycle Assessment (Curran, 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 product is defined to be 

able to compare products based on the functions they fulfill rather than their 

quantitative quantity (Tukker, 2000). 

The functional unit forms the basis of LCA. Every data to be entered into the 

Inventory must be 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 unit could be defined, for example, as cubic meter years of cooling to 15 

jC below room temperature (Rebitzer et al., 2004) or for a paper recycling plant, the 

functional unit could be defined as "1 ton of recycled paper". The steps for defining 

the functional unit are visually presented in Figure 2.7. 



 

 

23 

 

Figure 2.7 Steps of Defining Functional Unit (Reap, Roman, Duncan, & Bras, 

2008) 

 

Boundary selection within the Goal & Scope Definition determines the processes 

and activities included in an LCA study. A product systemôs unit processes, 

including life cycle stages, impacted geographic area, and relevant time horizon 

influence boundary selection (Reap, Roman, Duncan, & Bras, 2008). The 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 previous studies 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 are added 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 table (Tukker, 2000). Figure 2.8 presents 

a typical environmental evaluation in an LCA. 
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Figure 2.8 A Typical Environmental Evaluation in an LCA (Tukker, 2000) 

 

Raw material inputs and product outputs, water usage, energy use, wastewater, solid 

waste, air emissions, and 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 important. 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 checked, and the 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 product life cycle on 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, noise, etc.) 

(Rebitzer, et al., 2004). Impact categories and units given in the CML LCA manual 

are shared in Table 2.6. 



 

 

25 

Table 2.6 Impact Categories and Units Given in 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, controlling, and 

evaluating information derived from LCI ï Stage 2 and LCIA- Stage 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 

assessment considering integrity, accuracy, and consistency checks. Finally, 

recommendations are made based on the results, and reporting is done (Curran, 

2006). 
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2.4 Best Available Techniques Reference (BREF) Documents  

The European Integrated Pollution Prevention and Control Bureau has addressed the 

BATs in the BRED documents, aiming to minimize environmental impact, cost, and 

resource use in the relevant processes. 

The BREFs mainly focus on specific sectors, known as sectoral BREFs. In addition 

to these BREFs, 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 the Industrial and Livestock Rearing Emissions 

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

conditions for installations covered under the Directive (European Commission, 

2024). This legal obligation ensures that industrial operators in the European Union 

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

BAT conclusions. While T¿rkiye is not a Member State of the EU, BREF documents 

continue to be widely acknowledged and utilized as key technical references in 

shaping national environmental legislation and permitting practices. 

Each BREF document includes multiple BATs applicable to their sectors or for all 

sectors if it is a horizontal BREF.  In this study, the sectoral BREF Production of 

Pulp, Paper, and Board and the horizontal BREF on Energy Efficiency were used. 

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

As one of the sectoral BREFs, the 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 BREF was originally 

released in 2001 and revised starting in 2006. The document evaluates industrial 

processes, environmental performance, pollution reduction techniques, and 

emerging technologies. The official 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 BREF is subject to periodic updates to 

reflect technological progress and industry innovations (PPPB-BREF, 2015). 

In the PPPB-BREF document, separate BAT conclusions are provided for the Kraft 

(Sulphate) Pulping Process, Sulphite Pulping Process, 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 general BAT conclusions 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 emissions to water and air 

¶ Waste management 

¶ Emissions to water 

¶ Emissions of noise 

¶ Decommissioning 

Among these, certain BATs are particularly relevant to paper recycling processes 

due to their direct relation to resource efficiency, emissions control, and waste 

management. In this context, Table 2.7 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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Table 2.7 Techniques for General BAT Conclusions Relevant to Paper Recycling 

(PPPB-BREF, 2015) 

BAT 5 - to reduce fresh water use and generation of wastewater 

a) Monitoring and optimising water usage 

b) Evaluation of water recirculation options 

c) Balancing the degree of closure of water circuits and potential drawbacks; 

adding additional equipment if necessary 

d) Separation of less contaminated sealing water from pumps for vacuum 

generation and reuse 

e) Separation of clean cooling water from contaminated process water and reuse 

f) Reusing process water to substitute for fresh water (water recirculation and 

closing of water loops) 

g) In-line treatment of (parts of) process water to improve water quality to allow 

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 production 

of pulp and paper that have high organic content and calorific value 

c) Cover the steam and power demand of the production processes as far as 

possible by the cogeneration of heat and power (CHP) 

d) Use excess heat for the drying of biomass and sludge, to heat boiler feedwater 

and process water, to heat buildings, etc. 

e) Use thermo compressors 

f) Insulate steam and condensate pipe fittings 

g) Use energy-efficient vacuum systems for dewatering 

h) Use high-efficiency electrical motors, pumps, and agitators 

i) Use frequency inverters for fans, compressors, and pumps 

j) Match steam pressure levels with actual pressure needs 
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Table 2.7 Techniques for General BAT Conclusions Relevant to Paper Recycling 

(PPPB-BREF, 2015) (contôd) 

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

a) Separate collection of different waste fractions (including separation and 

classification of hazardous waste) 

b) Merging of suitable fractions of residues to obtain mixtures that can be better 

utilized 

c) Pretreatment of process residues before reuse or recycling 

d) Material recovery and recycling of process residues on site 

e) Energy recovery on- or off-site from wastes with high organic content 

f) External material utilization 

g) Pretreatment of waste before disposal 

 

In the section titled BAT Conclusions for Processing Paper for Recycling, three main 

themes are highlighted: Materials Management, Wastewater and Emissions to 

Water, and Energy Consumption and Efficiency. 

Under Materials Management, a single BAT (BAT 42) is provided. BAT 42 outlines 

five techniques aimed at preventing soil and groundwater contamination, reducing 

the risk thereof, 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 flow, and 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 

¶ BAT 45 - to prevent and reduce the pollution load of wastewater 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 Paper Fibre) processing mills. Table 2.8 

presents the specific techniques outlined under the relevant BAT conclusions. 

 

Table 2.8 Techniques for BAT Conclusions in Paper for Recycling Section (PPPB-

BREF, 2015) 

BAT 42 

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

i) Collection of contaminated run-off water from the paper for recycling storage 

area and treatment in a wastewater treatment plant 

j) Surrounding the terrain of the paper for recycling yard with fences against 

wind drift 

k) Regularly cleaning the storage area and sweeping associated roadways and 

emptying gully pots to reduce diffuse dust emissions. 

l) Storing of bales or loose paper under a roof to protect the material from 

weather influences 

BAT 43 

k) Separation of the water systems 

l) Counter-current 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 minimise 

emissions of biocides 

j) Removal of calcium from process water by a controlled precipitation of 

calcium carbonate 
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Table 2.9 Techniques for BAT Conclusions in Paper for Recycling Section (PPPB-

BREF, 2015) (contôd) 

BAT 45 

a) the techniques specified in BAT 13, BAT 14, BAT 15, BAT 16, BAT 43, and 

BAT 44 

BAT 46 

a) High consistency pulping for disintegrating paper for recycling into separated 

fibres 

b) Efficient coarse and fine screening by optimising rotor design, screens, and 

screen operation, which allows the use of smaller equipment with lower 

specific energy consumption 

c) Energy saving stock preparation concepts, extracting impurities as early as 

possible in the re-pulping process, using fewer and optimised machine 

components, thus restricting the energy-intensive processing of the fibres 

 

Given the importance of energy consumption in RCF facilities, another BREF 

document relevant to this thesis work is the ENE-BREF, which is a horizontal 

guidance document developed under the IPPC Directive. It provides general BAT 

recommendations for improving energy use across all industrial sectors. The 

document highlights the role of energy management systems, system-wide 

optimization, and tools such as energy audits and process integration. Although it 

does not focus on sector-specific 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 applicable at the installation level, and techniques related to 

energy-using systems and processes. Although it does not define BAT conclusions, 

many of the techniques listed are directly relevant to energy-intensive sectors, 

including paper recycling. 

The techniques 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 

¶ Electric-Motor Driven Sub Systems 

¶ Compressed Air Systems 

¶ Pulping Systems 

¶ HVAC Systems 

¶ Lighting 

¶ Drying, Seperation, and Concentration Processes 

While the ENE-BREF (2009)  does not include formal BAT conclusions, it offers 

technical background and practical examples that can support energy efficiency 

considerations across all sectors. The document may serve as a useful reference for 

identifying techniques relevant to paper recycling operations and for supporting the 

interpretation of energy-related aspects addressed in the PPPB-BREF document. 

Techniques such as cogeneration, re-use of flash steam, and the energy-efficient 

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 management strategies. 

Although there are limited LCA studies focused solely on process-level evaluations 

within paper recycling facilities, a growing body of literature provides 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 multi-indicator evaluations in shaping outcomes. Collectively, these 

references strengthen the methodological foundation of this thesis and support the 

use of LCA as a decision-making tool in identifying environmentally optimal BATs 

for paper recycling processes. 

In the study conducted by Liu et al., 2020 an integrated Material Flow Analysis and 

LCA model to evaluate the economic and environmental performance of China's 

waste paper recycling system has been developed. 1 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 sources. The study evaluates GHG emissions as the primary 

environmental indicator and reports baseline emissions as 901.1 kgCOϜeq per ton 

of recovered paper for the year 2017. The projected GHG emissions for 2030 under 

improved system integration are estimated to be 942.9 kgCOϜeq per ton. Although 

LCA is applied as the methodological framework, the study does not disclose which 

LCA software or which impact assessment method was used. The results of the study 

showed that integrating nonstandard recycling vendors into formal systems 

significantly improves both economic benefits and GHG emissions. This approach 

demonstrates how recycling system design and regulatory structure directly 

influence environmental performance. The study links process-level LCA outputs 

with system-level policy decisions. The study also integrates a sensitivity analysis to 
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evaluate how changes in recovery parameters affect system efficiency and 

environmental outcomes. By combining material flow modelling with LCA and 

economic inputïoutput calculations, the study provides a decision-support 

framework for policymakers to assess the implications of regulation and integration 

strategies in the recycling sector. 

In another study, Villanueva & Wenzel, 2007 reviewed nine published LCA studies 

on waste paper and cardboard management, comparing 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 waste and wastewater. The 

study concluded that recycling is generally more environmentally favorable than 

landfilling or incineration, especially in energy-related impact categories where data 

quality and consistency are high. The study also emphasized that variations in results 

across LCA studies are mostly due to methodological differences, not fundamental 

contradictions. The study highlighted the importance of defining and justifying key 

assumptions, particularly regarding system boundaries, secondary services (e.g., 

energy recovery), and time perspectives for achieving meaningful and comparable 

outcomes in future LCAs. In particular, recycling consistently showed lower energy 

consumption than virgin paper production, followed by incineration or landfilling, 

owing to the energy-intensive nature of wood pulping and drying. Energy-related 

impacts such as global warming potential and acidification were also lower in most 

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

Feo & Malvano (2009) used the LCA methodology to evaluate twelve Municipal 

Solid Waste (MSW) management scenarios in Italy. The study focused on 

environmental performance across 11 impact categories. The study used the 

WISARD tool. The tool calculated mass and energy balances for sixteen defined 

management phases per scenario, resulting in 192 modeled phases. The study does 

not explicitly state a unique functional unit. The findings revealed that paper 

recycling had the highest avoided environmental impact in most scenarios. Also, dry 

residue collection logistics contributed most significantly to the generated impacts. 
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The use of WISARD, despite its database limitations, offered a structured approach 

for regional waste policy evaluation. Among the twelve scenarios analyzed, scenario 

11 characterized by 80% separate collection with no Refuse-Derived Fuel (RDF) 

incineration, was found to be the most environmentally beneficial in six out of eleven 

categories, including renewable and total energy use, water consumption, 

eutrophication, and hazardous waste. Scenario 10, which included RDF production 

and incineration, performed best in three categories: non-renewable energy use, 

greenhouse gases, and acidification. Overall, the scenarios with higher levels of 

separate collection 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 represented the largest source of environmental burdens in 54.5% 

of cases. The authors also emphasized 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) conducted a comparative LCA to evaluate the environmental 

performance and greenhouse gas emissions of three waste paper management 

strategies. These strategies are bioethanol production, recycling, and incineration 

with energy recovery. The study aimed to assess the 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 are 1 kg of bioethanol used in a flexible-fuel vehicle and the 

treatment of 1 kg of waste paper. The system boundaries for the bioethanol pathway 

included three different stages. For the comparative assessment, closed-loop 

recycling and energy-recovery incineration models were also developed. The 

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 depletion, acidification, eutrophication, ozone 

depletion, human toxicity, and several ecotoxicity potentials. The study revealed that 

certain bioethanol production scenarios offered favorable or neutral environmental 
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profiles compared to recycling or incineration. However, incineration with high-

efficiency recovery was generally the most preferred option in environmental terms. 

This study illustrates how alternative pathways for paper waste can be evaluated 

through detailed LCA modeling. 

Azuaje, et al., 2025 investigated the influence of allocation methods on GHG 

emissions results in the LCA of corrugated containerboard systems using both virgin 

and recycled fibers. The study compared 14 different allocation approaches over 50 

recycling cycles, using a total output of 3.3 billion tons as the functional unit. The 

study showed that including fiber losses significantly reduced variation in emission 

results. Among all methods, the cut-off approach was found to be the most reliable 

due to its simplicity and minimal deviation from the baseline. 

Although not directly related to process-level LCA or specific BAT selection, the 

study by  Shang et al., 2022 offers a valuable macro-level perspective on the paper 

industry's environmental performance. Using a market-extended LCA model and 

entropy-TOPSIS, the study evaluated the green development level of the paper 

industry across 48 countries from 2000 to 2030. These evaluation was done by 

considering environmental, economic, and social indicators. Results of this study 

showed that while developing countries improved faster, developed countries 

maintained a higher ecological performance due to better decoupling of growth from 

environmental impacts. This was primarily attributed to their more effective 

decoupling of economic growth 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, policy frameworks, 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 performance. The study 

emphasized the importance of integrated strategies that simultaneously address 

environmental, economic, and social dimensions, and concluded that global paper 



 

 

37 

industry development should prioritize both technological innovation and 

institutional coordination to support a sustainable transition. 

Skals et al., 2007 conducted a LCA to evaluate the environmental performance of 

enzyme-assisted processing in the pulp and paper industry. This study compares the 

enzymatic process with conventional chemical and energy intensive 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 data from ecoinvent and industry 

sources. 9 different applications assessed. The functional unit was defined as 1 ton 

of pulp or paper. Results showed that enzyme applications generally reduce fossil 

energy use and impacts such as global warming, acidification, and photochemical 

smog. This is particularly 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, although not directly related to process level BAT evaluation, the study by  

Liang et al., 2012 provides useful insights through a Physical InputïOutput LCA 

(PIO-LCA) model assessing four recycling inputs in Chinaôs paper industry. These 

recycling inputs are crop straws, bagasse, textile waste, and scrap paper. Scrap paper 

showed a high product yield; it also had notable indirect environmental impacts. 

Specifically, the study highlighted that these indirect impacts primarily stem from 

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

to exporting countries and creates complex cross-border material and energy flows. 

This leads to increased indirect energy consumption and pollution in upstream 

processes, including collection, sorting, transportation, and preprocessing of 

imported waste paper. In contrast, crop straw and wood waste used for paper 

production benefited more from technology development. Bagasse and textile waste 

recycling, on the other hand, were found to have limited environmental 

improvements, suggesting that alternative pathways should be evaluated. This study 

emphasizes that raw material choice can significantly influence LCA outcomes. 
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CHAPTER 3  

3 METHODOLOGY  

3.1 Study Approach 

In this study, an LCA was carried out for a paper recycling facility using primary 

data from a paper recycling facility in Ankara, T¿rkiye. Although the plant has 

relatively low production capacity, it includes many processes specific to paper 

recycling and can be used as a reference for the paper recycling industry. Detailed 

information on this study plant is provided in Section 3.1.1. 

As part of the study, site visits were conducted at the 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 LCA studies and are of great importance. Missing data were obtained from 

the literature. After analyzing the current situation of the facility and completing the 

baseline LCAs, several scenarios were identified, and the corresponding LCA runs 

were performed. The basis considered during the identification scenarios is provided 

in Section 3.2.1. 

All LCA runs were performed using SimaPro 9.3.0.3 software in accordance with 

the ISO 14040 and ISO 14044 standards, which provide the internationally accepted 

framework for conducting LCA studies. The steps implemented while using the 

SimaPro 9.3.0.3 software are described in detail in the document titled ñIntroduction 

to LCA with SimaProò (Goedkoop et al., 2016). 
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3.1.1 Overview of the Paper Recycling 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. Although it operates at low capacity, it 

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

recycling operations. For privacy reasons, the facilityôs name, as well as images of 

the facility and its process units, are not disclosed in this study. 

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 print-friendly packaging material made 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 facility 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 generated. There 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. Chemical usage at 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 shared in Figure 3.2. There are a total of 28 units 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 facility installation to another. If 

they were considered in conjunction with upstream equipment, this could lead to a 

misattribution of environmental impacts. 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 

waste 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 

the yield loss for OCC paper used for Fluting Paper is approximately 9.5% and lastly, 

the yield loss for white paper used for White Sulphite Paper is approximately 22%. 

Figure 3.1 displays the input waste paper types alongside the corresponding recycled 

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

 

Figure 3.1 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 PPPB-BREF and ENE-BREF documents. The process flowchart of the 

facility, prepared based on the site visits and both verbal and written information/data 

obtained from the facility owner, is given in Figure 3.2. The system boundary 

considered is also indicated in this figure. The elements included and excluded from 

the system boundary are presented in Table 3.1. Within this system boundary, a gate- 

to-gate approach was primarily adopted for the LCA. However, for certain input 

flows such as electricity, chemicals, and raw material transportation, cradle to gate 

or cradle to grave data were used based on the available unit processes in the 

databases of SimaPro. 

 

Table 3.1 Processes Included and Excluded from the Study 

Included Excluded 

Raw material transport to recycling 

facility 

Production of raw materials (waste 

paper) by upstream generators 

Coal and wood transport to recycling 

facility 

Distribution of the finished product 

Internal transport within facility Use phase of recycled paper products 

Paper recycling processes Transportation of wastes generated  

Electricity, coal, wood and diesel 

consumption for all active processes 

Non-direct facility operations 

(e.g., administrative buildings, 

offices, wastewater treatment plant) 

Water consumption and wastewater 

generation 

 

Chemical inputs  
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Selecting an appropriate functional unit is very important for conducting reliable 

LCA studies. In this study, the functional unit was defined as ñ1 ton of recycled paper 

producedò. This selection was made by considering the processability of data 

obtained from the facility as well as consistency with similar studies in literature. 

Using this functional unit allowed for the most accurate and straightforward input of 

data into the software, leading to reliable results. 
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Figure 3.2 Process Flow Chart and the System Boundary Considered 
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3.2.1 Scenarios Developed for the Study 

After analyzing the current situation of the facility and conducting the baseline 

LCAs, five scenarios were identified based on the PPPB-BREF and ENE-BREF 

documents, as indicated in Table 3.2. 

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 replacing existing electric motors with high-efficiency models, aligns with BAT 

6(h) of the PPPB-BREF. Scenario 3, involving the reuse of flash steam in the drying 

unit's steam boiler, corresponds to BAT for Steam Systems (Recovery) of ENE-

BREF, which recommends optimising 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 fossil-based grid 

electricity with rooftop solar power. Although ENE-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 BREF-based scenarios are expected 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 well-functioning application at the facility, or the 

inclusion of an additional recycling process not currently 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 already effective water recirculation 

practice. This scenario reflects techniques outlined in BAT 5(f) and BAT 43(b) 

(Table 2.7 and Table 2.8, respectively) of the PPPB-BREF, which emphasize the 

importance of water circuit closure and reuse. The fifth scenario investigates 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 materials to allow for a comparative analysis of paper recycling under 

varying input conditions. 

Some BATs listed in Section 2.4 were not included in the scenario analysis. 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 such techniques 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 modeled in the 

scenario-based LCA, although they could be considered in future assessments aimed 

at more comprehensive facility upgrades. 
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Table 3.2 Scenarios, Goals and Relevant BATs  

Scenario Name 

Goal Relevant 

Subject/ 

BREF/BAT 

S0 - a 

S0 - b 

S0 - c 

Base ï Mixed Paper 

Base ï OCC 

Base- White Paper 

To investigate the effect of 

the type of recycled raw 

material 

 

 

S1 Use of High-Efficiency 

Electrical Motors 

To investigate the effect of 

replacing all electric motors 

in the process with energy-

efficient ones 

PPPB-BREF 

BAT 6 (h) 

 

 

S2 
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 

Renewable 

Energy for 

Electricity 

 

 

 

S3 
Reuse of Flash Steam in 

the Steam Boiler 

To investigate the effect of 

reusing flash steam in the 

steam boiler of the drying 

unit (the most energy-

intensive unit of the process) 

ENE-BREF 

BAT for 

Steam 

Systems 

(Recovery) 

 

S4 Open and Closed Water 

Circuits 

 

To investigate the difference 

between open and closed 

water circuit systems 

PPPB-BREF 

BAT 5(f) and 

BAT 43 (b) 

 

S5 Deinking 

 

To investigate the effect of 

including deinking 

processes 

Integration of 

Deinking in 

Recycling 

Process 
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3.3 Life Cycle Inventory 

3.3.1 Gathering Primary Data 

The data used in this study comes from an actual paper recycling facility based in 

Ankara, ensuring the use of real primary data. In situations where the facilityôs data 

was insufficient for conducting the LCA, supplemental information was sourced 

from existing literature. Furthermore, units available within the SimaPro software 

databases, mainly Ecoinvent 3, were used. 

On-site visits were carried out to obtain detailed data and insights regarding the 

facility several times. These visits involved direct discussions with the facility 

owner. In-depth information was gathered, and relevant data was collected. 

Additionally, a comprehensive tour of the facility was conducted several times. The 

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 waste annually from raw material 

inputs. Approximately 37% of this waste is categorized as 'Pulper Waste,' which 

includes materials lighter than water, such as plastic, styrofoam, wood, and fabric. 

Although plastic making up a particularly large share,.this type of waste is sent to a 

separate facility in Ankara for energy recovery. Dense materials that sink in water, 

like glass, sand, and iron, account for around 16% of the total waste and are disposed 

of at landfill sites. The remaining waste is carried with water, either directly to the 

sewer system or first to a wastewater treatment plant before final discharge. Figure 

3.3 shows the types of waste generated at the facility and their annual quantities. 
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Figure 3.3 Waste Types and Quantities Generated at the Facility 

 

Water Consumption 

The facility consumes approximately 43,200 tons of water annually. The facility 

operates with a closed-circuit water system. Instead of being discharged after a single 

use, the process water is circulated within the facility and reused up to four times 

before final discharge. This application significantly enhances the environmental 

sustainability of the paper recycling process. Each year, approximately 36,000 tons 

of wastewater are discharged, which is lower than total water consumption because 

part of the water is lost through evaporation during the process. In terms of chemical 

usage, the only chemical applied is an antifoaming agent in the Pulp Chest unit, with 

an annual usage of 7,200 kilograms to prevent water foaming. 

Transportation  

Two diesel-powered forklifts are operating in the facility. Each forklift is estimated 

to consume 3.5 liters of diesel per hour and to run for approximately 3 hours daily. 

Based on these assumptions and 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 study, where waste 

papers, coal, and wood are delivered to the facility from designated points in Istanbul 

or Ankara, diesel-powered trucks are utilized. The total diesel consumption for this 

stage is estimated at 42,039 liters per year. 

Wood and Coal Consumption 

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 limitations, Lignite Coal is 

also used as a supplementary fuel, with an ash content of approximately 18%. 

Annually, approximately 1,080 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, these consumptions are also 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 unit and 

forklifts, operate on electricity. The electricity is purchased from the national grid. 

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

The facility consumes approximately 4,471,457 kWh of electricity annually, which 

means 621 kWh per ton of recycled paper. According to the PPPB-BREF document, 

the typical energy consumption for non-deinking 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 facilityôs scale lowers operational efficiency. 

Additionally, the motors in use at the facility are not energy efficient. 

For the LCA study, a detailed breakdown of electricity consumption for all 28 units 

within the facility is required. The following data 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 information gathered from the facility owner, all motors operate at 

roughly 75% load and are classified as IE2 in terms of efficiency. Additionally, 

motors have been rewound as needed following failures. The total electricity 

consumption of the facility was calculated using both the data obtained from the 

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

in detail in Appendix A. The calculated results were compared with the facilityôs 

electricity bills and found to be consistent. 

The four units with the highest electricity 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 paper-making 

stage. Additionally, the 28 units within the facility have been categorized into the 

following seven processing groups. The specific processing group for each unit is 

provided in Table 3.4. 

a) Supporting System 

b) Pulping 

c) Screening & Cleaning 

d) Drying 

e) Post-Processing 

f) Pumps 

g) Storage Tanks 
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According to this categorization, the distribution of electricity consumption is 

illustrated in Figure 3.4. The Drying group accounts for the highest share, consuming 

39.5% of the total electricity. It should be mentioned that this figure does not include 

coal and wood consumption. Coal and wood consumption was added while making 

the primary energy comparison. Following Drying, Storage Tanks, Pumps, 

Screening & Cleaning, and Pulping have similar levels of electricity usage. Notably, 

the Pulping group comprises only a single unit, which is the Pulper. While the pulper 

has the facilityôs motor with the largest installed power, its operating hours are 

relatively low. On the other hand, the Screening & Cleaning group consists of nine 

separate units, many of which do not have motors. Instead, they operate using pumps 

installed earlier in the system. Storage Tanks have a relatively high electricity 

consumption, as all four tanks are equipped with motors that run continuously. A 

similar situation is also observed with the Pumps group. Consequently, both Storage 

Tanks and Pumps account for a considerable share of total electricity consumption. 

In contrast, the Supporting System's and Post-Processing groupôs electricity 

consumption share is very low. 

 

Figure 3.4 Electricity Consumption Breakdown of the Facility by Processing 

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 the percentage share of each, their primary 

energy consumption values have been calculated. The primary energy consumption 

shares of the seven processing groups are presented in Figure 3.5. 

 

Figure 3.5 Primary Energy Consumption Breakdown of the Facility by Processing 

Groups 

 

The Drying group has the largest share at 67.65%, accounting for the majority of the 

facilityôs total primary energy consumption. This high percentage is due to the wood 

and coal burned in the steam boiler located within this group to produce steam. 

Pulping, Screening & Cleaning, Pumps, and Storage Tanks follow the Drying group 

with similar shares, although the gap between them and the drying group is 

significant. The post-processing group has no noteworthy share in primary energy 

consumption. On the other hand, the 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 energy consumption shares by group is 

presented in Table 3.3. 
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Table 3.3 Electricity and Primary Energy Consumption by Processing Group 

Processing 

Group 

Electricity Consumption 

(%) 

Primary Energy 

Consumption (%) 

Supporting System 0.02 2.89 

Pulping 12.71 6.19 

Screening & Cleaning 14.77 7.19 

Drying 39.50 67.65 

Post-Processing 1.31 0.64 

Pumps 15.60 7.60 

Storage Tanks 16.10 7.84 

 

The breakdown of energy sources used at the facility is illustrated in Figure 3.6. 

Electricity accounts for the largest portion with 48.70% of total primary energy 

consumption, which is nearly half. This is followed by wood at 29.47%, and coal at 

18.95%. Diesel has the smallest share, contributing only 2.88%. 

 

Figure 3.6 Breakdown of Primary Energy Sources Used in the Facility 

Detailed energy consumption data for the 28 units and the processing groups they 

belong to are presented in Table 3.4.
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Table 3.4 Detailed Energy Consumption Data for 28 units of the Facility 

Unit 

 

Processing 

Group 

 

Electricity 

(kWh) 

Coal 

(ton) 

Wood 

(ton) 

Diesel 

(L) 

Electricity 

(%) 

Primary Energy 

(kWh) 

Primary Energy 

(%) 

Transport Supporting 

System 

0 0 0 42,039  -     548,462.30  2.51 

Internal Transport Supporting 

System 

0 0 0 6,300  -     82,193.02  0.38 

Conveyor Supporting 

System 

948.56 0 0 0  0.02   2,259.88  0.01 

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 

Tanks 

180,000.00 0 0 0  4.03   428,838.75  1.96 

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

Coarse Screen A Screening & 

Cleaning 

0 0 0 0  -    0 0.00 
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Table 3.4 Detailed Energy Consumption Data for 28 units of the Facility (contôd) 

Unit 

 

Processing 

Group 

 

Electricity 

(kWh) 

Coal 

(ton) 

Wood 

(ton) 

Diesel 

(L) 

Electricity 

(%) 

Primary Energy 

(kWh) 

Primary Energy 

(%) 

Turbo Seperator Screening & 

Cleaning 

123,934.43 0 0 0  2.77   295,266.03  1.35 

Pump C Pumps 20,326.22 0 0 0  0.45   48,425.96  0.22 

Reject Sorter Screening & 

Cleaning 

31,006.71 0 0 0  0.69   73,871.55  0.34 

Storage Tank B Storage 

Tanks 

180,000.00 0 0 0  4.03   428,838.75  1.96 

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

Coarse Screen B Screening & 

Cleaning 

0 0 0 0  -    0 0.00 

Deflaker Screening & 

Cleaning 

103,278.69 0 0 0  2.31   246,055.02  1.12 

Storage Tank C Storage 

Tanks 

180,000.00 0 0 0  4.03   428,838.75  1.96 
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Table 3.4 Detailed Energy Consumption Data for 28 units of the Facility (contôd) 

Unit 

 

Processing 

Group 

 

Electricity 

(kWh) 

Coal 

(ton) 

Wood 

(ton) 

Diesel 

(L) 

Electricity 

(%) 

Primary Energy 

(kWh) 

Primary Energy 

(%) 

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

Storage Tank D Storage 

Tanks 

180,000.00 0 0 0  4.03   428,838.75  1.96 

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

 Fine Sand Separator Screening & 

Cleaning 

0 0 0 0  -    0 0.00 

Pressure Screen Screening & 

Cleaning 

180,000.00 0 0 0  4.03   428,838.75  1.96 

Pulp Chest Screening & 

Cleaning 

0 0 0 0  -    0 0.00 

Screen Screening & 

Cleaning 

222,000.00 0 0 0  4.96   528,901.13  2.42 

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

Press Groups Drying 436,721.31 0 0 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 Facility (contôd) 

Unit 

 

Processing 

Group 

 

Electricity 

(kWh) 

Coal 

(ton) 

Wood 

(ton) 

Diesel 

(L) 

Electricity 

(%) 

Primary Energy 

(kWh) 

Primary Energy 

(%) 

Drying Drying 531,147.54 1080 1680 0  11.88   11,856,123.51  54.20 

Roll Wrapper Post-

Processing 

38,758.39 0 0 0  0.87   92,339.44  0.42 

Rewinder Post-

Processing 

19,687.50 0 0 0  0.44   46,904.24  0.21 
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3.3.2 Input - Output Data for  the Facility 

All input and output data mentioned in Section 3.3.1 are structured based on the 

functional unit of 1 ton of recycled paper and have been used for baseline scenarios. 

It is important to note that there are three different baseline scenarios. Separate 

analyses were conducted for each type of recycled paper. The inputs and outputs 

entered into SimaPro for Mixed Paper baseline scenario for each unit across are 

detailed in Table 3.5. The inputs and outputs of the other baseline scenarios are 

provided in detail in Appendix C (Table C-1 and C-2). The process units used in the 

LCA scenarios are presented as screenshots in Appendix D, where all input entries 

are clearly indicated. 
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Table 3.5 The Inputs and Outputs Entered Into SimaPro for Mixed Paper Baseline Scenario (S0-a) for Each Unit 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Transport 1.16265 0.00 0.00 0.00 5.94 0.00 0.00000 1.16265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Internal 

Transport 

1.16265 0.00 0.00 0.0 0.89 0.00 0.00000 1.16265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Conveyor 1.16265 0.13 0.00 0.00 0.00 0.00 0.00000 1.16265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pulper 1.16265 80.26 0.00 0.00 0.00 0.00 0.00000 1.12893 0.01198 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 1.12893 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank A 

1.12893 25.29 0.00 0.00 0.00 0.00 0.00000 1.12893 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump B 1.12893 18.67 0.00 0.00 0.00 0.00 0.00000 1.12893 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen A 

1.12893 0.00 0.00 0.00 0.00 0.00 0.00000 1.08490 0.01583 0.01583 0.02061 0.00 0.00 0.0000 



 

 

61 

Table 3.5 The Inputs and Outputs Entered Into SimaPro for Mixed Paper Baseline Scenario (S0-a) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Turbo 

Seperator 

1.08490 17.32 0.00 0.00 0.00 0.00 0.00000 1.08490 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

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

Reject 

Sorter 

0.21698 4.33 0.00 0.00 0.00 0.00 0.00000 0.17358 0.01595 0.01595 0.02031 0.00 0.00 0.0000 

Storage 

Tank B 

1.04151 25.16 0.00 0.00 0.00 0.00 0.00000 1.04151 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump D 1.04151 18.57 0.00 0.00 0.00 0.00 0.00000 1.04151 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen B 

1.04151 0.00 0.00 0.00 0.00 0.00 0.00000 1.02693 0.00504 0.00504 0.00682 0.00 0.00 0.0000 

Deflaker 1.02693 14.39 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00282 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 Scenario (S0-a) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Storage 

Tank C 

1.01871 25.04 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump E 1.01871 18.49 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank D 

1.01871 25.04 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Fan 

Pump 

1.01871 37.31 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

 Fine 

Sand 

Separator 

1.01871 0.00 0.00 0.00 0.00 0.00 0.00000 1.01056 0.00280 0.00280 0.00381 0.00 0.00 0.0000 
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Table 3.5 The Inputs and Outputs Entered Into SimaPro for Mixed Paper Baseline Scenario (S0-a) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Pressure 

Screen 

1.01056 25.00 0.00 0.00 0.00 0.00 0.00000 1.00248 0.00278 0.00278 0.00378 0.00 0.00 0.0000 

Pulp 

Chest 

1.00248 0.99 0.00 0.00 0.00 0.00 0.99978 1.00248 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Screen 1.00248 30.79 0.00 0.00 0.00 6.00 0.000000 1.00000 0.00083 0.00083 0.00116 5.00 0.00 0.0000 

Vacuum 1.00000 110.87 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Press 

Groups 

1.00000 60.66 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Drying 1.00000 73.77 0.15 0.23 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.03 0.0023 

Roll W. 1.00000 5.38 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Rewinder 1.00000 2.73 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 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 their efficiency over time. Upgrading to newer, high-efficiency motor 

technologies would be a crucial step toward lowering electricity use and enhancing 

overall energy efficiency. IE3 class modern motors are considerably more efficient 

than older motors such as IE1 and IE2. 

This scenario was developed based on technique (h) described in BAT 6 of the 

PPPB-BREF document. The relevant BAT information is presented in Table 3.6. 

 

Table 3.6 Relevant BAT Information of Scenario 1 

BAT 6 Technique h 

In order to reduce fuel and energy 

consumption in pulp and paper mills, BAT 

is to use technique (a) and a combination 

of the techniques given. 

Use high-efficiency electrical motors, 

pumps, and agitators 

(Generally Applicable) 

 

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 to the ENE-BREF (ENE-BREF, 2009):  

¶ 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 under and overvoltage, phase 

unbalance, 

¶ poorer voltage and current wave shapes (e.g., harmonics), etc. ï improves 

¶ power factor improves 

¶ noise is reduced. 

By taking these advantages into account, the S1 - Use of High-Efficiency Electrical 

Motors scenario was developed. In this scenario, updated electricity consumption 

data had to be calculated to replace the data associated with inefficient motors. In the 

baseline scenario, calculations were based on the standard motor efficiencies 

provided in the Energy Management and Energy Efficiency in Industry book (Kaya 

& ¥zt¿rk, 2014), along with a 3% efficiency reduction due to rewinding. For this 

new scenario, the efficiencies listed for high-efficiency motors in the same book 

were used instead. These efficiency values are provided in Appendix B (Table B-1). 

It is important to note that these efficiency values correspond to IE3 motors. While 

there are motor classes with higher efficiency than IE3 available today. On the other 

hand, the most accurate and widely accepted data in literature currently pertains to 

IE3 models. If IE4 motors were implemented, the efficiency gains and associated 

environmental benefits calculated in this study would see a modest increase. The 

electricity consumption figures and associated data for each unit, based on the use of 

high-efficiency motors, are provided in Appendix B (Table B-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 savings. The economic evaluation of this scenario is provided in 

Section 4.2.1. 

Table 3.7, sourced from the ENE-BREF document (ENE-BREF, 2009), outlines 

potentially significant energy-saving measures that may be applicable to motor-

driven sub-systems. While the values presented are typical, the relevance and 
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effectiveness of each measure will depend on the specific characteristics of the 

installation. 

 

Table 3.7 Energy Saving Measures for Motor Driven Sub-Systems and Their 

Typical Savings Ranges (ENE-BREF, 2009) 

Energy Saving Measures for 

Motor Driven Sub-Systems 

Typical Energy 

Savings Range 

(%)  

Energy Efficient Motors 2-8 

Correct Sizing 1-3 

Energy Efficient Motor Repair 0.5-2 

Variable Speed Drives 4-5 

High Efficiency Transmissions/Reducers 2-10 

Power Quality Control 0.5-3 

Lubrication, Adjustments, Tuning 1-5 

 

According to the table, energy-efficient motors can provide energy savings in the 

range of 2ï8%. The potential energy savings (4.48%) 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 scenario. The organized data of Scenario 1 are 

provided in detail in Appendix C (Table C-3). The process units used in the scenario 

are presented as screenshots in Appendix D, where all input entries are clearly 

indicated. It should be noted that, as similar results are expected across scenarios, 

separate calculations for each paper type were not conducted. Comparisons will be 

made using the mixed paper baseline scenario only. 

 

 



 

 

67 

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 energy in all processes 

A scenario has been developed in which the facility generates its electricity through 

a rooftop solar power plant instead of buying it from the national grid. Due to its low 

production capacity, the facility has a relatively high specific electricity 

consumption. This significantly increases its environmental impact because it is 

relying on grid-supplied electricity. 

While this scenario is not provided as a BAT in either the PPPB-BREF or ENE-

BREF documents, the Executive Summary of the ENE-BREF notes that ñthe use of 

sustainable energy sources and/or ówastedô or surplus heat may be more sustainable 

than using primary fuels, even if the energy efficiency in use is lowerò (ENE-BREF, 

2009). Although the document prioritizes efficient energy use and does not directly 

address renewable sources, the scenario was developed based on this observation. 

Solar energy was selected due to its widespread adoption in the industrial sector and 

the existence of supportive instruments such as subsidies and feed-in tariffs. 

As mentioned in Section 3.3.1, the facilityôs total annual electricity consumption is 

4,471,457 kWh. This accounts for 48.7% of the total primary energy consumption, 

which is nearly half. All of this electricity is currently purchased from the national 

grid. Although the share of renewable energy in T¿rkiyeôs electricity generation is 

increasing each year, it is still insufficient. Combined with transmission losses, the 

environmental impact remains significant. In Ankara, it is estimated that a solar 

power plant with a capacity of approximately 3.38 MWp would be needed to 

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

this plant is presented in Section 4.2.2. 

In the baseline scenarios of the LCA, the SimaPro software used electricity from the 

grid as the electricity source. In this scenario, electricity from the rooftop has been 

selected instead. It is important to note that this scenario focuses solely on electricity 
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consumption. No new applications were 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 are not provided again in this section. 

The process units used in the Scenario 2 are presented as screenshots in Appendix 

D, where all input entries are clearly indicated. 

 

Scenario 3 - Reuse of Flash Steam in the Steam Boiler 

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

unit (the most energy-intensive unit of the process) 

In Scenario 3, the reuse of flash steam technique, listed under BAT for Steam 

Systems (Recovery) in the ENE-BREF document, was selected and developed into 

a scenario to evaluate its environmental implications within the paper recycling 

process. This technique is also briefly mentioned in Section 2.4 as part of the relevant 

BREF overview. The corresponding information is presented in Table 3.8. 

Table 3.8 Relevant Information of Scenario 3 

Section Technique (Recovery) 

Steam system techniques to improve 

energy efficiency 

Re-use of flash steam. (Use high-

pressure condensate to make low-

pressure steam) 

 

Flash steam is generated when high-pressure condensate is released to a lower 

pressure. At this point, a portion of the condensate re-evaporates and becomes flash 

steam. This steam contains both purified water and a substantial amount of residual 

energy from the original condensate, effectively harnessing the energy present in the 

returning condensate (ENE-BREF, 2009). 
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With the implementation of this technique, the recovered flash steam will be entered 

into the software as avoided. To determine the amount to be entered as avoided ( 

Table 3.9) the data from the ENE-BREF document has been used. 

 

Table 3.9 Relative Share of the Energy which can be Recovered in Flash Steam by 

Absolute Pressure (ENE-BREF, 2009) 

Absolute Pressure 

(bar) 

Relative Share of the Energy 

which can be Recovered in Flash 

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 pressures 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 and wood used annually for the steam boiler at the facility 

is 0.38 tons. Assuming a boiler efficiency of 80%. Of this amount, 28.9% is 

recoverable, which corresponds to 0.08786 ton. This amount has been entered into 
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the SimaPro software as avoided under the Drying unit for Scenario 3. The process 

units used in Scenario 3 that differ from the baseline scenario are presented as 

screenshots in Appendix D, where all input entries are clearly indicated. 

 

Scenario 4: Open and Closed Water Circuits  

Goal: To investigate the difference between open and closed water circuit systems 

The facility studied in the LCA study utilizes a closed water circuit, allowing the 

incoming water to be reused four times before becoming wastewater. This 

application contributes to water conservation and indirectly reduces wastewater 

generation. In the baseline scenarios, this feature was entered into the SimaPro 

software as avoided. However, in this scenario, the avoided water input has been 

removed. Additionally, adjustments were made 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 circuits, it is 

considered negligible. No changes were made to energy consumption figures. 

This scenario was developed based on technique (f) under BAT 5 (General BAT 

Conclusion for the Pulp and Paper Industry) and technique (b) under BAT 43 (BAT 

Conclusions for Processing Paper for Recycling) of the PPPB-BREF.  

 

Table 3.10 Relevant BAT Information of Scenario 3 

BAT 5 Technique f 

In order to reduce fresh water use and 

generation of wastewater, BAT is to close 

the water system to a degree technically 

feasible in line with the pulp and paper 

grade manufactured by using a 

combination of the techniques given. 

Reusing process water to substitute 

fresh water (water recirculation and 

closing of water loops) 
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BAT 43 Technique b 

In order to reduce fresh water use, waste 

water flow, and the pollution load, BAT is 

to use a combination of the techniques 

given below. 

Counter-current flow of process water 

and water recirculation 

 

It should be noted that the facility is already applying the BAT outlined 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 circuit and an 

open water circuit. Furthermore, the facility owner has stated that no additional 

measures, such as the use of extra chemicals, have 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 the baseline 

scenario. The process units used in Scenario 4 that differ from the baseline scenario 

are presented as screenshots in Appendix D, where all input entries are clearly 

indicated. 

Scenario 5 ï Deinking 

Goal: To investigate the effect of including deinking processes 

The facility where the Baseline LCA study was conducted does not include a 

deinking process. For the products of the facility, ink removal from the waste paper 

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

that need deinking processes. 

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

where deinking is not applied, and a facility that includes a deinking process. 

While this scenario is not provided as a BAT in the PPPB-BREF documents, paper 

recycling facilities with deinking processes have been compared with those without 

deinking across many parameters. Numerous real-world data sources have been 
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provided in these comparisons in the BREF document. This data has been 

extensively used in the development of this scenario. 

For this scenario, a deinking unit has been added to the system in SimaPro software. 

Inputs related to this process, such as energy consumption, water consumption, 

wastewater generation, chemicals used, and solid waste quantity, were taken from 

the data provided in the PPPB-BREF document. The data used are explained below. 

It should be noted that the additional inputs and outputs resulting from the addition 

of the deinking unit are not solely attributable to the deinking unit itself. The 

environmental impacts of other units also increase. For example, in the current 

facility, there is no use of chemicals in the Pulper, but if deinking is added, chemical 

usage must be added. Similarly, electricity consumption in the Pulper unit will also 

increase. However, reliable studies in the literature do not provide unit-level 

breakdowns of 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 a unit-based comparison. The scenario will provide a 

facility-level comparison. 

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 the PPPB-BREF document. The process units used in Scenario 5 that 

differ from the baseline scenario are presented as screenshots in Appendix D, where 

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 expected. The current facility, without deinking, 

consumes 621 kWh/ton of electricity. According to the PPPB-BREF document, 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 other non-deinking 

facilities, it is 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 example facility 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 deinking 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 energy demand. 

b) Water and Wastewater 

According to the PPPB-BREF document, wastewater generation in paper recycling 

facilities without deinking ranges between 1.5 and 10 mį/ton. In the current facility 

used for the LCA study, this value is 5 mį/ton. The same BREF document states that 

in facilities with deinking, annual wastewater generation ranges from 8 to 15 mį/ton. 

Based on this information, it is assumed that adding a deinking unit to the facility 

would increase wastewater generation from 5 mį/ton to 11.29 mį/ton. Similarly, 

water consumption, which is currently 6 mį/ton, is expected to increase to 13.55 

mį/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 and other reasons. 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 for maintaining the closed water circuit. Therefore, in this scenario, 

the system has been converted to an open water circuit. That means there will be no 

avoided water. 
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In addition, adding deinking units will also result in changes in the concentration of 

wastewater. The PPPB-BREF document provides the wastewater emission values 

(BAT-AELs) presented in Table 3.11 for paper recycling facilities with and without 

deinking. The difference in emission levels between deinking and non-deinking 

facilities has been incorporated into the new scenario. The system has been adjusted 

accordingly to reflect these changes. 

 

Table 3.11 BAT Associated Emission Levels for Paper Recycling Facilities (PPPB-

BREF, 2015) 

Parameter 

 

Yearly Average 

(without Deinking) 

(kg/ton) 

Yearly Average 

(with Deinking) 

(kg/ton) 

Chemical Oxygen Demand (COD) 0.4-1.4 0.9-3.0 

Total Suspended Solids (TSS) 0.02-0.2 0.08-0.3 

Total Nitrogen 0.008-0.09 0.01-0.1 

Total Phosphorus 0.001-0.005 0.002-0.01 

 

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 into product aids, which are added to optimize the specific properties of 

the paper according to customer requirements, and process aids (PPPB-BREF, 

2015). The PPPB-BREF document provides detailed information on the types and 

quantities of chemical additives used in a facility with a deinking process as shown 

in Table 3.12. These chemicals have been incorporated into the system. 
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Table 3.12 Chemical Additives Used for Deinking (PPPB-BREF, 2015) 

Chemical Additives 

 

Use (kg/ton of deinked stock) 

Sodium Hydroxide 2-10 

Sodium Silicate 12-25 

Soap 3-8 

Hydrogen Peroxide 0.001-05-25 

Chelating Agent (DTPA) 0-3 

Sodium Dithionite 6-10 

Sulphuric Acid 8-10 

Bentonite 0-4 

 

d) Yield Losses and Wastes 

With the addition of the deinking unit, yield losses also increase. In the baseline 

Mixed Paper scenario, the yield loss is approximately 14%. According to the PPPB-

BREF document, yield loss in deinking units can range from 8% to 13%. Based on 

this information, an additional 10.5% yield loss has been incorporated into the 

system. This means that because of the addition of a deinking unit, a greater amount 

of waste paper is now required to produce 1 ton of recycled paper. The system has 

been modified accordingly. Furthermore, it should be noted that the increased need 

for waste paper raw material also affects transportation requirements.  

With the addition of the deinking unit, the 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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3.3.4 Assumptions and Acceptances 

The assumptions and acceptances considered are provided in Table 3.13. 

Table 3.13 Assumptions and Acceptances 

Motor Load Factor 

 

Motors are assumed to operate at 75% of their rated 

capacity. This aligns with standard practice in industrial 

energy assessments and was verbally confirmed by the 

facility owner. 

Motor Rewinding 

Efficiency Loss 

For rewound motors, an efficiency reduction of 1ï5% was 

considered, based on values commonly reported in the 

literature. 

Waste Paper Transport 

Distance 

An average distance of 200 km was assumed, reflecting 

variability in delivery locations (Istanbul and Ankara). 

Forklift Diesel 

Consumption 

Diesel consumption was estimated using data from sample 

datasheets. These values were used directly in the 

calculations. 

Inclusion of Non-

energy Consuming 

Units 

Units like Coarse Screen A/B and Fine Sand Separator do 

not consume electricity or materials but generate waste. 

To ensure they are included in the SimaPro model, an 

input of 1 kWh electricity was assigned to each. 

Scenario 2 

It was assumed that a rooftop solar PV system could be 

installed. If rooftop space is insufficient, a ground-

mounted system could be used with minimal impact on 

environmental results. 

Scenario 3 

Although the actual facility has no other equipment to 

reuse flash steam, it was assumed to be fully reused to 

reflect sectoral best practices. 
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Table 3.14 Assumptions and Acceptances (contôd) 

Scenario 5 

Due to limited detailed data in the literature, all additional 

impacts (e.g., chemical use and electricity) from deinking 

were assigned to the deinking unit. As a result, 

environmental impacts were assessed at the facility level, 

not unit by unit. 

SimaPro Software 

The SimaPro software relies heavily on international 

databases, particularly ecoinvent 3, which may not fully 

reflect local Turkish conditions. When selecting unit 

processes within the software, it was often observed that 

there were no datasets specifically representing T¿rkiye. 

In such cases, the most comparable or geographically 

relevant processes (e.g., datasets from Europe with similar 

industrial structures) were carefully chosen to 

approximate Turkish conditions. Although this approach 

ensures that the modeling remains as realistic as possible, 

it inevitably introduces a degree of uncertainty, as local 

variations in efficiency, emission factors, and supply chain 

dynamics may not be fully captured. 

 

3.4 Life Cycle Impact Assessment 

Life Cycle Impact Assessment is a critical component of life cycle assessment. LCIA 

evaluates the potential environmental effects linked to each phase of a product or 

service from the extraction of raw materials through manufacturing, distribution, use, 

and finally, disposal or recycling (Bare, 2009). 

There are several LCIA methods to use for differing regional needs and analytical 

frameworks. Commonly used among these methods are CML-IA, IMPACT 2002+, 

TRACI 2.1, and ReCiPe 2016. 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 study. Below are short information 

about these limitations. 

CML-IA is a midpoint-oriented method developed at Leiden University. It can be 

widely used in simplified assessments, but it lacks endpoint analysis, weighting, and 

global relevance. IMPACT 2002+ combines the midpoint and endpoint. On the other 

hand, it includes fewer midpoint categories than newer methods like ReCiPe 2016. 

TRACI 2.1, developed by the US EPA, is developed specifically for the United 

States and lacks endpoint indicators. This is limiting its applicability for globally 

scoped LCAs. Due to these limitations, a more comprehensive and globally 

consistent method was required (SimaPro, 2020). 

In this study, accordingly, the ReCiPe 2016 method was selected for the LCIA. 

ReCiPe 2016 is a widely used LCIA method that combines both midpoint (problem-

oriented) and endpoint (damage-oriented) approaches. It provides 18 midpoint 

impact categories and 3 endpoint categories that can be seen in Figure 3.7.  ReCiPe 

also offers three cultural perspectives (Individualist (I), Hierarchist (H), and 

Egalitarian (E)) (SimaPro, 2020). 

Furthermore, ReCiPe 2016 has been developed to represent a global scale, unlike its 

predecessor (ReCiPe 2008), which was European. It provides characterisation 

factors that are representative for 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 scale (Huijbregts et al., 2017). 

The relations between the 18 midpoint impact categories and the 3 endpoint 

categories of ReCiPe 2016 are given in Figure 3.7. 
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Figure 3.7. Representation of the Relations Between the Impact Categories 

Midpoint and the Areas of Production (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 environmental impact 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 individual. In the single score step, the 

weighted results are aggregated into a single value representing the overall 

environmental burden (SimaPro, 2023). 

In this study, results have been presented for all three steps. The endpoint approach 

was used to enable this because it allows for characterization, normalization, and 

single score results. In contrast, the midpoint approach allows only characterization 
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and normalization, but not single score. Further, the end-point approach also allows 

to reach the impact scores per mid-point impact categories, even in more detailed 

sub-categories based on the factors presented in Table 3.14. Therefore, end-point 

approach was preferred to follow in this study. 

Consequential LCA has emerged as a methodological tool to capture environmental 

impacts of product systems that extend beyond the physical relationships considered 

in attributional or conventional LCA. A consequential approach was developed to 

incorporate market information into LCA and thereby avoid the normative cut-off of 

system boundaries (Earles & Halog, 2011). This approach differs from the cut-off 

allocation by considering the broader system consequences of recycling activities. 

For these reasons, the consequential approach was applied in this study. 
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Table 3.15 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -

Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Global 

warming, 

Human health 

 

 

 

GW, HH 

ñYears of life lost and 

disabled related to 

increased malaria, diarrhea, 

malnutrition, and natural 

disasters due to increased 

global mean temperature.ò 

yr/kg CO2 

to air 

Human 

Health 

9.3E-07 DALY  

41.7 
Pt/DALY 

Stratospheric 

ozone 

depletion 

 

SOD 

 

ñYears of life lost and 

disabled related to 

increased skin cancer and 

cataract due to UV-

exposureò 

yr/kg 

CFC11 to 

air 

9.3E-07 DALY  
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Table 3.16 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Ionizing 

radiation 

 

 

IR 

ñYears of life lost and 

disabled related to an 

increase in cancer and 

hereditary diseases due 

to exposure to radiationò 

yr/kBq Co-

60 to air 

Human 

Health 

8.5E-09 DALY  

 
 
 
 
 
 
 

41.7 
Pt/DALY 

Ozone 

formation, 

Human health 

 

OF, HH 

ñYears of life lost related 

to an increase in 

respiratory diseases 

caused by exposure to 

ozoneò 

yr/kg NOx to 

air 
9.1E-07 DALY  
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Table 3.17 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Fine 

particulate 

matter 

formation 

 

 

FPMF 

ñYears of life lost related 

to an increase in 

cardiopulmonary and lung 

cancer caused by exposure 

to primary and secondary 

aerosolsò 

yr/kg 

PM2.5 to 

air 

Human 

Health 

8.5E-09 DALY  

 
 
 
 
 
 
 
 

41.7 
Pt/DALY 

Human 

carcinogenic 

toxicity 

 

HCT 

ñYears of life lost and 

disabled due to cancer and 

non-cancer effects due to 

ingestion and inhalation of 

toxic substancesò 

yr/kg 1,4-

DCB to air 
3.3E-06 DALY  
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Human non-

carcinogenic 

toxicity 

 

 

HNCT 

ñYears of life lost and 

disabled due to cancer 

and non-cancer effects 

due to ingestion and 

inhalation of toxic 

substancesò 

yr/kg 1,4-

DCB to air 
Human 

Health 

6.7E-09 DALY  

 
 
 
 
 
 

41.7 
Pt/DALY 

Water 

consumption, 

Human health 

 

WC, HH 
ñMalnutrition caused by 

water shortageò 
yr/m3 water 2.2E-06 DALY  
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Table 3.18 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Global 

warming, 

Terrestrial 

ecosystems 

 

GW, TE 

ñSpecies loss related to 

changing biome 

distributions due to 

increased global 

temperatureò 

yr/kg CO2 to 

air 

Ecosystems 

2.8E-09 species.yr 

676 Pt/ 
species.yr 

Global 

warming, 

Freshwater 

ecosystems 

 

GW, FE 
ñFish species loss due to 

decreased river 

dischargeò 

yr/kg CO2 to 

air 
7.7E-14 species.yr 
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Ozone 

formation, 

Terrestrial 

ecosystems 

 

OF, TE 
ñLoss of plant species 

due to increase in ozone 

exposureò 

yr/kg NOx to 

air 

Ecosystems 

1.3E-07 species.yr 

 
 
 
 
 
 
 

676 Pt/ 
species.yr 

Terrestrial 

acidification 

TA ñLoss of plant species 

due to decrease in soil 

pHò 

species.yr/kg 

SO2 to air 
2.1E-07 species.yr 

Freshwater 

eutrophication 

 

FE 

ñLoss of aquatic species 

due to increased 

phosphorus 

concentrationsò 

species.yr/kg 

P to 

fresh water 

6.1E-07 species.yr 



 

 

87 

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

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Marine 

eutrophication 

 

ME 

ñLoss of aquatic species 

due to increased 

nitrogen concentrationsò 

species.yr/kg 

N to 

marine water 

Ecosystems 

1.7E-09 species.yr 

 
 
 
 
 
 
 
 

676 Pt/ 
species.yr 

Terrestrial 

ecotoxicity 

 

TET 
ñSpecies loss due to 

chemical exposure in 

soilsò 

species.yr/kg 

1,4- 

DCB to 

industrial soil 

5.4E-08 species.yr 

Freshwater 

ecotoxicity 

 

FET 
ñSpecies loss due to 

chemical exposure in 

freshwaterò 

species.yr/kg 

1,4- 

DCB to fresh 

water 

7.0E-10 species.yr 
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Marine 

ecotoxicity 

 

MET 

 

ñSpecies loss due to 

chemical exposure in 

marine watersò 

species.yr/kg 

1,4- 

DCB 

Ecosystems 

1.1E-10 species.yr 

 
 
 
 
 
 

676 Pt/ 
species.yr 

Land use 

 

 

 

LU 

ñSpecies loss due to 

different types of land use 

Species loss caused by the 

transformation of natural 

land to used land, including 

the time it takes to back-

transform to natural landò 

species/m2 

annual 

crop land 

8.9E-09 species.yr 
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Mid -Point 

Impact 

Category 

 

Abbreviations Description of the 

Category 

Mid -Point 

Unit  

End-Point 

Impact 

Category 

Mid -Point to 

End-Point 

Characterization 

Factors 

End-

Point 

Unit  

Normalization 

Factors 

(Conversion 

to ñPtò) 

Water 

consumption, 

Terrestrial 

ecosystem 

 

 

WC, TE 

ñDecrease in Net Primary 

Productivity because of 

water shortage as a proxy 

for total species lossò 

species.yr/m3 

water 

consumed 

Ecosystems 

1.4E-08 species.yr 

 
 
 
 
 

676 Pt/ 
species.yr 

Water 

consumption, 

Aquatic 

ecosystems 

 

WC, AE ñFish species loss due to 

decreased river dischargeò 

species.yr/m3 

water 

consumed 

6.0E-13 species.yr 

Mineral 

resource 

scarcity 

 

MRS 

ñCost increase due to 

mineral extraction 

increaseò 

US2013 $/kg 

Cu 
Resources 0.23 USD2013 3.57E-05 Pt/ 

USD2013 
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Table 3.14 Impact Categories that are Covered in the ReCiPe2016 v1.1 Method, Characterization Factors, and Damage Pathways 

(Huijbregts et al., 2017) (contôd) 

Fossil 

resource 

scarcity 

 

 

 

 

FRS 
ñCost increase due to fossil 

extraction increaseò 

-US2013 

$/kg crude 

oil 

-US2013 

$/kg hard 

coal 

-US2013 

$/Nm3 

natural gas 

Resources 

0.46 

0.03 

0.30 

USD2013 

 
 
 
 
 
 
 

3.57E-05 Pt/ 
USD2013 
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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 interpreted to draw meaningful conclusions. This phase involved 

a comparison of the environmental performances of the modeled scenarios based on 

their endpoint results, including characterization, normalization, and single-score. 

The interpretation focused on understanding the key contributors to environmental 

burdens and highlighting trade-offs between different impact categories. The results 

are discussed in detail in the following section, with graphical representations to 

clearly present the comparison. 
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CHAPTER 4  

4 RESULTS AND DISCUSSION 

This chapter provides an in-depth presentation of the results obtained from the 

Baseline LCA scenarios and other scenarios. Each scenarioôs environmental impact 

has been comprehensively examined, compared, and discussed. Detailed compiled 

results are provided in Appendix E. 

4.1 Environmental Impacts of the Paper Recycling - Base Scenario (S0) 

The paper recycling facility that provided the data for this study produces three 

distinct types of recycled paper, each derived from a different category of waste 

paper: Mixed Paper, OCC, and White Paper, as outlined in Chapter 3. Despite the 

differences in input material, all of these three types undergo the same processing 

steps. 

The baseline scenario (S0) of this LCA study has been conducted separately for each 

of the three different waste papers used as input materials. 

4.1.1 Effect of Waste Paper Type:Base-Mixed Paper Scenario (S0-a) 

Figure 4.1 presents the single-score results for the Base-Mixed Paper scenario, one 

of the baseline scenarios. Figure 4.1 consists of two sub-figures: (a) shows the mid-

point results, while (b) displays the end-point impacts. The results are presented 

separately for 28 different units, including the pumps and storage tanks involved in 

the processing, as indicated in Figure 3.2. 

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

environmental impact for each unit, allowing for direct comparison among them. In 
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addition, the effects on all impact sub-categories are shown individually, as indicated 

in Section 3.4. 

¶ Global warming, Human health (GW, HH) 

¶ Global warming, Terrestrial ecosystems (GW, TE) 

¶ Global warming, Freshwater ecosystems (GW, FE) 

¶ Stratospheric ozone depletion (SOD) 

¶ Ionizing radiation (IR) 

¶ Ozone formation, Human health (OF, HH) 

¶ Fine particulate matter formation (FPMF) 

¶ Ozone formation, Terrestrial ecosystems (OF, TE) 

¶ Terrestrial acidification (TA) 

¶ Freshwater eutrophication (FE) 

¶ Marine eutrophication (ME) 

¶ Terrestrial ecotoxicity (TET) 

¶ Freshwater ecotoxicity (FET) 

¶ Marine ecotoxicity (MET) 

¶ Human carcinogenic toxicity (HCT) 

¶ Human non-carcinogenic toxicity (HNCT) 

¶ Land use (LU) 

¶ Mineral resource scarcity (MRS) 

¶ Fossil resource scarcity (FRS) 

¶ Water consumption, Human health (WC, HH) 

¶ Water consumption, Terrestrial ecosystem (WC, TE) 

¶ Water consumption, Aquatic ecosystems (WC, AE) 
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a) Mid-point Impacts 

 
b) End-point Impacts 

 

Figure 4.1 Impacts of S0-a (Base - Mixed Paper) a) Mid-point impacts b) End-

point impacts (Single Score Results)  
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Figure 4.1 (b) illustrates that the majority of the total environmental impact is 

attributed to the Human 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 Formation, and Water Consumption), it was also 

observed that the values associated with human health-related midpoints were 

significantly higher compared to those related to Ecosystems and Resources. 

As can be seen in Figure 4.1 (a and b), the highest environmental impact is observed 

for the Drying unit. This unit has by far the most significant negative environmental 

effect, with a total score of 27.67 Pt. In other words, 44.2% of the total environmental 

impact of the entire facility belongs to the Drying unit. The primary reason for this 

is that the Drying unit is the only unit that uses coal and wood as energy sources. 

Except for the diesel used in the Transport and Internal Transport units, all other 

units either consume only electricity or do not use any energy source. In contrast, the 

Drying unit consumes a considerable amount of coal and wood, along with 

electricity, as indicated in Table 3.4. The significant contribution of coal and wood 

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

 

Figure 4.2 Contributing Factors to the Environmental Impact of Drying Unit (S0-a: 

Base - Mixed Paper) 
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The Drying unit is followed by the Vacuum unit, with a score of 6.82 Pt. The Vacuum 

unit is the paper recycling facility's highest consumer of electricity, accounting 

for17.85%. Although this unit does not use coal, wood, or diesel, and does not 

generate any significant waste, its environmental impact remains substantial due to 

its high electricity consumption (Table  3.4). The significant contribution of 

electricity use to its overall impact is also evidenced by the pie chart presented in 

Figure 4.3. 

 

Figure 4.3 Contributing Factors to the Environmental Impact of Vacuum Unit (S0-

a: Base - Mixed Paper) 

 

The third unit with the highest environmental impact is the Pulper. It ranks as the 

second largest consumer of electricity after the Vacuum unit, as indicated in Table 

3.4. 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. 

The significant contribution of electricity use to its overall impact is also evidenced 

by the pie chart presented in Figure 4.4. 
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Figure 4.4 Contributing Factors to the Environmental Impact of Pulper Unit (S0-a: 

Base - Mixed Paper) 

 

When the impact categories are compared, Fine Particulate Matter Formation 

(FPMF), Global Warming (GW), Human Non-Carcinogenic Toxicity (HNCT), and 

Human Carcinogenic Toxicity (HCT) emerge as the most significant impact 

categories (Figure 4.1 (a)). The comparison of these four impact categories is 

illustrated in Figure 4.5 in terms of their percentage contributions. 

 

Figure 4.5 Percentage Contribution of Impact Categories based on Single Scores 

(S0-a: Base - Mixed Paper) 
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As seen from Figure 4.5, Fine Particulate Matter Formation (FPMF) 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 PM2.5 released into the 

atmosphere as a result of fossil fuel combustion and industrial electricity generation 

processes. Although industrial electricity generation is not directly carried out at the 

facility, background emissions associated with electricity consumption are 

considered. Air pollution can have a substantial negative impact on human health, 

ranging from respiratory symptoms to hospital admissions and death (Zelm, Preiss, 

Goethem, Dingenen, & Huijbregts, 2016). This impact category is observed at high 

levels across all units that consume energy. This effect, due to the release of 

substances like PM2.5 into the atmosphere, is critically important for both air quality 

and public health. Fine particulate matter with a diameter of less than 2.5 ɛm 

represents a complex mixture of organic and inorganic substances. PM2.5 poses risks 

to human health as it can penetrate the upper airways and lungs when inhaled 

(Huijbregts et al., 2016). 

 In 2020, 52% of T¿rkiyeôs total installed power capacity was based on renewable 

energy sources. However, only 11.7% of the electricity is actually produced from 

renewables (T¿rkiye Ministry of Energy and Natural Resources, 2022). The fact that 

electricity production in T¿rkiye still mostly relies on fossil fuels is one of the main 

reasons for the high levels in this impact category.  

Accordingly, improvements such as reducing electricity consumption or using 

alternative renewable energy sources instead of the national grid in the facility are 

deemed both important and necessary. In facilities where such improvements are 

implemented, the share of this impact category would likely decrease. 

The Global Warming (GW) impact category is also highly important, with a share 

of 22%. This category represents the facilityôs contribution to climate change 

through greenhouse gas emissions. Although this impact is presently high 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. According to Liu et al. (2020), GHG emissions were also 

evaluated as the primary environmental indicator in Chinaôs waste paper recycling 

system. Although a direct comparison cannot be made in this study, the significant 

share of the Global Warming impact category is consistent with the findings of Liuôs 

study. 

Human Non-Carcinogenic Toxicity (HNCT) and Human Carcinogenic Toxicity 

(HCT) impact categories together account for approximately 17% of the total impact. 

The characterization factor for human toxicity and ecotoxicity takes into account a 

chemical's environmental persistence (fate), its accumulation in the human food 

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

It can be attributed to the trace elements and heavy metals present in fossil fuels used 

for energy production, which could increase toxicity the scores of the facility. 

Additionally, although their amount is very low, the use of chemical additives (such 

as defoamers) could also contribute to these categories. 

Since the facility does not include deinking processes, chemical additive usage is 

minimal. In contrast, facilities that have deinking processes tend to use significantly 

more chemicals. Therefore, in a facility with deinking, it is likely that the percentage 

contribution of these two categories would be higher. 

Characterization and Normalization results, which are in accordance with these 

findings, are provided in Figures 4.6 and 4.7. 
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Figure 4.6 Impacts of S0-a (Base - Mixed Paper) (Characterization Results) 

 

Figure 4.7 Impacts of S0-a (Base - Mixed Paper) (Normalization Results) 
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As can be seen from Figures 4.6 and 4.7, the Drying unit exhibits the highest 

percentage contribution across all impact categories except Stratospheric Ozone 

Depletion (SOD), Ionizing Radiation (IR), Terrestrial Ecotoxicity (TET), and Fossil 

Resource Scarcity (FRS). In the TET impact category, the Transport process shows 

a considerably high share due to the use of trucks. Moreover, the Vacuum, Pulper, 

and Press Group units also present substantial contributions in most impact 

categories. 

In addition, Figure 4.6 reveals negative values in the Water Consumption (WC) 

categories associated with the Screen unit, as well as the IR, TET, and FRS 

categories associated with the Drying unit. The negative impact observed in the WC 

categories is attributed to the facilityôs closed water circuit system. This system 

enables the reuse of water within the process, and the avoided water 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 in the WC 

is attributed to this unit. 

Regarding the negative values in the IR, TET, and FRS impacts categories, the 

overall contribution of these categories to the facilityôs total environmental impact is 

relatively low, as also seen in the Single Score results (Figure 4.1(a)). These negative 

values stem from indirect effects related to the use of coal and wood instead of 

nuclear energy. For instance, the absence of nuclear power due to the reliance on 

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

environmental effect. 

In the following subsections, the environmental impacts posed by the Stock 

Preparation and Paper Machine stages in the facility are presented and discussed. 
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Stock Preparation and Paper Machine Stages 

Paper recycling facilities can be divided into two main stages: the first of these is the 

Stock Preparation stage. In this stage, waste paper (input material) is processed into 

raw material to be used in the Paper Machine stage. This includes all units up to the 

vacuum unit, which marks the beginning of the Paper Machine stage. In other words, 

it is the raw material preparation phase. In the Paper Machine stage, the prepared 

material is transformed into recycled paper and made ready for use. All units starting 

from the vacuum unit are considered part of the Paper Machine stage. In this part of 

the study, the environmental impacts of these two stages are compared within the 

context of the S0-a: Base-Mixed Paper scenario. 

Figure 4.8 illustrates the comparison of single score results of the Stock Preparation 

and Paper Machine stages. The Paper Machine stage 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 Machine stage has higher 

Pt value because of the high energy consumption. Here, it is worth noting that the 

primary energy consumption of the Paper Machine stage is approximately 68%. On 

the other hand, its environmental impact is 62%, which is slightly lower. This 

difference could mainly be attributed to the use of water, waste/wastewater 

generation, and chemicals used in the Stock Preparation stage. Such non-energy 

components could also influence the overall results indirectly. Figure 4.8 also shows 

that the major environmental midpoint impact categories came out to be Fine 

Particulate Matter Formation, Global Warming, Human Non-Carcinogenic Toxicity, 

and Human Carcinogenic Toxicity. 
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Figure 4.8 Impacts of Stock Preparation and Paper Machine Stages (S0-a: Base-

Mixed Paper) (Single Score Results) 

 

In line with this, the normalized impacts given in Figure 4.9 help reveal more clearly 

which of the two stages contributes more significantly to the facilityôs major 

environmental impact categories. Characterization results, which are in accordance 

with these findings, are provided in Appendix F (Figure F-1). 



 

 

105 

 

Figure 4.9 Impacts of Stock Preparation and Paper Machine Stages (S0-a: Base-

Mixed Paper) (Normalization Results) 

 

As can be seen from Figure 4.9, various impact categories have shown different 

levels of impact across the two stages. 

The Global Warming (GW) impact of the Paper Machine stage is three times higher 

than the Stock Preparation stage. The impacts of the Human Carcinogenic Toxicity 

(HCT) and Human Non-Carcinogenic Toxicity (HNCT) categories of Paper 

Machine are 6.6 and 6.4 times higher, respectively. As discussed in the previous 

section (Section 4.1.1), this is largely due to the toxic emissions resulting from coal 

and wood consumption in the Paper Machine stage. In contrast, the Fine Particulate 

Matter Formation (FPMF) impacts are nearly equal between the two stages. 

Furthermore, unlike the other impact categories, FPMF impact is slightly higher in 

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

facilityôs total electricity use.  

In addition to the facilityôs four most significant impact categories, Terrestrial 

Acidification (TA), Freshwater Acidification (FA), and Land Use (LU) also stand 

out in Figure 4.9, even though their contributions to the total impacts are relatively 

smaller. 

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

as NOx, ammonia (NHϝ), and SOϜ during the combustion of fossil fuels. These 

pollutants, once emitted, undergo deposition processes that may lead to a decrease 

in soil solution pH. A reduction in pH can negatively affect terrestrial ecosystems by 

causing the loss of sensitive plant species (Roy et al., 2014). 

The impact on FA is associated with the transfer of acid-forming gases into aquatic 

ecosystems during the production of energy. Coal and other 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 anthropogenic 

emissions, many of which have adverse effects on both the environment and human 

health. Among these emissions, SOϜ, NO , and NHϝ react with atmospheric water 

vapor and can be transported via precipitation, contributing to the acidification of 

nearby water bodies (Goel et al., 2025). 

While LU is the main driver of global biodiversity loss (BaaN et al., 2013), the 

impact on LU category increases indirectly with energy consumption. For example, 

the coal fuel cycle influences land use patterns both directly and indirectly 

throughout various stages, including mining, beneficiation, and electricity 

generation. The direct impacts of land use are observed particularly during the 

mining stage, where coal extraction alters the natural landscape, degrades soil 

quality, and removes ground vegetation (Fthenakis & Kim, 2009).. 
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Therefore, even though these impacts appear minor in the Single Score results, the 

intensive use of coal and wood in the Paper Machine stage has led to higher impacts 

in these categories compared to the Stock Preparation stage. 

In the following sub-sections, impacts based on the processing stages are presented. 

As stated earlier, this LCA study includes a total of 28 units. Therefore, these units 

have been divided into 7 processing groups as follows: 

¶ Supporting System 

¶ Pulping 

¶ Screening & Cleaning 

¶ Drying 

¶ Post-Processing 

¶ Pumps 

¶ Storage Tanks 

These processing groups are each analyzed separately in the following sub-sections.    

4.1.1.1 Supporting Systems  

In this section, three units categorized under the Supporting Systems processing 

group are analyzed: 

a) Transport 

b) Internal Transport 

c) Conveyor 

Figure 4.10 illustrates the results obtained belonging to the end-point impacts (per 

impact category) for these three units within the Supporting Systems group. 
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Figure 4.10 Impacts of the Supporting System (S0 - Mixed Paper) (Single Score 

Results) 

 

When comparing the environmental impacts of these units, it can be seen that the 

Transport unit has a significantly higher impact than the others (Figure 4.10). The 

facility's four most significant impact categories remain significant for this unit, but 

in addition, the Fossil Resource Scarcity (FRS) impact category also shows a notably 

high share. This could be mainly attributed to the fuel consumption of the trucks used 

to transport raw material from different cities to the facility. 

Similarly, the Internal Transport unit, which includes two forklifts used in the 

facility, exhibits comparable impact levels. The only notable difference is in the 

share of Non-Carcinogenic Toxicity (NCT). In the transport unit, the share of this 

impact is 8.5%. On the other hand, in the internal transport unit, 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 Transport process. 

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

a lower environmental impact than Transport. 

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

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

0.02% of the facilityôs total consumption due to its use of small motors and short 

operation times. Figure 4.11 presents the Characterization results of the Supporting 

System units. As can be seen in Figure 4.11, the Conveyor has minimal impact across 

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

group on the facility is also limited. This further reduces the significance of the 

Conveyorôs contribution.  

 

Figure 4.11 Impacts of the Supporting System (S0 - Mixed Paper) 

(Characterization Results) 
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These results show that emissions from transportation directly influence the systemôs 

environmental performance, particularly in climate and health-related impact 

categories. They also highlight a high potential for improvement in areas such as fuel 

type and transportation strategies. Examples of such improvements include the 

electrification of transport vehicles or sourcing raw materials from closer locations. 

Normalization results, which are in accordance with these findings, are provided in 

Appendix F (Figure F-2). 

4.1.1.2 Pulping 

In the Pulping processing group, only the Pulper unit is included. Figure 4.12 

presents the results obtained belonging to the end-point impacts (per impact 

category) for the Pulper unit. The Pulping unit 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 environmental impact was analyzed 

individually to reflect its unique contribution to the overall system. 
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Figure 4.12 Impacts of Pulper (S0-a: Base - Mixed Paper) (Single Score Results) 

 

Normalization and Characterization results, which are in accordance with these 

findings, are provided in Appendix F (Figure F-3 and F-4). 

Table 4.1 presents a comparison between the single score results of the Pulper unit 

and those of the entire facility. As seen, the same impact categories stand out. 
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Table 4.1 The Comparison of Impacts for Pulper Unit and the Entire Facility 

Impact 

Category 

Pulper 

 

Total 

 

Fine particulate matter formation (%) 80.24 59.76 

Global warming (%) 13.03 21.78 

Human non-carcinogenic toxicity (%) 3.41 9.94 

Human carcinogenic toxicity (%) 2.32 6.77 

Other (%) 1.01 1.75 

Single Score (Pt) 5.09 62.63 

 

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. This could be primarily due to its high electricity 

consumption, as seen in Figure 4.13. 

 

Figure 4.13 Contributing Factors to the Environmental Impact of Pulping  
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4.1.1.3 Screening & Cleaning  

In this section, nine units categorized under the Screening and Cleaning processing 

group are 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 the impacts caused by the units within the Screening & 

Cleaning group. 

 

Figure 4.14 Impacts of Screening & Cleaning Group (S0-a: Base - Mixed Paper) 

(Single Score Results) 
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As can be seen from Figure 4.14, units such as the Coarse Screens, Fine Sand 

Separator, and Pulp Chest have significantly lower environmental impacts compared 

to the other units. These units either do not consume energy or consume negligible 

amounts (Table 3.4). The environmental impacts of these units are largely connected 

to waste generation. In the case of the Pulp Chest, the small amount of chemical 

usage (Table 3.4) 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 hand, the Screen unit stands out from the others. In addition to electricity 

consumption, water usage significantly contributes to the environmental impacts of 

this unit. On the other hand, the facility operates with a closed water circuit, which 

means a portion of the water is considered avoided and reflected accordingly in the 

results. Figure 4.15 illustrates the Characterization results of the Screening & 

Cleaning group. 

 

Figure 4.15 Impacts of Screening & Cleaning Group (S0 - Mixed Paper) 

(Characterization Results) 
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As can be seen from Figure 4.15, the positive environmental impact observed in the 

Water Consumption (WC) impact categories is entirely attributed to the Screen unit, 

due to the facilityôs closed water circuit. 

Although the water consumed in the pulp and paper industry has been reduced in the 

last decade, its quantity, evaluated in the range of 10-40 L/kg of paper produced, still 

remains high (Pizzichini et al., 2005)  . Therefore, closed water circuit systems are 

highly important. In open water circuit systems, positive environmental effects such 

as those observed in these results could not be achieved. This issue is elaborated 

further within the scenario analysis in Section 4.2.   

Normalization results, which are in accordance with these findings, are provided in 

Appendix F (Figure F-5). 

4.1.1.4 Drying 

In this section, 3 units categorized under the Drying processing group are analyzed: 

a) Vacuum 

b) Press Groups 

c) Drying 

Figure 4.16 illustrates the normalized impacts for the Drying group. 
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Figure 4.16 Impacts of Drying Group (S0-a: Base - Mixed Paper) (Normalization 

Results) 

 

Single Score and Characterization results, which are in accordance with these 

findings, are provided in Appendix F (Figure F-6 and F-7). 

As can be seen from Figure 4.16 and as discussed in Section 4.1.1, the highest 

environmental impact is attributed to the Drying unit. This is primarily due to its 

intensive use of coal and wood in addition to electricity, as seen in Figure 4.17. 
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Figure 4.17 Contributing factors to the environmental impact of drying 

 

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

highest environmental impact in the Single Score results with 27.67 Pt. 

 

 

Figure 4.18 Impact Category Shares of the Drying Unit (S0-a: Base - Mixed Paper) 
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4.1.1.5 Post-Processing 

In this section, two units categorized under the post-processing group are analyzed: 

a) Roll Wrapper 

b) Rewinder 

Figure 4.19 illustrates the Single Score results of the units in the post-processing 

group. Although these units operate for similar durations annually, the Roll Wrapper 

unit consumes more electricity annually due to its motor with larger installed power 

(Appendix A), resulting in a higher environmental impact. 

 

Figure 4.19 Impacts of Post-Processing Group (S0-a: Base - Mixed Paper) (Single 

Score) 

Characterization and Normalization results, which are in accordance with these 

findings, are provided in Appendix F (Figure F-8 and F-9). 
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4.1.1.6 Comparison of Impacts of Processing Groups 

In this part of the study, the processing groups that were previously examined and 

evaluated unit by unit in earlier sections (Section 4.1.1.1 ï 4.1.1.5) are now compared 

with each other. Figure 4.20 shows the relevant results. 

 

Figure 4.20 Comparison of the Impacts of the Processing Groups (S0-a: Base - 

Mixed Paper) (Single Score) 

 

As can be seen from Figure 4.20, the Drying group has the highest environmental 

impact, with a score of 38.23 Pt. This group is followed by Storage Tanks with 6.19 

Pt, Pumps with 5.99 Pt, Screening & Cleaning with 5.93 Pt, and Pulping with 5.09 

Pt. However, the gap between the score of the Drying group and those of other groups 

is substantial. In the Drying group alone, the Fine Particulate Matter Formation 

impact category accounts for 18.09 Pt, and the Global Warming impact categories 

account for 10.16 Pt.  



 

 

120 

Based on these findings, it is evident that in a paper recycling facility, the units 

classified under the Drying group are the most environmentally impactful. As 

mentioned earlier, the primary reason for this is their high intensity 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 Steam Boiler of the Drying unit, could 

significantly reduce the overall environmental impact of the facility. 

Figure 4.21 presents the characterization results of the categories. An interesting 

observation in this figure is the positive environmental impact of the Drying category 

in the Ionizing Radiation (IR) impact category. This is due to the absence of nuclear 

energy in T¿rkiyeôs national grid mix. Also, the indirect avoidance of nuclear-based 

systems through the use of coal and especially wood in 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 IR 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 impact categories. This is primarily attributed to the facility's use of a 

closed-loop water system, whereby the incoming water is reused up to four times 

before being discharged as wastewater. Such water recirculation significantly 

reduces the net water consumption of the system, leading to an avoided burden in 

this category. Although the positive effect is more pronounced compared to Ionizing 

Radiation, its relative contribution to the overall environmental profile remains 

limited and does not significantly influence the single score results. 

Normalization results, which are in accordance with these findings, are provided in 

Appendix F (Figure F-10). 
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Figure 4.21 Impacts of All Processing Groups (S0 - Mixed Paper) 

(Characterization Results) 

4.1.2 Effect of Waste Paper Type: Base-OCC (S0-b) and Base-White 

Paper (S0-c) Scenarios 

Although paper recycling is a very important technology for the sake of 

environmental impacts, recycling certain types of waste paper is also challenging. 

For some types of waste paper, more processes are required, which means increased 

energy, chemical, and water consumption, as well as more solid waste and 

wastewater generation. This is one of the environmental concerns associated with 

the advancement of recycling (PPPB-BREF, 2015). Therefore, separate LCA runs 

were conducted for each of the three waste paper types used as raw material in an 

attempt to explore the effect of waste paper type. The results obtained are shown in 

a comparative manner in Figure 4.22. Normalization and Characterization results 
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which are in accordance with these findings are provided in Appendix F (Figure F-

11 and F-12). 

 

Figure 4.22 Effect of Waste Paper type on the Impacts Posed by the Baseline 

Scenarios (Single Score Results) 

 

As can be seen from Figure 4.22, the scenario with the highest environmental impact 

is for the White Paper (S0-c: Base-White Paper), with 68.18 Pt. It is followed by 

Mixed Paper with 62.63 Pt, which was the primary focus of analysis and comparison 

in this study. Lastly, the base scenario with OCC (S0-b: Base-OCC) has the lowest 

environmental impact with 61.81 Pt. The White Paper case resulted in the highest 

environmental impact, likely due to its higher yield loss (approximately 22%, as seen 

in Figure 3.1) compared to the other two waste paper types. When White Paper is 

used as raw material for recycled paper production, it generates more waste (Table 

3.5). Although its energy, water, and other input consumption levels are similar to 

those of Mixed Paper, the lower amount of recycled paper produced results in a 
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higher environmental impact. In contrast, the OCC case has a yield loss of only about 

9.5%, which contributes to its lower environmental impact compared to the other 

two waste paper types. Although the observed impact differences are not very 

remarkable, it is still possible to state that the type of waste paper entering the system 

as raw material makes a difference.  

In this respect, this part of the study highlighted the importance of waste paper 

selection in paper recycling processes. 

4.2 Environmental Impacts of the Paper Recycling - Alternative Scenarios 

Within the scope of this study, 5 different scenarios indicated in Table 3.2 were 

performed. As also stated in Sec. 3.2.1, the first three scenarios involve improvement 

strategies to be implemented in the existing paper recycling facility. The remaining 

two compare alternative negative applications that differ from the current operations 

of the facility. 

4.2.1 S1 - Use of High Efficiency Electrical Motors 

Energy efficiency is an important issue which is tied not only to commercial and 

industrial competitiveness and energy security but also increasingly to 

environmental benefits, such as reducing COϜ emissions (Patterson, 1996).  

Large amounts of raw materials and energy are consumed in the pulping and 

papermaking processes; as a result, the pulp and paper industry is considered a 

typically resource- and energy-intensive industrial sub-sector (Kong, Zhao, Li, Lou, 

& Zhang, 2020).  

This high energy consumption has been particularly noticeable in the baseline 

scenarios conducted in this study, as indicated in Section 4.1. Most of the units in 

the facility operate with electric motors, which means that almost all units exhibit 

environmental impacts due to electricity consumption. 
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Based on these findings, it was deemed reasonable to implement a scenario in which 

all old and inefficient electric motors in the facility were replaced with energy-

efficient ones. This scenario was developed based on technique (h) described in BAT 

6 of the PPPB-BREF document. 

The results obtained for the end-point impacts (as per impact category) associated 

with this scenario involving the replacement of electric motors (S1) can be depicted 

from Figure 4.23 in comparison to the base scenario (S0-a).  

 

Figure 4.23 Comparison of the Impacts for Scenario S0-a and S1 (Single Score 

Results) 

 

As seen in Figure 4.23, the facilityôs overall Single Score decreases from 62.63 Pt to 

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. This decrease directly reduces environmental impacts in many 

categories where electricityrelated effects are dominant.  
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Figure 4.24 illustrates the characterization results, showing the changes across 

impact categories. Notably, there is a 3.7% reduction in the Fine Particulate Matter 

Formation (FPMF) impact category and a 1.7% reduction in the Global Warming 

(GW) impact category. 

Although the overall effect for the facility is relatively small, the reductions observed 

in certain impact categories are noteworthy. Specifically, a 9.7% reduction in 

Ionizing Radiation (IR), a 5.0% reduction in Fossil Resource Scarcity (FRS), and a 

4.3% reduction in Stratospheric Ozone Depletion (SOD). All of these reductions 

were achieved through the 4.48% electricity savings resulting from the replacement 

of electric motors.  

Normalization results, which are in accordance with these findings, are provided in 

Appendix F (F-13). 

 

Figure 4.24 Comparison of Impacts for Scenario S0-a and S1 (Characterization 

Results) 
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This comparison demonstrates that the use of high-efficiency electric motors is an 

effective and feasible strategy for reducing environmental impacts. It also shows that 

it does not lead to a radical change in the facilityôs overall environmental 

performance. However, considering that the world paper and paperboard demand 

and production are increasing significantly, leading to an increase in this sector's 

energy use and CO2 emissions (Kong, Hasanbeigi & Price, 2016), it would not be 

wrong to state such improvements would have more effective results when 

considered alongside broader energy optimization strategies. Nevertheless, even if 

improvements like this may not cause a radical change, they are highly feasible from 

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

Efficiency Electric Motors scenario are presented in Table 4.2. 

Table 4.2 Economic Analysis for S1 

Parameter 

 

Value 

 

Total Installed Power (kW) 1,096 

Electricity Savings (%) 4.48 

Investment Cost (EUR) 52,695 

Discounted NPV (EUR) 107,661 

Internal Rate of Return (%) 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 

measure. In light of these figures, it can be concluded that replacing standard electric 

motors with high-efficiency models not only contributes to energy savings of 4.48%, 

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

Similar to Scenario 1 (S1), this scenario was performed considering the significant 

environmental impacts associated with high electricity consumption. In this scenario 

(S2), what if a rooftop solar PV (RSPV) system is installed to supply electricity to 

the facility, instead of purchasing from the national grid, is explored. In other words, 

it explores the potential environmental impact of supplying the facilityôs electricity 

through an RSPV system instead of the national grid. 

In T¿rkiye, the countryôs total installed electricity capacity, which is 95.9 GW in 

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% in 2020 to 64.7% by 2035. Specifically, solar 

power capacity is anticipated to increase from 32.9 GW to 52.9 GW. On the other 

hand, in 2020, only 11.7% of electricity production in T¿rkiye was generated from 

renewable sources (T¿rkiye Ministry of Energy and Natural Resources, 2022). The 

use of solar and wind energy in paper recycling facilities is still relatively uncommon 

(Sonsale, Yasphal, Purohit, & Pohekar, 2021).  

However, through this scenario, 100% of the facilityôs electricity consumption 

would be generated from renewable energy instead of just 11.7%. So, the scenario is 

designed based on the installation of an RSPV system with sufficient capacity to 

meet the facilityôs entire electricity demand. 

Given that solar energy is inexhaustible and its conversion to electricity through 

photovoltaics causes no direct environmental pollution (Fahrenbruch & Bube, 2012), 

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

Figure 4.25 illustrates the end-point impacts (per impact category) for the S0-a and 

S2 in which the RSPV system installation is considered, in a comparative way. 
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Figure 4.25 Comparison of Impacts for S0-a and S2 (Single Score Results) 

 

As seen in Figure 4.25, the facilityôs overall Single Score drops significantly from 

62.63 Pt to 25.63 Pt. It is expected since, under this scenario, the facilityôs energy 

profile has been largely changed; fossil fuel consumption has been greatly reduced. 

In a way, a major shift to renewable sources has been achieved. In the Fine 

Particulate Matter Formation (FPMF) impact category, which is one of the facilityôs 

most dominant impact categories, an 82.8% reduction has been recorded. In the 

Global Warming (GW) impact category, this reduction reaches 31.5%. Additionally, 

improvements observed in categories such as Water Consumption (WC), which are 

not directly related to inputs, further indicate that this scenario represents a more 

environmentally friendly approach overall. The Characterization results are 

illustrated in Figure 4.26. Normalization results, which are in accordance with these 

findings, are also provided in Appendix F (Figure F-14). 
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Figure 4.26 Comparison of Impacts for Scenario 0-a and S2 (Characterization) 

As seen in Figure 4.26, although the Single Score impacts are relatively small, 

substantial reductions were achieved in Ionizing Radiation (IR) (208.4%), Fossil 

Resource Scarcity (FRS) (98.1%), and Stratospheric Ozone Depletion (SOD) 

(78.3%) impact categories. On the other hand, despite having relatively minor 

contributions to the Single Score, environmental impacts in Terrestrial Ecotoxicity 

(TET), Freshwater Ecotoxicity (FET), and Marine Ecotoxicity (MET) categories 

increased. This indicates that the increased use of renewable energy sources in the 

system does not uniformly reduce all environmental impacts. While 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 ecosystems and human health 

(Biutrago, Novello, & Meyer, 2020). The key inputs used in solar panel 

manufacturing include cadmium telluride, lead, chromium, copper, silver, 

aluminium, and ethylene vinyl acetate. These materials are known for their toxicity 
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and their potential to cause cancer, organ damage, and ecological harm if not 

properly managed throughout the life cycle. Such substances can leach into the 

environment during production or disposal phases, particularly affecting soil and 

aquatic systems (Jayapradha & Barik, 2023). However, these negative effects remain 

relatively small compared to the overall environmental benefits, as can be seen in 

Figure 4.26. 

These results demonstrate that restructuring the system 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 achieve environmental impact reductions. It 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 transport vehicles and innovative 

or electric-based 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 payback periods are becoming shorter. The economic analysis results for 

the 'Rooftop Solar PV for Electricity Supply' scenario are presented in Table 4.3. 

Table 4.3 Economic Analysis for S2 

Parameter 

 

Value 

 

Total Installed Capacity (MWp) 3.38 

Total Installed Capacity (MWe) 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 Return (%) 20.2 

Simple Pay Back Period (year) 4.89 
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These results demonstrate that the RSPV system, despite its relatively high initial 

investment cost compared to Scenario 1, offers substantial long-term economic 

benefits. The positive NPV of EUR 2,063,221 clearly shows that the investment is 

profitable over its lifetime. Moreover, the IRR of 20.2% indicates financial 

attractiveness. Although the simple payback period is approximately 4.89 years, 

which is longer than that of Scenario 1, it is still considered acceptable given the 

scale of the project and its capacity to supply 100% of the facilityôs electricity 

demand with renewable energy. 

4.2.3 S3 ï Reuse of Flash Steam in the Steam Boiler 

As presented in Section 3.3.1, Drying represents the most energy-intensive stage of 

the paper recycling facility. It is responsible for 39.5% of total electricity 

consumption and 67.65% of the overall primary energy use (Figures 3.4 and 3.5). 

This high demand comes from the operations of the Vacuum, Press Groups, and 

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 annually, as presented in Section 3.3.1. This 

substantial fuel usage significantly increases the primary energy share attributed to 

the Drying stage. 

Heat consumption in non-deinking paper recycling facilities typically falls within the 

range of 1100 to 1800 kWh/ton (PPPB-BREF, 2015). At the facility assessed in this 

study, the heat consumption is 1558.52 kWh/ton. While this figure is within the 

practical range, there is still significant potential for performance improvement. 

Since the majority of heat consumption comes from the steam boiler in the Drying 

unit, optimizing this unit would be helpful. 

In this respect, similar to Scenarios S1 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 facilityôs environmental impact, as indicated in Section 3.3.1. The 

scenario involves 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 4.27 illustrates the end-point impacts (per impact category) for the 

S0-a and S3 in which the flash steam is reused in the steam boiler , in a comparative 

way. 

Normalization and characterization results, which are in accordance with these 

findings, are provided in Appendix F (Figure F-15 and F-16). 

 

Figure 4.27 Comparison of Impacts for Scenario 0-a and 3 (Singe Score Results) 

 

As seen in Figure 4.27, the facilityôs overall impact decreased from 62.63 Pt to 57.29 

Pt. The most significant reductions in Scenarios S1 and S2 were observed in major 

impact categories such as Fine Particulate Matter Formation (FPMF) and Global 

Warming (GW). On the other hand, this scenario showed the greatest reductions in 
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Human Carcinogenic Toxicity (HCT) and Human Non-Carcinogenic Toxicity 

(HNCT). The primary reason for this is the reduction in fossil fuel use for steam 

production, which could lead to lower emissions of heavy metals and toxic 

substances. These reduction percentages are presented in Table 4.4. 

 

 

Table 4.4 Reductions According to Impact Categories in S3 (as compared to S0-a)  

Impact 

Category 

S0 

 

S3 

 

Reduction 

Fine particulate matter formation (%) 37.43 Pt 36.05 Pt 3.7 % 

Global warming (%) 13.00 Pt 11.20 Pt 13.9 % 

Human non-carcinogenic toxicity (%) 6.23 Pt 5.11 Pt 18.0% 

Human carcinogenic toxicity (%) 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 unit. Because it directly targets this 

specific unit. Also, the improvement proposed in the scenario is implemented in the 

steam boiler within the Drying unit. Figure 4.28 illustrates the end-point impacts (per 

impact category) for Scenarios S0-a, S1, S2, and S3 in a comparative manner. For 

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

facility. 
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Figure 4.28 Comparison of Impacts for Drying Unit (Scenario 0-a, 1, 2 and 3) 

(Single Score Results) 

 

In the baseline scenario (S0-a), the impact score for 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 decreased to 23.34 Pt, corresponding to a significant reduction of 15.64%. In this 

scenario, it further decreased to 22.32 Pt, corresponding to 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 scenarios are compatible and can be 

implemented together. If all these 3 scenarios were applied together, a reduction of 

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

Lastly, Figure 4.29 illustrates the comparison of normalized impact results for the 

base scenario (S0-a) and Scenarios S1, S2, and S3. One key point to highlight in this 

figure is that although S2 achieves greater reductions than S3 in impact categories 

such as Global Warming (GW) and Human non-carcinogenic toxicity (HNCT) and 

Human carcinogenic toxicity (HCT), S3 achieves higher environmental impacts in 



 

 

135 

the Fine Particulate Matter Formation (FPMF) category. This can be explained by 

the fact that in Scenario S3, the facility continues to consume electricity and, 

although energy demand is reduced through flash steam recovery, wood and coal are 

still used for thermal energy generation. 

Characterization results, which are in accordance with these findings, are provided 

in Appendix F (Figure F-17). 

 

Figure 4.29 Comparison of Impacts for Drying Unit (S0-a, S1, S2, and S3) 

(Normalization Results) 

Although this scenario does not bring a radical change in the facilityôs overall 

environmental impact, its effect on the Drying unit is significant. Considering that 

the Drying unit is the most environmentally harmful and energy-intensive unit in 

paper recycling facilities, this improvement becomes particularly important. 

Moreover, implementing this scenario does not preclude the application of the first 

two scenarios. It can be integrated into broader energy optimization strategies for 

more effective results. 
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4.2.4 S4 ï Open and Closed Water Circuits 

Closing up water circuits in paper production processes offers several potential 

advantages, but it 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 dryer section. 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 accumulate in the 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 pipes, shower nozzles, wires, and felts. 

Lastly, maintaining hygiene becomes more challenging, particularly for tissue 

production and applications involving food contact or medical standards (PPPB-

BREF, 2015). 

The facility currently operates 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 environmental impact differences if this sustainable technique were not 

implemented. 

Water input 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 unit. Figure 4.30 illustrates the end-point impacts (per impact 

category) for the S0-a and S4. 
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Figure 4.30 Comparison of Impacts for Screen Unit (Scenario 0 and 4) (Single 

Score Results) 

 

As seen in Figure 4.30, the environmental impact of the Screen unit is 1.79 Pt in the 

Baseline scenario (S0-a) with the Closed Water Circuit. On the other hand, in 

Scenario 4 (with the Open Water Circuit), it increases to 2.05 Pt, representing a 

12.8% rise. Although this increase is largely associated with the Water Consumption 

(WC) impact categories, every impact category, without exception, shows varying 

degrees of increase. This can also be observed in Figure 4.31, which presents the 

Characterization impact results. Normalization results, which are in accordance with 

these findings, are provided in Appendix F (Figure F-18). 
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Figure 4.31 Comparison of Impacts for Screen 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 

contribution 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 deinked and non-

deinked grades lies in the process, not in the final product itself (PPPB-BREF, 2015). 

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

the furnish, a chemical pretreatment is applied in the pulper, and printing inks are 



 

 

139 

removed in flotation cells. A prerequisite for successful deinking is that the ink 

particles are detached from the fibers and maintained in dispersion (PPPB-BREF, 

2015). 

Although deinking processes 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 LCA study was conducted does not include a deinking 

process, as ink removal is not necessary for the recycled paper produced. However, 

in the paper recycling industry, the number of facilities that include deinking is quite 

significant. For certain paper types, deinking is essential. Nevertheless, the addition 

of a deinking process to a facility also brings some negative environmental impacts. 

So, this scenario was developed to identify the magnitude and causes of these 

impacts. Figure 4.32 illustrates the end-point impacts (per impact category) for the 

S0-a and S5 in a comparative way. 

 

Figure 4.32 Comparison of Impacts for Scenario 0-a and 5 (Single Score Results) 
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As shown in Figure 4.32, the Single Score increases from 62.63 Pt to 96.83 Pt with 

the addition of the deinking process, representing a 54.6% increase. This is a 

considerable rise, primarily driven by the elevated consumption of energy, water, 

and chemicals, as well as the resulting increase in wastewater and solid waste 

generation. These changes in input and output flows associated with the deinking 

process are detailed in Section 3.3.3. Table 4.5 presents the increases in impact 

observed in the most critical impact categories for facilities with and without 

deinking.  

Table 4.5 Increase in Impacts with Deinking (S5 vs S0-a) 

Impact 

Category 

Increase in 

impacts  

w/ deinking 

Fine particulate matter formation (%) 38.3 % 

Global warming (%) 28.1 % 

Human non-carcinogenic toxicity (%) 34.2% 

Human carcinogenic toxicity (%) 26.4% 

Total 35.3% 

 

The results of Scenario 5 clearly show that the addition of the deinking unit leads to 

a widespread and substantial increase in environmental impacts. With the integration 

of deinking into the system, an increase in environmental impacts was observed not 

only in specific impact categories but across all categories without exception. 

Figure 4.33 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 comprehensive environmental cost-benefit analyses. Normalization 

results, which are in accordance with these findings, are provided in Appendix F 

(Figure F-19). 
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Figure 4.33 Comparison of Impacts for Scenario 0-a and 5 (Characterization 

Results) 

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 outcomes were evaluated to assess their relative environmental performance. 
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Table 4.6 Scenarios Considered 

Scenario Name 

S0 - a 

S0 - b 

S0 - c 

Base ï Mixed Paper 

Base ï OCC 

Base- White Paper 

S1 Use of High-Efficiency 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 

 

The key results of this study are summarized below: 

¶ 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 Figure 4.34. 

 

Figure 4.34 Breakdown of Primary Energy Sources Used in the Facility 
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¶ Electricity is widely consumed in almost all units, particularly in units such 

as the Vacuum, Pulper, and Press Groups. Approximately 55% of the total 

electricity consumption occurs during the Stock preparation stage, while the 

remaining 45% is consumed during the paper machine stage. 

¶ Coal and wood are consumed only in the Drying unit, where steam is 

generated, making this unit the center of the facilityôs primary energy 

consumption. Diesel fuel is only used in the transportation and internal 

transport units, where forklifts and trucks operate. Table 4.7 presents the 

percentages of electricity and primary energy consumption by processing 

groups within the facility. 

 

Table 4.7 Electricity and Primary Energy Consumption by Processing Groups 

Processing 

Groups 

Electricity Consumption 

(%) 

Primary Energy 

Consumption (%) 

Supporting System 0.02 2.89 

Pulping 12.71 6.19 

Screening & Cleaning 14.77 7.19 

Drying 39.50 67.65 

Post-Processing 1.31 0.64 

Pumps 15.60 7.60 

Storage Tanks 16.10 7.84 

 

¶ According to the LCA results conducted under the Mixed Paper baseline 

scenario, environmental impacts within the recycling facility are largely 

concentrated in energy-intensive processes. The highest environmental 

impact across the entire facility was observed in the Drying unit, which is the 

only unit that uses 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 matter formation emerged as 

the most dominant. This result is associated with fossil-based electricity 

consumption. Other major impact categories included Global Warming, 

Human Carcinogenic Toxicity, and Human Non-Carcinogenic Toxicity. 

 

¶ The comparison of baseline LCA analyses conducted for three different 

waste paper 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 due to White Paperôs relatively 

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 impact (by 9.34%). These findings highlight that the type of 

waste paper 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 inefficient electric motors with high-efficient 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 led to notable 

decreases in electricity-related impact categories such as Fine Particulate 

Matter Formation, Global Warming, Fossil Resource Scarcity, and Ionizing 

Radiation. Although the overall improvement in environmental performance 

was relatively modest, such energy efficiency measures offer practical and 

economically attractive solutions. This scenario, which addresses BAT6 (h) 

of PPPB-BREF, has the potential to deliver more significant and long-term 

environmental benefits if integrated into broader energy optimization 

strategies. 
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¶ In Scenario 2, a scneario was created in which the facilityôs entire electricity 

demand is met through an RSPV. This transformation assumes a complete 

shift away from the national grid, making the facilityôs electricity supply 

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% decrease in the Global 

Warming category. Additionally, substantial reductions were recorded in 

other categories such as Fossil Resource Scarcity, Ionizing Radiation, and 

Stratospheric Ozone Depletion. From an economic perspective, the 3.38 

MWp system offers a 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 

unit,which is the facilityôs most environmentally impactful process, was 

addressed. Through the recovery and reuse of flash steam, the facilityôs total 

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 Non-Carcinogenic 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 from 27.67 Pt to 22.32 

Pt, corresponding to a 19.3% improvement. These results indicate that flash 

steam recovery, which is addressed as one of the BATs in ENE-BREF for 

energy efficiency, is a highly effective method for reducing the 

environmental impact of the facility (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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¶ In Scenario 4, the environmental benefits of the closed water circuit 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 

based on 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 results show that closed-loop water systems 

positively affect not only water use but also other environmental aspects 

indirectly. Therefore, the adoption of such systems, addressed in PPPB-

BREF as BAT 5(f) and BAT 43(b), in all paper recycling facilities can make 

a significant contribution (by 12.8 %) to the sustainable operation of the 

facility.  

¶ 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 applied in the paper recycling sector. With the inclusion of the 

deinking process, the facilityôs total environmental impact increased by 

35.3%, rising from 62.63 Pt to 96.83 Pt. This significant increase is attributed 

to the higher consumption of energy, water, and 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 comprehensive 

environmental cost-benefit 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 improvements at nearly similar levels, S2 

demonstrates an outstanding performance. Despite its remarkable effectiveness, this 

technique is not included among the BATs in the PPPB-BREF or ENE-BREF 

documents. Within the scope of this thesis, its positive effect has been quantitatively 

demonstrated, thereby revealing its significance. Conversely, S5 stands out in a 
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negative manner. Therefore, this thesis has also enabled the clear observation of the 

extent of environmental impact differences between facilities with and without 

deinking processes. 

 

Figure 4.35 Comparison of Single Score Results of the Study 
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CHAPTER 5  

5 CONCLUSION 

This study was undertaken to evaluate and quantify the environmental impacts of 

selected process and technology improvement measures applicable to paper 

recycling facilities, including but not limited to BATs identified in relevant BREF 

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 the LCA 

methodology in accordance 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 revealed that 

a significant portion of the facilityôs environmental impacts originates from 

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 high-consumption units for environmental 

improvement. 

Importance of waste paper type: The study showed that the type of waste paper 

used for recycling is an 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 use, and higher associated impacts. This finding underscores 

the importance of selecting input materials with higher recovery efficiency to 

minimize environmental impacts, as the environmental impacts change by 9.34% 

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

across almost all process stages, was identified as a key driver of the facilityôs 

environmental impacts, particularly in categories such as fine particulate matter 

formation (FPMF), global warming (GW), human carcinogenic toxicity (HCT), and 

human non-carcinogenic toxicity (HNCT). Electricity use accounts for 

approximately 52% of the overall environmental impact. Reducing electricity 

demand can therefore yield benefits across multiple impact categories and contribute 

to the overall improvement of environmental performance. 

Benefits of improving energy efficiency: The adoption of higher-efficiency 

electrical equipment across process units demonstrated measurable reductions in the 

facilityôs overall environmental impact, with the Single Score decreasing by 

approximately 2.8%. Although the percentage reductions at the facility level were 

moderate, this approach is technically feasible, relatively low-cost, and capable of 

delivering long-term cumulative benefits when integrated into comprehensive 

energy management strategies. 

Environmental improvements through renewable electricity supply: Replacing 

national grid-supplied electricity with RSPV led to substantial reductions in the 

facilityôs total environmental impact, with the Single Score decreasing by 

approximately 59.1%. The most pronounced improvements were observed in 

categories such as fine particulate matter formation (FPMF) where an 82.8% 

reduction was recorded, and global warming (GW) with a 31.5% reduction. Minor 

increases were observed in terrestrial ecotoxicity (TET), freshwater ecotoxicity 

(FET), and marine ecotoxicity (MET) due to the material composition and life cycle 

impacts of PV panels; however, these effects remained negligible compared to the 

overall benefits. 

Advantages of flash steam reuse: The recovery and reuse of flash steam in the 

steam boiler of the drying unit, identified as the facilityôs most energy-intensive 

process, resulted in significant reductions in human carcinogenic toxicity (HCT) by 
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18.1% and human non-carcinogenic toxicity (HNCT) by 18.0%, and overall 

environmental impact by 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 closed-loop water systems: Closed-loop water circuits not only 

reduce water consumption but also contribute to improvements across various 

environmental impact categories when compared to open-loop systems. These 

indirect benefits stem from reduced resource demand and process efficiencies, 

reinforcing their value as an effective sustainability measure for paper recycling 

facilities. 

Environmental trade-offs of deinking processes: The inclusion of a deinking 

process, although commonly applied to improve product quality in paper recycling, 

was found to substantially increase environmental impacts, with the Single Score 

increasing by approximately 54.6%, due to higher energy, water, and chemical 

consumption, as well as increased wastewater and solid waste generation. These 

findings highlight the need for a comprehensive environmental costïbenefit 

assessment to ensure that quality improvements justify the associated increase in 

environmental impact. 

 

Overall, this study quantified the environmental performance of selected measures 

and demonstrated that environmental outcomes can vary significantly 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 systematically evaluating both 

the positive and potential negative effects of different measures, this research 

provides a data-driven basis for guiding decision-making towards more sustainable 

and efficient paper recycling operations. 
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CHAPTER 6  

6 RECOMMENDATION  

6.1 Recommendations for  the Facility  

Based on the findings of this study, it is recommended that the facility prioritize 

interventions targeting its most energy-intensive processes, particularly the drying 

unit, which was identified as the dominant contributor to overall environmental 

impacts. In this regard, the integration of flash steam recovery systems should be 

maintained and optimized.  

Replacing grid-supplied electricity with RSPV 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 electricity demand and 

increasing the share of renewable energy.  

Closed-loop 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 introduce quality-enhancing processes, such as deinking, 

should be preceded by a detailed costïbenefit analysis to ensure that the expected 

improvements in product quality outweigh the additional environmental impact. 
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6.2 Recommendations for Future Work 

Future research should aim to: 

¶ Conduct more detailed, unit-specific LCAs, provided that sufficient 

operational data can be obtained, with particular attention to processes where 

data gaps currently exist, including pulping.  

¶ Expand the system boundaries to incorporate a more comprehensive 

assessment of waste generation, wastewater characteristics, and the fate of 

recycled paper products.  

¶ Assess the combined implementation of multiple improvement measures to 

identify potential synergies and maximize long-term environmental benefits.  

¶ Integrate more detailed economic assessments alongside environmental 

analysis is also recommended to provide decision-makers with a holistic 

understanding of both the feasibility and the long-term value of different 

improvement strategies. 
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7 APPENDICES 

A. Electricity Consumption Calculations for  the Facility  

Table A-1 provides the technical specifications of the motors used in each process 

unit, along with their corresponding electricity consumption. 

 

Table A-1 Technical Specifications and Electricity Consumption of the Motors in 

the Facility (Baseline) 

 

Unit 

 

Installed  

Power  

(kWh) 

Working  

Hours 

(hours/year) 

Load  

Factor 

(%) 

Efficiency 

(%) 

Electricity 

Consumption 

(kWh/year) 

1- Transport n.a. n.a. n.a. n.a. 0 

2- Internal 

Transport 
n.a. 

n.a. n.a. n.a. 0 

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 

Tank A 

30 7200  75   90.0   180,000  

7- Pump B 22 7200  75   89.4   132,886  

8-Coarse 

Screen A 

0 n.a.  n.a.  n.a.   0    

9- Turbo 

Seperator 

90 1680  75   91.5   123,934  

10- Pump C 3 7200  75   79.7   20,326  

11- Reject 

Sorter 

22 1680  75   89.4   31,007  
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Table A-1 Technical Specifications and Electricity Consumption of the Motors in 

the Facility (Baseline) (contôd) 

 

Unit 

 

Installed  

Power  

(kWh) 

Working  

Hours 

(hours/year) 

Load  

Factor 

(%) 

Efficiency 

(%) 

Electricity 

Consumption 

(kWh/year) 

12- Storage 

Tank B 

30 7200  75   90.0   180,000  

13- Pump D 22 7200  75   89.4   132,886  

14- Coarse 

Screen B 

0 n.a.  n.a.   n.a.   0    

15- Deflaker 75 1680  75   91.5   103,279  

16- Storage 

Tank C 

30 7200  75   90.0   180,000  

17- Pump E 22 7200  75   89.4   132,886  

18- Storage 

Tank D 

30 7200  75   90.0   180,000  

19- Fan 

Pump 

45 7200  75   90.6   268,212  

20- Fine 

Sand 

Separator 

0 n.a.  n.a.   n.a.   0    

21- Pressure 

Screen 

30 7200  75   90.0   180,000  

22- Pulp 

Chest 

0 n.a.  n.a.   n.a.   0   

23- Screen 37 7200  75   90.0   222,000  

24- Vacuum 136 7200  75   92.0   798,261  

25- Press 

Groups 

74 7200  75   91.5   436,721  
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Table A-1 Technical Specifications and Electricity Consumption of the Motors in 

the Facility (Baseline) (contôd) 

 

Unit 

 

Installed  

Power  

(kWh) 

Working  

Hours 

(hours/year) 

Load  

Factor 

(%) 

Efficiency 

(%) 

Electricity 

Consumption 

(kWh/year) 

26- Drying 90 7200  75   91.5   531,148  

27- Roll 

Wrapper 

22 2100  75   89.4   38,758  

28- 

Rewinder 

11 2100  75   88.0   19,688  

 

The energy efficiency of a 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 values from the Energy Management and Energy 

Efficiency in Industry book (Kaya & ¥zt¿rk, 2014) were used. The book provides a 

table outlining motor efficiency based on installed power, which is presented in 

Table A-2. 

 

 

 

 

 



 

 

166 

Table A-2 Average Efficiencies of Standard Type Motors based on Installed Power 

(Kaya & ¥zt¿rk, 2014) 

Installed 

Power  

(kW) 

Standard Type Motor 

Average Efficiency 

(%) 

Installed Power  

(kW) 

Standard Type Motor 

Average Efficiency 

(%) 

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 addition to 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 

inevitably reduces a motorôs efficiency. The literature review 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 result, 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 consistent. 
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B. Electricity Consumption Calculations for Scenario 1 

Table B-1 Average Efficiencies of Highly Efficieny Type Motors based on 

Installed Power (Kaya & ¥zt¿rk, 2014) 

Installed 

Power  

(kW) 

Highly Efficient Type 

Motor Average 

Efficiency (%) 

Installed 

Power  

(kW) 

Highly Efficient 

Type Motor Average 

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 95.4 

2.98 88.9 55.95 95.4 

3.73 90.2 74.60 95.8 

5.60 91.7 93.25 95.4 

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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Figure B-1 Motor Efficiencies based on Classifications and Installed Power 

Ratings 

 

Table B-2 Technical Specifications and Electricity Consumption of the Motors in 

the Facility (Scenario 1) 

 

Unit 

 

Installed  

Power  

(kWh) 

Working  

Hours 

(hours/year) 

Load  

Factor 

(%) 

Efficiency 

(%) 

Electricity 

Consumption 

(kWh/year) 

1- Transport n.a. n.a. n.a. n.a. 0 

2- Internal 

Transport 
n.a. 

n.a. n.a. n.a. 0 

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 

Tank A 

30 7200  75   94.50   171,429  

7- Pump B 22 7200  75   94.10   126,249  

8-Coarse 

Screen A 

0 n.a. n.a.  *  0    
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Table B-2 Technical Specifications and Electricity Consumption of the Motors in 

the Facility (Scenario 1) (contôd) 

 

Unit 

 

Installed  

Power  

(kWh) 

Working  

Hours 

(hours/year) 

Load  

Factor 

(%) 

Efficiency 

(%) 

Electricity 

Consumption 

(kWh/year) 

9- Turbo 

Seperator 

90 1680  75   95.40   118,868  

10- Pump C 3 7200  75   88.90   18,223  

11- Reject 

Sorter 

22 1680  75   94.10   29,458  

12- Storage 

Tank B 

30 7200  75   94.50   171,429  

13- Pump D 22 7200  75   94.10   126,249  

14- Coarse 

Screen B 

0 n.a. n.a.  *  0    

15- Deflaker 75 1680  75   95.80   98,643  

16- Storage 

Tank C 

30 7200  75   94.50   171,429  

17- Pump E 22 7200  75   94.10   126,249  

18- Storage 

Tank D 

30 7200  75   94.50   171,429  

19- Fan 

Pump 

45 7200  75   95.40   254,717  

20- Fine 

Sand 

Separator 

0 n.a.  n.a.  *  0    

21- Pressure 

Screen 

30 7200  75   94.50   171,429  
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Table B-2 Technical Specifications and Electricity Consumption of the Motors in 

the Facility (Scenario 1) (contôd) 

 

Unit 

 

Installed  

Power  

(kWh) 

Working  

Hours 

(hours/year) 

Load  

Factor 

(%) 

Efficiency 

(%) 

Electricity 

Consumption 

(kWh/year) 

22- Pulp 

Chest 

0 n.a.  n.a.  *  0    

23- Screen 37 7200  75   95.00   210,316  

24- Vacuum 136 7200  75   95.80   766,597  

25- Press 

Groups 

74 7200  75   95.80   417,119  

26- Drying 90 7200  75   95.40   509,434  

27- Roll 

Wrapper 

22 2100  75   94.10   36,823  

28- 

Rewinder 

11 2100  75   93.00   18,629  
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C. Life Cycle Inventory Data Entered into SimaPro 

In this appendix, the inputs and outputs entered into SimaPro for the S0-b, S0-c, and 

S1 for each unit are provided. The inputs and outputs of the other scenarios are 

largely similar to the S0-a inputïoutput table (Table 3.5) presented in Section 3.3.2. 

Therefore, they are not repeated in this appendix. The key differences of these 

scenarios are presented in Appendix 4 with SimaPro Inventory Data screenshots. 
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Table C-1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenario (S0-b) for Each Unit 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Transport 1.09290 0.00 0.00 0.00 5.58 0.00 0.00000 1.09290 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Internal 

Transport 

1.09290 0.00 0.00 0.0 0.84 0.00 0.00000 1.09290 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Conveyor 1.09290 0.12 0.00 0.00 0.00 0.00 0.00000 1.09290 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pulper 1.09290 75.44 0.00 0.00 0.00 0.00 0.00000 1.07869 0.00505 0.00250 0.00665 0.00 0.00 0.0000 

Pump A 1.07869 1.39 0.00 0.00 0.00 0.00 0.00000 1.07869 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank A 

1.07869 24.17 0.00 0.00 0.00 0.00 0.00000 1.07869 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump B 1.07869 17.84 0.00 0.00 0.00 0.00 0.00000 1.07869 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen A 

1.07869 0.00 0.00 0.00 0.00 0.00 0.00000 1.05388 0.00892 0.00427 0.01161 0.00 0.00 0.0000 
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Table C-1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenario (S0-b) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Turbo 

Seperator 

1.05388 16.82 0.00 0.00 0.00 0.00 0.00000 1.05388 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump C 0.21077 2.76 0.00 0.00 0.00 0.00 0.00000 0.21077 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Reject 

Sorter 

0.21077 4.21 0.00 0.00 0.00 0.00 0.00000 0.16862 0.01550 0.00691 0.01973 0.00 0.00 0.0000 

Storage 

Tank B 

1.01172 24.44 0.00 0.00 0.00 0.00 0.00000 1.01172 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump D 1.01172 18.04 0.00 0.00 0.00 0.00 0.00000 1.01172 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen B 

1.01172 0.00 0.00 0.00 0.00 0.00 0.00000 1.00869 0.00105 0.00056 0.00142 0.00 0.00 0.0000 

Deflaker 1.0086 14.13 0.00 0.00 0.00 0.00 0.00000 1.00667 0.00069 0.00038 0.00094 0.00 0.00 0.0000 
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Table C-1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenario (S0-b) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Storage 

Tank C 

1.00667 24.75 0.00 0.00 0.00 0.00 0.00000 1.00667 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump E 1.00667 18.27 0.00 0.00 0.00 0.00 0.00000 1.00667 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank D 

1.00667 24.75 0.00 0.00 0.00 0.00 0.00000 1.00667 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Fan 

Pump 

1.00667 36.87 0.00 0.00 0.00 0.00 0.00000 1.00667 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

 Fine 

Sand S. 

1.00667 0.00 0.00 0.00 0.00 0.00 0.00000 1.00466 0.00069 0.00037 0.00094 0.00 0.00 0.0000 
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Table C-1 The Inputs and Outputs Entered Into SimaPro for OCC Baseline Scenario (S0-b) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Pressure 

Screen 

1.00466 24.86 0.00 0.00 0.00 0.00 0.00000 1.00265 0.00069 0.00037 0.00094 0.00 0.00 0.0000 

Pulp 

Chest 

1.00265 0.00 0.00 0.00 0.00 0.00 0.99895 1.00265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Screen 1.00265 30.80 0.00 0.00 0.00 6.00 0.000000 1.00000 0.00089 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 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Press 

Groups 

1.00000 60.66 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Drying 1.00000 73.77 0.15 0.23 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.03 0.0023 

Roll W. 1.00000 5.38 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Rewinder 1.00000 2.73 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 
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Table C-2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline Scenario (S0-c) for Each Unit 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Transport 1.28194 0.00 0.00 0.00 6.55 0.00 0.00000 1.28194 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Internal 

Transport 

1.28194 0.00 0.00 0.0 0.98 0.00 0.00000 1.28194 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Conveyor 1.28194 0.15 0.00 0.00 0.00 0.00 0.00000 1.28194 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pulper 1.28194 88.49 0.00 0.00 0.00 0.00 0.00000 1.22425 0.02050 0.01016 0.02701 0.00 0.00 0.0000 

Pump A 1.22425 1.57 0.00 0.00 0.00 0.00 0.00000 1.22425 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank A 

1.22425 27.42 0.00 0.00 0.00 0.00 0.00000 1.22425 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump B 1.22425 20.25 0.00 0.00 0.00 0.00 0.00000 1.22425 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen A 

1.22425 0.00 0.00 0.00 0.00 0.00 0.00000 1.15692 0.02421 0.01158 0.03152 0.00 0.00 0.0000 
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Table C-2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline Scenario (S0-c) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Turbo 

Seperator 

1.15692 18.47 0.00 0.00 0.00 0.00 0.00000 1.15692 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump C 0.23138 3.03 0.00 0.00 0.00 0.00 0.00000 0.23138 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Reject 

Sorter 

0.23138 4.62 0.00 0.00 0.00 0.00 0.00000 0.18510 0.01701 0.00759 0.02166 0.00 0.00 0.0000 

Storage 

Tank B 

1.11064 26.83 0.00 0.00 0.00 0.00 0.00000 1.11064 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump D 1.11064 19.80 0.00 0.00 0.00 0.00 0.00000 1.11064 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen B 

1.11064 0.00 0.00 0.00 0.00 0.00 0.00000 1.07732 0.01153 0.00618 0.01560 0.00 0.00 0.0000 

Deflaker 1.077326 15.09 0.00 0.00 0.00 0.00 0.00000 1.05577 0.00739 0.00405 0.01008 0.00 0.00 0.0000 
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Table C-2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline Scenario (S0-c) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Storage 

Tank C 

1.05577 25.95 0.00 0.00 0.00 0.00 0.00000 1.05577 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump E 1.05577 19.16 0.00 0.00 0.00 0.00 0.00000 1.05577 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank D 

1.05577 25.95 0.00 0.00 0.00 0.00 0.00000 1.05577 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Fan 

Pump 

1.05577 38.67 0.00 0.00 0.00 0.00 0.00000 1.05577 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

 Fine 

Sand S. 

1.05577 0.00 0.00 0.00 0.00 0.00 0.00000 1.03466 0.00726 0.00396 0.00988 0.00 0.00 0.0000 

Pressure 

Screen 

1.03466 25.60 0.00 0.00 0.00 0.00 0.00000 1.01397 0.00712 0.00388 0.00968 0.00 0.00 0.0000 
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Table C-2 The Inputs and Outputs Entered Into SimaPro for White Paper Baseline Scenario (S0-c) for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Pulp 

Chest 

1.01397 0.00 0.00 0.00 0.00 0.00 1.01023 1.01397 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Screen 1.01397 31.15 0.00 0.00 0.00 6.00 0.000000 1.00000 0.00471 0.00271 0.00654 5.00 0.00 0.0000 

Vacuum 1.00000 110.87 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Press 

Groups 

1.00000 60.65 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Drying 1.00000 73.77 0.15 0.23 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.03 0.0023 

Roll 

Wrapper 

1.00000 5.38 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Rewinder 1.00000 2.73 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 
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Table C-3 The Inputs and Outputs Entered Into SimaPro for Scenario 1 for Each Unit 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Transport 1.16265 0.00 0.00 0.00 5.94 0.00 0.00000 1.16265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Internal 

Transport 

1.16265 0.00 0.00 0.0 0.89 0.00 0.00000 1.16265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Conveyor 1.16265 0.12 0.00 0.00 0.00 0.00 0.00000 1.16265 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pulper 1.16265 77.09 0.00 0.00 0.00 0.00 0.00000 1.12893 0.01198 0.00594 0.01578 0.00 0.00 0.0000 

Pump A 1.12893 1.38 0.00 0.00 0.00 0.00 0.00000 1.12893 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank A 

1.12893 24.09 0.00 0.00 0.00 0.00 0.00000 1.12893 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump B 1.12893 17.74 0.00 0.00 0.00 0.00 0.00000 1.12893 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen A 

1.12893 0.00 0.00 0.00 0.00 0.00 0.00000 1.08490 0.01583 0.00757 0.02061 0.00 0.00 0.0000 
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Table C-3 The Inputs and Outputs Entered Into SimaPro for Scenario 1 for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Turbo 

Seperator 

1.08490 16.61 0.00 0.00 0.00 0.00 0.00000 1.08490 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump C 0.21698 2.55 0.00 0.00 0.00 0.00 0.00000 0.21698 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Reject 

Sorter 

0.21698 4.12 0.00 0.00 0.00 0.00 0.00000 0.17358 0.01595 0.00711 0.02031 0.00 0.00 0.0000 

Storage 

Tank B 

1.04151 23.96 0.00 0.00 0.00 0.00 0.00000 1.04151 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump D 1.04151 17.64 0.00 0.00 0.00 0.00 0.00000 1.04151 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Coarse 

Screen B 

1.04151 0.00 0.00 0.00 0.00 0.00 0.00000 1.02693 0.00504 0.00270 0.00682 0.00 0.00 0.0000 

Deflaker 1.02693 13.74 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00282 0.00154 0.00384 0.00 0.00 0.0000 
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Table C-3 The Inputs and Outputs Entered Into SimaPro for Scenario 1 for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Storage 

Tank C 

1.01871 23.85 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Pump E 1.01871 17.56 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Storage 

Tank D 

1.01871 23.85 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Fan 

Pump 

1.01871 35.44 0.00 0.00 0.00 0.00 0.00000 1.01871 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

 Fine 

Sand S. 

1.01871 0.00 0.00 0.00 0.00 0.00 0.00000 1.01056 0.00280 0.00152 0.00381 0.00 0.00 0.0000 

Pressure 

Screen 

1.01056 23.82 0.00 0.00 0.00 0.00 0.00000 1.00248 0.00278 0.00151 0.00378 0.00 0.00 0.0000 
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Table C-3 The Inputs and Outputs Entered Into SimaPro for Scenario 1 for Each Unit (contôd) 

Unit 

 

 

Input 1 

Mixed 

Paper 

(ton) 

 

Input 2 

Electricity 

(kWh) 

Input 

3 

Coal 

(ton) 

Input 

4 

Wood 

(ton) 

Input 

5 

Diesel 

(L) 

Input 

6 

Water 

(m3) 

Input 7 

Defoamer 

(kg) 

Output 

1 

Mixed  

Paper 

(ton) 

Output 

2 

Pulper 

Waste 

(ton) 

Output 3 

Glass,S,I. 

Waste 

(ton) 

Output 

4 

Other 

Waste 

(ton) 

Output 

5 

Waste 

Water 

(m3) 

Output  

6 

Coal 

Ash 

(ton) 

Output 

7 

Wood 

Ash 

(ton) 

Pulp 

Chest 

1.00248 0.00 0.00 0.00 0.00 0.00 0.99978 1.00248 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Screen 1.00248 29.17 0.00 0.00 0.00 6.00 0.000000 1.00000 0.00083 0.00048 0.00116 5.00 0.00 0.0000 

Vacuum 1.00000 106.47 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Press 

Groups 

1.00000 57.93 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Drying 1.00000 70.75 0.15 0.23 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.03 0.0023 

Roll 

Wrapper 

1.00000 5.11 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 

Rewinder 1.00000 2.59 0.00 0.00 0.00 0.00 0.00000 1.00000 0.00000 0.00000 0.00000 0.00 0.00 0.0000 
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D. Screenshots of Life Cycle Inventory Data Entered in SimaPro 

Scenario 0-a 
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Transport 

 

Internal Transport 

 

Conveyor 
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Pulper 

 

Pump A 
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Storage Tank A 

 

Pump B 

 

 

 

 

 

 

 

 

 

 












































































































































































































