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LIFE CYCLE MANAGEMENT OF AGRICULTURAL AND ANIMAL
WASTES THROUGH INTEGRATED ENERGY SYSTEMS FOR A
PARTICULAR REGION

Life cycle management is very essential to sustainable development which aims a
balance between environmental, social and economic dimensions over products’ life cycle.
Life cycle management consists of methods to quantify and compare the environmental,
social and economical analysis of providing goods and services. While Life Cycle
Assessment (LCA) is used for estimating the potential environmental impacts of a product;
Life Cycle Costing, LCC, is used to assess the total cost of that product during its life
cycle. In this study, GaBi4 software is used as the LCA & LCC tool and EDIP 2003 is used as
the LCA methodology.

The proposed thesis has been prepared as an application of life cycle management to
succeed integrated waste minimization and energy conservation for a specific region in
Turkey. The thesis covers the environmental and economical evaluation of a pilot scale
anaerobic digestion (AD) and biogas recovery system which has been built in Kocaeli,
Turkey. The waste recipe which is utilized for biogas production consists of cattle
manures, poultry manures, slaughterhouse wastes, vegetable wastes and grass as raw
material. The environmental evaluation is made according to the category indicators which are
global warming, acidification, aquatic eutrophication, terrestrial eutrophication, photochemical
ozone formation (impact on vegetation), stratospheric ozone depletion and the results are
compared with six other scenarios including AD of only cattle manure, fossil fuel
resources (coal power plant (PP), natural gas PP) and other renewable energy sources
(hydro PP, wind PP, Integrated gasification combined cycle (IGCC)). With a different
point of view, these energy production scenarios were evaluated in broad system
boundaries and it is determined with this study that if the animal and agricultural wastes
are not utilised in anaerobic digestion and biogas recovery system, even the renewable
energy systems will be less environmentally friendly. It is determined that only an

integrated interpretation of the scenarios can conclude the potential environmental impacts.



BELIRLIi BiR BOLGE iCiN TARIMSAL VE HAYVANSAL
ATIKLARIN ENTEGRE ENERJi SISTEMLERINDE YASAM DONGU
YONETIMI

Bir iirliniin yasam dongiisii boyunca cevresel, sosyal ve ekonomik yonleri arasinda
bir denge saglanmasini amaglayan siirdiiriilebilir gelisme icin yasam dongiisii yonetimi ¢cok
onemlidir. Bir iirlinlin yasam dongiisii boyunca cevreye olan potansiyel etkilerini
ongormek icin Yasam Dongiisii Degerlendirmesi (YDD) kullanilirken; toplam maliyetini
degerlendirmek icin Yasam Dongiisii Maliyetlendirmesi (YDM) kullanilir. Bu ¢alismada,
YDD & YDM araci olarak GaBi4 yazilimi1 ve YDM yontem bilimi olarak da EDIP 2003

kullanilmastar.

Onerilen tez, Tiirkiye’de belirli bir bolge icin entegre atik azaltimi ve enerji tasarrufu
saglamak iizere yasam dongiisii yonetimi uygulanmasi amaciyla hazirlanmistir. Bu tez,
Kocaeli, Tiirkiye’de kurulmus olan pilot 6l¢ekli bir anaerobik c¢iiriitme ve biyogaz geri
kazanim tesisi i¢in ¢evresel ve ekonomik degerlendirmeyi kapsamaktadir. Biyogaz iiretimi
icin kullanilan atik recetesi hammadde olarak; biiyiikbas hayvan giibresi, kiimes hayvanlari
giibresi ile kesimhane atiklari, yiyecek atiklart ve c¢imenden olusur. Cevresel
degerlendirme, kategori gostergeleri olan kiiresel 1sinma, asidifikasyon, sulak alan
otrofikasyonu, kara otrofikasyonu, fotokimyasal ozon olusumu (bitki Ortiisii iizerindeki
etkileri), stratosferik ozon azalmasina gore yapilmis ve sonuclar sadece biiyiikkbas hayvan
giibresinin anaerobik ciiriitiilmesi, fosil bazli enerji kaynaklar1 (termik santral, dogalgaz
santrali) ve diger yenilenebilir enerji kaynaklarin1 (hidroelektrik santrali, riizgar enerjisi
santrali, entegre gazlastirma kombine santrali)) ele alan diger alti senaryo ile
karsilastirllmistir. Farkli bir bakis acisiyla, bu enerji iiretim senaryolar1 genis sistem
sinirlart icerisinde degerlendirilmis; hayvansal ve bitkisel atiklarin anaerobik ciiriitme ve
biyogaz {iiretim sistemlerinde degerlendirilmemesi durumunda yenilenebilir enerji
kaynaklarinin bile daha az ¢evre dostu olacagi belirlenmistir. Sonuclar olarak; sadece
senaryolarin entegre degerlendirilmesi ile potansiyel c¢evresel etkilerinin ortaya

koyulabilecegi belirlenmistir.
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1. INTRODUCTION

Achieving ‘‘sustainable development’’ requires methods and tools to help quantify
and compare the environmental impacts of providing goods and services to our societies.
Life cycle assessment (LCA) is a methodological framework for estimating and assessing
the environmental impacts attributable to the life cycle of a product, such as climate
change, stratospheric ozone depletion, eutrophication, acidification, toxicological stress on
human health and ecosystems, the depletion of resources [Rebitzer et al., 2004]. LCA
consists of four phases, which are goal & scope definition, inventory analysis, impact

assessment, and interpretation.

LCA is a very useful tool for the integral comparison of alternative systems on the
basis of a similar function or service that is fulfilled by these systems. As basis for this
comparison, a so-called functional unit is defined and all economic and environmental
inputs and outputs are modelled in a linear way to this functional unit [Guinée et al., 2006].
The functional unit of this LCA study is “the benefits of 10,680 ton/year agricultural and
animal wastes including the primary service of electricity production for at least 850
houses each with four (4)-family members” and the potential impacts of these wastes are

evaluated in terms of human health, ecosystem health and material welfare.

Life cycle costing, LCC, is the process of economic analysis to assess the total cost
of acquisition and ownership of a product. This analysis provides important inputs in the

decision making process in the product design, development and use [Ravemark, 2004].

In this study, GaBi4 software is used as the LCA & LCC tool and EDIP 2003 is used as
the LCA methodology to measure, evaluate and describe the possible environmental

consequences of the systems.

For sustainable energy production, biomass can be converted to electricity, heat, and

chemicals by using thermal, biological, and mechanical conversion processes.



LCA part of the thesis covers integrated LCA approach of biomass utilization with
special emphasize on global carbon cycle. Integration of anaerobic digestion (AD) in LCA
highlights the potential benefits of renewable energy to offset any conventional energy

inputs and assessment of greenhouse gas emission reduction.

The proposed thesis covers the environmental and economical evaluation of a pilot
scale AD and biogas recovery system which has been built in Kocaeli, Turkey. The waste
recipe which is utilized for biogas production consists of cattle manures, poultry manures,
slaughterhouse wastes, vegetable wastes and grass as raw material and as a result of this
utilization; their potential environmental pollution is decreased dramatically. The
laboratory scale anaerobic digester provided the initial data to determine the process
conditions for the pilot scale reactor. The biological conversion of the waste recipe in AD
and biogas recovery system is the main scenario, so called Scenario A and it is compared
with six other scenarios according to five environmental category indicators which are global
warming, acidification, aquatic eutrophication, terrestrial eutrophication, and photochemical

ozone formation (impact on vegetation).

The second scenario utilises only cattle manure instead of the same amount of waste
recipe (Scenario B). Since it is a clean and efficient thermal biomass conversion process,
gasification receives growing interest nowadays. This study also covers Scenario G
including biomass integrated gasification combined cycle of the waste recipe. Besides
these biological and thermal conversion processes, there are scenarios including other
renewable energy production methods such as hydropower plants (Scenario E) and wind
power plants (Scenario F). And all these scenarios are compared with conventional energy
production methods of coal power plant (Scenario C) and natural gas power plants
(Scenario D). Since the agricultural and animal wastes can not be utilised for organic
fertiliser production in scenarios other than Scenario A and Scenario B, those scenarios
also include the production and application of Ammonium Nitrate as mineral fertiliser. In
addition, Scenario C, D, E and F cover the conventional management of agricultural and

animal wastes.



The findings in this LCA study reveal that renewable energy resources are more
important in terms of sustainable energy development and environmental pollution
prevention in Turkey. While the AD of the waste recipe appears to be the most
environmentally friendly among the renewable energy resources according to the LCA

study, the LCC part of the thesis points out its economical feasibility.

As a conclusion, it is proved with LCA and LCC methodologies that biomass
utilisation via AD is more advantageous with respect to fossil fuel utilisation and other
renewable energy production ways. Additionally, agricultural and animal wastes should be
utilised for biogas production via AD and the digestate should be spread as organic
fertiliser instead of mineral fertilisers, which will provide both environmental and

economical advantages resulting in sustainable region development.



2. REVIEW OF THE LITERATURE

2.1. Life Cycle Assessment (LCA)

2.1.1. Introduction

The basis for achieving more sustainable products and services is the integrated
assessment of all environmental impacts from cradle to grave. One of the assessment tools
widely used for this is environmental Life Cycle Assessment, abbreviated LCA [Guinée et
al., 2006]. A product’s life cycle includes all stages of a product system, from raw material
acquisition or natural resource production to the disposal of the product at the end of its
life, including extracting and processing of raw materials; manufacturing; distribution; use;
re-use; maintenance; recycling; and final disposal (i.e., cradle-to-grave) [UNEP/SETAC,
2009]. By LCA approach, a full picture of a product's impacts can be taken in order to find
best solutions for their improvement without shifting impacts to other fields [Guinée et al.,

2006].

The International Organisation for Standardisation (ISO) has played and still is
playing a role in the formal task of methodology standardisation [ISO 14040 (1997)]. As a
means of consolidating LCA procedures and methods, standards were developed as part of
ISO’s standards on environmental management. Four ISO standards (ISO 14040-14043)
were published in the years 1997-2000, all of which were replaced in 2006 with two
standards, ISO 14040 (2006) and ISO 14044 (2006). These standards describe the required
and recommended elements of LCAs [UNEP/SETAC, 2009].

Current impact assessment methodologies have been developed to evaluate emission
inventories for specific regions such as Europe (IMPACT 2002, Eco-indicator 95, Eco-
indicator 99, CML, EDIP97, EDIP 2003), the US (TRACI), Canada (LUCAS), and Japan
(LIME). The lack of current impact assessment models adapted to other regions is
considered as a political and scientific limitation of the current impact assessment practices

[Sedlbauer et al., 2007].



The Environmental Development of Industrial Products (EDIP) method is a
nationally as well as internationally recognized impact assessment method developed by
the Institute for Product Development (IPU) at the Technical University of Denmark. EDIP
2003 is the update version of the EDIP 1997 impact assessment methodology and both of
versions are in compliance with the methodological requirements of the ISO 14040

standard [Wenzel et al., 1997].

In this study, EDIP 2003 methodology is used as the LCA procedure.

2.1.2. Phases of an LCA

According to ISO 14040, life cycle assessment shall include;

. goal and scope definition;

. inventory analysis;

° impact assessment; and

o interpretation of results as illustrated in Figure 2.1.
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Figure 2.1. LCA framework [ISO 14040 (1997)].



2.1.3. Goal and Scope Definition

The goal and scope definition phase is the first phase of an LCA, where the reasons
for carrying out the study and its intended use are described and where details are given on
the approach taken to conduct the study. Notably, it is in this phase of the study that the
description of the product system in terms of the system boundaries and a functional unit,
and the breadth and depth of the study in relation to the stated goal are defined [ISO 14040
(1997); Guinée et al., 2006; ISO 14040 (2006)].

2.1.3.1. The Product System. The complete life cycle, together with its associated material

and energy flows, is called the product system [Rebitzer et al., 2004].

2.1.3.2. Function and Functional Unit. The functional unit is the important basis that

enables alternative goods, or services, to be compared and analysed [Rebitzer et al., 2004].
The primary purpose of the functional unit is to provide a reference to which the inputs and
outputs are related. This reference is necessary to ensure comparability of LCA results
which are particularly critical when different systems are being assessed to ensure that

such comparisons are made on a common basis [ISO 14040 (1997)].

2.1.3.3. System Boundaries. The system boundaries determine which unit processes shall

be included within the LCA [ISO 14040 (1997)]. The system boundaries have to be

defined between the product system and the environment. It has to be defined which flows
cross this boundary and are environmental interventions (i.e. resources extractions,

emissions and land use) [Guinée et al., 2006].

2.1.3.4. Flow Diagram. A next step concerns drawing the flow diagram of the system

studied. It constitutes the basis for the whole analysis and it identifies all relevant processes

of the product system with their interconnections [Guinée et al., 2006].

2.1.4. Inventory Analysis

Life cycle inventory (LCI), is a methodology for estimating the consumption of

resources and the quantities of waste flows and emissions caused by or otherwise



attributable to a product’s life cycle [Rebitzer et al., 2004]. The amounts of elementary
flows exchanged by the product system (inputs from nature, e.g. extracted raw materials,
land used) and the environment (outputs to nature, e.g. emissions to air, water and soil) are
in reference to one functional unit, as defined in the Goal and Scope phase. In the
inventory analysis, the life-cycle of the product (alternatives) analysed is determined, first
qualitatively and then quantitatively. The basis of the inventory analysis is the unit process

as shown in Figure 2.2 [Guinée et al., 2006].
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Figure 2.2. A unit process [Guinée et al., 2006].

For the quantification of the flow diagram, two types of data need to be collected for

each unit process of the flow diagram: environmental flows and economic flows.

The meaning of the term “economic” has no connection with the value or price of the
commodity, and it only indicates that this flow connects two unit processes: it is an inflow
for one process and an outflow for another process. This is in contrast with the situation for
environmental flows that are only connected to one unit process: environmental inflows
flow from the environment to the unit process, and environmental outflows flow from the

unit process to the environment [Guinée et al., 2006].



2.1.5. Impact Assessment

According to ISO 14040, impact assessment is a “phase of life cycle assessment
aimed at understanding and evaluating the magnitude and significance of the potential
environmental impacts of the product system”. The Life Cycle Impact Assessment (LCIA)
should address ecological and human health effects and also resource depletion [SAIC,

2006].

For the environmental part of the impact assessment, the ambition is to interpret the
emissions into their potential effects on the protection areas (human health, ecosystem
health and the resource database) through the environmental causability web illustrated in
Figure A.1. The result of the LCIA is an evaluation of a product life cycle, on a functional
unit basis, in terms of several impacts categories (such as climate change, toxicological
stress, noise, land use, etc.) [Rebitzer et al., 2004]. Within the impact assessment phase,

several steps may be distinguished:

. selection of impact categories;
. selection of characterisation methods: category indicators, characterisation models

and factors;

° classification;
° characterisation;
° normalisation;

. grouping;

. weighting.

According to ISO, the first four steps are mandatory and the last three are optional

[Guinée et al., 2006; ISO 14042, 2000].

2.1.5.1. Impact Categories. The first step in an LCIA is to select the impact categories that

will be considered as part of the overall LCA. For an LCIA, impacts are defined as the
consequences that could be caused by the input and output streams of a system on human
health, plants, and animals, or the future availability of natural resources. Typically, LCIAs

focus on the potential impacts to three main categories: human health, ecological health,



and resource depletion. Table 2.1 shows some of the more commonly used impact

categories [SAIC, 2006].

The impact categories chosen for this study are described below to give an overview
of how each category affect the environment and which human activities contributes to this

category.

Global Warming. Warming of the atmosphere, which causes climate changes [LCA Food
Database, 2010], such as changes in seasonal temperatures and wind velocity, and the

amount of precipitation and humidity for a given area or region.

Three major gases facilitate climate change: carbon dioxide (CO,), methane (CHy),
and nitrous oxide (N,O). In naturally occurring quantities, these gases are not harmful;
their presence in the atmosphere helps to sustain life on the planet by trapping some heat
near the Earth’s surface [Humane Society, 2009]. This natural greenhouse effect can be
said with certainty to have been increased over the past few centuries by human activities
[Hauschild and Potting, 2005]. Some of the biggest human contributors to global warming
are the combustion of fossil fuels like oil, coal and natural gas [LCA Food Database, 2010;

Hauschild and Potting, 2005].

While most of the concern about GHGs tends to focus on carbon dioxide, methane
and nitrous oxide are also extremely potent gases. The global warming potential (GWP), or

power, of each of these gases differs.

CO; has been assigned a value of one GWP, and the warming potentials of other
gases are expressed relative to its power on a CO;-equivalent basis. For example, one
metric tonne of methane has the warming effect of around 23 tonnes of CO,, while one
tonne of nitrous oxide has the warming effect of around 296 tonnes of CO, [Humane

Society, 2009].

Altering the atmosphere by trapping more heat has been modeled to have a wide
variety of effects on the earth’s climate, including longer growing seasons, droughts,

floods, increased glaciation, and loss of the polar ice caps, sea level rise and other
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displacements, including direct effects on human health through biological agents. The
speeds of these projected effects, coupled with their widespread nature, imply a devastating

effect on the entire biosphere [U.S.EPA, 2000].

Acidification, or Acid Rain. It occurs when emissions of sulfur dioxide (SO;) and oxides of

nitrogen (NOy) react in the atmosphere with water, oxygen, and oxidants to form various
acidic compounds. This mixture forms a mild solution of sulfuric acid and nitric acid.
Sunlight increases the rate of most of these reactions [U.S.EPA, 2000]. The most
significant man made sources of acidification are combustion processes in electricity and

heating production, and transport [LCA Food Database, 2010].

The main acidifying substances are transported more than several hundred to
thousand kilometres. The deposition of acidifying substances may lead to an increase of
acidity (i.e. decrease of pH) in the water or soil matrix [Hauschild and Potting, 2005]. Acid
rain causes acidification of lakes and streams and contributes to damage of trees at high
elevations [U.S.EPA, 2000]. When the pH falls to a critical level, toxic aluminium
becomes mobile in harmful amounts. The aluminium affects the hair roots and thereby
nutrition and water uptake of vegetation. The resulting decrease in health lowers the ability
of trees and other vegetation to cope with stress. The aluminium ions are also toxic to
aquatic life in freshwater systems [Hauschild and Potting, 2005]. In addition, acid rain
accelerates the decay of building materials and paints, including irreplaceable buildings,
statues, and sculptures that are part of our nation's cultural heritage. Prior to falling to the
earth, SO, and NOy gases and their particulate matter derivatives, sulfates and nitrates,

contribute to visibility degradation and impact public health [U.S.EPA, 2000].

Eutrophication. 1t is called nutrient enrichment [Hauschild and Potting, 2005] and causes

algal bloom in inlets and springs resulting in oxygen depletion and death of fish [LCA
Food Database, 2010]. The nutrients, which normally limit biological growth in aquatic
ecosystems, are nitrogen and phosphorus. For a compound to be regarded as contributing
to aquatic eutrophication, it must thus contain biologically available nitrogen or
phosphorus. Free nitrogen (N») is not regarded as a contributor to aquatic eutrophication,
even if it is available for certain bacteria and algae. This is because emission of N, has no

additional eutrophying effect.
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Table 2.1. Common impact categories and subcategories [SAIC, 2006].

Impact Scale Examples of LCI Data Common Possible Description of
Category (i.e. classification) Characterization Characterization
Factor Factor
Global Global Carbon Dioxide (CO,) Global Warming Converts LCI data to
Warming Nitrogen Dioxide (NO,) Potential carbon dioxide (CO,)
Methane (CH,) equivalents
Chlorofluorocarbons (CFCs) Note: global warming
Hydrochlorofluorocarbons potentials can be 50,
(HCFCs) 100, or 500 year
Methyl Bromide (CH;Br) potentials.
Stratospheric Global Chlorofluorocarbons (CFCs) Ozone Depleting Converts LCI data to
Ozone Hydrochlorofluorocarbons Potential trichlorofluoromethane
Depletion (HCFCs) (CFC-11) equivalents.
Halons
Methyl Bromide (CH;3Br1)
Acidification Regional Sulfur Oxides (SOx) Acidification Converts LCI data to
Local Nitrogen Oxides (NOx) Potential hydrogen (H+) ion
Hydrochloric Acid (HCL) equivalents.
Hydroflouric Acid (HF)
Ammonia (NH,)
Eutrophication | Local Phosphate (POy) Eutrophication Converts LCT data to
Nitrogen Oxide (NO) Potential phosphate (POy)
Nitrogen Dioxide (NO,) equivalents.
Nitrates
Ammonia (NHy)
Photochemical | Local Non-methane hydrocarbon Photochemical Converts LCT data to
Smog (NMHC) Oxident Creation ethane (C,Hg)
Potential equivalents.
Terrestrial Local Toxic chemicals with a reported | LCsp Converts LCs data to
Toxicity lethal concentration to rodents equivalents; uses multi-
media modeling,
exposure pathways.
Aquatic Local Toxic chemicals with a reported | LCsp Converts LCs data to
Toxicity lethal concentration to fish equivalents: uses multi-
media modeling,
exposure pathways.
Human Health | Global Total releases to air, water, and LCsq Converts LCs data to
Regional | soil. equivalents: uses multi-
Local media modeling,
exposure pathways.
Resource Global Quantity of minerals used Resource Depletion | Converts LCI data to a
Depletion Regional Quantity of fossil tuels used Potential ratio of quantity of
Local resource used versus
quantity of resource left
in reserve.
Land Use Global Quantity disposed of in a landfill | Land Availability Converts mass of solid
Regional or other land modifications waste into volume using
Local an estimated density.
Water Use Regional Water used or consumed Water Shortage Converts LCI data to a
Local Potential ratio of quantity of

water used versus
quantity of resource left
in reserve.
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Aquatic eutrophication can be caused by emissions to air, water and soil [Hauschild
and Potting, 2005]. Emissions of nitrogen to the aquatic environment, especially fertilizers
from agriculture contribute to eutrophication. Also oxides of nitrogen from combustion

processes are of significance [LCA Food Database, 2010].

Photochemical Ozone Formation. The substances contributing to photochemical ozone

formation are non-methane volatile organic compounds (NMVOC), methane (CH,),
nitrogen oxides (NOy), and carbon monoxide (CO) [Hauschild and Potting, 2005]. It
occurs when Volatile Organic Compounds (VOC’s) are released in the atmosphere and
oxidized in the presence of oxides of nitrogen (NOy) [LCA Food Database, 2010]. Since
the process is initiated by sunlight, it is called photochemical ozone formation [Hauschild

and Potting, 2005].

When fossil fuels (e.g., gasoline) are burned, a variety of pollutants are emitted into
the earth's troposphere [U.S.EPA, 2000]. The most significant VOC’s emissions are
released from unburnt petrol and diesel and the use of organic solvents, like paints [LCA
Food Database, 2010]. The advent of increased automobile use in the last sixty years has
led to increased levels of reactive organic gases (ROG’s) and oxides of nitrogen (NOy) in
the air. Under certain conditions these gases, in the presence of sunlight, can undergo
complex chemical reactions that create ground-level ozone. Two of the pollutants that are
emitted are hydrocarbons (e.g., unburned fuel) and nitric oxide (NO). When these
pollutants build up to sufficiently high levels, a chain reaction occurs from their interaction
with sunlight in which the NO is converted to nitrogen dioxide (NO;). NO; is a brown gas

and at sufficiently high levels can contribute to urban haze.

However, a more serious problem is that NO, can absorb sunlight and break apart to
produce oxygen atoms that combine with the O, in the air to produce ozone (O3). Ozone is

a powerful oxidizing agent, and a toxic gas.

Ground-level ozone causes a variety of short-term and long term health effects, such
as eye and respiratory irritation, and pre-cancerous lesions. The oxidative ability of ozone

causes damage to forests, agricultural products and personal property (i.e., items using
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paint, rubber or plastics) [U.S.EPA, 2000]. For agriculture it causes a reduction in yield
[LCA Food Database, 2010; Hauschild and Potting, 2005].

Stratospheric Ozone Depletion. Stratospheric ozone is constantly being created and

destroyed through natural cycle [U.S.EPA, 2000]. Various ozone-depleting substances
(ODS’s) from man-made emissions such as halocarbons, i.e., CFCs, HCFCs, halons and
other longlived gases containing chlorine and bromine [LCA Food Database, 2010;
Hauschild and Potting, 2005], however, accelerate the destruction processes, decreasing
and thinning of ozone layer, often referred to as the ozone hole [LCA Food Database,
2010]. For example, when a particular type of ODS known as chlorofluorocarbons (CFC’s)
reach the stratosphere, the ultraviolet radiation from the sun causes them to break apart and
release chlorine atoms which react with ozone, starting chemical cycles of ozone

destruction that deplete the ozone layer [U.S.EPA, 2000].

Reductions in ozone levels will lead to higher levels of UVB (a kind of ultraviolet
light from the sun) reaching the Earth's surface. UVB causes nonmelanoma skin cancer,
plays a major role in malignant melanoma development and has been linked to cataracts.
UVB also harms some crops, plastics and other materials, and certain types of marine life

[U.S.EPA, 2000].

2.1.5.2. Classification. The classification is made through addressing different

environmental impacts to impact categories. If the aim of a study is to evaluate the total

environmental burden, all impact categories should be considered [Tidaker, 2003].
CH; and CO, are for example assigned to climate change. A possible double-
counting may occur, e.g. for a chemical like NOy that reacts to contribute to acidification

and is then not available anymore to cause toxic impacts [Guinée et al., 2006].

2.1.5.3. Characterization. Characterization provides a way to directly compare the LCI

results within each impact category. The interventions recorded in the inventory table are
quantified in terms of a common category indicator. The factors translating emissions into

contributions to impact categories are called characterisation factors. These are often based
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on complex environmental models comprising of transport processes through the

environment, degradation, intake and impacts of substances.

The resulting number for one particular impact category is referred to as a category
indicator result, and the complete set of category indicator results as the environmental

profile [Guinée et al., 2006].

Generally expressed, if the emission of a substance (i) has the magnitude Q;, and if
the substance’s characterization factor for the impact category (j) is EF (j)i, the emission’s

potential contribution EP(j);, to the impact category is calculated as;

EP(j)i = Qi . EF(j); 2.1

Since the characterization expresses all contributions to an impact category relative
to the same reference substance, the total contribution seen over the entire product system
can be calculated simply by adding the contributions of all individual emissions [Wenzel

and Hauschild, 2000]:

EP(j)i= Qi . EF(); (2.2)

EP(j) = 2EP(j)i = 2(Qi . EF(j)) (2.3)

The characterization factors (commonly referred to as equivalency factors) of some

substances and their impact categories are given in APPENDIX B.
In the characterization step, the indicator results are expressed each in their own
units; so, a further weighting of these scores is thus difficult without a prior processing, the

so-called normalisation [Guinée et al., 2006].

2.1.5.4. Normalization. Normalisation is the calculation of the magnitude of the category

indicator results relative to reference values where the different indicator results and
consumption of resources are expressed on a common scale through relating them to a

common reference, in order to facilitate comparisons across impact categories [Hauschild
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and Potting, 2005]. Global impacts, such as global warming is normalised with the impact
from a global average person, while regional or local impacts, such as nutrient enrichment
and acidification, the reference is an average person from the region of where the emission

occurs [Kirkeby, 2005].

The normalization consists in dividing the impact potentials or resource
consumptions by the corresponding normalization references. According to the EDIP
method, the normalized environmental impact potentials, NEP(j), are thus calculated as

shown below:

NEP(j) = EP(j) / (ER(j) . T) (2.4)

If the functional unit defines the duration of service as T years, the normalization
reference is expressed as T - ER(j), where ER(j) denotes the normalization reference for
one year for an impact category j. When the impact potentials are normalized using EDIP
normalization reference, they are expressed in person equivalents (PE) [Wenzel and

Hauschild, 2000].

The normalization stage does not give much information about the importance and
seriousness of environmental impacts of the LCA system. But, it is a leading stage for the
weighting phase where the normalization results will be assessed according to the

importance of the impact potentials.

2.1.5.5. Weighting. Even if the contributions to two different impact categories are equally

large on normalization, this does not mean that the impact potentials are equally serious.

The mutual seriousness of impact categories is expressed in a set of weighting factors
with one factor per impact category. The weighting is performed by multiplying the

normalized impact potential, by this weighting factor as given below.

WP(j) =WE(j) x NP(}) (2.5)
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where WP(j) is the weighted impact potential, WE(j) is the weighting factor for
impact category j, and NP(j) is the normalized impact potential [Wenzel and Hauschild,

2000].

2.1.6. Interpretation

Life cycle interpretation, the last phase of the LCA process, is a systematic technique
to identify, quantify, check, and evaluate information from the results of the LCI and the

LCIA, and communicate them effectively. [SAIC, 2006].

The objectives of life cycle interpretation are to analyse results, reach conclusions,
explain limitations and provide recommendations based on findings of the preceding
phases of the LCA and to report the results of the life cycle interpretation in a transparetnt
manner. Life cycle interpretation is also intended to provide a readily understandable,
complete and consistent presentation of the results of an LCA study, in accordance with

the goal and scope definition of the study [ISO 14043, 2000].

2.2. Life Cycle Costing (LCC)

Life Cycle Costing (LCC) is an economic evaluation tool in which all costs arising
from creating, owning, operating, maintaining, and disposing of an asset are quantified.
LCC is particularly suited to the evaluation of alternative designs that equally satisfy a
required performance level but have different investment, operating, maintenance, or repair

cost profiles as well as life spans. [BEC, 2005].

The LCC approach identifies all future costs and benefits and reduces them to their
present value by the use of the discounting techniques through which the economic worth
of a project or series of project options can be assessed. In order to achieve these objectives

the following elements of LCC have been identified:

. initial capital costs;
. life of the asset;

° the discount rate;
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. operating and maintenance costs;

° disposal cost.

LCC is concerned with optimising value for money in the ownership of physical
assets, but its achievement depends upon the supply of accurate, relevant and speedy
information from the operation of current assets, suppliers and other users of similar assets,
and by application of appropriate statistical techniques to forecast future costs of

ownership [Woodward, 1997].

2.3. LCA & LCC Software Tool - GaBi4

In order to execute an LCA and LCC study, computers and software tools are needed
to manage a huge amount of data, structure the scenarios, display the process chains,

analyze and present the results.

There are different LCA softwares in the market which are developed to evaluate the
potential impacts of the products. Some of them were compared according to their
functionality, flexibility, database, user friendliness, properties, service and cost.
According to the comparison, GaBi4 software was found to be the best available software
as shown in Table 2.2 [Dunmade, 2007]. Some of the scientific research studies which are

based on GaBi4 software in order to execute LCA methodology are given in APPENDIX N.

GaBi4 software is developed by the Institute for Polymer Testing and Polymer Sciences

(IKP) of the University of Stuttgart in collaboration with PE Europe Gmbh.

As a method for the assessment of the technical, economic and environment impacts of
products, services and systems, comprehensive balances can be used to fulfill ecobalance (or
Life Cycle Assessment) methods. GaBi4 is different from these methods because of its
analysis method, which has been expanded to include technical, environmental, as well as

socio-economic aspects.

The procedure of GaBi4 is standardized in compliance with the ISO 14040 series. The

GaBi4 databases is derived from industry sources, scientific knowledge, technical literature,
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and internal patent information creating a solid foundation for assessing materials, products,

services and processes (PE, 2010).

Table 2.2. Comparison of LCA softwares [Dunmade, 2007].

Z a S . - o
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functionality + - 0 +—= | + 0 N T | =
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user-friendliness + - 0| = | = - R ) 0
software properties | + 0 0 0 + 0 + ] - -
service — - 0 ++ 0 ] — 0 ++ +
cost — 0 - + - 0 4+ 4+ _ 0

GaBi4 software is a comprehensive tool to create life cycle balances. A balance includes

a list of inputs and outputs generating from the life cycle of a product. Inputs and outputs are

defined in GaBi4 software as flows.

With GaBi4, process related cost categories can be analyzed related to the life cycle
of a product or a system. GaBi4 automatically calculates process and flow-related costs
based on cost factors. In combination with categorization filters, the costs of different life
cycle phases can be modeled. Internal or external company costs can be displayed

separately and analyzed in the balance [GaBi4, 2003].

GaBi4 is a modular system and plans, processes and flows as well as their functions
form modular units. It provides the user with the modular display of a product life cycle.
Individual life-cycle phases can be grouped in categories and can be processed separately from
each other. Simultaneously, balances are calculated based on individual or multiple processes

and plans. The transparency of balance results is the major advantage of the GaBi4 [IKP,
2003].
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2.4. Energy Situation and Potential in Turkey

Turkey’s demand for energy and electricity is increasing rapidly. Turkey’s annual
electric energy demand in 2015 and 2020 is predicted that it goes up to 410 TWh and 571
TWh, respectively. Turkey’s energy production meets nearly 28% of its total primary

energy consumption [Yuksel, 2010].

Turkey presently has considerable renewable energy sources. The most important
renewable sources are hydropower, biomass, geothermal, solar and wind [Yuksel, 2010].
Renewable energy sources, such as hydroelectric and wind energy, are cleaner, but can

also carry limited environmental risks of their own [Kaygusuz, 2010].

The diagram below shows the energy sources for the gross national electricity
production in Turkey for 2007. The small pie chart on the right shows the share in

production of each form of renewable electricity in detail [PWC, 2009].

Total

4B5% alactricity 10,08
production

ranewablas mm coal B wind geothamal
il o other non-renewables i biomass bizgasz
Bl gas mm hydro

Figure 2.3. National electricity production of Turkey [PWC, 2009].
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2.4.1. Hydropower

Hydropower is obtained by allowing water to fall on a turbine to turn a shaft.
Electricity is produced from the kinetic energy of falling water. [Akpinar et al., 2008].
Hydropower plants are often subdivided into "large" hydro that usually involve dams, and
small hydro that are normally run-of river systems. Small run-of-river hydropower systems
generally have lower environmental and social impacts, and therefore are often preferred to

larger plants that involve the construction of dams [Pembina Institute, 2011].

Hydropower is a complementary power source to more intermittent renewable
energy power sources such as wind and solar because the flow can be regulated to reserve
generating capacity during periods of peak demand or when the generating capacity of
other renewable energy sources is limited [Pembina Institute, 2011]. On the other hand,
large-scale hydroelectric dams can be a significant source of CH4 emissions when they
cause deforestation and alter natural river flow, with a range of cascading ecological

impacts [Kaygusuz, 2010].

19% of the total electricity production in Turkey is provided by renewable energy
resources. Among these renewable energy resources, 98.3% is provided by hydropower
meaning that hydropower is the major renewable energy source in Turkey [PWC, 2009].
Turkey’s hydro electric potential can meet 33—46% of its electric energy demand in 2020
and this potential may easily and economically be developed [ Yuksel, 2010].

2.4.2. Wind Energy

Because air has mass, moving air in the form of wind carries with it kinetic energy.
A wind turbine converts this kinetic energy into electricity [Akpinar et al., 2008]. Wind
energy has had a slow start in Turkey. However, as the country is preparing to join the
European Union and considering ratifying the Kyoto Protocol (as an Annex I country),
there are early indications of promising future developments [Kaygusuz, 2010]. It is
estimated that the usable wind energy potential in Turkey is at around 8000 MW [Yuksel,
2010].
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As well as the visual impacts, wind energy is associated with other environmental
issues such as noise, land use and impacts during the construction phase. Some impacts,
such as those on birds and flickering can be measured quantitatively; others, such as visual
intrusion and noise require more subjective and qualitative criteria [Akpinar et al., 2008].

Wind energy also alters the landscape [Kaygusuz, 2010].

The consumption of conventional fossil energy sources (coal, petroleum and natural
gas) on one hand results in serious environmental pollution problems, and on the other
hand faces with the danger of exhaustion. In addition, Turkey should increase the
proportion of renewable energy sources in the total energy budget because Turkey is an
importing country. Therefore, the use of renewable energy resources shows a promising
prospect in Turkey in the future as an alternative to the conventional energy [Akpinar et

al., 2008].

2.4.3. Biomass

The importance of agriculture is also increasing because of biomass energy being
one of the major resources in Turkey. Turkey has great agricultural potential and this

makes energy production from biomass sources necessary [Gokcol et al., 2009].

The available agricultural and animal residues in Turkey have been estimated to be
roughly equal to 22-27% of energy consumption in Turkey [Demirbas, 2008]. Table 2.3
shows the total recoverable bio-energy potential of Turkey which is estimated to be about

17 Mtoe [Demirbas et al., 2006].

Table 2.3. Total recoverable bio-energy potential in Turkey [Demirbas et al., 2006].

Type of biomass Energy potential
(Mioe)
Dy agricultural residue 45
Wet apricultural residue 03
Animal waste 24
Forestry and wood processing residue 43
Municipal wastes and human excreta 1.3
Fuel wood 42

Total recoverable bio-energy 7.0
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Since animal husbandry is highly developed in Turkey, a significant amount of
animal wastes are produced each year. Table 2.4 shows the total amount of animal wastes,

available dry manure and biogas in Turkey.

Table 2.4. Total amount of animal wastes, available dry manure and biogas in Turkey

[Demirbas, 2008].

Animal waste Waste quantity Total dry manure Available dry Available biogas Heating value Total heating
(tons/year) (tons/year) manure (Lons, (m;_‘,\car) (M1J ‘1113) value ( x 10° Gl
year)
Cow 127.654,932 16,211,033 10,535,172 2,107,434.345 22.7 478.4
Sheep 24,558,323 0,139,581 758,146 159.629.101 22.7 36.2
Poultry 7,731,694 1,932,924 1.913.594 382.718.866 27 36.9

Two sources of biomass result from agricultural production. The first is the residue
left on the fields after harvesting and the second is the waste produced during processing of
the agricultural products into industrial products. Cereals and oily seeds residues (shell,
husk, stalk, pressed oily cake, bagasse, straw, etc.) are among the most widespread in
Turkey. In addition, the highest estimated amounts of residues are from wheat and barley,
followed by maize and cotton. The total annual amount of agricultural residues in the
country is about 50—-65 Mtons with a total calorific value of 228 PJ. The main residues that
take place in the ratio of total calorific value are maize 33.4%, wheat 27.6%, and cotton
18.1%. The Table 2.5 presents the production and energy potential of crop residues in

Turkey in 2003 [Gokcol et al., 2009].

Table 2.5. Production of crop residues in Turkey in 2003 [Gokcol et al., 2009].

Crop Resid ue Production {dry tons) Availabls Awailable Heating value Total heating
residue (dry residue ratio (%) {Mlfkg) value [ « 107 G])
Theoretic Actual [ons)
Wheat Straw 29,170,755 23,429,807 3,514,486 15 17.9 6291
Barley Straw 85,992,948 8,963,012 1344452 15 17.5 2353
Rye Straw 405188 358,040 53,706 15 17.5 9.4
(ats Strawe 419,678 321,236 48185 15 174 8.4
Maize Stalk 5511902 4970,259 2982155 1] 18.5 551.7
Cob 596,552 1507307 1144384 B0 184 210.6
Rice Straw 582,555 208,532 ]%5,?]9 (1] 16.7 21.0
Husk 88,527 ThT42 62,198 81 12.98 8.1
Tobacco Stalk 362,763 410,778 246,467 1] 161 39.7
Cotom Stalk 6,317,181 2,520,281 1512169 1] 18.2 2752
Ginning 481,527 732230 585,776 B0 15.65 91.7
Sunflower Stalk 2341554 2259121 1355472 60 14.2 192.5
Craanchar Straw 127054
Shell 27621 28,638 22910 79 20,74 4.8
Soybean Straw G468 21872 13123 62 154 25




23

The overall pollution prevention targets, the objectives of the Kyoto agreement as
well important issues related to human and animal health and food safety require
increasingly sustainable solutions for handling and recycling of animal manure and organic
wastes. The large amounts of animal manure and slurries produced today by the animal
breeding sector as well as the wet organic waste streams represent a constant pollution risk
with a potential negative impact on the environment, if not managed optimally. To prevent
emissions of greenhouse gases (GHG) and leaching of nutrients and organic matter to the
natural environment it is necessary to close the loops from production to utilization by
optimal recycling measures [Holm-Nielsen et al., 2009]. For that purpose, AD can be
utilised as the biological conversion process and integrated gasification combined cycle

can be used as thermal conversion process.

Following the environmental relevance of the animal and agricultural wastes, these

biological and thermal conversion processes are explained below.

2.5. Environmental Relevance of the Agriculture

Animal production is increasing rapidly in the World and tends to be concentrated on
larger production units, which also implies changes in animal production technology
(feeding, housing etc.). This trend increases the risk of air, water and soil pollution [Vu et

al., 2007].

The concentrated waste product from decomposing livestock manure can be
environmentally detrimental if it enters rivers, streams, or groundwater supplies.
Decomposing manure also causes air quality concerns associated with odor, ammonia
emissions, and the contribution of methane emissions to global climate change [U.S.EPA,
2002]. The problems associated with the animal manure emissions can be summarized as

follows:

. Emissions of ammonia (NH3) and nitrogen oxides (NO) contribute to acidification
and terrestrial eutrophication,

° Nitrate (NO3) and phosphate (PO,) emissions drive aquatic eutrophication,
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° Nitrogen oxides (NO), particulate matter (PM¢) and (PM;5) emissions give rise to
human toxicity and
. Methane (CHy) and nitrous oxide (NO) emissions contribute to global warming

[Havlikova et al., 2008].

2.5.1. Nitrogen Losses because of Agriculture

Nearly all of the crops grown in the industrialized world, including corn and
soybeans, are nitrogen-saturated, meaning they are exposed to more nitrogen than they can
use. Overuse of nitrogen for crops, its subsequent runoff into rivers and other bodies of
water, and the millions of tonnes of nitrogen found in farm animal manure are growing

threats to the environment and public health.

Nitrogen pollution can adversely affect land, water, air, and, consequently, quality of
life for residents of communities located near animal production facilities. The odors
emanating from some factory farm manure lagoons—the pools that hold and store farm
animal manure and urine—are among the most noticeable effects of nitrogen pollution.
Additionally, lagoons can be fragile, leaking waste into groundwater and overflowing

during rainstorms [Humane Society, 2009].

Agriculture, including both crop and animal production, contributes considerably to
total NH3, NO3, and N,O emissions. Especially for ammonia, agriculture is by far the main
source of emissions. Table 2.6 provides information about the contribution of agricultural
production on the different total nitrogen emissions at different spatial scales [Brentrup et

al., 2000].

Table 2.6. The share of agriculture on total global, European and German N emissions

[Brentrup et al., 2000].

Globe Europe Germany
NO; - - 50%
NH; 87% 97% 96%
N,O 47% 48% 33%
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2.5.1.1. Ammonia Losses. As shown in Table 2.6, nearly 90% of the global emissions of

the volatile gas ammonia (NH3) are related to agriculture. Within agriculture, animal

husbandry has by far the greatest share on ammonia released to the environment.

Ammonia volatilization occurs during and after the production, storage and

application of organic fertilizers [Brentrup et al., 2000].

The amount of ammonia lost during application of slurry or solid manure to land,
depends on many factors including: percentage of dry matter in the slurry or manure,

temperature, time of the year and method of application.

Manure applied to land contains a considerable amount of nitrogen, perhaps up to
seven kg [N] t [freshweight]'l, even after discounting the ammonia lost shortly after it is

applied.

In the first year, the amount of this nitrogen available to the crop ranges from about
50% for pig slurry, 30% for cattle slurry to 10-49% for broiler litter. The actual amount
varies because of the variable content of manures, the handling and processing that has
been applied to the manure between production and spreading, and the rate of bacterial

activity in the soil, which is a function of moisture and temperature [Sandars et al., 2003].

2.5.1.2. Nitrous Oxide Emissions. Agriculture has a considerable share on the
anthropogenic N,O emissions, whereas N,O itself contributes to 5% to the total global
warming potential. — Nearly 80% of the N,O emissions because of agriculture are related
to the use of mineral and organic fertilizers. Biomass burning (e.g. shifting cultivation,
deforestation) is responsible for about 20%. Denitrification and nitrification are the two
microbial processes in soil that are responsible for most of the N,O emissions in

agriculture [Brentrup et al., 2000].

2.5.1.3. Nitrate Leaching. The mineral nitrogen in the soil is mainly nitrate (NO3’) and to a

lower extent ammonium (NH4"). As nitrate is hardly adsorbed by soil particles, it can be
easily leached into the groundwater. During the vegetation period, the risk of NOs

leaching is low because large amounts of nitrate are taken up by the plants. Furthermore,
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almost no downward water movement occurs during the vegetation period mainly because
of high evapotranspiration rates. During the vegetation-free period from late autumn to
early spring precipitation often exceeds evapotranspiration so that the mobile NOs™ anion

can be leached downwards in the soil [Brentrup et al., 2000].

2.5.2. The Impact of Agriculture on Global Warming and Climate Change

When untreated or poorly managed, animal manure becomes a major source of air
and water pollution. Nutrient leaching, mainly nitrogen and phosphorus, ammonia

evaporation and pathogen contamination are some of the major threats.

The animal production sector is responsible for 18% of the overall green house gas
emissions, measured in CO; equivalent and for 37% of the anthropogenic methane, which

has 23 times the global warming potential of CO,.
Furthermore, 65% of anthropogenic nitrous oxide and 64% of anthropogenic
ammonia emission originates from the worldwide animal production sector [Holm-Nielsen

et al., 2009].

2.5.2.1. Global Warming because of Carbondioxide caused by Fertilizer and Feed

Production. A main input in modern meat, egg, and dairy production is artificial
nitrogenous fertilizer, vast amounts of which are used in the cultivation of farm animal
feed, primarily a combination of corn and soybeans. Most of that fertilizer is produced in
factories dependent on fossil-fuel energy. Manufacturing fertilizer uses roughly 1% of the
world’s total energy, and an estimated 41 million tonnes of CO, is emitted from fertilizer

production exclusively for feed crops [Humane Society, 2009].

2.5.2.2. Global Warming because of Nitrous Oxide. In addition to its GWP, N,O is

involved in the depletion of the ozone layer. Ruminants, including cattle, goats, buffalo,

and sheep, produce nitrous oxide emissions when their manure and urine are deposited.
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Seventy per cent of anthropogenic N,O emissions come from crop and farm animal
production, with animal agriculture accounting for 65% of global N,O emissions [Humane

Society, 2009].

2.5.2.3. Global Warming because of Methane. Storing and disposing vast quantities of

manure can produce anthropogenic methane. Globally, farm animals are the most
significant source of anthropogenic methane, responsible for 35-40% of methane emissions

worldwide [Humane Society, 2009].

2.6. Anaerobic Digestion (AD) and Biogas Recovery Systems

Anaerobic digestion (AD) is a process that is applied to manure both on farm and in
centralised plants. The process is interesting to study in an LCA because it has the potential
benefits of renewable energy to offset any energy inputs and environmental impacts

because of the modification of the manure.

2.6.1. Overview of the AD Process

AD is a microbial process that occurs in the absence of oxygen. In the process, a
community of microbial species breaks down both complex and simple organic materials,
ultimately producing methane and carbon dioxide. AD can occur over a wide range of
environmental conditions, although narrower ranges are needed for optimum operation as

shown in Table 2.7 [Engler et al., 1999].

Carbon and nitrogen are the most important elements undergoing change inside the
anaerobic digester. It is assumed that there is an 85% reduction in biological oxygen
demand (BOD) because of converting carbon to biogas, most of which is used to generate
electrical energy with an emission of carbon dioxide. A fugitive loss of 13.5% of the
biogas is not unreasonable for a small-scale farm based digester where energy supply and
demand rarely balances. The digestion process converts some of the nitrogen from the
relatively stable organic form to the volatile ammoniacal nitrogen form, thus increasing the

potency of the nitrogen [Sandars et al., 2003].
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Table 2.7. Operating conditions for AD process [Engler et al., 1999].

Operating Parameter Typical Value
Temperature

Mesophilic 35°C

Termophilic 54°C
pH 7-8
Alkalinity 2500 mg/L minimum
Retention time 10 — 30 days
Loading rate 2.4 -5.6kg VS/m’/d
Biogas yield 0.2-0.5m’/kg VS
Methane content 60 — 70%

The schematic process description of the AD can be explained as follows:

Lower molecular weight intermediates

Biomass: Complex subsirates Hvdrolvsis , : : s x
[{Jrg.anic ailids. qutlidx, fats, P} rolysis » lOTEANIC .hll"lg.:.--i_hdll'l acids, aminpacids,
proteins, carbohydrates) R SUghrunHE)

Free Energy (k)
(b) Fermentation Process:

CaH 20— 3CHCOL +3HY -311
Acetogenic P'rocess:

CH.CH-CO;+H +2H.0 — CH;C0y+ H™+ CO-+3H; +72
Methanogenic Process:

CO+4H;—»CH+2H-O -131
CI'!:JCG:-—}(_.-J: |_|+’CUE -36

CH 1+CG:-

Figure 2.4. Certain details from the process of AD [Batzias et al., 2005].

Biogas digester systems can accommodate manure handled as a liquid, slurry, or
semisolid (with little or no bedding added). The total solids content of the manure—a

measure of manure thickness—determines these classifications.

Figure 2.5 shows the manure characteristics and handling systems that are

appropriate for specific types of biogas digester systems [U.S.EPA, 2002].
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Total Solids (%)
0 5 10 15 20 25 30
Manure [ Water Added | [ Bedding Added >
| As Excreted |
Classification | Liguid | Slurry | Semi-Salid | Solid >
Handling Options | Pump | Scrape | Scrape and Stack >
Biogas Production I Recommended I Mot Recommended >
Digester Type Goiered  GComplete | Plug
Lagoon  Mix Flow

Figure 2.5. Appropriate manure characteristics and handling systems for specific types of

biogas digester systems [U.S.EPA, 2002].

The conversion of animal waste to biogas through AD processes can provide added
value to farm livestock manure as an energy resource, while the operation of the
corresponding agro-industrial AD-units will significantly contribute to regional
development. As a matter of fact, when used in a fully engineered system, AD-technology
not only prevents pollution, but also allows for sustainable energy production, as well as

for compost and nutrient recovery [U.S.EPA, 2002].

2.6.2. Overview of the Biogas Recovery Systems

Biogas can be produced from nearly all kind of biological feedstock types, within
these from the primary agricultural sectors and from various organic waste streams from
the overall society. The largest resource is represented by animal manure and slurries from
cattle and pig production units as well as from poultry, fish, fur, etc. Another agricultural
substrate suitable for AD is represented by energy crops, of which most common are grain

crops, grass crops, and maize [Holm-Nielsen et al., 2009].

The natural product of the AD, biogas, typically contains between 60 to 70 per cent

methane, 30 to 40 per cent carbon dioxide, and trace amounts of other gases.
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When biogas is captured, it can be used to generate heat, hot water, or electricity—
significantly reducing the cost of electricity and other farm fuels such as natural gas,

propane, and fuel oil [U.S.EPA, 2002].

Biogas is a renewable source of energy with much lower environmental impacts than
conventional fossil fuel. The methane generated from AD provides rural electric
cooperatives and utilities with a source of “green power” to sell to customers who wish to
purchase power from renewable sources. Biogas recovery also provides rural energy

benefits such as distributed generation and voltage support [U.S.EPA, 2002].

2.6.3. Benefits of the AD Process and Biogas Recovery Systems

The environmental benefits provided by AD process and biogas recovery systems far
exceed those supplied by “conventional” liquid and slurry manure management systems
(e.g., storage tanks, storage ponds, lagoons). These benefits include odor control, improved
air and water quality, improved nutrient management flexibility, and the opportunity to
reduce greenhouse gas emissions and capture biogas—a useful source of energy [U.S.EPA,

2002].

2.6.3.1. Odor control. The effluent odor from anaerobic digesters is significantly less than

odors from conventional manure management systems. Odor reduction using AD can be

very cost-effective when compared to other alternatives such as aeration [U.S.EPA, 2002].

2.6.3.2. Greenhouse Gas Reduction. Conventional liquid and slurry manure management

practices emit large amounts of methane, a greenhouse gas that contributes to global
warming. Biogas recovery systems capture and combust methane, thus reducing

greenhouse gas emissions [U.S.EPA, 2002].

Biogas from manure stands out as having very high reduction in greenhouse gas
emissions and very high fossil fuel savings compared to the conventional storage and soil

application of the manure [Thyg and Wenzel, 2007; U.S.EPA, 2002].
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2.6.3.3. Water Quality Protection. AD provides several water quality benefits. When an

anaerobic digester system, is properly managed, phosphorous and metals, such as copper
and zinc, will settle out in the process cells, thus reducing phosphorous and metals loadings
to surface waters when manure is land-applied. Digester systems, especially heated
digesters, isolate and destroy disease causing organisms that might otherwise enter surface
waters and pose a risk to human and animal health. The concrete or steel tanks used in plug
flow and complete mix digesters also effectively prevent untreated manure from reaching

ground water [U.S.EPA, 2002].

2.6.3.4. High-quality Fertilizer and Soil Amendment. Key by-products of AD include

digested solids and liquids, which may be used as soil amendments or liquid fertilizers
[Balsam and Ryan, 2006]. Because AD reduces ammonia losses, digested manure can
contain more valuable nitrogen for crop production. Also, the fiber in digested dairy
manure can be used on the farm as animal bedding or recovered for sale as a high-quality
potting soil conditioner or mulch [U.S.EPA, 2002; Turnbull and Kamthunzi, 2005].
Another benefit of manure is saving the fossil energy required in the industrial production

of mineral fertilizers [Ceotto, 2005].

2.6.3.5. Destruction of Harmful Organisms. Coliform bacteria, other pathogens, insect

eggs and internal parasites also are destroyed or reduced to acceptable levels by anaerobic

treatment [Engler et al., 1999].

2.6.3.6. Financial Benefit. Biogas production is an advantageous solution, with regard to

the opportunity of selling the electricity and heat produced and thereby gaining a financial

benefit [Thyg and Wenzel, 2007].

2.6.4. Co-Digestion of Animal Wastes

Co-digestion is the simultaneous digestion of a homogenous mixture of two or more

substrates. Co-digestion offers several ecological, technological and economic advantages.

Some of the merits of co-digestion are as follows:
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. It provides improved nutrient balance from a variety of substrates which helps to
maintain a stable and reliable digestion performance and produce a good fertilizer
quality of the digestate.

o Provides for optimization of rheological qualities when wastes with poor fluid
dynamics, aggregating wastes, particulate or bulking materials and floating wastes
can be much easier digested after homogenization with dilute substrate such as
sewage sludge or liquid manure.

° Agricultural biogas production from manure alone (which has a relatively low gas
yield) is economically not viable at current oil prices. Addition of co-substrates with

a high-methane potential increases gas yields [Braun and Wellinger, 2003]:

Co-digestion provides an opportunity to optimize biogas production, particularly in
rural areas where quantities of animal manure might not be enough for sustained
production throughout the year. The possibility to use energy crops as co-substrates offers
a viable option [Jingura and Matengaifa, 2009]. A schematic representation of the
sustainable cycle of anaerobic co-digestion of animal manure and organic wastes are

shown in Figure 2.6.

Farm manures contain concentrations of ammonia which are greater than that
necessary for microbial growth and may be inhibitory to AD. A high concentration of
ammonia can be advantageous when used with other feedstocks which have low nitrogen

concentrations [Ward et al., 2008].

A particularly strong reason for co-digestion of feedstocks is the adjustment of the

carbon-to-nitrogen (C:N) ratio.

Microorganisms generally utilise carbon and nitrogen in the ratio of 25-30:1, but
C:N ratios can often be considerably lower than this ideal [Ward et al., 2008]. It is often
suggested that an optimum ratio of C/N is between 20/1 and 30/1, although it has been
reported that for one series of experiments, there was a minimum C/N ratio of 16/1 and

increasing the nitrogen content did not improve digestion [Hammad et al., 1999].
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Figure 2.6. Schematic representation of the sustainable cycle of anaerobic co-digestion

of animal manure and organic wastes [Holm-Nielsen et al., 2009].

Agricultural residues contain low nitrogen and have carbon-to-nitrogen ratios (C/N)
around 60-90. Therefore, nitrogen needs to be supplemented to enhance the AD of
agricultural solid residues. Nitrogen can be added in inorganic form such as ammonia or in
organic form such as livestock manure, urea, or food wastes. Once nitrogen is released
from the organic matter, it becomes ammonium which is water soluble. Recycling nitrogen

in the digested liquid reduces the amount of nitrogen needed [Demirbas et al., 2006].
2.7. Carbon Sequestration

Carbon sequestration is the process through which agricultural and forestry practices
remove carbon dioxide (CO;) from the atmosphere. Sequestration activities can help
prevent global climate change by enhancing carbon storage in trees and soils, preserving
existing tree and soil carbon, and by reducing emissions of CO,, methane (CH4) and
nitrous oxide (N,O). Carbon sequestration rates vary by tree species, soil type, regional

climate, topography and management practice. [U.S.EPA, 2011].

During photosynthesis, atmospheric CO, enters the leaf through stomata, combines

with water, and is converted into cellulose, sugars, and other materials in a chemical
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reaction catalyzed by sunlight. Most of these materials become fixed as wood, although
some are respired back as CO; or used to make leaves that are eventually shed by the tree

[McPherson, 2008].

The total area of Turkey is 78 million and 26.9% of this area, which is an area 20.7
million hectare is forests. The main species groups in Turkish forests are Coniferous with
53.65% and Broadleaved trees with 46.35% of the total forests. Among Coniferous group,
the highest amount of trees belongs to Pine trees with 41.53%. While the urban forests
sequestrate 4-8 ton/ha CO,, the rural forests, because of the higher density of trees,

sequestrate double the amount of CO, sequestrated by the urban forests [Gul et al., 2009].

The carbon sequestration of pine trees over 25 years is 7.5 kg of carbon / m? . When
the tree density is assumed as an average of one trees per six m?, then the carbon
sequestration can be defined as 6.4 kg CO,/tree/year for 25-year forest tree [Tufts
University, 2011].

According to the “Method for Calculating Carbon Sequestration by Trees in Urban
and Suburban Settings”, the total carbon sequestration over 25 years is found as 29.3 kg
CO, for fast growing pine trees. This method is appropriate only for carbon sequestration
by individual (“open grown”) trees, such as trees typically planted along streets, in yards,
and in parks and not used for calculating carbon sequestration by densely planted trees

[U.S. DOE, EIA, 1998].

2.8. Integrated Gasification Combined Cycle (IGCC)

Gasification of biomass is based on the partial oxidation of material in a restricted
supply of air or oxygen [EECA, 2001]. It is a well-known technology that can be classified
depending on the gasifying agent: air, steam, steam—oxygen, air—steam, oxygen-enriched
air, etc. Gasification is carried out at high temperatures in order to optimize the gas
production. It yields a product gas from thermal decomposition composed of CO, CO,,
H,0, H,, CH,4, other gaseous hydrocarbons (CHs), tars, char, inorganic constituents, and
ash. Gas composition of product from the biomass gasification depends heavily on the

gasification process, the gasifying agent, and the feedstock composition [Balat, 2009].
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In principle, biomass gasification can be divided into two stages. Assuming a
gasification process using biomass as a feedstock, the first step of the process is pyrolysis
that is a thermochemical decomposition of the cellulose, hemicelluloses and lignin
compounds with production of char and volatiles, leaving carbon residues behind. Second
stage is the gasification of char and some other equilibrium reactions of the carbon residues

with the gasification reagents [Balat, 2009; Gibson et al., 2007].

The three principal types of gasifiers are fluidized bed, entrained flow, and fixed bed
gasifiers. The main difference between these reactors is concerned with how the biomass
and oxidizer are moved in the reactor. For large-scale operations the preferred and most
reliable systems are fluidized bed and entrained bed gasifiers, while for small scale
applications, a fixed bed gasifier is well suited [Gordillo and Annamalai, 2010]. There are
many types of gasifiers including updraft, downdraft and a full range of circulating
fluidised bed gasifiers ranging from 30 kW to 300 MW, though biomass gasifiers tend to
be below 70 MW [EECA, 2001].

Gasification is capable of readily converting all major biomass components including
refractory lignin to usable product gases [Gibson et al., 2007]. The efficient operation of a
gasifier involves careful management of the ratio of biomass to oxidant (air or oxygen) to
obtain complete conversion of the char while avoiding excessive combustion which would

dilute the fuel gas with unreacted carbon dioxide [EECA, 2001].

If air is used as the gasification reagent, the product gas called producer gas is N,

rich [Gibson et al., 2007] and it has a low calorific value (four to 10 MJ/Nm3).

This gas can be used as a fuel in boilers, internal combustion engines or gas turbines
[IEA, 1998]. Gasification using oxygen or steam as the gasification reagent will yield
syngas [Gibson et al., 2007]. When not using ait, the resulting gas, synthesis gas, will have
a higher calorific value with typically 10-15 MJ/Nm3 [IEA, 1998].

One advantage of gasification is that using the generated synthetic gas or liquid fuel,
such as diesel, is more efficient than the direct combustion of the original fuel. This

process extracts more of the energy contained in the original fuel [Vcore, 2011].
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The carbon conversion efficiency could be as high as ~98%. The overall efficiency
of converting biomass to electricity based on biomass gasification could reach around
40%, being much higher than traditional biomass combustion (25-30%) [Gibson et al.,
2007].

Regardless of the final fuel form, gasification itself and subsequent processing
neither directly emits nor traps greenhouse gases such as carbon dioxide. Power
consumption in the gasification and syngas conversion processes may be significant

though, and may indirectly cause CO, emissions [Gibson et al., 2007].

Because of the endothermic characteristic of biomass gasification, external heat is
required for driving gasification. There exist two distinct manners (direct or indirect) by
which heat can be introduced into gasifiers. Direct gasification occurs when gasification
reagents containing oxidants (air or pure oxygen) are used to partially combust biomass to
provide thermal energy for driving gasification. In indirect gasification additional
processes that take place outside gasifiers are employed to provide the thermal energy,
followed by transferring the heat into gasifiers. Steam is the most commonly used in
indirect gasification because it is easy and cheap to produce and is able to increase the

hydrogen content.

Slag is the primary solid byproduct of gasification and the quantity produced is a
function of how much mineral matter is present in the gasifier feeds. The slag containes

mineral matter associated with the feed in a vitrified form, a hard glassy substance.

It is not a good substrate for binding organic compunds so it is usually found to be

nonhazardous and thus may be disposed of in a landfill [Wetherold et al., 2000].

The product gases from the gasifier contain a variety of pollutants (particulates,
alkali metals, tars, and SOx) that are able to cause serious troubles to downstream
utilization. Consequently, gas conditioning and cleanup units involving tar cracker, gas
cooler, desulfurization ZnO bed, and water scrubber follow the gasifier to ensure the
product gases are clean [Gibson et al., 2007]. The fine particulate matter often contains a

high percentage of carbon, so the material is often recycled to the gasifier to recover the
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energy value of this material [Wetherold et al., 2000]. The range of products immediately
obtainable from synthesis gas extends from bulk chemicals like ammonia and methanol,
through industrial gases, to utilities such as clean fuel gas and electricity. Furthermore,
there are interesting by-products, such as CO, and steam. Many of these direct products are
only intermediates toward products closer to the consumer market, such as acetates and

polyurethanes [Higman and Van der Burgt, 2003].

Direct combustion of product gases from biomass gasification in heat engines is a
traditional approach for electricity generation, which is associated with a huge amount of
energy waste that might be two or more times as much as the electricity generated. To
avoid such a substantial energy waste, much effort has been dedicated to developing IGCC
that has been widely regarded as the most efficient and environmetally friendly technology
to utilize biomass for power generation. It is a concept of burning product gases obtained
from biomass gasification in a gas turbine, followed by recoverying the thermal energy in
exhaust gases derived from the gas turbine to produce steam to power steam turbines. The
importance of this technology relies on the fact that it can take advantage of advanced
turbine designs and heat-recovery steam generators to achieve high overall efficiency
exceeding 40%. Moreover, with advanced technologies for gasification, turbines, gas
separation and cleaning becoming available, each of these can be readily integrated into

IGCC to improve the efficiency.

The temperature inside the gas turbine is fairly high (~1200°C), and the output

temperature of flue gases is relatively high (~600°C) as well.

It can be seen that the flue gases exhausted from the gas turbine contain abundant
thermal energy. If this thermal energy is not efficiently utilized, the energy waste will
substantially decrease the overall efficiency of biomass utilization. In a combined cycle, a
heat recovery steam generator (HRSG) recovers this thermal energy to produce steam that
can be used to generate electricity via a steam turbine. The efficient utilization of biomass
via the combined cycle leads IGCC to have many environmental benefits such as

extremely low SOy, NOy and particulate emissions [Gibson et al., 2007].
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3. LIFE CYCLE ASSESSMENT (LCA) METHODOLOGY

3.1. Introduction

The objective of this study is to increase the usage capacity of the agricultural and
animal waste, and to increase the environmental, economical and social benefits in the

selected pilot area, Kocaeli — Turkey, by following a sustainable method.

This project is an on-field application project and it includes the construction of a
pilot plant in Kocaeli which consists of an AD plant and biogas recovery system. The raw
materials to be used as feed are cattle manure, poultry manure, slaughterhouse wastes,
vegetable wastes and grass. The impacts of these wastes that are anaerobically digested in
the pilot plant are evaluated in the categories such as human health, ecosystem health and

material welfare by Life Cycle Assessment (LCA) procedure.

As a result of the utilization of these wastes, their potential environmental pollution
is decreased dramatically. The laboratory scale anaerobic digester provided the initial data

to determine the process conditions for the pilot scale reactor.

Life Cycle Assessment is a method of accounting for the environmental benefits and
burdens of the production of goods and services including consequential burdens generated
elsewhere. LCA methods systematically follow the process from ‘cradle to grave’ to
ensure that improvements at one stage correspond to an overall improvement and do not

simply move problems up or down the chain [Sandars et al., 2003].

Life Cycle Assessment studies stress the importance of expressing impacts per unit

of function and considering the whole chain.

The functional unit of the LCA study will be “benefits of 10,680 ton/year agricultural
and animal wastes” where the primary service provided by, and equal for, all systems is

“the electricity production for at least 850 houses each with four (4)-family members”.
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The pilot plant will be fed with the following waste recipe including the agricultural

and animal wastes of which types and quantities are given in Table 3.1.

Table 3.1. Waste recipe of the pilot plant in Kocaeli.

Material Amount (kg/day) Amount (ton/year)
Grass 16,164 5,900
Vegetable wastes 5,616 2,050
Slaughterhouse wastes 1,178 430
Poultry manure 5,342 1,950
Cattle manure 959 350
Total 29,260 10,680

LCA part of the project covers integrated LCA approach of biomass utilization with
special emphasize on global carbon cycle. Integration of AD in LCA highlights the
potential benefits of renewable energy to offset any conventional energy inputs and
assessment of greenhouse gas emission reduction. The LCA study covers the following

work packages;

. Determination of the air emissions of the pilot plant,

. Comparison of the emissions of the pilot plant in case of different feed
characterization,

. Comparison of the environmental effects of the pilot plant with that of the
conventional fossil fuel systems (hard coal power plant and natural gas power plant)
to produce same amount of electricity, heat and fertilizer.

° Comparison of the environmental effects of the pilot plant with that of other
renewable energy systems (hydropower plant, wind energy, and biomass integrated
gasification combined cycle plant) to produce same amount of electricity and

fertiliser.

In addition to the above work packages, the techniques for managing agricultural and

animal wastes and their environmental impacts have been compared in this study.
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The alternatives subject to comparative evaluation should provide equivalent services
to society, not just regarding the primary service, which in this case is power production,

but also secondary services.

Secondary services are defined as products/services arising e.g. as co-products from
processes in the studied systems, and in this case, the secondary service is the production

of fertilizer.

It can be concluded that utilizing animal and agricultural wastes by AD plant and
biogas recovery system will provide real benefits in terms of environmental effects when
compared to other energy production systems. Especially, the reduction of greenhouse gas
emissions should be highlighted which provide a decrease in global warming and open

doors for a better environment.

3.2. Goal and Scope Definition

The purpose of this study is to increase knowledge about the environmental impacts
of different waste types and to illustrate the environmental benefits of using an AD plant

and biogas recovery system resulting in sustainable region development.

Within the frame of this study, the environmental pollution because of the animal
and agricultural wastes will be decreased providing a healthy environment for the
residents. The usage capacity of the agricultural and animal wastes will be raised and the
economical and social benefits will be increased in the selected pilot area by following a

sustainable method.

Not only the use of agricultural and animal wastes to produce heat and power, but
also the use of agricultural and animal wastes to produce organic fertilizer will be
demonstrated which will totally provide environmental benefits including human health,

ecosystem health and material welfare.

The study includes the illustration of the benefits of a pilot plant in Kocaeli which

consists of an AD plant and biogas recovery system in which the animal and agricultural
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wastes will be used as raw materials. The raw materials to be used as feed are cattle

manure, poultry manure, slaughterhouse wastes, vegetable wastes, and grass.

The impacts of these wastes that are anaerobically digested in the pilot plant are

evaluated in the categories such as human health, ecosystem health and material welfare.

In addition, this plant will provide energy production from the agricultural and
animal wastes. Biogas will be produced and used as an energy source among which
electricity is the primary service. Besides, the wastes will be used to produce heat and
organic fertilizer which are the secondary services. So, it will be advantageous in terms of
the environmental pollution and will be a solution for the energy crisis occurring because
of the decrease in the fossil fuel quantities. All of this can be accomplished in an
economical manner while reducing greenhouse gas emissions and causing sustainable

region development. Specific goals for the project are summarized in Table 3.2.

It is possible for the residents in the pilot area to get direct benefits from this AD and
biogas recovery plant. The farmers and related institutions can be trained on the use of
utilization of the animal manure and agricultural wastes in order to maintain the

sustainability.

Completion of this study will facilitate the widespread adoption of this LCA strategy
for managing agricultural and animal wastes and could lead to acceptance throughout areas
in Turkey as an energy resource. As a result, the environmental pollution caused by these

wastes will be decreased dramatically.
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Goal Definition

Minimum Goal

Meeting part of the electricity need of the neighbouring village >10%
Decrease in Global Warming Potential (GWP) >60%
Saving urban trees compared to fossil fuel utilization >500,000 pcs.

GWP saving equal to yearly emissions of a considerable amount of

average World Citizens

>150 citizens

GWP Saving equal to a considerable amount of TVs running for a

year

>30,000 pcs.

GWP Saving equal to the extraction and refinery of crude oil to make

a considerable amount of petrol

>1,000 tonne

GWP Saving equal to manufacturing of a considerable amount cell

>10,000 pcs.
phone
GWP Saving equal to flying a considerable distance in economy class >3,000,000
(long distance flight, emissions per passenger) kilometres

Goal Definition

Minimum Goal

GWP Saving equal to manufacturing a considerable amount of

>2,500 pcs.
computers and monitors
GWP Saving equal to producing a considerable amount of steel >300 tonne
GWP Saving equal to driving a considerable distance with an average > 4,500,000
European car kilometre
GWP Saving equal to producing a considerable amount of sugar >900 tonne
Decrease in acidification potential >25%
Decrease in aquatic eutrophication potential >40%
Decrease in photochemical ozone formation - impact on vegetation >70%
Decrease in stratospheric ozone depletion >75%
Decrease in Terrestrial eutrophication >20%
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3.2.1. Primary Service and Functional Unit

The functional unit of the LCA study will be “benefits of 10,680 ton/year agricultural
and animal wastes” where the primary service provided by, and equal for, all systems is

“the electricity production for at least 850 houses each with four (4)-family members”.

The LCA study covers the following work packages;

. Determination of the air emissions of the pilot plant,

. Comparison of the emissions of the pilot plant in case of different feed
characterization,

. Comparison of the environmental effects of the pilot plant with that of the
conventional fossil fuel systems (hard coal power plant and natural gas power plant)
to produce same amount of electricity, heat and fertilizer.

o Comparison of the environmental effects of the pilot plant with that of other
renewable energy systems (hydropower plant, wind energy, and biomass integrated
gasification combined cycle plant) to produce same amount of electricity and

fertiliser.

There are numerous scenarios of which life cycle analyses and comparisons were
conducted within this study. The system in the main scenario (Scenario A) includes
processes directly related to the AD and biogas recovery system of the waste recipe given
in Table 3.1. In addition to the results of the laboratory scale studies provided by the
Energy Institute Team of Turkish Scientific and Technological Research Council
(TUBITAK) Marmara Research Center (MRC), some inventory data for the AD and
biogas recovery system in Scenario A are gathered from the literature and the GaBi4
database. The results of these laboratory scale studies can be found in the interim report
named “IP No: 5 (Laboratory Scale Biogas System Studies)” included in the TUBITAK
project with reference no. of 106G112.

Only cattle waste is considered as the feed to the anaerobic digester in Scenario B
instead of the same amount of waste recipe which is given in Figure 3.1. The inventory

data for the AD and biogas recovery system in Scenario B are also gathered not only from
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the Energy Institute Team of TUBITAK MRC, but also from the literature and the GaBi4

database.

The third and fourth scenarios compare the environmental effects of the pilot plant
with that of the conventional fossil fuel systems in order to produce the same amount of
electricity and heat which will be connected to the grid systems. In addition to the
electricity and heat production from some fossil fuel resources, these scenarios, Scenario C
and Scenario D, also include the disposal of agricultural and animal wastes in conventional

methods besides the production and usage of chemical fertiliser for wheat production.

These two scenarios are mainly the electricity and heat production from;
. hard coal burned in a power plant (Scenario C),

. natural gas burned in a power plant (Scenario D).

The fifth and sixth scenarios include the renewable energy systems in order to
produce the same amount of electricity that will be connected to the grid system. In
addition to the electricity production from renewable sources, these scenarios, Scenario E
and Scenario F, also include the disposal of agricultural and animal wastes in conventional

methods besides the production and usage of chemical fertiliser for wheat production.

These two scenarios are mainly the electricity production from
. hydropower plant (Scenario E),

. wind power plant (Scenario F).

The seventh scenario (Scenario G) includes biomass integrated gasification
combined cycle of the waste recipe given in Table 3.1 and also the production and usage of
chemical fertiliser for wheat production. The inventory for the biomass integrated

gasification combined cycle is gathered from the literature and the GaBi4 database.

The system boundaries for each scenario are explained below. The selected processes
are analysed with the method EDIP 2003 and evaluated according to the following impact
categories: global warming, acidification, terrestrial and aquatic eutrophication,

photochemical ozone formation - impact on vegetation and stratospheric ozone depletion.
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3.2.2. System Boundaries and Flow Charts

The processes defined in the system boundaries of the main scenario, Scenario A, is
used to evaluate the potential environmental and health impact of the pilot plant in which
the waste recipe is anaerobically digested, the produced biogas is utilized to produce
electricity and heat, and the digestate is used in agriculture as organic fertiliser. The
difference between Scenario A and Scenario B is only the waste to be digested. While the
input waste is the waste recipe defined in Table 3.1 for Scenario A, Scenario B utilises
only the same amount of cattle manure as input waste. The system boundaries of Scenario

A and Scenario B can be explained as follows:

. The wastes are assumed to be transported for 15 km-distance to the pilot plant.

° The production, transport and disposal of the main materials for the agricultural
biogas plant are included.

. Spreading of the digested matter as fertiliser is taken into account, while the transport
of the digestate from the pilot plant to the farms is ignored.

. All concrete units such as the anaerobic digester, primary storage and mixing unit
and final storage unit are considered to have a service life time of 30 years.

° The gas engine used as cogeneration unit has a service life time of 60,000 hours
which is equal to 7.5 years.

. The processes excluded from the system boundaries are;

o  The processes related to the production of the wastes in recipe,
o  The feed type and production of the feed for the animals,
o  The transport, grit connection and final use of the excess electricity and heat,

o  Leaching of digester supernatant or digester liquor into water supplies.

Supernatant commonly refers to the liquid between the sludge in the lower portion
and the scum on the surface of an anaerobic digester or the liquid material left after
separation of the slurry [Marchaim, 1992]. In Scenario A and Scenario B, the digestate is
combined of both fibrous and liquor fractions since the anaerobic digesters are completely

mixed, so the supernatant between the sludge in the lower portion and the scum on the
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surface of the anaerobic digester is not considered. The two fractions combined in the

digestate are separated in further processing as to produce solid and liquid digestates.

It is known that direct discharge of digester liquor after anaerobic fermentation is
detrimental to receiving waters as it contains high concentrations of organic carbon,
nitrogen and phosphorus. In particular, the presence of high nitrogen concentrations in the
digester liquor can cause adverse impacts, such as toxicity to fish and other aquatic
organisms, dissolved oxygen (DO) depletion, eutrophication and potential public health

hazard [Qiao et al., 2010].

Because of high nutrient content, the liquor produced by the AD process can be used
as a liquid fertilizer on the farms. However, the unavailability of land area to which this
liquor can be applied may not enable effective application of the liquid effluent. Therefore,
in order to avoid adverse environmental consequences, through overapplication of AD
liquor on limited land or leaching of effluent into water supplies, the nutrients must be

completely or partially removed.

Furthermore, recovery of these nutrients from the anaerobically digested material is a
potential source of revenue, partially offsetting the costs of treatment. This is why control
over the point sources of N and P recently shifted from removal to recovery, with a
particular emphasis on improving the sustainability of agricultural activities. This was
mainly because of the increasing global demand for the nitrogenous fertilizer. Therefore,
the current attempts are not only to protect the water resources, but also to extract the

maximum amounts of N and P from the recoverable sources [Demirer and Othman, 2009].

In Scenario A and Scenario B, the digestate, which is separated in further processing
as to produce solid and liquid digestates, is used in agriculture as organic fertiliser. The
completely or partially removal of nutrients that are applied in case of the overapplication
of AD liquor on limited land or leaching of effluent into water supplies are not taken into

consideration within the system boundaries.

The flowchart of Scenario A and Scenarios B are shown below.
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The Scenario C is created in order to compare the environmental effects of energy
production from coal power plant with that of the pilot plant. The system boundaries of

Scenario C can be explained as follows:

. The system focuses on the electricity production from hard coal burning in a power
plant, in addition to the heat production.

. The hard coal power plant is used for middle load with 4,000 hours operation at a full
capacity per year. The plant is assumed to operate 1,500,000 hours during its
lifetime.

. The electricity output is at busbar.

The Scenario D is created in order to compare the environmental effects of energy
production from natural gas power plant with that of the pilot plant. The system boundaries

of Scenario D can be explained as follows:

. The system includes not only the electricity production from natural gas burning in a
power plant, but also includes the heat production.

. The system boundary covers the fuel input from high pressure network,
infrastructure, emissions, and substances needed for operation of the natural gas

power plant.

The Scenario E is created in order to compare the environmental effects of energy
production from hydro power plant with that of the pilot plant. The system boundaries of

the Scenario E cover the following processes:

. Electricity production from a conventional (dam) hydropower plant at the same
amount of the excess electricity produced in Scenario A,
The inventory of the hydropower plant includes;

o The most important materials used for the construction: cement, gravel, water, steel,
explosives. Also includes transports and energy used for the construction. Included
direct burdens to the environment are particle emissions caused by the construction

and the disposal of the dam.



49

. Lifetime is assumed to be 150 years for the dam and 80 years for rest of the
materials. The data refers to plant construction of a mix of types of dams built
between 1945 and 1970, therefore they might not be representative for more modern
construction, nor for an individual type.

. Net average efficiency, including pipe losses, is 78% (best efficiency can be 84%).

. Not only the construction, but also the average operation of the dam is included in
the inventory. It includes the area occupied; a preliminary estimation of greenhouse
gas emissions out of the water reservoir; lubricant oil; volume of the reservoir; mass

of water passing through the turbines [GaBi4, 2003].

The Scenario F is created in order to compare the environmental effects of energy
production from wind power plant with that of the pilot plant. The Scenario F covers the

following processes:

° Electricity production from an onshore windpower plant with the same amount of the
excess electricity produced in Scenario A.

o The inventory for the windpower plant includes materials used for moving parts:
rotor, nacelle, electric parts, and their disposal. Also includes the processing, the
energy requirements for assembling, the transports needed, and the connection to the
grid. Lifetime is assumed to be 20 years.

° The inventory for the windpower plant also includes materials used for fixed parts:
tower and base, and their disposal. Also includes the processing, the transports
needed, and the area that is needed for installation and the energy requirements for
the installation itself. Lifetime is assumed to be 40 years.

. The foundation (concrete and reinforcing steel) is assumed to be remaining in the
ground after the demolition of the power plant.

. Not only the moving and fixed parts of the windpower plant, but also its operation
with the necessary change of gear oil are included in the inventory. In addition, the
capacity factor, concerning the wind conditions is considered. The capacity factor is

assumed to be 10.5 %. Gear oil has to be changed every second year.
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In addition to the electricity and heat production from the fossil fuel resources,
hydropower and wind energy explained above, the system boundary of Scenario C,

Scenario D, Scenario E and Scenario F also include the below processes:

. Conventional management of cattle manure (Pasture/range/paddock, Daily Spread,
Solid Storage, Liquid / Slurry)

. Conventional management of poultry manure (without bedding waste management
system),

. Landfilling of vegetable wastes, slaughterhouse wastes and grass. The system
boundary covers the infrastructure materials for landfill construction (including
access road), operation and aftercare. The landfill is considered as an anaerobic
managed solid waste disposal site and its service lifetime is considered as 30 years.
The landfill has a controlled placement of waste, and includes mechanical
compacting. Besides landfill gas and leachate collection system, the recultivation and
monitoring for 150 years after closure are also considered within the system
boundaries.

o The production and spreading of the chemical fertiliser (Ammonium Nitrate) to the
soil to be used for the winter wheat production. Since the system boundary of these
scenarios cover also the production of mineral fertiliser, the inputs and outputs data
of the ammonium nitrate production from ammonia and nitric acid are also
considered. Transports of intermediate products to the fertiliser plant as well as the
transport of fertiliser from the factory to the regional storehouse are also included.
Production of waste treatment of catalysts, coating and packaging of the final
fertiliser products are not included. The ammonium nitrate is assumed to be
transported 10 km from the regional storehouse to the farm where winter wheat is
produced. The inventory also takes into account the diesel fuel consumption and the
amount of agricultural machinery and of the shed, which has to be attributed to the
fertilising. Also taken into consideration is the amount of emissions to the air from
combustion and the emission to the soil from tyre abrasion during the work process.
The following activities where considered part of the work process: preliminary work
at the farm, like attaching the adequate machine to the tractor; transfer to field (with

an assumed distance of one km); field work (for a parcel of land of one ha surface);
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transfer to farm and concluding work, like uncoupling the machine. The overlapping
during the field work is considered.
o The processes considered out of the system boundaries of Scenario C, D, E and F

are;

o  The infiltration of landfill leachate to groundwater,

o  The landfill leachate treatment prior to discharge to surface water bodies.

Landfill leachate is generated by the infiltration and percolation of rainfall,
groundwater, runoff or flood water into and through the waste layers of a landfillsite. A
combination of physical, chemical and microbial processes in the waste transfers pollutants
from the waste material to the percolating water, creating a water-based solution that
maybe harmful to a class of organisms, including human, ortoenvironmental receptors. It
has been reported that small amounts of leachate could pollute large volume of
groundwater, rendering them unusable for domestic and many other purposes. In fact,
chemical pollutants contained in the leachate could be assimilated by any aquatic species,
and may pass through the food chain and bioaccumulate over long-term exposure [Baderna

et al., 2011].

Measures to prevent leachate infiltration to groundwater should be carefully planned
to last long. Results show that even when leachate is collected and treated properly for the
first 40 years, the impact on spoiled groundwater resources is significant if the leachate
collection system loses its efficiency. However, the importance of spoiled groundwater

resources depends on whether groundwater is used as a water resource in the region.

It is crucially important to ensure the highest collection efficiency of landfill leachate
since a poor capture compromises the overall environmental performance. Once leachate is
collected and treated, the potential impacts in the standard environmental categories and on

spoiled groundwater resources significantly decrease.

Measures should be taken to prevent leachate infiltration to groundwater and it is

essential to collect and treat the generated leachate. [Manfredi and Christensen, 2009].
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Impact potentials for acidification and nutrient enrichment are related to leachate
problem, and the main substances of importance here, is the leaching of phosphate and

ammonia to surface water (marine or fresh).

Leachate controlling measures (bottom-liner and collection) lead to increased
toxicity to the water ecosystem (from 0.007 PE to 0.012 PE per tonne waste). This is
because of the fact that the leachate is treated at a wastewater plant, and the treated water is
discharged into surface waters. There will though still be a minor amount of contaminants
left in the treated water that will lead to an increased impact of eco-toxicity in water. The
reason this impact is not as high in the not lined systems is that the leachate here will end

in the groundwater resource and thereby will not be accredited to the surface water.

The unlined systems cause the largest impact, and the burdens are just shifted when
controlling the leachate. It is to be noted that the main contributor to spoiled groundwater
resources is ammonia, and the contribution and fate of this substance should be further

studied to establish its importance [Damgaard et al., 2011].

The landfill in the Scenarios of this study is considered as a well-designed landfill
with efficient leachate control; so the several risks that can occur because of the release of
landfill leachate to groundwater are not considered in the system boundaries. In addition,
the landfill leachate treatment prior to discharge to surface water bodies, is considered out

of the system boundaries as well.

The Scenario G is created in order to compare the environmental effects of energy
production from Integrated Gasification Combined Cycle (IGCC) with that of the pilot

plant. The system boundaries of Scenario G can be explained as follows:

. The wastes are assumed to be transported for 15 km-distance to the pilot plant.

o Electricity production from the IGCC of the waste recipe with an amount equal to the
excess energy produced in the Scenario A. The infrastructure process includes land
use, buildings and facilities (including dismantling) of a typical biomass gasifier.
Process includes the dryer, the comminution equipment, the gasifier and the gas

treatment and conditioning facility. Lifetime is assumed to be 50 years. The ash
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produced from the gasifier is sent to the sanitary landfill and the synthesis gas is
utilised for electricity production. The life time for operation of the combined cycle
unit is assumed 180,000 h which is equal to approximately 22.5 years.

Since the output ash of the gasification has no fertilizer value, the system boundary
of this scenario covers also the production of mineral fertiliser (Ammonium nitrate)
as well as the transportation of fertiliser from the factory to the regional storehouse
and its field application for the winter wheat production.

The processes excluded from the system boundaries are;

o  The processes related to the production of the wastes in recipe,
o  The feed type and production of the feed for the animals,

o  The transport, grit connection and final use of the excess electricity and heat,
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Figure 3.3. System boundary of the Scenario G.

All the scenarios considered in this LCA study can be summarized as follows:



Table 3.3. Summary of the scenarios in the LCA study.
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A B C D E F G
. . Cattle .
Raw Materials Recipe | \ oo e - - - - Recipe
IEnergy Source Biogas Biogas Hard Coal | Natural Gas Water Wind Syngas
Electna‘ty Ggs Ga.s Power Plant | Power Plant | Power Plant | Power Plant Combined
roduction Engine | Engine Cycle
Cattle Manure AD AD Conventional | Conventional | Conventional | Conventional | Gasification
[Management
E;)ultry Manure AD N.A. Conventional | Conventional | Conventional | Conventional | Gasification
anagement
Vegetable Waste AD N.A. | Landfilling | Landfilling | Landfilling | Landfilling |Gasification
[Management
Slaughterhouse AD N.A. | Landfilling | Landfilling | Landfilling | Landfilling |Gasification
[Waste Management
Grass&Silage AD N.A. | Landfilling | Landfilling | Landfilling | Landfilling |Gasification
[Management
ertiliser Type Digestate | Digestate | Chemical Chemical Chemical Chemical Chemical
IF yp (Organic) | (Organic) (AN) (AN) (AN) (AN) (AN)

3.3. Inventory Analysis

In the inventory part of the study, data on inputs and outputs from the processes

included in the study are collected. The results are summarised in an inventory of resource

uses, emissions to air, water and soil (solid waste) induced and avoided per unit of

transportation and energy service aggregated over the entire system.

In this study, the inventory data regarding the Pilot Plant in Kocaeli was gathered

from the laboratory scale analysis results provided by the Energy Institute Team of

TUBITAK MRC. The design and operational conditions of the pilot plant were determined

by the Energy Institute Team of TUBITAK MRC according to the literature and the results

of those laboratory scale studies.
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3.3.1. Raw Material Quantity and Characteristics

The feed material used in this study is composed of five different wastes which are;

o Cattle manure

° Poultry manure

o Vegetable wastes

o Slaughterhouse wastes

. Grass and grass silage

While determining the feed recipe, the maximum utilization of poultry manure is
considered since it is one of the biggest problem of Kocaeli Greater Municipality.
The daily and yearly amount of wastes to be utilised in the pilot plant are as given in Table
3.1. The characteristics of those wastes gathered from the interim report named “IP No: 5
(Laboratory Scale Biogas System Studies)” included in the TUBITAK project with
reference no. of 106G112.are given in Table 3.4 and Table 3.5.

Table 3.4. Laboratory analysis results of the wastes comprised in the recipe'.

Material Total Solids | Volatile Solids | Carbon | Hydrogen | Nitrogen NH,
(TS) (%) (VS) (%) (%) (%) (%) (%)

Grass 26.01 81.0 2.37 14.63 0.102 0.0005
Vegetable Wastes 8.97 85.0 5.23 11.71 0.155 0.0157
Slaughterhouse 16.81 85.0 8.17 9.94 0.462 0.0303
Wastes

Poultry Manure 71.92 73.1 33.77 7.30 2.871 0.4437
Cattle Manue 16.44 75.0 9.09 9.74 0.469 0.0594

" The results of laboratory analysis are consistent with the literature information from [Baban et al; 2001; Hoffmann,
2010; ISAT and GTZ, 1999; Ozturk, 2005; Steffen et al., 1998; Werner et al., 1989].

The concentration of the trace elements is acceptable in terms of an efficient AD
process. They are under the maximum allowable trace element concentration for the AD

given in the literature [ISAT and GTZ, 1999; Ozturk, 2005; Werner et al., 1989].
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Table 3.5. Trace element composition of the wastes comprised in the recipe.

Grass Vegetable | Slaughterhouse Poultry Cattle
Wastes Wastes Manure Manure

Ca [ppm] 742.11 228.79 3,431.73 15,339.97 2,817,67
K [ppm] 888.13 3,609.54 2,760.21 23,091.60 2,719.29
Na [ppm] 103.73 128.08 827.15 3,863.81 861.13
Cr [ppm] 0.08 0.27 0.45 1.44 0.19
Cu  [ppm] 0.25 11.32 33.78 5.22
Mn  [ppm] 17.57 94.21 406.76 22421
Ni [ppm] 242 15.77 42.31 322.98 35.96
Pb [ppm] 0.40 0.45 1.21 5.15 0.81
Zn [ppm] 0.20

Al [ppm] 2.48 9.51 38.20 314.89 31.24

3.3.2. Main Scenario (Scenario A) — AD of the Waste Recipe

The pilot plant constructed for the AD of the waste recipe consists of four main units

which are;

° Pretreament Units

o Primary Storage and Mixing

o Grinding and Mixing

° Anaerobic Digesters

° Separation Unit and Final Storage

. Cogeneration Unit.

The flow diagram of the pilot plant for the main scenario is given in Figure G.1. The

reference quantities are given for “one(1)-year period of operation of the digester utilizing

an amount of 10,680 ton/year recipe”.
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The average distance between the waste production sites and the pilot plant is
considered as 15 km. Energy consumption and related emissions for the transportation of
wastes by a “Truck 7.5 t - 12 t total cap. / five t payload / Euro 3 PE” are gathered from the
GaBi4 database.

The wastes will first be transported to the separate primary storage pits from where

they will be fed to the common pretreatment units.

3.3.2.1. Pretreatment Units. Pre-treatment of feedstocks can increase biogas production

and volatile solids reduction and increased solubilisation. The use of pre-treatment is
particularly useful in the digestion of biomass feedstocks, as these tend to be high in
cellulose or lignin. Pre-treatment can break down these recalcitrant polymers physically,

thermally, or chemically [Ward et al., 2008].

Primary Storage and Mixing. Slaughterhouse wastes, cattle manure and poultry manure

will be collected in a concrete primary storage unit of which volume is 100 m’>. There is a
mixer inside the primary storage basin. The mixed animal wastes will then be sent to the
anaerobic digesters via a pump. The service lifetime of the primary storage and mixing unit
is considered as 30 years. The inventory of the primary storage and mixing unit takes into
account the use of construction materials and building machines for construction, repair
and replacement including waste disposal and the transportation of the materials to the
building site [GaBi4, 2003]. The Table G.1 provides input and output data for the primary

storage and mixing unit.

Grinding and Mixing. Grass and vegetable wastes are collected in a grinding unit where

they are shredded and mixed. In this unit, there is a hydraulic moving part by which the
grass and vegetable wastes are moved forward towards the screw shredders. The wastes are
torn to pieces by vertical screws and then transported to a pump via a horizontal screw.

The grinded grass and vegetable wastes are then subjected to AD process.

3.3.2.2. Anaerobic Digesters. Following the pretreatment, the agricultural and animal

wastes are subjected to AD process.
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During the laboratory scale studies, the organic material removal rate and biogas
production rate of the laboratory scale digesters were determined. The detention time at
which 70% of the biogas production observed gives the most efficient detention time of the
anaerobic digesters [Kishore et al., 1987]. The laboratory studies made by the Energy
Institute Team of TUBITAK MRC show that the proper detention time for the AD of the

waste recipe in a completely mixed mesophilic digester is 47 days.

Considering the laboratory scale studies, two concrete anaerobic digesters each with
2089 m’ net volume and 2400 m’ gross volume have been constructed in the Kocaeli pilot
plant. The digesters can be operated either in series or paralel. Each digester is equipped
with two submersible mixers in order to provide homogeneous mixture inside the
digesters. The digesters will be operated in mesophilic range (35-40°C) which will be
provided by the heat exchangers and the heat will be retained by the isolation material. The
digesters are also equipped with one double membrane gas holding units each with 700 m’

effective volume.

The dimensions of the anaerobic digesters are as follows:
Diameter of each digester: 19,5 m

Cylindirical height of each digester: 8 m

Wall thickness of each digester: 0,3 m

According to the laboratory analysis made by the Energy Institute Team of
TUBITAK MRC, the average biogas production of the waste recipe was 452 It biogas/kg
VSS at an organic loading rate of approximately two kg VSS/m® reactor.day. When the
organic loading rate is evaluated, it is seen that the organic loading rate of two kg VS/m’
reactor.day is a safe value when compared with the acceptable operational conditions at

mesophilic range (2.4- 5.6 kg VS/m3/d) [Engler et al., 1999; Ozturk, 2005].

The laboratory scale studies proved a volatile solids removal of approximately 50%
which is consistent with the literature information [Burke and Dennis, 2001; Ozturk, 2005;

Tjalfe, 2003].



59

The 50% destruction of volatile solids will result in 3832 mS/day of total biogas
production for 10,680 ton/year waste recipe digested at a 47-day detention time and at

35°C operational temperature in Kocaeli pilot plant.

Another proof of the effective digestion during the laboratory scale studies was the
amount of methane inside the produced biogas. The average methane concentration of the
biogas was 55% which is in the acceptable range for an effective digestion process

[Ozturk, 2005].

The amount of H,S inside the biogas was measured as to be not higher than 50 ppm
which means that the waste recipe will not cause a problem in the cogeneration unit

consisting of a gas engine [Ozturk, 2005].

The pH value inside the reactor was between 7.02-7.29 which proved that the AD
proceeded effectively at the appropriate detention time and organic loading rate [ISAT and
GTZ, 1999; Ozturk, 2005; Tjalfe, 2003]. These findings show that the selected detention

time and organic loading rates are safe for the pilot anaerobic digesters.

The majority of the existing biogas plants treating organic wastes and animal manure
are operating at dry matter concentrations of three to twelve per cent. The reason is that
this material can be directly pumped without any special equipment and it is easier to

ensure proper mixing in the reactor [Ozturk, 2005; Tjalfe, 2003].

In order to adjust the dry matter concentration inside the digester as nine per cent,
water will added to the anaerobic digesters in Kocaeli pilot plant. The daily amount of
fresh water added to the anaerobic digesters will be 9.8 m*/day in addition to the recycled
liquid digestate of 51.5 m3/day with three-six per cent dry matter concentration in Kocaeli

pilot plant.

The process flow diagram of the anaerobic digesters is given in Figure G.2. The
process includes the production, transport and disposal of the main materials for an

agricultural biogas plant. The lifetime of the industrial plants are generally between 25 and
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49 years [Bekem et al., 2009] and so the service lifetime of the digesters is considered as

30 years.

The input and output data of the digesters are given in Table G.3.

The heat requirement of the digester is calculated by the sum of the heat requirement
of the waste recipe and heat loss of the digester itself. Specific heat capacity of the recipe is
determined as c: 1.45 kj/kg= 0.347 kcal/kg. Assuming that the minimum temperature of the
recipe at the inlet of the anaerobic digester will be 15°C and that the maximum operating
temperature will be 37°C inside the anaerobic digester, the temperature change is

calculated as 37 — 15 =22°C.

The mass of the recipe daily loaded to the anaerobic digester is 39,060 kg/day
including 29,260 t/day mixed waste and 9,800 kg/day water. So, the heat requirement of

the digester is calculated as;

Heat requirement of the waste recipe= m x ¢ x AT= (39,060 kg/day recipe x 0.347
kcal/kg) x (37-15°C)= 298,184 kcal/day = 347 kWh/day

As shown in APPENDIX F, the heat loss of two digesters will be 2,221 kWh/day
resulting in a total heating requirement of 2,568 kWh/day. The heating requirement of the
digesters will be met by the hot water received from the cooling circuit of the gas engine
inside the cogeneration unit. Following the digestion process, the digested recipe is

pumped to the separation unit.

3.3.2.3. Separation and Final Storage Unit. In the separation unit, the digested recipe is

separated into two forms, solid and liquid phases. The solid phase will have a dry solids
(DS) content of 25-30%, whereas the liquid phase will have a DS content of three to six
per cent. The solid phase will be stored in an open concrete based area and the liquid phase
will be collected in a concrete basin of which volume is 1000 m’. Both the solid and liquid

phases can be used as organic fertiliser.
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In order to adjust the dry solids content and nitrogen content of the anaerobic
digesters, approximately 51.5 m’/day liquid product is returned to the digesters via the

submersible pump inside the final storage basin.

When the digestate is subjected to separation process, most of the consituents of
anaerobic digester are collected in the liquid phase. Separation of coarse solids after AD
reduces the mass of nitrogen and phosphorus in the remaining liquid fraction by about 18

and 38 per cent, respectively.

Table 3.6. Distributions of the constituents of anaerobic digester effluent following

separation, % by weight [Martin, 2005].

Parameter Liquid fraction Solid fraction
Total solids 52.5 47.5
Total volatile solids 51.0 49.0
Fixed solids 62.3 37.7
Total Kjeldahl nitrogen 82.3 17.7
Organic nitrogen 73.4 26.6
Ammonia nitrogen 89.1 10.9
Total phosphorus 62.2 37.8

As indicated in the Table 3.6, the concentrations of TS and TVS in the separated
liquid and solid fractions are similar. Conversely, the liquid fraction contains more than 75
per cent of the TKN and NH4-N and almost two-thirds of the phosphorus and fixed solids
originally present in the digester effluent [Martin, 2005].

The input and output data of the Separation and Final Storage unit are given in Table
G.4.

According the distribution of the constituents of the digester effluent, the available
amount of nitrogen in both the liquid and solid phase are expected to be 188 kg/day for the
AD of the waste recipe.
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3.3.2.4. Cogeneration Unit. The cogeneration unit consisting of a gas engine is used to

produce electricity and heat from the biogas produced in the anaerobic digesters. The

volumetric content of the biogas is given below:

Methane content : 50-65%
CO; content: 35-45 %
H,S content: < 50 ppm

In addition to these gases, little amount of other gases and moisture is also included
in the biogas. The H,S content of the biogas may cause corrosion problems inside the gas
engine and pipelines. In order to protect the mechanical equipment, the H,S and moisture

should be avoided before being sent to the gas engine unit.

Even the H,S concentration of the biogas is low, a biological sulphur removal system
is used in order to remove H,S problem in the pilot plant. A special wooden unit is
installed at the top of the anaerobic digesters for that purpose. That wooden part of the
digesters are fed with air (O,) and the biogas of which H,S content is removed biologically

is sent to the gas engine unit to produce electricity and heat.

The electricity and heat requirement of the anaerobic digesters are provided from the
cogeneration unit. The remaning electricity will be fed to the electricity grid and the
remaining heat will be used for building heating. The technical data regarding the

cogeneration unit which will be installed in the Pilot Plant is as follows:

Table 3.7. Technical data of the cogeneration unit [GE Power, 2010].

Data at Full Load (100%)
Energy Input 851 kW
Electrical Output 330 kWe
Total Recoverable Thermal Output 395 kWe
Specific Fuel Consumption of Engine 2,49 kWh/kWh
Lube Oil Consumption 0,10 kg/h
Specific Lube Oil Consumption 0,30 g/kWh
Dry exhaust gas flowrate 1294 Nm’/hr
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The flow chart of the cogeneration unit is given in Figure G.3.

As it can be seen from Figure G.1, the net annual electrical output of the

cogeneration unit is 8599 GJ whereas the net annual heat output is 9079 GJ.

The minimum monthly electricity consumption of a house with four (4)-family
members is approximately 230 kWh [Giiven and Terzioglu, 2010]. Since the yearly
electricity production is 8599 GJ/year = 2,388,682 kWh/year, it means that the monthly
electricity available to be used at houses is 199,057 kWh/month. By considering the
minimum monthly electricity consumption as 230 kWh/month, it is seen that the electricity
need of 865 houses can be met by utilising the waste recipe in AD and biogas recovery

system.

The pilot plant is located in Izaydas Area, in Alikahya village of Kocaeli and the
population of Alikahya village is 34,500 people [Izmit Ziraat Odas1 Baskanligi, 2011].
When the population is considered to consist of 4-member families, the quantity of houses
of which electricity need will be met by the pilot plant is calculated to be 10% of the
neigbouring village, Alikahya.

Considering that the heat requirement of a 90-m” house is 40 kcal/hr/m’ [Kaya,
2011], it is determined that 25 houses can meet their heating requirement from the

secondary service of the pilot plant.

The gas engine emissions in Scenario A are based on the emission data derived from

the GaBi4 database.

3.3.2.5. Digestate Application to Agriculture. The digested matter application in
agriculture is also considered in the LCA study. The emissions to soil because of the use of
hydraulic loader and spreader and the emissions from the digested matter when used as a

fertiliser in agriculture are taken into account.
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The output of the liquid separated fraction and the solids digestate replaces mineral
fertilisers. Not only the mineral fertilisers, but also the digested material gives emissions to

the surrounding environment when applied on the field.

The emissions to soil because of the use of hydraulic loader and spreader are based

on the GaBi4 database and summarised in Table G.6 and Table G.7.

The emissions produced because of the field application of the digestate as fertiliser

for winter wheat production are calculated as follows:

Ammonia Volatilization because of Field Application of the Digestate. Ammonia losses

during and after application of organic fertiliser ranges from one to 100% of the applied
NH4-N. This clearly indicates the need to estimate the NH3 emissions both site specific and
dependent on agricultural practices. The ammonia losses are determined by considering the

following parameters:

e Average air temperature
¢ Infiltration rate
¢ Time between application and incorporation or rainfall

e Precipitation or incorporation after application [Brentrup et al., 2000].

Environmental factors impact ammonia losses because weather elements provide the
energy and the driving force for the soil-air gas exchange. Ammonia volatilization is
increased by higher air temperature and increased wind speeds [Meisinger and Jokela,
2000]. While the temperature class of Kocaeli is chosen as 10-15 °C according to the

meteorological statistics, the wind speed change is neglected [DMI, 2010].

The infiltration rate describes the capability of the soil to take up the NH3/NH,*
[Brentrup et al., 2000]. The infiltration of NH3/NH," into the soil reduces the volatilization
rate [Brentrup et al., 2000; Meisinger and Jokela, 2000]. Rainfall reduces the volatilization
of NHj considerably because of the increased solution of NH3/NH4" and an increased
infiltration into the soil [Huijsmans, 2003] The extent of this reduction depends on the

amount of rainfall [Brentrup et al., 2000]. Cultivating before application can also reduce
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ammonia emissions because of increased infiltration into the soil [Meisinger and Jokela,

2000].

In the estimation method, the infiltration rate is evaluated according to Table 3.8 and

the maximum potential ammonia losses are calculated as a percentage of the total NH4-N

applied according to Table 3.9.

Table 3.8. Evaluation of the infiltration rate [Brentrup et al., 2000].

Infiltration
rate

Application circumstances

bowr

an cereal or com stubble

on heavily compacted, water saturated soil
slurry with high dry matter content

« solid manure

medium

« Of non compacted soil
slurry with medium dry matier content

high

1. on prepared soil with a lot of macropores (e.g.

ploughed soil)
* on loose soil
* slurry with low dry matier content
* liquid manure

Table 3.9. Maximum potential ammonia loss in % of the applied NH4-N dependent

on temperature and infiltration rate into the soil [Brentrup et al., 2000].

Temperature {"C) NH, losses (%)
fow medium high
- | infiltration | infitiration | infilration
0-5 30 22 15
5-10 45 35 25
10- 15 70 55 40
15 - 20 ’ 90 75 55

According to the tables in Table 3.8 and Table 3.9, the maximum potential ammonia

loss is chosen as 70% for the solid digestate and 40% for the liquid digestate.
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The amount of volatilized ammonia depends of course on the time the NHj is present
on the soil surface. Thus, the time between the application and the disappearance of the
NH3/NH," deeper into the soil profile has to be considered in the estimation. The longer
the time period between the application of an organic fertiliser and its incorporation or
rainfall, the higher is the ammonia loss. This is considered by multiplying the maximum
potential NHj3 loss by a time factor given in Table 3.10 [Brentrup et al., 2000], which are

derived from field experiments and considered as 0.15 for the calculations in this project.

Table 3.10. Time factors for different temperature classes [Brentrup et al., 2000].

_Temperature (*C) Time between application and precipitation / incorporation
ih | 2zn 4an 8h | 12n 19 | 20 3 | 4a 6d 8d | 12q
0-5 004 | 007 | 040 | 045 | 019 | 025 | 035 | 045 | 054 | 060 | 080 | 1.00
5-10 | oo r 010 | 034 | 020 | o2 | 03as | os0 | o065 | 073 | 085 | 1.00
10-15 0.15 | 0.25 0.35 0.50 0.60 0.73 0.83 0.82 1.00
15- 20 | 020 | 030 | 045 | 065 | 075 J 085 | 085 | 1.00

Further NH; loss depends on the amount of rainfall. This is taken into account by
introducing a rain factor (Table 3.11), which is again based on field experiments. The
remaining potential ammonia loss, i.e. the maximum potential loss minus the loss between
application of organic fertilizers and rainfall, is multiplied by this rain factor. The resulting

figure gives the NHj loss after rainfall [Brentrup et al., 2000].

The rain factor for Kocaeli is determined according to precipitation of 5-10 mm and

temperature of 10-15°C and found as 0.20 from Table 3.11.

Table 3.11. Rain factors for different temperature classes (precipitation after application

and before total potential volatilization) [Brentrup et al., 2000].

Temperature Precipitation
0
0-2mm | 2-5mm 5 - 10mm = 10mm
0-5 0.30 015 | o008 | o
5-10 0.40 0.20 0.0 0
10-15 0.0 0.40 J 0.20 1]
_‘IE.-_Z'U 0.80 0.50 | 0.30 1]
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In the light of the above mentioned factors and according to the ammonia content of
solid and liquid digestate, the ammonia volatilization because of organic fertilizer

application is calculated as follows:

Table 3.12. Ammonia volatilization because of digestate application in agriculture.

SOLID LIQUID TOTAL

Amount of Digested Manure 14,210.79 | 20,404.53 | 34,615.33 | kg/day
Ammonia content of organic fertiliser * 2.79 22.84 25.64 | kg NH;-N/day
NH; losses 70% 40% 55%

Max potential ammonia loss 1.96 9.14 11.08 | kg NH;-N/day
precipiationincorporation wol @] ok

Actual ammonia loss 0.29 1.37 1.66 | kg NH;-N/day
Remaining potential ammonia loss 1.66 777 042 | kg NH;3-N/day
Rain factor 0.2 0.2 0.2

Ammonia loss after incorporation 0.33 1.55 1.88 | kg NH;-N/day
TOTAL Ammonia loss 0.63 2.92 355 | kg NH;-N/day

* calculated according to the total NH,;-N concentration (0,074%) of the digestate. This is consistent
with the literature information as there is significant decrease in the concentration of ON and concurrent
increase in NH,4-N concentration reflecting the mineralization of ON during digestion. The distribution of
ammonia between solid and liquid phases are taken from Table 3.6 [Martin, 2005].

According the distribution of the constituents of the digester effluent in Scenario A,
the available amount of nitrogen in both the liquid and solid phase is expected to be 188

kg/day for the AD of the waste recipe.

According to the researches made by the Trakya Agricultural Research Institute, the
amount of pure nitrogen needed for wheat production is 12-14 kg/da [Suzer, 2010]. By
considering the amount of nitrogen applied for wheat production is 125.6 kg/ha, the daily
digestate can be used for fertilising approximately 15 da= 1.5 ha field.

According to the above table, total ammonia loss because of both solid and liquid

digestate is 3.55 kg NH3-N/day, which is equal to 2.36 kg NH3-N/ha.

Nitrous Oxide Emissions because of Field Application of the Digestate. Nearly 80% of the

N,0 emissions because of agriculture are related to the use of mineral and organic
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fertilizers. The emission factor for N,O emissions from organic fertilizers are derived from

the following formula:

N,O emission [kg N>O-N/ha]=0.0125 * N application [kg N/ha] (3.1)

The applied N rate should be corrected for NH3 emissions, as these predominantly

occur earlier than the N,O emissions [Brentrup et al., 2000].
So, the nitrous oxide emissions are calculated as (125.6 — 2.36) x 0.0125 = 1.54 kg
N,O-N/ha. According to the total available nitrogen content of the daily digestate applied

tol.5 ha area, the total nitrous oxide emissions will be 2.31 N,O-N/day.

N»>-N Emissions because of Field Application of the Digestate. N, is not of environmental

relevance, but N, rates emitted to the air should be included in the nitrogen balance, which
is a prerequisite for the calculation of the nitrate leaching rate. For practical reasons, the
N»-N emissions related to fertilizer application (corrected for NH3-N volatilization) may be
regarded as 9%, taking into account the IPCC emission factor of 1.25% for N,O-N
[Brentrup et al., 2000].

So, the N,-N emissions are calculated as (125.6 — 2.36) x 0.09 = 11.09 kg N,-N/ha.
According to the total available nitrogen content of the daily digestate applied to 1.5 ha
area, the total N»-N emissions will be 16.63 N,-N/day.

So, the total emissions (NH3-N, N>O-N, N,-N) are 2.36+ 1.54 + 11.09 = 15.00 kg
N/ha resulting in 22.50 kg N/day when applied to1.5 ha area.

Nitrate Leaching because of Field Application of the Digestate. For LCA purposes it is
important to be able to predict the potential NO5 leaching rate related to an agricultural
product or production process. The level of nitrate leaching depends strongly on different

parameters. The most important parameters determining the nitrate leaching rate are:

e Agriculture-related: nitrogen balance [kg N/ha/a]

e Soil-related: field capacity in the effective rooting zone (FCg,.) [mm]
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¢ (Climate-related: drainage water rate (W grin) [mm/a]

The nitrogen balance can be used as a measure for the amount of nitrate-N in the soil

susceptible to leaching after the vegetation period in autumn. The nitrogen balance can be

calculated as described in the following table [Brentrup et al., 2000].

Table 3.13. Calculation of the nitrogen balance in autumn [Brentrup et al., 2000].

N input [kg N*ha™]

N output [kg M*ha™]

+ Mineral N fertilizer

&=

Biological M fixatio

i mineralization

Organic M fertilizer

n

Almospheric N deposition

= N removal with harvested
crops

- NH,-M emissions

- NO-M /N, emissions

- N immobilization

B+ 4+ +

input

T oulput

M balance = L input - X output

The amount of winter wheat production for 2008-2009 years in Turkey is known as

2,198 ton/ha [TUIK, 2010]. And, the average nutrient removal rate for the winter wheat is

known as 17.4 kg/t as given in the following table. So, the N removal with harvested crops

are calculated as 2,198 x 17.4 = 38.25 kg N/ha.

Table 3.14. Crop removal rates for N and P,Os [Canadian Fertiliser Institute, 2001].

Example Target Average Nutrient Removal Rate®

I Yield® N P,0,

Spring Wheat 2.69 t/ha 25.1 kgt 9.8 kit
Winter Wheat 3.36 tha 17.4 kg/t 8.5 kgit
Barley 430 t/ha 20.3 kglt 8.8 kgit
Oats 3.81 tha 18.3 kg/t 7.7 kgit
Rye 3.45tha 19.0 kglt 8.1 kgit
Grain Corn 6.27 t/ha 17.4 kgt 7.9 kgit
Canola 1.96 t/ha 38.7 ko't 20.8 koft
Flax 1.50 t/ha 38.1 kglt 11.6 kg/t
Sunflowers 1.68 t/ha 35.7 ko't 10.7 ka/t
Alfalfa 11.2 t/ha 29.0 kglt 6.9 kgit
Grass 6.7 ttha 17.1 kgt 5.0 kgt
Corn Silage 11.2 t/ha 15.6 kglt 6.4 kgit
Barley Silage 10.1 t/ha 17.2 kglt 5.9 kgit
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The deposited nitrogen may enter the system as it can be taken up by the plants,
similar to mineral fertilizers. From Figure 3.4, which provides information about the N
deposition rate in Europe, it can be considered that the atmospheric N deposition in Turkey

is 10 kg N/ha.

=TT
12 kg Kihatar
ﬂ_—ﬂ 1.5 kg Mha'se
B 5. 10 by Nma's:
[E] 10- 7oka Nmarae
@ > 70 hg Nihatas

Figure 3.4. Total nitrogen deposition in Europe in 1993 [Brentrup et al., 2000].

Based on the assumption that an agricultural production system is relatively constant
long term, i.e. for more than one crop rotation, and that the N fertilizer input is adjusted to
the requirements of the plants, it can be assumed that the nitrogen mineralization and
immobilization rates more or less equal each other. Based on the above findings, the

nitrogen balance is calculated as 82.35 kg N/ha.

That part of the nitrate-N present in the soil in autumn that is actually lost via

leaching depends on soil and climate parameters.
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Table 3.15. Nitrogen Balance.

Nitrate leaching

N inputs

Mineral fertiliser 125.59 kg N/ha
Biological N fixation 0.00 kg N/ha
Atmospheric N deposition 10.00 kg N/ha
N net mineralization 0.00 kg N/ha
N outputs

N removal with harvested crop 38.25 kg N/ha
Emissions 15.00 kg N/ha
Nitrogen balance | 82.35 kg N/ha

The field capacity in the effective rooting zone (FCg,e) describes the capacity of the
soil to adsorb water within that part of the soil in which the roots are able to take up water.
The FCg, can be calculated by multiplying the available field capacity (Fc,) by the

effective rooting zone (Rze).

FCr;e [mm] = Fc, [mm/dm] *Rze [dm] (32)

The available field capacity as well as the effective rooting zone strongly depends on

the soil texture.

The classes of available field capacity are given in Table 3.16 and the classes of

effective rooting zone are given in Table 3.17 [Brentrup et al., 2000].

According to the information in the below tables and with the assumption that the

soil texture is loamy silt (1U); The FCg, is calculated as;

FCRz e [mm] = FCa [mm/dm] * RZe [dm] = 24 [mm/dm] * 10 [dm] = 240 mm
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Table 3.16. Assignment of soil textures to six classes of available field capacity [Brentrup

et al., 2000].
Class Soil texture" FCa {(mm*dm")
(evaluation) range average
1 (very low) 3 < 10 B
2 (low) m | 10-14 12
3 (medium) IS 1S, st uT, T I 14-18 16
4 (high) uS, sU, ul | 18-22 20
5 (vary high) U, i, u | »22 24
6 (swamp) Hh, Hn | €0

(a) & = sand, 5 = sandy, U = silt, u = siity, T = clay, | = clayey, L = loam, | =

loamy, H = swamp, h = swampy, n = half-swampy

Table 3.17. Assignment of soil textures to five classes of effective rooting zone [Brentrup

et al., 2000].

Class Soil texture® RZe (dm)
(evaluation) range average
1 (very low) Hn o <3 2

2 {low) 5, Hn 3-5 4

3 (medium) IS, uS 5-7 6
4 [high) ts, 1S 7-9 B

5 {very high) l._.ll_ ﬁ_u‘ U, 1, sL, ul, 1L, | 10

IT,

(a) & =sand, s = sandy, U = silt, u = siity, T = clay, 1 = clayey, L = loam, | =

loamy, H = swamp, h = swampy, n = half-swampy

The rate of drainage water (Wynin) 1S mainly determined by the precipitation rate

(W precin), 1ts distribution through the year and the evapotranspiration rate according to the
precip g y p P g

following equation.

Wdrain[mm] = 0-86*Wprecip_year[mm] - 11-6*(Vvvprecip_summer/ Wprecip_winter) [mm] -241.4 (33)

According to the information gathered from the Turkish State Meteorological

Service, the average precipitation per year is 817.8 mm, the average precipitation for

summer is 238 mm, and the average precipitation for winter is 579.8 mm [DMI, 2010].

So, the rate of drainage water (W gpin) is = 0.86 * 817.8 - 11.6 * (238/ 579.8) - 241.4

=457 mm/year
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The nitrate leaching rate is mainly dependent on the quantity of water that percolates
through the soil profile into the groundwater. A measure for this quantity is the exchange
frequency of the drainage water per year. This can be calculated using FCg,e and W gp,in as

input parameters.

exchange frequency / a = Wpin [mm/a] / FCgrze [mm] 3.4

which results is Exchange frequency of 457 / 240 = 1.90 year™' (3.5)

Because of the fact that almost all NO;5 in the soil is dissolved in water, the whole
amount of NOs-N present in the soil at the beginning of the leaching period in autumn is
supposed to be available for leaching. The exchange frequency of the drainage water
directly reflects the share of nitrate lost via leaching. If the exchange frequency per year is
equal or higher than 1, the whole amount of nitrate is supposed to be leached. Therefore,

the maximum value for the exchange frequency per year used in the below equation is 1.

leached NOs3-N [kg N/ha/a]=NO3-Nin soil_in_auwmn[kg N/ha]*exchange freq.[a'l] 3.6)

So, the leached NOs-N is calculated as 82.35 x 1 = 82.35 kg NOs-N/ha/year.

According to the total available nitrogen content of the daily digestate applied to 1.5
ha area, the total leached NOs-N will be 123.5 NOs3-N/year. According to the above
calculations, the daily inputs and outputs data of the field application of the solid and liquid

digestate for winter wheat production is given in Table G.8.

3.3.3. Scenario B — AD of Cattle Manure

The main difference of the Scenario B from the Scenario A, is the usage of only

cattle manure instead of the same amount of waste recipe in the Pilot Plant.

According to the laboratory analysis made by the Energy Institute Team of

TUBITAK MRC, the average biogas production of the waste recipe was 350 It biogas/kg
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VSS which is in the range of 200-500 It/kg VS as given in the literature [Ozturk and
Okumus, 2008; Engler et al., 1999].

The laboratory scale studies proved a volatile solids removal of approximately 40%
which is consistent with the literature information [Burke and Dennis, 2001; Ozturk,

2005].

The 40% destruction of volatile solids will result in 1,572 m’/day of total biogas
production for 10,680 ton/year cattle manure digested at a 47-day detention time and at

35°C operational temperature in Kocaeli pilot plant.

According the distribution of the consituents of the digester effluent, the available
amount of nitrogen in both the liquid and solid phase is expected to be 137 kg/day for the

AD of the cattle manure.

As it can be seen from Figure G.4, the net annual electrical output of the
cogeneration unit is 2,616 GJ whereas the net annual heat output is 1,734 GJ for Scenario

B.

By considering that the minimum monthly electricity consumption of a house as 230
kWh/month, it is seen that the electricity need of 263 houses can be met by utilising the

cattle manure in AD and biogas recovery system.

Considering that the heat requirement of a 90-m” house is 40 kcal/hr/m’, it is
determined that five houses can meet their heating requirement from the secondary service

of the pilot plant if only cattle manure is utilized.

3.3.4. Scenario C (Hard Coal PP) and Scenario D (Natural Gas PP)

The Scenario C and Scenario D are created in order to compare the environmental
effects of conventional energy production systems from fossil fuel resources, organic waste

disposal systems and chemical fertilizer production & application with the waste to energy
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system provided with the Pilot Plant. The Scenario C and Scenario D cover the following

processes:

. Electricity and heat production from fossil fuel resources with the same amount of
the excess electricity and heat produced in Scenario A,

. Conventional management of cattle manure (Pasture/range/paddock, Daily Spread,
Solid Storage, Liquid / Slurry),

. Conventional management of poultry manure (without bedding waste management
system),

° Landfilling of vegetable wastes, slaughterhouse wastes and grass,

. The production and spreading of the chemical fertiliser (Ammonium nitrate) to the

soil to be used for the winter wheat production.

The inventory data regarding the scenario, Scenario C and Scenario D are gathered

from the GaBi4 database and from the literature.

The main difference between the two scenarios is that Scenario C utilizes hard coal,
whereas the Scenario D utilizes natural gas as the fossil fuel source to produce heat and
electricity. The amount of electricity and heat production is considered to be equal to the
excess heat and electricity production of Scenario A which can be connected to the grid

systems. The main processes and inventory data used in Scenario C are explained below.

3.3.4.1. Scenario C - Electricity and Heat Production. The Scenario C is created for the

electricity and heat production from hard coal of which process summary is given in Figure

GS5S.

The inventory tables gathered from the GaBi4 database regarding the electricity
production from hard coal is given in Table G.9. The inventory table gathered from GaBi4

regarding the heat production from hard coal is given in Table G.10.
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3.3.4.2. Scenario D - Electricity and Heat Production. The Scenario D is created for the

electricity and heat production from natural gas of which process summary is given in

Figure G.6.

The inventory tables gathered from the GaBi4 database regarding the electricity

production from natural gas is given in Table G.11.

The inventory tables gathered from the GaBi4 database regarding the heat production

from natural gas is given in Table G.12.

3.3.4.3. Conventional Management of Cattle Manure

CHy Emissions from Cattle Manure Management. This section describes the calculation of

CH, produced during the storage and treatment of manure, and from manure deposited on
pasture. The term ‘manure’ is used here collectively to include both dung and urine (i.e.,

the solids and the liquids) produced by livestock.

The decomposition of manure under anaerobic conditions (i.e., in the absence of
oxygen), during storage and treatment, produces CHy4. These conditions occur most readily
when large numbers of animals are managed in a confined area (e.g., dairy farms, beef
feedlots, and swine and poultry farms), and where manure is disposed of in liquid-based

systems.

The main factors affecting CH4 emissions are the amount of manure produced and

the portion of the manure that decomposes anaerobically.

The former depends on the rate of waste production per animal and the number of
animals, and the latter on how the manure is managed. When manure is stored or treated as
a liquid (e.g., in lagoons, ponds, tanks, or pits), it decomposes anaerobically and can
produce a significant quantity of CH4. The temperature and the retention time of the
storage unit greatly affect the amount of methane produced. When manure is handled as a
solid (e.g., in stacks or piles) or when it is deposited on pastures and rangelands, it tends to

decompose under more aerobic conditions and less CHy is produced [IPCC, 2006].
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The amount of waste produced varies with the type of animal, but generally ranges
from 60 to 85 kg (wet basis) per 1, 000 kg live animal mass per day in intensive production
systems. The energy potential of these wastes is given by the volatile solids (organic
matter) content, which ranges from 10 to 18% of the total wet waste or 75 to 85% of the

dry weight [Engler et al., 1999].
The physical characteristics of animal manure are given in Table 3.18. The
characteristics of the animal wastes differ according to various factors like the type,

weight, feeding habits of the animal, season, etc. [Baban et al., 2001].

Table 3.18. Physical characteristics of animal wastes [Baban et al., 2001].

Cattle Cattle Poultry Sheep
(Dairy prod.) (Meat prod.) (Meat and egg)
Animal weight, kg 636 431 2.0-2.3 45
Waste production, 1/day 36.8 28.3 0.095-0.160 3.1
Waste density, t/m’ 0.99 0.96 0.96 1.04
Dry matter, % 15 15 15-85 23
(72)

Considering the dairy cattle weight as 636 kg/cattle and the manure production as
36.8 1t/day with 0.99 t/m’ waste density; the daily manure production can be calculated as

36.4 kg/day/cattle.

Since the quantity of dairy cattle manure received to the Pilot Plant is 350 ton/year
(~960 kg/day) that means that the quantity of animal of which manures are fed to the Pilot
Plant is 26 cattles/day.

According to the laboratory analysis, the TS content of the dairy cattle is 16.44%;
whereas the VS content is 75 % which means that the daily volatile solid amount fed to the
pilot plant is 118.23 kg/day. Since the daily manure production is calculated as 36.4
kg/day/cattle, the VS content of each cattle is 4.49 kg VS/cattle/day.
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Bedding materials (straw, sawdust, chippings, etc.) are not included in the VS
modelled in these calculations. The type and use of these materials is highly variable from
country to country. Since they typically are associated with solid storage systems, their

contribution would not add significantly to overall methane production.

The other manure characteristic is the maximum amount of methane able to be

produced from that manure (B,) which is available in Table C.2 in APPENDIX C.

The dairy cattle characteristics are similar to that are given for the region, Eastern
Europe, so the maximum amount of methane able to be produced from that manure (Bo) is

considered as 0.24 m®> CHy/kg VS.

Manure management system characteristics include the types of systems used to
manage manure and a system-specific methane conversion factor (MCF) that reflects the
portion of B, that is achieved. Regional assessments of manure management systems are
used to estimate the portion of the manure that is handled with each manure management
technique. A description of manure management systems is included in Table C.1 in

APPENDIX C.

The system MCF varies with the manner in which the manure is managed and the
climate, and can theoretically range from 0 to 100%. Both temperature and retention time

play an important role in the calculation of the MCF.

Manure that is managed as a liquid under warm conditions for an extended period of
time promotes methane formation. These manure management conditions can have high
MCFs, of 65 to 80%. Manure managed as dry material in cold climates does not readily

produce methane, and consequently has an MCF of about 1%.

Development of emission factors involves determining a weighted average MCF
using the estimates of the manure managed by each waste system within each climate

region.
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The average MCF is then multiplied by the VS excretion rate and the B, for the

livestock categories. In equation form, the estimate is as follows:

MCFs,,
100

EFn = (VS.:]'} . 355} * |Borry * 0,67 kg /m=» Z - MSI:T,E_.J{:I‘ 3.7)

5.k
where;

EF(t): annual CH,4 emission factor for livestock category 7, kg CHs/animal/yr

VS(r): daily volatile solid excreted for livestock category 7, kg dry matter/animal/day

365: basis for calculating annual VS production, days/yr

By() : maximum methane producing capacity for manure produced by livestock category
T, m> CH4/ kg of VS excreted

0,67 : conversion factor of m’ CH4 to kilograms CHy

MCFsy): methane conversion factors for each manure management system S by climate
region k, %

MStsk) : fraction of livestock category 7°s manure handled using manure management
system S in climate region k, dimensionless

[IPCC, 2006].

The Bor), MCF(s ), and MS(tsx) values are chosen from the Table C.2 in

APPENDIX C for the Eastern Europe region at a temperature of 25°C.

The summary of annual methane emissions from dairy cattle manure management

are given in the below table:
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Table 3.19. Annual methane emission from the dairy cattle wastes.

Animal weight 636 kg
Manure volume produced 36.8 It/day
Manure density 0.99 t/m’
Daily manure production 36.4 kg/day
Annual cattle manure received in pilot
plant 350 ton/year
Daily cattle manure received in pilot plant

958.9 kg/day
Quantity of cattles 26 cattle/day
Cattle manure TS% 16.44% %
Cattle manure VS% 75.00% %

Cattle manure VS amount

118.23 kg/day

Assumed SIMILAR to Eastern Europe

for Temperature of 25 °C

Chosen Manure Management Systems MS (T.S.k) * MCF (S.k)
Pasture / Range / Paddock 18.0% 1.5%
Daily Spread 2.5% 0.5%
Solid Storage 60.0% 4.,0%
Liquid / Slurry 17.5% 65.0%
Other 2.0% 1.0%
100.0 %

VS (T) Cattle manure VS amount/head 4.49 kg VS/head/day

Bo (T) Max. Methane Producing capacity 0.24 m’ CHy/kg VS

EF (T) Annual CH, emission factor 37.12 kg CH4/animal/year

Methane emission from cattles

976.88 kg CHu/year

The below section describes how to estimate the N,O produced, directly and

indirectly, during the storage and treatment of manure.
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Direct N,O emissions occur via combined nitrification and denitrification of nitrogen
contained in the manure. The emission of N,O from manure during storage and treatment
depends on the nitrogen and carbon content of manure, and on the duration of the storage

and type of treatment.

Nitrification (the oxidation of ammonia nitrogen to nitrate nitrogen) is a necessary
prerequisite for the emission of N,O from stored animal manures. Nitrification is likely to

occur in stored animal manures provided there is a sufficient supply of oxygen.

Nitrification does not occur under anaerobic conditions. Nitrites and nitrates are
transformed to N,O and dinitrogen (N;) during the naturally occurring process of
denitrification, an anaerobic process. There is general agreement in the scientific literature
that the ratio of N,O to N, increases with increasing acidity, nitrate concentration, and
reduced moisture. In summary, the production and emission of N,O from managed
manures requires the presence of either nitrites or nitrates in an anaerobic environment
preceded by aerobic conditions necessary for the formation of these oxidized forms of
nitrogen. In addition, conditions preventing reduction of N,O to N», such as a low pH or

limited moisture, must be present.

Indirect emissions result from volatile nitrogen losses that occur primarily in the
forms of ammonia and NOy. The fraction of excreted organic nitrogen that is mineralized
to ammonia nitrogen during manure collection and storage depends primarily on time, and
to a lesser degree temperature. Simple forms of organic nitrogen such as urea (mammals)
and uric acid (poultry) are rapidly mineralized to ammonia nitrogen, which is highly

volatile and easily diffused into the surrounding air.

Nitrogen losses begin at the point of excretion in houses and other animal production
areas (e.g., milk parlors) and continue through on-site management in storage and

treatment systems (i.e., manure management systems).

Nitrogen is also lost through runoff and leaching into soils from the solid storage of
manure at outdoor areas, in feedlots and where animals are grazing in pastures [IPCC,

2006].
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Direct N>O Emissions from Cattle Manure Management. The method entails multiplying

the total amount of N excretion (from all livestock species/categories) in each type of
manure management system by an emission factor for that type of manure management
system (see the below Equation). Emissions are then summed over all manure management

systems.

NE GDl:mm} = |:Z
=

44
> (Nery + Nexen + MSgzs)| EFHI:S}] = (38)
r

where;

N2Op(mm) : direct NoO emissions from Manure Management in the country, kg N,O/yr
N(r): number of head of livestock species/category 7 in the country

Nex(r): annual average N excretion per head of species/category T in the country,

kg N/animal/yr

MS 1) : fraction of total annual nitrogen excretion for each livestock species/category T
that is managed in manure management system S in the country, dimensionless

EF;3s) : emission factor for direct N>O emissions from manure management system S in the
country, kg, N,O-N / kg N in manure management system §

S: manure management system

T: species/category of livestock

44/28: conversion of (N2O-N)mm)emissions to NoOmm)emissions
Manure management system usage (MS%) is as considered above for the methane
emissions which was taken from Table C.2. The emission factor for direct N,O emissions

(EF5) is taken from Table C.5 in APPENDIX C.

Annual Average Nitrogen Excretion Rates, N,y The IPCC default nitrogen excretion

rates are presented in Table C.4. These rates are presented in units of nitrogen excreted per
1000 kg of animal per day. These rates can be applied to livestock sub-categories of
varying ages and growth stages using a typical average animal mass (TAM) for that

population sub-category, as shown in the below equation.

TAM

D * To00 ° 365 (3.9

Nex(r) = Npges
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Where;
Nex(r): annual N excretion for livestock category 7, kg N/animal/yr
Niaee(r) : default N excretion rate, kg N/1000 kg animal mass/day

TAM) : typical animal mass for livestock category T, kg/animal

The N,0 emissions generated by manure in the system ‘pasture, range, and paddock’
occur directly and indirectly from the soil, and are therefore reported under the category

‘N,O Emissions from Managed Soils’ [IPCC, 2006].

The annual direct N,O—-N emissions from managed soils because of urine and dung
inputs to grazed soils are also considered. The emission factor for direct N,O emissions

from managed soils (EFsprp cpp) is taken from Table C.8 in APPENDIX C.
According to the above equations, the direct N,O emission from dairy cattle manure
management and managed soils which is calculated only considering direct N,O-N

emissions because of urine and dung inputs to grazed soils are calculated as follows:

Table 3.20. Direct N,O emissions from cattle manure management.

TAM (T) : Animal weight 636 Kg

N (T) : Quantity of cattles 26 cattles/day

Nrate (T) : Default N excretion rate 0.35 kg N/1000 kg animal/year

Nex (T) : Annual N excretion rate 81.25 kg N/animal/year

Chosen Manure Management Systems MS (T.S.k) * EF 3.PRP, CPP EF 3 (S)
Pasture / Range / Paddock 18.0% 0.02 -
Daily Spread 2.5% - -
Solid Storage 60.0% - 0.005
Liquid / Slurry 17.5% - 0.005
Other 2.0% - -
N20 D(mm) : Direct N2O emissions 25.1 kg N2O/year

Indirect N>;O Emissions from Cattle Manure Management. The calculation of N

volatilisation in forms of NH3; and NOy from manure management systems is based on
multiplication of the amount of nitrogen excreted (from all livestock categories) and
managed in each manure management system by a fraction of volatilised nitrogen (see

Equation below). N losses are then summed over all manure management systems.
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Nyotatitization—MMs = Z [ ['[N(r} * Nexy » Msu:r,_r.’_:u} . (H%T)u'rﬂ H ©.10)
LT :

Where,

Nyolatitisation-MMs : @mount of manure nitrogen that is lost because of volatilisation of NHj
and NOy, kg N/yr

N(r) : number of head of livestock species/category T in the country

Nex(r): annual average N excretion per head of species/category T in the country,

kg N/animal/yr

MS 1) : fraction of total annual nitrogen excretion for each livestock species/category T
that is managed in manure management system S in the country, dimensionless

Fracgasms: per cent of managed manure nitrogen for livestock category T that volatilises as

NHj; and NOy in the manure management system S, %

Fracgasms which is the per cent of managed manure nitrogen that volatilises as NH3
and NOy in the manure management system can be found from Table C.6 in APPENDIX
C.

The indirect N,O emissions from volatilisation of N in forms of NH; and NO,
(N2Og(mm)) are estimated using the below equation:

44
NEGGI:mm} = (Nvolari!isrzrion—MME - EE;} * T (3.11)

28
Where;
N>OG(mm) : indirect N,O emissions because of volatilisation of N from Manure
Management in the country, kg N,O/yr
EF, : emission factor for N,O emissions from atmospheric deposition of nitrogen on soils
and water surfaces, kg N,O-N / (kg NH3-N + NOy-N volatilised); default value is 0.01 kg
N,O-N/ (kg NH3-N + NOy-N volatilised)

EF, which is the emission factor for NO emissions from atmospheric deposition of

nitrogen on soils and water surfaces is given in Table C.7 in APPENDIX C.
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The annual amount of N,O-N produced from atmospheric deposition of N volatilised
from managed soils because of urine and dung inputs to grazed soils are also considered.
The following factors for indirect N,O emissions from managed soils (Fracgasm) are

provided in Table C.7 in APPENDIX C.

Fracgasm = volatilisation fraction from all applied organic N fertiliser materials and
urine and dung N deposited by grazing animals that volatilises as NH; and NOy, kg N
volatilised / (kg of N applied or deposited) [IPCC, 2006].

According to the above equations, the indirect N,O emission because of N
volatilisation in forms of NH3 and NOy from dairy cattle manure management systems and
from the managed soils because of the urine and dung inputs to grazed soils are calculated

as follows:

Table 3.21. N,O emissions due to volatilization during cattle manure management.

Chosen Manure Management Systems MS (T.S.k) * | Frac GasMS

Pasture / Range / Paddock 18.0% 20.0%

Daily Spread 2.5% 7.0%

Solid Storage 60.0% 30.0%

Liguid / Slurry 17.5% 40.0%

Other 2.0% 0.0%
100.0%

N volatilization MMS 615.35 kg N/year

EF4: Emission factor 0.01

N,O emission due to volatilization 9.7 kg N,O/yr

Nitrogen that leaches into soil and/or runs off during solid storage of manure at

outdoor areas or in feedlots is derived as follows:

N:aachz'ng—,w,ws: § [

Fracieacnms

T

Where,
Nieaching-MMs : amount of manure nitrogen that leached from manure management system,

kg N/yr.
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N1 : number of head of livestock species/category T in the country

Nex(r): annual average N excretion per head of species/category T in the country,

kg N/animal/yr

MS 1) : fraction of total annual nitrogen excretion for each livestock species/category T’
that is managed in manure management system S in the country, dimensionless
Fracjeachms : per cent of managed manure nitrogen losses for livestock category T because
of runoff and leaching during solid and liquid storage of manure (typical range 1-20%)

[IPCC, 2006].

The typical range of Fracje,chms, Which is the per cent of managed manure nitrogen
losses for livestock category because of runoff and leaching during solid and liquid storage

of manure, is given as 1-20%.

The indirect NoO emissions from leaching and runoff of nitrogen from manure
management systems (N2Ormm)) are estimated using the below equation:

44
NEGLI:mm} = '[N:aashing—m,ws * EFE} - ﬁ (3.13)

Where;

N2Opmm) : indirect N,O emissions because of leaching and runoff from Manure
Management in the country, kg N,O/y

EFs: emission factor for N,O emissions from nitrogen leaching and runoff, kg N,O-N/kg

N leached and runoff (default value 0.0075 kg N,O-N /kg N leaching and runoff)

The annual amount of N,O-N produced because of runoff and leaching from
managed soils because of urine and dung inputs to grazed soils are also considered. The
following factor for indirect N,O emissions from managed soils (Fracigach.amy) are

provided in Table C.7 in APPENDIX C.

Fracigacn-m) = fraction of all N added to/mineralised in managed soils in regions
where leaching/runoff occurs that is lost through leaching and runoff, kg N / kg of N
additions [IPCC, 2006].
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According to the above equations, the indirect N,O emission because of nitrogen
leaching and run off from dairy cattle manure management systems and from managed

soils because of urine and dung inputs to grazed soils are calculated as follows:

Table 3.22. N,O emissions due to leaching during cattle manure management.

Chosen Manure Management Systems MS (T.S.k) * | Frac LeachMS
Pasture / Range / Paddock 18.0% 30.0%
Daily Spread 2.5% 10.0%
Solid Storage 60.0% 10.0%
Liquid / Slurry 17.5% 10.0%
Other 2.0% 10.0%
100.0%

N leaching MMS 290.84 kg N/year

EF5: Emission factor 0.0075

N,O L: N,O emission due to leaching 3.4 kg N,O/yr

From all the calculations above, it can be concluded that the total N,O emissions

from conventional dairy cattle manure management systems will be 38.2 kg N,O/year.

Table 3.23. Total N,O emissions from cattle manure management.

CATTLE MANURE - Direct + Indirect N , O Emissions |

N,O D(mm) Direct N,O emissions 25.1 |kg N,O/year
N,O indirect Indirect N,O emissions 9.7 |kg N,Olyear
N,O indirect Indirect N,O emissions 3.4 |kg Ny,Olyear
TOTAL N,O EMISSIONS 38.2 |kg N,Olyear

3.3.4.4. Conventional Management of Poultry Manure

CH, Emissions from Poultry Manure Management. Considering the poultry weight as 2.15

kg/poultry and the manure production as 0.1275 lt/day with 0.96 t/m’ waste density; the
daily manure production can be calculated as 0.12 kg/day/poultry.
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Since the quantity of poultry manure received to the Pilot Plant is 1,950 ton/year
(~5,342 kg/day) that means that the quantity of animal of which manures are fed to the
Pilot Plant is 43,648 poultry/day. According to the laboratory analysis, the TS content of
the poultry manure is 71.92%; whereas the VS content is 73.10% which means that the
daily volatile solid amount fed to the pilot plant is 2,808.7 kg/day. Since the daily manure
production is calculated as 0.12 kg/day/poultry, the VS content of each poultry is 0.064 kg
VS/poultry/day.

The layers (dry) represent layers in a "without bedding" waste management system;
so the maximum amount of methane able to be produced from that manure (Bo) is
considered as 0.39 m’ CH4/kg VS. The Bo and MCF values are chosen from the Table C.3
in APPENDIX C for the “layers (dry)” manure mangement system. The summary of
annual methane emissions from the poultry manure management are given in the below

table:

Table 3.24. Annual methane emissions from the poultry manure management.

/Animal weight 2.15 kg

Manure volume produced 0.1275 It/day

Manure density 0.96 t/m’

Daily manure production 0.12 kg/day

Annual poultry manure received in pilot plant 1,950 ton/year

Daily poultry manure received in pilot plant 5,342.5 kg/day

Quantity of poultry 43,647.60 |poultry/day

Poultry manure TS% 71.92% %

Poultry manure VS% 73.10% %

Poultry manure VS amount 2,808.72 kg/day

Chosen Manure Management Systems MS (T.S.k) MCEF (S.k)

Layers (dry) 100.0% 1.5%

Layers (dry) represent layers in a "without bedding" waste management system;
VS (T) [Poultry manure VS miktari/head 0.064 kg VS/head/day
BO (T) Max. Methane Producing capacity 0.39 m’ CH,/kg VS
EF (T) |Annual CH4 emission factor 0.09 kg CH4/animal/year

Methane emission from poultry 4,018.2 kg CHy/year
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Direct N>O Emissions from Poultry Manure Management. The direct N,O emission from

poultry manure management are calculated as follows:

Table 3.25. Direct N>O emission from poultry manure management.

TAM (T): Animal weight 2.15 kg

N (T): Quantity of poultry 43,647.60 head/day

Nrate (T): Default N excretion rate 0.82 kg N/1000 kg animal/year
Nex (T): Annual N excretion rate 0.64 kg N/animal/year

Chosen Manure Management Systems MS (T.S.k) * EF 3 (S)
Layers (dry) 100.0% 0.001
Layers (dry) represent layers in a "without bedding" waste management system;

N,O D(mm): Direct N,O emissions 441 kg N,O/year

Indirect N>O Emissions from Poultry Manure Management. The indirect N>oO emission

because of N volatilisation in forms of NH3 and NOy from poultry manure management

systems are calculated as follows:

Table 3.26. N,O emissions due to volatilization during poultry manure management.

Chosen Manure Management Systems MS (T.S.k) * | Frac GasMS
Layers (dry) 100.0% 55%

Layers (dry) represent layers in a "without bedding" waste management system

N volatilization MMS 15,447.9 kg N/year
EF4: Emission factor 0.01
N,O emission due to volatilization 242.8 kg N,O/yr

The indirect N,O emission because of nitrogen leaching and run off from poultry

manure management systems are calculated as follows:
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Table 3.27. N,O emission due to leaching during poultry manure management.

Chosen Manure Management Systems MS (T,S.k) * | Frac LeachMS
Layers (dry) 100.0% 10%

Layers (dry) represent layers in a "without bedding" waste management system;

N leaching MMS 2,808.7 kg N/year
EF5: Emission factor 0.01
N,O L: N,O emission due to leaching 33.1 kg N,O/yr

From all the calculations above, it can be concluded that the total N>,O emissions

from conventional poultry manure management systems will be approximately 320 kg
N,Olyear.

Table 3.28. Total N,O emission from poultry manure management.

POULTRY MANURE - Direct + Indirect N , O Emissions |

N,O p(mm) Direct N,O emissions 441 |kg N,Olyear

N,O indirect Indirect N,O emissions 242.8 |kg N,O/year
due to volatilization of N

N,O indirect Indirect N,O emissions 33.1 |kg N,O/year
due to leaching

TOTAL N,O EMISSIONS 320.0 |kg N,O/year

3.3.4.5. Landfilling of Vegetable Wastes, Slaughterhouse Wastes and Grass. The system

boundary of Scenario C and Scenario D covers the landfilling of vegetable wastes,
slaughterhouse wastes and grass&grass sillage. The process flow chart for the landfilling

of the above mentioned wastes is given in Figure G.7.

The inputs and outputs data of the sanitary lanfill is given in Table G.13.

The CH,4 emissions from solid waste disposal for a single year can be estimated using
the below equation. CHy is generated as a result of degradation of organic material under
anaerobic conditions. Part of the CH, generated is oxidised in the cover of the SWDS. The

CHy actually emitted from the SWDS will hence be smaller than the amount generated.
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CH4 Emissions = [Z CH, generated,r — Ry |« (1 —OXy) (3.14)
X

Where;

CH,4 Emissions : CHy emitted in year 7, Gg
T : inventory year

X : waste category or type/material

Ry : recovered CHy in year 7, Gg

OXr : oxidation factor in year 7, (fraction)

The CH4 recovered for energy or flaring must be subtracted from the amount CHy
generated. Only the fraction of CHy4 that is not recovered will be subject to oxidation in the

SWDS cover layer.

The CH4 potential that is generated throughout the years can be estimated on the
basis of the amounts and composition of the waste disposed into SWDS and the waste
management practices at the disposal sites. The basis for the calculation is the amount of
Decomposable Degradable Organic Carbon (DDOCm) as defined in the below equation.
DDOCm is the part of the organic carbon that will degrade under the anaerobic conditions
in SWDS. DDOCm equals the product of the waste amount (W), the fraction of degradable
organic carbon in the waste (DOC), the fraction of the degradable organic carbon that
decomposes under anaerobic conditions (DOC), and the part of the waste that will
decompose under aerobic conditions (prior to the conditions becoming anaerobic) in the

SWDS, which is interpreted with the methane correction factor (MCF) [IPCC, 2006].
DDOCm =T « DOC « DGC} = MCF (3.15)

Where;

DDOCm : mass of decomposable DOC deposited, Gg

W : mass of waste deposited, Gg

DOC : degradable organic carbon in the year of deposition, fraction, Gg C/Gg waste
DOC:s : fraction of DOC that can decompose (fraction)

MCEF : CH4 correction factor for aerobic decomposition in the year of deposition (fraction)
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With a first order reaction, the amount of product is always proportional to the
amount of reactive material. This means that the year in which the waste material was
deposited in the SWDS is irrelevant to the amount of CH, generated each year. It is only
the total mass of decomposing material currently in the site that matters. This also means
that when we know the amount of decomposing material in the SWDS at the start of the
year, every year can be regarded as year “number 1” in the estimation method, and the
basic first order calculations can be done by these two simple equations, with the decay

reaction beginning on the 1% of January the year after deposition.
“DDOCm accumulated in the SWDS at the end of year T” is calculated as follows:
DDOCmar = DDOCmd; + (DDOCMar_y» %) (3.16)
“DDOCm decomposed at the end of year T” is calculated as below:
DDOCm decompr = DDOCmar_y +(1— e7¥) (3.17)

where;

T : inventory year

DDOCmar : DDOCm accumulated in the SWDS at the end of year T, Gg
DDOCmar.; : DDOCm accumulated in the SWDS at the end of year (7-1), Gg
DDOCmdy : DDOCm deposited into the SWDS in year 7, Gg

DDOCm decompr : DDOCm decomposed in the SWDS in year 7, Gg

k : reaction constant, k = In(2)/t;» (y'l)

t12 : half-life time (y)

The amount of CH4 formed from decomposable material is found by multiplying the

CH, fraction in generated landfill gas and the CH4 /C molecular weight ratio.

CH, generated; = DDOCm decompy = F « 16,12 (3.18)



93

where;

CH, generatedr : amount of CH4 generated from decomposable material
DDOCm decompr: DDOCm decomposed in year 7, Gg

F: fraction of CHy, by volume, in generated land fill gas (fraction)

16/12: molecular weight ratio CH4/C (ratio)

The oxidation factor, the degradable organic carbon (DOC), methane correction
factor (MCF) and methane generation rate (k) are given in APPENDIX D. The default
value for oxidation factor (OXry) is zero and the MCF value is considered as one (1) since
the landfill is an anaerobic managed solid waste disposal site. Most waste in SWDS
generates a gas with approximately 50 per cent CHs. Only material including substantial
amounts of fat or oil can generate gas with substantially more than 50 per cent CH4. The
use of the IPCC default value for the fraction of CH4 in landfill gas (0.5) is therefore
encouraged. The recommended default value for DOCT (F) is 0.5. The default value for

CH4 recovery (Rr) is zero.

In most solid waste disposal sites, waste is deposited continuously throughout the
year, usually on a daily basis. However, there is evidence that production of CH4 does not
begin immediately after deposition of the waste. At first, decomposition is aerobic, which
may last for some weeks, until all readily available oxygen has been used up. This is
followed by the acidification stage, with production of hydrogen. The acidification stage is
often said to last for several months. After which there is a transition period from acidic to
neutral conditions, when CH4 production starts. The period between deposition of the
waste and full production of CHy is chemically complex and involves successive microbial
reactions. Time estimates for the delay time are uncertain, and will probably vary with
waste composition and climatic conditions. The IPCC provides a default value of six

months for the time delay [IPCC, 2006].

According to the IPCC 2006 calculations summarized in Table G.14, the generated
methane from landfilling of vegetable wastes, slaughterhouse wastes and grass are found to
be 57 ton/year. Since the oxidation factor (OXt) and CH4 recovery (Ry) is considered as
zero, the CH4 actually emitted from the landfill will hence be equal to the amount

generated.
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3.3.4.6. Mineral Fertiliser Production and Application on Field. The digested recipe will

be utilised as substitutes for mineral fertilizer. The substitution relation between the
digested recipe and mineral fertilizer can be calculated based on the content of nitrogen in

the digested recipe.

If ammonium nitrate (AN) is used as mineral fertiliser for the winter wheat
production, which has a 35% N content, then in order to feed one kg N to the field, 2.86 kg
AN would be required. That means that total nitrogen available in the digested recipe is

equal to 188 x 2.86 = 538 kg/day mineral fertiliser in the form of ammonium nitrate.
The flow chart of the fertiliser production, tranportation and field application is given
in Figure G.8. The inputs and outputs data of the ammonium nitrate (AN) production

which is gathered from the GaBi4 database are given in Table G.15.

The emissions produced because of the field application of the ammonium nitrate as

fertiliser for winter wheat production are calculated as follows:

Ammonia Volatilization because of Field Application of Ammonium Nitrate. The ammonia

emissions because of the application of mineral fertilizers are usually lower compared to
slurry and manure. However, dependent on the ammonium and urea content of a mineral
fertilizer, the climatic conditions and soil properties, considerable ammonia volatilization
can also take place when applying mineral fertilizers. These emissions are estimated taking
into account the different soil properties throughout Europe and the different NHj

volatilization risk dependent on the fertilizer type.

Three classes of countries with different regional sensitivity to NH3 volatilization are

defined in the following table [Brentrup et al., 2000].
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Table 3.29. European countries grouped according to their NH 3 volatilization [Brentrup et

al., 2000].
Group | Countries Calcarous pH Sensitivity
soil (usually)
_I_ GH, E COMMon =7 high

Il l, F. UK, partly

IRL. P. B, existent 7 medium

ML, L . _
1l M, 5, FIN,

EK1 D, CH, rare <7 ow

The NHj3 emission factors for six groups of mineral fertilizers taking into account the
regional differences in NHj volatilization sensitivity are shown in the following table.

[Brentrup et al., 2000]

Table 3.30. Emission factors (% NH3-N loss of total applied mineral N) for different

mineral fertilizers in Europe [Brentrup et al., 2000].

Groups of European countries
{according to Table 10)

Fertilizer type Group! | Groupll Group il
Urea 20 15 15
Ammonivm Mitrate, 3 2 1

Calcium Ammaonium
Mitrate, NP, NK, NPK

_Ammonium Phosphate g | 5 5
Ammonium Sulphate 15 10 5
Anhydrous Ammonia . * 4
Urea Ammonium Nitrate B & i
solution

{a) fertilizet not common in this group of countries

According to the above tables; the below considerations are made.

The group is considered as “Group III” with the regional sensitivity to NHj
volatilization as “low”. Since the mineral fertiliser to be used is Ammonium Nitrate, it is

considered that the NH3-N loss of total applied mineral N will be 1%.
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Since the total available nitrogen content is 125.6 kg/ha, the total ammonia
volatilization because of the application of Ammonium Nitrate is calculated to be 1% of
125.6 kg/ha which is equal to 1.26 kg NH3-N/ha. According to the total available nitrogen
content, the daily digestate is applied to 1.5 ha area in Scenario A. Since the mineral
fertiliser will be applied to a similar area of 1.5 ha, the total NH3 volatilization because of

the application of Ammonium Nitrate will be 1.88 NH3-N/day.

Nitrous Oxide Emissions because of Field Application of Ammonium Nitrate. The nitrous

oxide emissions are calculated as (125.6 — 1.26) x 0.0125 = 1.55 kg N,O-N/ha. When

applied to 1.5 ha area, the total nitrous oxide emissions will be 2.33 N,O-N/day.

N»>-N Emissions because of Field Application of Ammonium Nitrate. The N,-N emissions
are calculated as (125.6— 1.26) x 0.09 = 11.19 kg N»-N/ha. When applied tol.5 ha area, the
total N»-N emissions will be 16.78 N,-N/day.

So, the total N emissions (NH3-N, N,O-N, N,-N) are 1.26 + 1.55 + 11.19 = 14 kg
N/ha resulting in 21 kg N/day when Ammonium Nitrate is applied to 1.5 ha area as mineral

fertiliser.

Nitrate Leaching because of Field Application of Ammonium Nitrate.

The nitrogen balance for the field application of ammonium nitrate is calculated as 83.34

kg N/ha.

Table 3.31. Nitrogen balance.

Nitrate leaching

N inputs

Mineral fertiliser 125.59 kg N/ha
Biological N fixation 0.00 kg N/ha
Atmospheric N deposition 10.00 kg N/ha
N net mineralization 0.00 kg N/ha
N outputs

N removal with harvested crop 38.25 kg N/ha
Emissions 14.00 kg N/ha
Nitrogen balance [ 83.34 kg N/ha
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So, the leached NOs-N is also calculated as 83.34 x 1 = 83.34 kg NOs-N/ha/year.
When applied tol.5 ha area, the total leached NOs-N will be 125 NOs-N/year.

According to the above calculations, the daily inputs and outputs data of the field

application of ammonium nitrate for winter wheat production is given in Table G.16.

3.3.5. Scenario E — Hydropower Plant

The Scenario E is created in order to evaluate the environmental effects of energy
production from a conventional (dam) hydropower plant and compare this renewable

energy source with that of AD plant and the fossil fuel resources studied in other scenarios.

The inventory data regarding the Scenario E are gathered from the GaBi4 database
and from the literature. The process flow chart of Scenario E is given in Figure G.9. The
inventory tables gathered from the GaBi4 database regarding the electricity production

from hydropower is given in Table G.17.

Similar to Scenario C and Scenario D, this scenario also covers the conventional
organic waste disposal systems and chemical fertilizer production & application. The
inventory data for the conventional management of cattle manure and poultry manure,
landfilling of vegetable wastes, slaughterhouse wastes and grass, and the production and
spreading of the chemical fertiliser (Ammonium nitrate) to the soil to be used for the
winter wheat production, which are given in detail in Sections 3.3.4.3. , Sections 3.3.4.4. ,

Sections 3.3.4.5. and Section 3.3.4.6. respectively, are also valid for this scenario.

3.3.6. Scenario F — Windpower Plant

The Scenario F is created in order to evaluate the environmental effects of energy
production from an onshore windpower plant and compare this renewable energy source

with that of AD plant and the fossil fuel resources studied in other scenarios.

The inventory data regarding the Scenario F are gathered from GaBi4 and from the

literature. The process flow chart of Scenario F is given in Figure G.10. The inventory
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tables gathered from the GaBi4 database regarding the electricity production from

windpower plant is given in Table G.18.

Similar to Scenario C, D and E, this scenario also covers the conventional organic
waste disposal systems and chemical fertilizer production & application. The inventory
data for the conventional management of cattle manure (see Section 3.3.4.3. ),
conventional management of poultry manure (see Section 3.3.4.4. ), landfilling of
vegetable wastes, slaughterhouse wastes and grass (see Section 3.3.4.5. ), and the
production and spreading of the chemical fertiliser (Ammonium nitrate) to the soil to be

used for the winter wheat production (see Section 3.3.4.6. ) are also valid for this scenario.

3.3.7. Scenario G - Integrated Gasification Combined Cycle (IGCC) of the Waste
Recipe

The Scenario G is created in order to evaluate the environmental effects of the
gasification of the waste recipe, the ingredients of which are given in Table 3.1. The

Scenario G covers the following processes:

o Electricity production from the IGCC of the waste recipe with an amount equal to the
excess energy produced in the Scenario A,
o The production and spreading of the chemical fertiliser (Ammonium nitrate) to the

soil to be used for the winter wheat production.

The inventory data regarding the Scenario G is gathered from the GaBi4 database
and from the literature. The energy distribution of IGCC power plant is as shown in Figure

3.5.
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8/gas cleanup&conditioning

1/ash 7/internal consumption
24.9/electricity produced by gas turbine
1 OO/Biom aSs 18/electricity produced by steam turbine

11.4/waste

9.7/steam for gasification

20/char

Figure 3.5. Energy distribution diagram of IGCC [Gibson et al., 2007].

The process summary of the Scenario G is given in Figure G.11.

3.3.7.1. Gasifier. Following the pretreatment, the agricultural and animal wastes are

subjected to gasification. An indirectly heated steam-blown fluidized bed gasifier operated
under atmospheric conditions is chosen for the biomass conversion. The process flow

diagram of the gasifier is given in Figure G.12.

Since the output ash of the gasification has no fertilizer value, the system boundary
of this scenario covers also the production of mineral fertiliser as well as the transportation
of fertiliser from the factory to the regional storehouse and its field application. The flow
chart of the fertiliser production, tranportation and field application are already provided in
Section 3.3.4.6. The ash produced from the gasifier is sent to the sanitary landfill and the

synthesis gas is utilised for electricity production.

3.3.7.2. Combined Cycle Unit. Following the gasification, the produced syngas is

subjected to combined cycle unit for the production of electricity. The process flow

diagram of the combined cycle unit is given in Figure G.13.
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The inventory for the combined cycle unit includes the most important materials
used for construction. It includes also the energy requirements for construction; transport is

implicitly included in energy consumption [GaBi4, 2003].

The annual excess electrical output of the biomass integrated gasification combined
cycle is equal to the amount produced in Scenario A which will be connected to the

electrical grid.

The emissions from the IGCC power plant are CO, (46 g/KWh), NOy (0.7 g/KWh),
and SOy (0.2 g/KWh) [Gibson et al., 2007].

3.4. Impact Assessment

The study, like any LCA, focuses on assessing the potential contributions to
environmental impacts, and not the actual environmental effects. This is in accordance
with both the ISO standards and international consensus, acknowledging that it is in
practice impossible to know all sites of emissions to the environment and all actual

exposure pathways of the emitted substances [Thyg and Wenzel, 2007].

While GaBi4 software is used as the LCA and LCC tool, the chosen methodology for the
measurement, evaluation and description of the possible environmental consequences of the
systems is EDIP 2003. Following the inventory phase, the data are interpreted through
classification, characterization, normalization and weighting stages in the impact assessment

phase.
3.4.1. Classification

At the first stage, named classification, the impact categories are selected according
to the EDIP 2003 methodolgy. It has been decided to focus on global warming, since the
main environmental concern with respect to energy recovery systems is global warming.

However, data on other impact categories are also available, including:

e Stratospheric ozone depletion
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e Photochemical ozone formation - impact on vegetation

e Aquatic eutrophication

e Terrestrial eutrophication

o Acidification

Contributions to photochemical ozone formation (impact on human health and

materials) is considered insignificant in the studied systems and no assessment has been

carried out on this impact category.

The emissions with their related impact categories and characterization units used in

EDIP 2003 are given in Table 3.32.

Table 3.32. Classification of major emissions to impact categories.

Major Emissions

Related Impact Categories

Unit

CO,, CH4, N2O, CO

Global warming

[kg CO,-Equiv.]

NH3, SO,, NOy

Acidification potential

[m” UES]

NH3, NO,, NO5, PO,
NH3/NH4+

Aquatic eutrophication

[kg NOs-Equiv.]

NH3, NOy

Terrestrial eutrophication

[m”> UES]

NMVOC, CHy, NOy, CO

Photochemical ozone formation -
impact on vegetation

[m* UES*ppm*hours]

Halogenated organic
substances (CCl4, Halon
1211, Halon 1301, R11,
R114, R12, R22)

Stratospheric ozone depletion

[kg R11-Equiv.]

According to major emissions released to the environment from the entire life cycle

of each scenario, the following results are obtained;

. The largest amount of emissions for Scenario A including AD plant utilising waste

recipe is carbon dioxide, ammonia, nitrogen oxides, sulphur dioxide, nitrous oxide

and carbon monoxide, respectively.
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The largest amount of emissions for Scenario B including AD plant utilising cattle
manure is carbon dioxide, ammonia, nitrogen oxides, nitrous oxide, sulphur dioxide
and carbon monoxide, respectively.

The largest amount of emissions for Scenario C including coal PP is carbon dioxide,
methane, nitrogen oxides, sulphur dioxide, carbon monoxide, NMVOC, nitrous oxide
and ammonia, respectively.

The largest amount of emissions for Scenario D including natural gas PP is carbon
dioxide, methane, nitrogen oxides, carbon monoxide, NMVOC, sulphur dioxide,
nitrous oxide and ammonia, respectively.

The largest amount of emissions for Scenario E including hydro PP and Scenario F
including wind PP is carbon dioxide, nitrogen oxides, methane, carbon monoxide,
NMVOC, sulphur dioxide, nitrous oxide and ammonia, respectively.

The largest amount of emissions for Scenario G including IGCC is carbon dioxide,
nitrogen oxides, nitrous oxide, ammonia, sulphur dioxide, methane, and carbon
monoxide, respectively. The gaseous emissions of carbon dioxide, nitrogen oxides,
sulphur dioxide are associated mostly with the combined cycle process used for

electricity production.

When all scenarios are compared in terms of each type of emission generated from

their entire life cycle, the following results are gathered which are shown in the figures in

APPENDIX H as well. In this comparison, Scenario B, which utilizes only cattle manure

instead of the waste recipe used in Scenario A, has the lower emission results because of

lower biogas production. The biogas produced in Scenario B can not meet the same net

annual electricity production need as Scenario A. Scenario B is conducted just to compare

the results with that of the main scenario and since the main scenario is Scenario A, the

following comments about the comparison of the emissions are made ignoring the results

of Scenario B.

The mass of Carbon Dioxide, Carbon Monoxide, Nitrogen oxides, Nitrous Oxide,
Sulphur dioxide, and Methane emitted to air from the scenarios can be ranked from
highest as Scenario C, followed by Scenario D, F, E, G and to lowest Scenario A.

The mass of Ammonia emitted to air from the scenarios can be ranked from highest

as Scenario A, followed by Scenario C, F, D, E and to lowest Scenario G.
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. The mass of Group NMVOC emissions to air from the scenarios can be ranked from
highest as Scenario D, followed by Scenario C, F, E, A, and to lowest Scenario G.

° The mass of Halogenated organic emissions to air from the scenarios can be ranked
from highest as Scenario D, followed by Scenario C, F, E, G, and to lowest Scenario
A.

. The mass of Nitrate emitted to fresh water from the scenarios can be ranked from
highest as Scenario C, followed by Scenario F, D, E, A, and to lowest Scenario G.

o The mass of Phosphate emitted to fresh water from the scenarios can be ranked from
highest as Scenario C, followed by Scenario F, D, E, G, and to lowest Scenario A.

. The mass of Ammonium/Ammonia emitted to fresh water from the scenarios can be
ranked from highest as Scenario F, followed by Scenario C, D, E, G and to lowest
Scenario A.

. The mass of Phosphorus emitted to fresh water from the scenarios can be ranked

from highest as Scenario F, followed by Scenario D, C, E, G and to lowest Scenario

A.

The figures shown in APPENDIX H also compare each type of emission generated

from their entire life cycle of all scenarios.

Following the classification, the characterization step is carried out to directly

compare the LCI results within each impact category.

3.4.2. Characterisation

In the characterization step, the interventions recorded in the inventory table are
quantified in terms of a common category indicator. The factors translating emissions into

contributions to impact categories are called characterisation factors (equivalency factors).

APPENDIX B shows the equivalency factors used for the environmental quantities
according to EDIP 2003 methodoloy. Characterization results of the selected impact

categories are presented below.
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3.4.2.1. Global Warming. The predicted consequences of the man-made greenhouse effect

include higher global average temperatures, and changes in the global and regional
climates. The world-wide network of meteorological researchers and atmospheric
chemists, the IPCC (Intergovernmental Panel on Climate Change), is following the latest
development in our knowledge of the greenhouse effect and issuing regular status reports.
These status reports comprise the basis of the EDIP97 and EDIP2003 methodologies’
assessment tool for the global warming [Hauschild and Potting, 2005].

In EDIP 2003 methodology, the contribution of the pollutants to the global warming
potential (GWP) is given for the 20, 100 and 500 year time horizons as specified by ISO
and SETAC. However, for this study, the time horizon 100 year is chosen, as this is the

most widely used time period in LCA studies.

The overall GWP of Scenario A is determined as 401,074 kg CO,-Equiv per year. As
it can be seen from Figure 1.1, the major GWP stage of the pilot plant in Scenario A is the
agricultural application of the digestate followed by the cogeneration unit, and then the AD
unit. The relative contribution of the agricultural application of the digestate to the GWP is
39.31% for the liquid fertilizer and 27.96% for the solid fertilizer, whereas it is 11.49% for

the cogeneration unit and 7.37% for the anerobic digester itself.

The GWP of Scenario A is mostly caused by inorganic emissions to air. 73.76% of
the GWP is caused by nitrous oxide and 91% of N,O emissions come from the agricultural
application of the digestate. N,O is followed by carbon dioxide causing 25.10% of GWP
and methane causing 0.95% of GWP.

It is obviously seen that the pretreatment of the recipe has low consideration to GWP.
When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 401,074 kg CO,-Equiv per year for

Scenarioa A are found as follows;

o The quantity of individual urban trees needed to prevent 401,074 kg CO,-Equiv per
year GWP is 342,352 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].
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. The area of the urban forest needed to prevent 401,074 kg CO,-Equiv per year GWP
is 668,456 m* [Gul et al., 2009].

. The quantity of rural trees needed to prevent 401,074 kg CO,-Equiv per year GWP
is 62,987 fast growing, pine trees [Tufts University, 2011].

The Scenario B includes the AD of only cattle manure instead of the same amount of
recipe included in Scenario A. As seen from the Figure 1.2, lower amount of biogas and
fertilizer produced in Scenario B when compared to Scenario A and this results in lower

GWP (296,954 kg CO,-Equiv.).

When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 296,954 kg CO,-Equiv per year for

Scenarioa B are found as follows;

o The quantity of individual urban trees needed to prevent 296,954 kg CO,-Equiv per
year GWP is 253,477 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].

. The area of the urban forest needed to prevent 296,954 kg CO,-Equiv per year GWP
is 494,923 m? [Gul et al., 2009].

. The quantity of rural trees needed to prevent 296,954 kg CO,-Equiv per year GWP
is 46,635 fast growing, pine trees [Tufts University, 2011].

As it can be seen from Figure 1.3, the major GWP stage of the Scenario C is the
electricity production from hard coal in a power plant, followed by the landfilling of the
vegetable wastes, slaughterhouse wastes and grass. In addition to those processes, the
thermal energy production from hard coal and mineral fertiliser production and application

are also causing a considerable amount of global warming.

The relative contribution of the electricity production from hard coal to the GWP of
Scenario C is 40.52%, whereas it is 26.92% for the landfilling process, 14.73% for the
thermal energy production from hard coal and 14.12% for the mineral fertiliser production
& application. Among the emissions; carbon dioxide, nitrous oxide and methane seems to
be the biggest reason for the GWP, with 76.48%, 13.24 % and 10.11% contribution,

respectively.
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When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 6,452,091 kg CO;,-Equiv per year for

Scenarioa C are found as follows;

. The quantity of individual urban trees needed to prevent 6,452,091 kg CO,-Equiv
per year GWP is 5,507,431 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].

. The area of the urban forest needed to prevent 6,452,091 kg CO,-Equiv per year
GWP is 10,753,485 m [Gul et al., 2009].

° The quantity of rural trees needed to prevent 6,452,091 kg CO,-Equiv per year
GWP is 1,013,273 fast growing, pine trees [Tufts University, 2011].

As it can be seen from Figure 1.4, the major GWP stage of the Scenario D is the
landfilling of the vegetable wastes, slaughterhouse wastes and grass, followed by
electricity production from natural in a power plant. In addition to those processes, the
mineral fertiliser production and application and thermal energy production from natural
gas are also causing a considerable amount of global warming. The relative contribution of
the landfilling process to the GWP of Scenario D is 36.16%, whereas it is 27.99% for the
electricity production from natural gas, 18.97% for the mineral fertiliser production &

application and 11.91% for the thermal energy production from natural gas.

Among the emissions; carbondioxide, nitrous oxide and methane seems to be the

biggest reason for the GWP, with 74.12%, 17.00% and 8.66%, respectively.

When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 4,803,495 kg CO,-Equiv per year for

Scenarioa D are found as follows;

o The quantity of individual urban trees needed to prevent 4,803,495 kg CO,-Equiv
per year GWP is 4,100,208 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].

. The area of the urban forest needed to prevent 4,803,495 kg CO,-Equiv per year
GWP is 8,005,825 m” [Gul et al., 2009].

. The quantity of rural trees needed to prevent 4,803,495 kg CO2-Equiv per year
GWP is 754,368 fast growing, pine trees [Tufts University, 2011].
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As it can be seen from Figure 1.5, the major GWP stage of the Scenario E is the
landfilling of the vegetable wastes, slaughterhouse wastes and grass, followed by the
mineral fertiliser production and application. It is apparently seen that the GWP of the
reservoir hydropower plant alone is almost negligible. The relative contribution of the
landfilling process to the GWP of Scenario E is 59.96%, whereas it is 31.45% the mineral

fertiliser production & application and just 0.33% for the hydropower plant.

Among the emissions; carbondioxide, nitrous oxide and methane seems to be the

biggest reason for the GWP, with 61.39%, 27.99% and 10.28%, respectively.

When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 2,896,707 kg CO,-Equiv per year for

Scenario E are found as follows;

o The quantity of individual urban trees needed to prevent 2,896,707 kg CO,-Equiv
per year GWP is 2,472,596 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].

. The area of the urban forest needed to prevent 2,896,707 kg CO,-Equiv per year
GWP is 4,827,846 m” [Gul et al., 2009].

. The quantity of rural trees needed to prevent 2,896,707 kg CO,-Equiv per year
GWP is 454,915 fast growing, pine trees [Tufts University, 2011].

As it can be seen from Figure 1.6, the major GWP stage of the Scenario F is the
landfilling of the vegetable wastes, slaughterhouse wastes and grass, followed by the
mineral fertiliser production and application. It is apparently seen that the GWP of the
windpower plant alone is almost negligible. The relative contribution of the landfilling
process to the GWP of Scenario F is 58.58%, whereas it is 30.73% the mineral fertiliser

production & application and just 2.61% for the windpower plant.

Among the emissions; carbondioxide, nitrous oxide and methane seems to be the

biggest reason for the GWP, with 62.06%, 27.37% and 10.21%, respectively.
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When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 2,964,808 kg CO,-Equiv per year for

Scenario F are found as follows;

. The quantity of individual urban trees needed to prevent 2,964,808 kg CO,-Equiv
per year GWP is 2,530,726 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].

. The area of the urban forest needed to prevent 2,964,808 kg CO,-Equiv per year
GWP is 4,941,348 m” [Gul et al., 2009].

. The quantity of rural trees needed to prevent 2,964,808 kg CO,-Equiv per year
GWP is 465,610 fast growing, pine trees [Tufts University, 2011].

As it can be seen from Figure 1.7, the major GWP stage of the Scenario G is the
mineral fertiliser production and application, followed by the combined cycle unit and

transportation of the raw materials.

The gasifier unit including the dryer and gas treatment unit has very low contribution
to the GWP. The relative contribution of the mineral fertiliser production & application to
the GWP of Scenario F is 82.22%, whereas it is 12.97% for the combined cycle unit and
just 0.12% for the gasification unit itself.

Among the emissions; nitrous oxide, carbondioxide and methane seems to be the

biggest reason for the GWP, with 62.10%, 36.68% and 1.14%, respectively.

When the carbon sequestration calculations are made, the forestration need of
Kocaeli district for prevention of GWP which is 1,107,999 kg CO,-Equiv per year for

Scenario F are found as follows;

o The quantity of individual urban trees needed to prevent 1,107,999 kg CO,-Equiv
per year GWP is 945,776 pcs. fast growing, pine trees [U.S. DOE, EIA, 1998].

. The area of the urban forest needed to prevent 1,107,999 kg CO,-Equiv per year
GWP is 1,846,666 m” [Gul et al., 2009].

. The quantity of rural trees needed to prevent 1,107,999 kg CO,-Equiv per year
GWP is 174,007 fast growing, pine trees [Tufts University, 2011].
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When all scenarios are compared side by side, it is apparent that the scenario which
has the highest GWP is Scenario C; whereas the lowest GWP is caused by Scenario B. The
biogas produced in Scenario B can not meet the same net annual electricity production
need as Scenario A and actually, the GWP of Scenario B is low because of the lower
production of biogas and lower nitrogen content of the digestate compared to Scenario A.
It should also be noted that the pilot plant will be operated according to the recipe defined
for Scenario A, so Scenario B is considered out of the comparisons made with other

scenarios.

According to the findings of this study, the mineral fertiliser production and
application which is included in Scenario C, D, E, F and G has a GWP of 166.40 g CO,-
Equiv per m® winter wheat production; whereas the spreading and application of the

anerobic digestate has only a GWP of 53.69 g CO,-Equiv per m” winter wheat produced.

The reduction of GWP achieved by using the anaerobic digestate instead of mineral
fertiliser is 112.71 g CO,-Equiv per m” winter wheat produced, or in other words 68%
GWP saving occurs which makes the usage of the anaerobic digestate a more

environmentally friendly product.

When the GWP of the conventional management of cattle and poultry manure is
examined, it is seen that each cattle will cause a GWP of 3,815 g CO,-Equiv per head
which is very much higher than the GWP of a poultry which is approximately 13 g CO,-
Equiv per head.

When the AD is used for energy production from those cattle and poultry manure, it
is apparent that 100% of GWP resulting from the conventional management of cattle and

poultry manure will be prevented.

The GWP caused by the landfilling of the vegetable wastes, slaughterhouse wastes
and grass is calculated as 207.25 g CO,-Equiv per kg waste and this GWP is included in
Scenario C, D, E and F. The landfilling of ash disposed from the gasification plant is also
included in Scenario G of which GWP is calculated as 12.25 g CO,-Equiv per kg ash. The

comparison of these GWP values show us that Scenario G has 94% lower GWP because of
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the landfilling process, while Scenario A has 100% GWP saving since, instead of

landfilling, those wastes are utilised for energy production.

Comparing only the electricity production stages of each scenario results in the
following Figure 1.8 and it shows that even the GWP of only the AD process of the waste
recipe is lower than electricity production from hard coal PP itself (Scenario C). The same
conclusion can be made for natural gas PP (Scenario D), or wind power plant (Scenario F)
and the integrated gasification combined cycle plant itself (Scenario G). Only the
hydropower plant itself has a lower GWP than the AD plant when only the electricity

production stages are compared.

However, when all GWP figures resulting from mineral fertiliser usage, conventional
cattle and poultry manure management and landfilling of wastes are combined with the

power production stages, then GWP of all scenarios shown in Figure 1.9 is obtained.

As a result of the findings mentioned above, the chosen pilot plant process for the
utilization of the waste recipe, Scenario A, is the most environmentally friendly process
when compared to conventional fossil fuel energy production and waste disposal systems
in terms of GWP. This is valid even the conventional management of agricultural wastes
and mineral fertiliser production and application are not considered for the fossil fuel

scenarios.

When the Scenario A is compared with renewable energy sources such as
hydropower plants, windpower plants and also with the thermochemical conversion
technology of gasification, it still seems to be most environmentally friendly in terms of
GWP. Even the environmental effects of hydropower plant is low when considered alone,
the addition of environmental pollution potential because of the conventional management
of the agricultural and animal wastes and usage of mineral fertiliser remove the advantage
of this renewable energy source and it becomes less environmentally friendly when

compared to the main scenario A.

The GWP reductions achieved by Scenario A with respect to other scenarios are

given in the below table.
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Table 3.33. Summary of GWP reductions achieved by Scenario A with respect to other

scenarios.
Reductions (%) of Scenario A
compared to other Scenarios
C D E F G

Emissions to air 94 % 92 % 86% 86% 64 %
Inorganic emissions to air 939 91% 85% 85% 64%
Carbon dioxide 98% 97% 94% 95% 75%
Carbon monoxide 939, 939% 93% 93% 16%
Nitrous oxide (laughing gas) 65% 64% 64% 64% 57%
Organic emissions to air (group VOC) 999, 999, 999, 999% 70%
Methane 99% 99% 99% 99% 70%

In APPENDIX I, the results of Scenario A is compared with respect to other
scenarios in terms of some different activities and goods which also point out the benefits

of AD of the waste recipe with integrated energy recovery systems.
In conclusion, if the waste recipe is utilised in an AD plant with biogas recovery
system instead of fossil fuel and other renewable energy sources mentioned in this study, at

least 64% reductions will be achieved in terms of global warming potential.

3.4.2.2. Acidification Potential. Releases of nitrogen (NOy and NH3) and sulphur (SO;) to

air account in most countries for more than 95% of the total acidifying emissions. On a

national level, acidifying emissions thus consist mainly of nitrogen and sulphur.

The site-generic as well as the site-dependent EDIP2003 acidification potentials of
an emission from a functional unit are expressed as the area of ecosystem within the full
deposition area which is brought to exceed the critical load of acidification as a
consequence of the emission (area of unprotected ecosystem = m” UES/f.u.) [Hauschild

and Potting, 2005].

The acidification potential of Scenario A is determined as 56,404 m” UES. As it can

be seen from the Figure 1.10, the major acidification potential of the pilot plant in Scenario
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A comes from the agricultural application of the digestate followed by the cogeneration
unit, and then the AD unit. The relative contribution of the agricultural application of the
digestate to the acidification potential is 43.65% for the liquid fertiliser, whereas it is
35.62% for the cogeneration unit, 9.42% for the solid fertiliser and 3.13% for anaerobic
digester itself. It is obviously seen that the pretreatment of the recipe and the transportation
of the raw materials to and from the pilot plant have low consideration to acidification

potential.

The acidification potential of Scenario A is caused by inorganic emissions to air.
53.26% of the acidification potential is caused by ammonia, followed by 31.08% of
acidification potential because of sulphur dioxide and 15.67% of acidification potential

because of nitrogen oxides.

The Scenario B includes the AD of only cattle manure instead of the same amount of
recipe included in Scenario A. As seen from the Figure 1.11, the lower nitrogen amount of
the digestate and lower biogas production in Scenario B compared to Scenario A results in

lower acidification potential (37,770 m* UES.).

The acidification potential of Scenario C is 267,932 m” UES. As it can be seen from
Figure 1.12, the major acidification potential stage of the Scenario C is the landfilling of
the vegetable wastes, slaughterhouse wastes and grass, followed by electricity production
from hard coal in a power plant. In addition to those processes, the mineral fertiliser
production and application and the thermal energy production from hard coal are also
causing a considerable amount of acidification potential. The relative contribution of the
landfilling process to the acidification potential of Scenario C is 53.48%, whereas it is
22.39% for the electricity production from hard coal, 16.15% for the mineral fertiliser

production & application and 7.98% for the thermal energy production from hard coal.

Among the emissions; nitrogen oxide, sulphur dioxide and ammonia seems to be the
biggest reason for the acidification potential, with 52.72 %, 36.79% and 10.49%

contribution, respectively.
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The acidification potential of Scenario D is 216,666 m? UES. As it can be seen from
Figure 1.13, the major acidification potential stage of the Scenario D is the landfilling of
the vegetable wastes, slaughterhouse wastes and grass, followed by mineral fertiliser
production and application. In addition to those processes, the electricity production from
natural gas in a power plant and thermal energy production from natural gas are also
causing a considerable amount of acidification. The relative contribution of the landfilling
process to the acidification potential is 66.13%, whereas it is 19.98% for the mineral
fertiliser production & application, 10.64% for the electricity production from natural gas,

and 3.25% for the thermal energy production from natural gas.

Among the emissions; nitrogen oxide, sulphur dioxide and ammonia seems to be the
biggest reason for the acidification potential, with 58.70 %, 29.00% and 12.31%

contribution, respectively.

The acidification potential of Scenario E is 187,007 m? UES. As it can be seen from
Figure 1.14, the major acidification potential stage of the Scenario E is the landfilling of the
vegetable wastes, slaughterhouse wastes and grass, followed by mineral fertiliser
production and application. The hydropower plant itself does not cause a considerable
amount of acidification. The relative contribution of the landfilling process to the
acidification potential 76.62%, whereas it is 23.15% for the mineral fertiliser production &

application and just 0.23% for the hydropower plant.

Among the emissions; nitrogen oxide, sulphur dioxide and ammonia seems to be the
biggest reason for the acidification potential, with 60.79 %, 24.98% and 14.24%

contribution, respectively.

The acidification potential of Scenario F is 192,358 m? UES. As it can be seen from
Figure 1.15, the major acidification potential stage of the Scenario F is the landfilling of the
vegetable wastes, slaughterhouse wastes and grass, followed by mineral fertiliser
production and application. The windpower plant itself does not cause a considerable
amount of acidification. The relative contribution of the landfilling process to the
acidification potential 74.49%, whereas it is 22.50% for the mineral fertiliser production &

application and just 3.01% for the windpower plant.
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Among the emissions; nitrogen oxide, sulphur dioxide and ammonia seems to be the
biggest reason for the acidification potential, with 59.78 %, 26.33% and 13.89%

contribution, respectively.

The acidification potential of Scenario G is 76,621 m? UES. As it can be seen from
Figure 1.16, the major acidification potential stage of the Scenario G is the mineral
fertiliser production and application, followed by the combined cycle unit. The gasification
plant including the dryer, gasifier and the gas treatment unit does not cause a considerable
amount of acidification. The relative contribution of the mineral fertiliser production &
application to the acidification potential is 56.49%, whereas it is 38.64% for the combined

cycle unit and just 0.12% for the gasifier, dryer and the gas treatment unit.

Among the emissions; nitrogen oxide, ammonia and sulphur dioxide seems to be the
biggest reason for the acidification potential, with 41.51%, 33.67% and 24.82%

contribution, respectively.

When all scenarios are compared side by side, it is apparent that the scenario which
has the highest acidification potential is Scenario C; whereas the lowest acidification
potential is caused by Scenario B. The biogas produced in Scenario B can not meet the
same net annual electricity production need as Scenario A and actually, the acidification
potential of Scenario B is low because of the lower production of biogas and lower
nitrogen content of the digestate compared to Scenario A. It should be noted that the pilot
plant will be operated according to the recipe defined for Scenario A. So; it can be
concluded that the chosen pilot plant process for the utilization of the waste recipe,
Scenario A, is the most environmentally process when compared to conventional energy

production and waste disposal systems in terms of acidification potential.

When the Scenario A is compared with renewable energy sources such as
hydropower plants, windpower plants and also with the thermochemical conversion
technology of gasification, it still seems to be most environmentally friendly in terms of

acidification potential.
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Since the Scenario A includes utilization of waste recipe, the environmental pollution
potential of the agricultural and animal wastes are prevented which can occur because of
the conventional disposal methods and also the mineral fertiliser usage is prevented
because of the fertiliser value of the digestate. Even the environmental effects of
hydropower plant or windpower plant are negligible when they are considered alone, the
addition of environmental pollution potential because of the conventional management of
the agricultural and animal wastes and usage of mineral fertiliser remove that advantage of
those renewable energy sources. Consequently, Scenario E, F and G become less

environmentally friendly when compared to the main scenario A.

The acidification potential reductions achieved by Scenario A with respect to other
scenarios can be summarised as; 79% reduction compared to Scenario C, 74% reduction
compared to Scenario D, 70% reduction compared to Scenario E, 71% reduction compared
to Scenario F and 26% reduction compared to Scenario G. In conclusion, if the waste
recipe is utilised in an AD plant with biogas recovery system instead of fossil fuel and
other renewable energy sources mentioned in this study, at least 26% reduction will be

achieved in terms of acidification potential.

3.4.2.3. Aquatic Eutrophication Potential. Eutrophication literally means “the process of

becoming rich of nutrients”. The eutrophying impact typically characterised in life cycle

impact assessment relates implicitly to eutrophication of aquatic ecosystems.

The EDIP2003 aquatic eutrophication potentials of a nutrient emission express the
maximum exposure of aquatic systems that it can cause. In this respect, they are expressed

as NOs. equivalents [Hauschild and Potting, 2005].

The aquatic eutrophication potential of Scenario A is determined as 1,669 kg NOs-
Equiv. As it can be seen from the Figure 1.18, the major aquatic eutrophication potential of
the pilot plant in Scenario A comes from the digested matter application in agriculture,
followed by the cogeneration unit. The relative contribution of the digested matter
application in agriculture to the aquatic eutrophication potential is 56.16% for the liquid

fertiliser and 13.21% for the solid fertiliser, whereas it is 14.28% for the cogeneration unit.
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It is obviously seen that the pretreatment of the recipe and the transportation of the
raw materials to and from the pilot plant and the AD unit has low consideration to aquatic

eutrophication potential.

The aquatic eutrophication potential of Scenario A is caused mostly by inorganic
emissions to air and fresh water. 65.22% of the aquatic eutrophication potential is caused
by ammonia emmission to air, followed by 26.59% of aquatic eutrophication potential
because of nitrogen oxides emitted to air. The emissions to fresh water that cause aquatic
eutrophication are nitrate and phosphate with 4.46% and 3.66% of the aquatic

eutrophication potential, respectively.

The Scenario B includes the AD of only cattle manure instead of the same amount of
recipe included in Scenario A. As seen from the Figure 1.19, the lower amount of fertilizer
and biogas production in Scenario B compared to Scenario A results in lower aquatic

eutrophication potential (1,262 kg NOs-Equiv.).

The aquatic eutrophication potential of Scenario C is determined as 8,846 kg NOs-
Equiv. As it can be seen from Figure 1.20, the major aquatic eutrophication potential stage
of the Scenario C is the landfilling of the vegetable wastes, slaughterhouse wastes and
grass, followed by the mineral fertiliser production and application. In addition to those
processes, the electricity production from hard coal in a power plant and the thermal
energy production from hard coal are also causing a considerable amount of aquatic
eutrophication. The relative contribution of the landfilling process to the aquatic
eutrophication potential of Scenario C is 62.73%, whereas it is 19.09% for the mineral
fertiliser production & application, 13.54% for the electricity production from hard coal

and 4.63% for the thermal energy production from hard coal.

The aquatic eutrophication potential of Scenario C is caused mostly by inorganic
emissions to air and fresh water. 80.21% of the aquatic eutrophication potential is caused
by nitrogen oxides emmission to air, followed by 11.51% of aquatic eutrophication
potential because of ammonia emitted to air. The emissions to fresh water that cause
aquatic eutrophication are phosphate, nitrate and ammonium/ammonia with 5.15%, 1.62

and 1.40% contribution, respectively.
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The aquatic eutrophication potential of Scenario D is determined as 7,962 kg NOs-
Equiv. As it can be seen from Figure 1.21, the major aquatic eutrophication potential stage
of the Scenario D is the landfilling of the vegetable wastes, slaughterhouse wastes and
grass, followed by mineral fertiliser production and application. In addition to those
processes, the electricity production from natural gas in a power plant and thermal energy
production from natural gas are also causing a considerable amount of aquatic
eutrophication. The relative contribution of the landfilling process to the aquatic
eutrophication potential is 69.71%, whereas it is 21.21% for the mineral fertiliser
production & application, 6.83% for the electricity production from natural gas, and 2.25%

for the thermal energy production.

Among the emissions; nitrogen oxide, ammonia and phosphate seems to be the
biggest reason for the aquatic eutrophication potential, with 80.24%, 12.14% and 4.96%

contribution, respectively.

The aquatic eutrophication potential of Scenario E is determined as 7,256 kg NOs-
Equiv. As it can be seen from Figure 1.22, the major aquatic eutrophication potential stage
of the Scenario E is the landfilling of the vegetable wastes, slaughterhouse wastes and
grass, followed by mineral fertiliser production and application. The hydropower plant
itself does not cause a considerable amount of aquatic eutrophication. The relative
contribution of the landfilling process to the aquatic eutrophication potential is 76.49%,
whereas it is 23.28% for the mineral fertiliser production & application and 0.24% for the
hydropower plant.

Among the emissions; nitrogen oxide, ammonia and phosphate seems to be the
biggest reason for the aquatic eutrophication potential, with 78.70%, 13.30% and 5.15%

contribution, respectively.

The aquatic eutrophication potential of Scenario F is determined as 7,443 kg NOs-
Equiv. As it can be seen from Figure 1.23, the major aquatic eutrophication potential stage
of the Scenario F is the landfilling of the vegetable wastes, slaughterhouse wastes and
grass, followed by mineral fertiliser production and application. The windpower plant itself

does not cause a considerable amount of aquatic eutrophication. The relative contribution
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of the landfilling process to the aquatic eutrophication potential is 74.57%, whereas it is
22.69% for the mineral fertiliser production & application and 2.74% for the windpower
plant.

Among the emissions; nitrogen oxide, ammonia and phosphate seems to be the
biggest reason for the aquatic eutrophication potential, with 77.61%, 13.01% and 5.97%

contribution, respectively.

The aquatic eutrophication potential of Scenario G is determined as 2,790 kg NOs-
Equiv. As it can be seen from Figure 1.24, the major aquatic eutrophication potential stage
of the Scenario G is the mineral fertiliser production and application, followed by the
combined cycle unit. The gasification plant including the dryer, gasifier and the gas
treatment unit does not cause a considerable amount of aquatic eutrophication. The relative
contribution of the mineral fertiliser production & application to the aquatic eutrophication
potential is 60.54%, whereas it is 33.53% for the combined cycle unit and 0.14% for the

gasifier, dryer and the gas treatment unit.

Among the emissions; nitrogen oxide and ammonia emitted to air seem to be the
biggest reason for the aquatic eutrophication potential, with 57.27% and 33.52%
contribution, respectively. These emissions to air are followed by ammonium/ammonia

and phosphorus release to fresh water with 3.91% and 2.65% contribution, respectively.

When all scenarios are compared side by side, it seems that the aquatic
eutrophication of Scenario C is higher than the other scenarios. Almost all of the aquatic
eutrophication potential of the scenarios comes from inorganic emissions to air. The lowest
aquatic eutrophication potential is caused by Scenario B. The biogas produced in Scenario
B can not meet the same net annual electricity production need as Scenario A and actually,
the aquatic eutrophication potential of Scenario B is low because of the lower production

of biogas and lower nitrogen content of the digestate compared to Scenario A.

It should be noted that the pilot plant will be operated according to the recipe defined
for Scenario A. So; it can be concluded that the chosen pilot plant process for the

utilization of the waste recipe, Scenario A, is the most environmentally process when
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compared to conventional energy production and waste disposal systems in terms of

aquatic eutrophication potential.

When the Scenario A is compared with renewable energy sources such as
hydropower plants, windpower plants and also with the thermochemical conversion
technology of gasification, it still seems to be most environmentally friendly in terms of
aquatic eutrophication potential. Since the Scenario A includes utilization of waste recipe,
the environmental pollution potential of the agricultural and animal wastes are prevented
which can occur because of the conventional disposal methods and also the mineral
fertiliser usage is prevented because of the fertiliser value of the digestate. Even the
environmental effects of hydropower plant or windpower plant are negligible when they
are considered alone, the addition of environmental pollution potential because of the
conventional management of the agricultural and animal wastes and usage of mineral
fertiliser remove that advantage of those renewable energy sources. Consequently,
Scenario E, F and G become less environmentally friendly when compared to the main

scenario A.

The aquatic eutrophication potential reductions achieved by Scenario A with respect
to other scenarios can be summarised as; 81% reduction compared to Scenario C, 79%
reduction compared to Scenario D, 77% reduction compared to Scenario E, 78% reduction
compared to Scenario F and 40% reduction compared to Scenario G. In conclusion, if the
waste recipe is utilised in an AD plant with biogas recovery system instead of fossil fuel
and other renewable energy sources mentioned in this study, at least 40% reductions will

be achieved in terms of aquatic eutrophication potential.

3.4.2.4. Terrestrial Eutrophication Potential. Each ecosystem and each of its species has its

own level of nutrients that relates to optimum growth. Availability of nutrients in excess of
this optimum or critical load leads to a change of the species composition and hence to an
unwanted change in the character of the given ecosystem. Normally, biological growth in
terrestrial ecosystems is limited by nitrogen. In principle, most compounds containing
nitrogen will thus contribute to terrestrial eutrophication. For natural soils, atmospheric

deposition provides the main man-made supply of nitrogen (and other nutrients). In
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practice, only air-borne emissions will contribute to eutrophication of terrestrial natural

ecosystems.

The site-generic, as well as the site-dependent, EDIP2003 eutrophication potentials
of an emission are expressed as the area of terrestrial ecosystem within the full deposition
area that is brought to exceed the critical load of eutrophication as a consequence of the

emission (area of unprotected ecosystem = m> UES) [Hauschild and Potting, 2005].

The terrestrial eutrophication potential of Scenario A is 157,434 m® UES. As it can
be seen from Figure 1.26, the major terrestrial eutrophication potential of the pilot plant in
Scenario A comes from the digested matter application in agriculture, followed by the
cogeneration unit. The relative contribution of the digested matter application in
agriculture is 68.37% for the liquid fertiliser and 14.75% for the solid fertiliser, whereas it
is 8.26% for the cogeneration unit to the terrestrial eutrophication potential. It is obviously
seen that the pretreatment of the recipe and the transportation of the raw materials to and
from the pilot plant and the AD unit has low consideration to terrestrial eutrophication

potential.

The terrestrial eutrophication potential of Scenario A is caused by inorganic
emissions to air. 83.42% of the terrestrial eutrophication potential is caused by ammonia

emitted to air, followed by 16.58% because of nitrogen oxides released to air.

The Scenario B includes the AD of only cattle manure instead of the same amount of
recipe included in Scenario A. As seen from Figure .27, the lower amount of digested
matter and biogas production in Scenario B compared to Scenario A results in lower

terrestrial eutrophication potential (120,927 m* UES).

The terrestrial eutrophication potential of Scenario C is 540,070 m? UES. As it can
be seen from Figure 1.28, the major terrestrial eutrophication potential stage of the
Scenario C is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by the mineral fertiliser production and application. In addition to those
processes, the electricity production from hard coal in a power plant and the thermal

energy production from hard coal are also causing a considerable amount of terrestrial
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eutrophication. The relative contribution of the landfilling process to the terrestrial
eutrophication potential of Scenario C is 57.18%, whereas it is 26.39% for the mineral
fertiliser production & application, 12.12% for the electricity production from hard coal,

and 4.31% for the thermal energy production from hard coal.

Among the emissions; nitrogen oxides and ammonia are the biggest reason for the

terrestrial eutrophication potential, with 77.25% and 22.75% contribution, respectively.

The terrestrial eutrophication potential of Scenario D is 492,206 m* UES. As it can
be seen from Figure 1.29, the major terrestrial eutrophication potential stage of the
Scenario D is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by mineral fertiliser production and application. In addition to those processes,
the electricity production from natural gas in a power plant and thermal energy production
from natural gas are also causing a considerable amount of terrestrial eutrophication. The
relative contribution of the landfilling process to the terrestrial eutrophication potential is
62.74%, whereas it is 28.95% for the mineral fertiliser production & application, 6.20% for

the electricity production from natural gas, and 2.11% for the thermal energy production.

Among the emissions; nitrogen oxide and ammonia are the biggest reason for the

terrestrial eutrophication potential, with 76.31% and 23.69% contribution, respectively.

The terrestrial eutrophication potential of Scenario E is 452,135 m? UES. As it can
be seen from Figure 1.30, the major terrestrial eutrophication potential stage of the
Scenario E is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by mineral fertiliser production and application. The hydropower plant itself does
not cause a considerable amount of terrestrial eutrophication. The relative contribution of
the landfilling process to the terrestrial eutrophication potential is 68.30%, whereas it is
31.52% for the mineral fertiliser production & application and 0.17% for the hydropower
plant.

Among the emissions; nitrogen oxide and ammonia are the biggest reason for the

terrestrial eutrophication potential, with 74.26% and 25.74% contribution, respectively.
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The terrestrial eutrophication potential of Scenario F is 456,458 m? UES. As it can be
seen from Figure 1.31, the major terrestrial eutrophication potential stage of the Scenario F
is the landfilling of the vegetable wastes, slaughterhouse wastes and grass, followed by
mineral fertiliser production and application. The windpower plant itself does not cause a

considerable amount of terrestrial eutrophication.

The relative contribution of the landfilling process to the terrestrial eutrophication
potential is 67.66%, whereas it is 31.22% for the mineral fertiliser production &

application, and 1.12% for the windpower plant.

Among the emissions; nitrogen oxide and ammonia are the biggest reason for the

terrestrial eutrophication potential, with 74.41% and 25.59% contribution, respectively.

The terrestrial eutrophication potential of Scenario G is 206,735 m? UES. As it can
be seen from Figure 1.32, the major terrestrial eutrophication potential stage of the
Scenario G is the mineral fertiliser production and application, followed by the combined
cycle unit. The gasification plant including the dryer, gasifier and the gas treatment unit
does not cause a considerable amount of terrestrial eutrophication. The relative
contribution of the mineral fertiliser production & application to the terrestrial
eutrophication potential is 68.94%, whereas it is 26.53% for the combined cycle unit and

0.07% for the gasifier, dryer and the gas treatment unit.

Among the emissions; ammonia and nitrogen oxide are the biggest reason for the

terrestrial eutrophication potential, with 54.56% and 45.44% contribution, respectively.

When all scenarios are compared side by side, it is apparent that the scenario which
has the highest terrestrial eutrophication potential is Scenario C; whereas the lowest
terrestrial eutrophication potential is caused by Scenario B. The biogas produced in
Scenario B can not meet the same net annual electricity production need as Scenario A and
actually, the terrestrial eutrophication potential of Scenario B is low because of the lower
nitrogen content of the digested matter and lower production of biogas compared to
Scenario A. It should be noted that the pilot plant will be operated according to the recipe

defined for Scenario A. So; it can be concluded that the chosen pilot plant process for the
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utilization of the waste recipe, Scenario A, is the most environmentally process when
compared to conventional energy production and waste disposal systems in terms of

terrestrial eutrophication potential.

When the Scenario A is compared with renewable energy sources such as
hydropower plants, windpower plants and also with the thermochemical conversion
technology of gasification, it still seems to be most environmentally friendly in terms of

terrestrial eutrophication potential.

Since the Scenario A includes utilization of waste recipe, the environmental pollution
potential of the agricultural and animal wastes are prevented which can occur because of
the conventional disposal methods and also the mineral fertiliser usage is prevented
because of the fertiliser value of the digestate. Even the environmental effects of
hydropower plant or windpower plant are negligible when they are considered alone, the
addition of environmental pollution potential because of the conventional management of
the agricultural and animal wastes and usage of mineral fertiliser remove that advantage of
those renewable energy sources. Consequently, Scenario E, F and G become less

environmentally friendly when compared to the main Scenario A.

The terrestrial eutrophication potential reductions achieved by Scenario A with
respect to other scenarios can be summarised as; 71% reduction compared to Scenario C,
68% reduction compared to Scenario D, 65% reduction compared to Scenario E, 66%

reduction compared to Scenario F and 24% reduction compared to Scenario G.
In conclusion, if the waste recipe is utilised in an AD plant with biogas recovery
system instead of fossil fuel and other renewable energy sources mentioned in this study, at

least 24% reductions will be achieved in terms of terrestrial eutrophication potential.

3.4.2.5. Photochemical Ozone Formation - Impact on Vegetation. When solvents and

other volatile organic compounds are released to the atmosphere, most of them are
degraded within a few days to weeks. Initiated by sunlight, nitrogen oxides (NOy) and
volatile organic compounds (VOC;) react to form ozone. Because of its high reactivity,

ozone attacks organic substances present in plants and animals or materials exposed to air
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leading to an increased frequency of humans with problems in the respiratory tract and

reduced agricultural yield.

For vegetation, the impact is expressed as the AOT40, the accumulated exposure
(duration times exceedance of threshold) above the threshold of 40 ppb times the area that
is exposed as a consequence of the emission. The threshold of 40 ppb is chosen as an
exposure level below which no or only small effects occur. The unit for vegetation

exposure is m* UES*ppm*hours [Hauschild and Potting, 2005].

The photochemical ozone formation - impact on vegetation potential of all scenarios

are given and compared below.

The photochemical ozone formation - impact on vegetation potential of Scenario A is
determined as 2,073,767 m> UES*ppm*hours. As it can be seen from Figure 1.34, the
major photochemical ozone formation - impact on vegetation potential of the pilot plant in
Scenario A comes from the cogeneration unit, followed by the digested matter application

in agriculture.

The relative contribution of the cogeneration unit to the photochemical ozone
formation - impact on vegetation potential is 48.48%, whereas it is 14.25% for solid
fertiliser spreading and 8.85% for liquid fertiliser spreading to the field and 10.13% for the

digestion unit itself.

It is obviously seen that the pretreatment of the recipe and the transportation of the
raw materials to and from the pilot plant and the AD unit has low consideration to

photochemical ozone formation - impact on vegetation potential.

The photochemical ozone formation - impact on vegetation potential of Scenario A is
caused mostly by inorganic (90.16%) and organic emissions (9.84%) to air. 89.18% of the
photochemical ozone formation - impact on vegetation potential is caused by nitrogen
oxides emitted to air, followed by 7.18% by NMVOCs, 2.65% by methane and 0.98% by

carbon monoxide released to air.
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The Scenario B includes the AD of only cattle manure instead of the same amount of
recipe included in Scenario A. As seen from Figure 1.35, the lower amount of digested
matter and biogas production in Scenario B compared to Scenaro A results in lower
photochemical ozone formation - impact on vegetation potential (1,438,700 m’

UES*ppm*hours).

The photochemical ozone formation - impact on vegetation potential of Scenario C is
determined as 43,176,680 m> UES*ppm*hours. As it can be seen from Figure 1.36, the
major photochemical ozone formation - impact on vegetation potential stage of the
Scenario C is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by the electricity production from hard coal in a power plant. In addition to those
processes, the thermal energy production from hard coal and the mineral fertiliser
production and application are also causing a considerable amount of photochemical ozone

formation - impact on vegetation.

The relative contribution of the landfilling process to the photochemical ozone
formation - impact on vegetation potential of Scenario C is 64.48%, whereas it is 19.07%
for the electricity production from hard coal, it is 6.74% for the thermal energy production

from hard coal and 5.54% for the mineral fertiliser production & application.

Among the emissions; nitrogen oxides and methane are the biggest reason for the
photochemical ozone formation - impact on vegetation potential, with 68.47% and 21.76%

contribution respectively.

The photochemical ozone formation - impact on vegetation potential of Scenario D is
determined as 37,243,079 m> UES*ppm*hours. As it can be seen from Figure 1.37, the
major photochemical ozone formation - impact on vegetation potential stage of the
Scenario D is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by the electricity production from natural gas in a power plant. In addition to
those processes, the mineral fertiliser production and application and the poultry manure
management are also causing a considerable amount of photochemical ozone formation -
impact on vegetation. The relative contribution of the landfilling process to the

photochemical ozone formation - impact on vegetation potential is 74.75%, whereas it is
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10.60% for the electricity production from natural gas, it is 6.42% for the mineral fertiliser

production & application and 3.88% for the poultry manure management.

Among the emissions; nitrogen oxide, methane and NMVOCs are the biggest reason
for the photochemical ozone formation - impact on vegetation potential, with 71.47%,

16.08% and 11.67% contribution, respectively.

The photochemical ozone formation - impact on vegetation potential of Scenario E is
determined as 32,094,040 m> UES*ppm*hours. As it can be seen from Figure 1.38, the
major photochemical ozone formation - impact on vegetation potential stage of the
Scenario E is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by the mineral fertiliser production and application. The poultry and cattle
manure management are also causing a considerable amount of photochemical ozone

formation - impact on vegetation.

However, the hydropower plant itself does not cause a considerable amount of
chemical ozone formation - impact on vegetation. The relative contribution of the
landfilling process to the photochemical ozone formation - impact on vegetation potential
is 86.75%, whereas it is 7.45% for the mineral fertiliser production & application and
4.51% for the poultry manure management. The contribution of the hydropower plant is
just 0.20% of the total photochemical ozone formation - impact on vegetation potential of

Scenario E.

Among the emissions; nitrogen oxide, methane and NMVOCs are the biggest reason
for the photochemical ozone formation - impact on vegetation potential, with 74.13%,

13.36% and 11.66% contribution, respectively.

The photochemical ozone formation - impact on vegetation potential of Scenario F is
determined as 32,490,526 m> UES*ppm*hours. As it can be seen from Figure 1.39, the
major photochemical ozone formation - impact on vegetation potential stage of the
Scenario F is the landfilling of the vegetable wastes, slaughterhouse wastes and grass,
followed by the mineral fertiliser production and application. The poultry manure

management is also causing a considerable amount of photochemical ozone formation -
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impact on vegetation. However, the windpower plant itself does not cause a considerable
amount of chemical ozone formation - impact on vegetation. The relative contribution of
the landfilling process to the photochemical ozone formation - impact on vegetation
potential is 85.69%, whereas it is 7.36% for the mineral fertiliser production & application
and 4.45% for the poultry manure management. The contribution of the windpower plant is
just 1.41% of the total photochemical ozone formation - impact on vegetation potential of

Scenario F.

Among the emissions; nitrogen oxide, methane and NMVOCs are the biggest reason
for the photochemical ozone formation - impact on vegetation potential, with 74.08%,

13.41% and 11.62% contribution, respectively.

The photochemical ozone formation - impact on vegetation potential of Scenario G is
determined as 6,992,883 m> UES*ppm*hours. As it can be seen from Figure 1.40, the
major photochemical ozone formation - impact on vegetation potential stage of the
Scenario G is the combined cycle unit, followed by mineral fertiliser production and
application. The gasification plant including the dryer, gasifier and the gas treatment unit
does not cause a considerable amount of photochemical ozone formation - impact on

vegetation potential.

The relative contribution of the combined cycle unit to the photochemical ozone
formation - impact on vegetation potential is 55.63%, whereas it is 34.21% for the mineral
fertiliser production & application and 0.18% for the gasifier, dryer and the gas treatment

unit.

Among the emissions; nitrogen oxide, methane and NMVOCs are the biggest reason
for the photochemical ozone formation - impact on vegetation potential, with 95.20%,

2.60% and 1.86% contribution, respectively.

When all scenarios are compared side by side, it is apparent that the scenario which
has the highest photochemical ozone formation - impact on vegetation potential is Scenario
C; whereas the lowest photochemical ozone formation - impact on vegetation potential is

caused by Scenario B. The biogas produced in Scenario B can not meet the same net
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annual electricity production need as Scenario A and actually, the photochemical ozone
formation - impact on vegetation potential of Scenario B is low because of the lower
production of biogas and lower nitrogen content of the digested matter compared to
Scenario A. It should be noted that the pilot plant will be operated according to the recipe
defined for Scenario A. So; it can be concluded that the chosen pilot plant process for the
utilization of the waste recipe, Scenario A, is the most environmentally process when
compared to conventional energy production and waste disposal systems in terms of

photochemical ozone formation - impact on vegetation potential.

When the Scenario A is compared with renewable energy sources such as
hydropower plants, windpower plants and also with the thermochemical conversion
technology of gasification, it still seems to be most environmentally friendly in terms of
photochemical ozone formation - impact on vegetation potential. Since the Scenario A
includes utilization of waste recipe, the environmental pollution potential of the
agricultural and animal wastes are prevented which can occur because of the conventional
disposal methods and also the mineral fertiliser usage is prevented because of the fertiliser

value of the digestate.

Even the environmental effects of hydropower plant or windpower plant are
negligible when they are considered alone, the addition of environmental pollution
potential because of the conventional management of the agricultural and animal wastes

and usage of mineral fertiliser remove that advantage of those renewable energy sources.

Consequently, Scenario E, F and G become less environmentally friendly when

compared to the main Scenario A.

The Photochemical ozone formation - impact on vegetation potential reductions

achieved by Scenario A with respect to other scenarios are given in the below table.
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Table 3.34. Photochemical ozone formation - impact on vegetation potential reductions

achieved by Scenario A with respect to other scenarios.

Reductions (%) of Scenario A
Compared to Other Scenarios
C D E F G

Flows 95% 94 % 94 % 94 % 70%
Inorganic emissions to air 94% 93% 92% 92% 72%
Carbon monoxide 93% 93% 93% 93% 16%
Nitrogen oxides 94% 93% 92% 92% 72%
Organic emissions to air (group VOC) 98% 98% 97% 97% 35%
Group NMVOC to air 96% 97% 96% 96% -15%
Methane 99% 99% 99% 99% 70%

In conclusion, if the waste recipe is utilised in an AD plant with biogas recovery
system instead of fossil fuel and other renewable energy sources mentioned in this study, at
least 70% reductions will be achieved in terms of photochemical ozone formation - impact

on vegetation potential.

3.4.2.6. Stratospheric Ozone Depletion. Manmade emissions of halocarbons, i.e., CFCs,

HCFCs, halons and other longlived gases containing chlorine and bromine increase the
breakdown of stratospheric ozone, and the ozone content of the stratosphere is therefore
falling. As a consequence of the thinning of the ozone layer, the intensity of hazardous
ultraviolet radiation at the earth’s surface has increased over parts of the southern and
northern hemispheres. This can have dangerous consequences in the form of increased
frequency of skin cancer in humans and damage to the plants [Hauschild and Potting,

2005].

The overall stratospheric ozone depletion potential of Scenario A is determined as
0.01 kg R11-Equiv. As it can be seen from Figure 1.42, the major stratospheric ozone
depleting stage of the pilot plant in Scenario A is the agricultural application of the

digestate and then the cogeneration unit and the AD unit.

The relative contribution of the agricultural application of the digestate to the
stratospheric ozone depletion is 32.47% for solid fertiliser spreading, whereas it is 30.96%

for the cogeneration and 26.56 % for the anaerobic digester itself.
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It is obviously seen that the transportation and pretreatment of the recipe has low

consideration to stratospheric ozone depletion.

The stratospheric ozone depletion of Scenario A is mostly caused by halogenated
organic emissions to air. 86.37% of the stratospheric ozone depletion is caused by Halon

1301, followed by 8.50% of stratospheric ozone depletion because of Halon 1211.

The Scenario B includes the AD of only cattle manure instead of the same amount of
recipe included in Scenario A. As seen from Figure 1.43, lower amount of biogas and solid
fertilizer produced in Scenario B when compared to Scenario A and this result in lower

stratospheric ozone depletion (0.004 kg R11-Equiv.).

The stratospheric ozone depletion potential of Scenario C is determined as 0.65 kg
R11-Equiv. As it can be seen from Figure .44, the major stratospheric ozone depleting
stage of the Scenario C is the landfilling of the vegetable wastes, slaughterhouse wastes
and grass, followed by mineral fertiliser production and application. The relative
contribution of the landfilling process to the stratospheric ozone depletion of Scenario C is
94.96%, whereas it is 3.63% for the mineral fertiliser production & application, 1.25% for
the electricity production from hard coal and 0.15% for the thermal energy production

from hard coal.

Among the emissions; Halon 1301 and Halon 1211 seems to be the biggest reason

for the stratospheric ozone depletion, with 96.87% and 2.05% contribution, respectively.

The stratospheric ozone depletion potential of Scenario D is determined as 0.76 kg
R11-Equiv. As it can be seen from Figure .45, the major stratospheric ozone depletion
stage of the Scenario D is the landfilling of the vegetable wastes, slaughterhouse wastes
and grass, followed by electricity production from natural gas in a power plant. In addition
to those processes, the mineral fertiliser production and application is also causing a
considerable amount of stratospheric ozone depletion. The relative contribution of the
landfilling process to the stratospheric ozone depletion of Scenario D is 81.99%, whereas it
is 14.76% for the electricity production from natural gas, 3.13% for the mineral fertiliser

production & application and 0.11% for the thermal energy production from natural gas.
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Among the emissions; Halon 1301 and Halon 1211 seems to be the biggest reason

for the stratospheric ozone depletion, with 82.97% and 15.63%, respectively.

The stratospheric ozone depletion potential of Scenario E is determined as 0.64 kg
R11-Equiv. As it can be seen from Figure .46, the major stratospheric ozone depletion
stage of the Scenario E is the landfilling of the vegetable wastes, slaughterhouse wastes
and grass, followed by the mineral fertiliser production and application. The hydropower
plant itself does not cause a considerable amount of stratospheric ozone depletion. The
relative contribution of the landfilling process to the stratospheric ozone depletion of
Scenario E is 96.23%, whereas it is 3.68% for the mineral fertiliser production &
application and just 0.08% for the hydropower plant itself. Among the emissions; Halon
1301 and Halon 1211 seems to be the biggest reason for the stratospheric ozone depletion,

with 97.30% and 1.95%, respectively.

According to Pascale et al., the total stratospheric ozone depletion potential of a
hydropower including the weir, intake, canal and forebay, the penstock, the powerhouse,
turbine and outflow, and the control house and control & conditioning equipment are 5x10°

7 ¢ R11/kWh which is higher than the result of the above mentioned 0.08% of Scenario E.

The stratospheric ozone depletion potential of Scenario F is determined as 0.65 kg
R11-Equiv. As it can be seen from Figure 1.47, the major stratospheric ozone depletion
stage of the Scenario F is the landfilling of the vegetable wastes, slaughterhouse wastes
and grass, followed by the mineral fertiliser production and application. The windpower
plant itself does not cause a considerable amount of stratospheric ozone depletion. The
relative contribution of the landfilling process to the stratospheric ozone depletion of
Scenario F is 95.73%, whereas it is 3.66% for the mineral fertiliser production &
application and just 0.61% for the windpower plant itself. Among the emissions; Halon
1301 and Halon 1211 seems to be the biggest reason for the stratospheric ozone depletion,

with 96.95% and 2.04%, respectively.

The stratospheric ozone depletion potential of Scenario G is determined as 0.02 kg
R11-Equiv. As it can be seen from Figure .48, the major stratospheric ozone depletion

stage of the Scenario G is the mineral fertiliser production and application followed by raw
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material tranportation, combined cycle unit and the gasification unit. The relative
contribution of the mineral fertiliser production & application to the stratospheric ozone
depletion of Scenario G is 96.42%, whereas it is 1.92% for the raw material transportation,
0.78% for the combined cycle unit and just 0.46% for the gasifier, dryer and the gas
treatment unit. Among the emissions; Halon 1301 and Halon 1211 seems to be the biggest

reason for the stratospheric ozone depletion, with 57.38% and 38.49%, respectively.

When all scenarios are compared side by side, it is apparent that the scenario which
has the highest stratospheric ozone depletion is Scenario D; whereas the lowest
stratospheric ozone depletion is caused by Scenario B. The biogas produced in Scenario B
can not meet the same net annual electricity production need as Scenario A and actually,
the stratospheric ozone depletion of Scenario B is low because of the lower production of
biogas and lower nitrogen content of the digestate compared to Scenario A. It should be
noted that the pilot plant will be operated according to the recipe defined for Scenario A.
So; it can be concluded that the chosen pilot plant process for the utilization of the waste
recipe, Scenario A, is the most environmentally process when compared to conventional

energy production and waste disposal systems in terms of stratospheric ozone depletion.

When the Scenario A is compared with renewable energy sources such as
hydropower plants, windpower plants and also with the thermochemical conversion
technology of gasification, it still seems to be most environmentally friendly in terms of
stratospheric ozone depletion potential. Since the Scenario A includes utilization of waste
recipe, the environmental pollution potential of the agricultural and animal wastes are
prevented which can occur because of the conventional disposal methods and also the
mineral fertiliser usage is prevented because of the fertiliser value of the digestate. Even
the environmental effects of hydropower plant or windpower plant are negligible when
they are considered alone, the addition of environmental pollution potential because of the
conventional management of the agricultural and animal wastes and usage of mineral

fertiliser remove that advantage of those renewable energy sources.

Consequently, Scenario E, F and G become less environmentally friendly when
compared to the main scenario A. The stratospheric ozone depletion potential reductions

achieved by Scenario A with respect to other scenarios can be summarised as; 99%
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reduction compared to Scenario C, 99% reduction compared to Scenario D, 99% reduction
compared to Scenario E, 99% reduction compared to Scenario F and 75% reduction
compared to Scenario G. In conclusion, if the waste recipe is utilised in an AD plant with
biogas recovery system instead of fossil fuel and other renewable energy sources
mentioned in this study, at least 75% reductions will be achieved in terms of stratospheric

ozone depletion potential.

The below table summarizes the characterization of all scenarios.

Table 3.35 Characterization results of all scenarios.

EDIP 2003

Characterisation Results A B ¢ D E F G

Acidification potential

[m® UES] 56,404 37,770 267,932 216,666 187,007 192,358 76,621

Aquatic eutrophication

[ke NO;-Equiv.] 1,669 1,262 8,846 7,962 7,256 7,443 2,790

Global warming

. 401,549 297,261 | 6,464,471 | 4,817,238 | 2,908,725| 2,976,947 1,108,398
[kg CO,-Equiv.]

Photochemical ozone
formation - impact on
vegetation

[m” UES*ppm*hours]

2,073,767 | 1,438,701 [ 43,176,680 | 37,243,026 | 32,094,040 | 32,490,526 | 6,992,884

Stratospheric ozone
depletion , 0.006 0.004 0.653 0.756 0.644 0.648 0.025
[kg R11-Equiv.]

Terrestrial eutrophication
[m” UES]

157,435 120,927 540,070 492,205 452,135 456,458 | 206,735

According to the above table and Figure 1.50, it seems as if the photochemical ozone

formation — impact on vegetation has the biggest environmental concern for Scenario C.

However, the characterisation results are given for each impact category with a
different unit and so the environmental impacts should be compared relative to a common

scale. For that purpose, the normalization phase below is conducted.
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3.4.3. Normalisation

In the normalization step, the impact categories are normalised with a common
reference that resembles the impact from an average person [Kirkeby, 2005]. In Table B.8,

the normalization factors used according to EDIP 2003 are illustrated.

The results from the scenarios were all calculated as normalised potential impacts
according to the EDIP 2003 methodology. The resultant normalised impact potentials for all
scenarios are given in Figure J.1. From this figure, it is apparent that the biggest environmental
impact potential of Scenario A and Scenario B comes from terrestrial eutrophication, whereas

it is global warming for other scenarios.

In terms of the normalized impact values of global warming, Scenario C has the highest
contribution among the scenarios. This is valid also for the acidification potential,
photochemical ozone formation and aquatic& terrestrial eutrophication categories. However,
for the stratospheric ozone depletion, the highest normalized impact value is observed for

Scenario D.

3.4.4. Weighting

In the weighting stage, weights are assigned to the different impact categories and
resources reflecting the relative importance. (“how important is it?”’) [Hauschild and

Potting, 2005].

The EDIP 2003 methodology applies weighting factors on the basis of political
environmental targets set by the Danish Government or by various international protocols. The
weighting factors applied in the assessment according to EDIP 2003 methodology is given
in Table B.9. The results from the scenarios were all calculated as weighted potential
impacts according to the EDIP 2003 methodology. The resultant weighted impact

potentials for all scenarios are given in Figure K.8 and Table 3.36.

According to the overall weighted environmental impact potential results, Scenario C
has the highest contribution to the environmental pollution. This is valid for the global

warming, acidification potential, aquatic eutrophication, photochemical ozone formation,
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and terrestrial eutrophication categories. For the stratospheric ozone depletion, Scenario D

has the highest weighted environmental impact potential.

Table 3.36. Comparison of the Weighted Environmental Impact Potential of Scenarios.

EDIP 2003,

Env. imp. eval. (PET W, EU 2004) | B C D E ¥ G

Env. imp. eval. 23436 173.18] 2.296.66 2,015.34 1597.00 1,621.15 447.24

Acidification potential 3256 2180 15467 12508 10795  111.04] 44.23

Aquatic eutrophication 3511 2654 18608 16747 15262 15655 58.68

Global warming 51.69 3827 83221  620.15  374.46  383.24] 142.69

Photochemical ozone formation
- impact on human health and 0.02 0.01 0.41 0.35 0.30 0.30 0.06
materials

Photochemical ozone formation

. . 19.70 13.67] 410.18  353.81] 304.89] 308.66] 66.43
- impact on vegetation

Stratospheric ozone depletion 381 263 39937 46254 394100 396.17] 15.04

Terrestrial eutrophication 9146 7025 31376 285.95 262.67  265.18 120.10

For Scenario A, the highest weighted environmental impact potential comes from the
terrestrial eutrophication followed by global warming with 39.03% and 22.06%
contribution, respectively. The aquatic eutrophication contributes only 14.98% of the total

weighted environmental impact potential of Scenario A.

In terms of the process stages in Scenario A, the biggest environmental impact
potential results from on field emissions of the liquid fertiliser, cogeneration unit, solid
fertiliser, digestion unit and raw material transportation with 49.82 %, 17.44%, 15.20%,
4.57% and 2.81% of the total weighted environmental impact potential of Scenario A,

respectively.

For Scenario B, the highest weighted environmental impact potential comes from the
terrestrial eutrophication followed by the global warming potential with 40.57% and
22.10% contribution, respectively. In terms of the process stages in Scenario B, the biggest
environmental impact potential results from on field emissions of the liquid & solid

fertiliser, cogeneration unit, manure transportation and digestion units with 55.00%,
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12.75%, 9.68%, 6.76% and 6.18% of the total weighted environmental impact potential of

Scenario B, respectively.

For Scenario C, the biggest portion of the environmental concern results from the
global warming and the photochemical ozone formation - impact on vegetation impacts.
36.24% of the total weighted environmental impact potential comes from the global
warming; whereas 17.86% comes from the photochemical ozone formation - impact on
vegetation. In terms of the process stages in Scenario C, the biggest weighted
environmental impact potential results from the landfilling of the vegetable wastes,
slaughterhouse wastes, grass followed by electricity production from hard coal, mineral
fertiliser production & application and then thermal energy production from hard coal with

54.34%, 22.54%, 12.97% and 8.06%, respectively.

For Scenario D, the biggest portion of the environmental concern results from the
global warming and stratospheric ozone depletion impacts. 30.77% of the total weighted
environmental impact potential comes from the global warming; whereas 22.95% comes
from the stratospheric ozone depletion. In terms of the process stages in Scenario D, the
biggest weighted environmental impact potential results from the landfilling of the
vegetable wastes, slaughterhouse wastes, grass followed by electricity production from
hard coal, mineral fertiliser production & application and then thermal energy production

from hard coal with 61.92%, 15.96%, 14.78% and 4.96%, respectively.

For Scenario E, the biggest portion of the environmental concern results from the
stratospheric ozone depletion and global warming impacts. 24.68% of the total weighted
environmental impact potential comes from the stratospheric ozone depletion; whereas
23.45% comes from the global warming. In terms of the process stages in Scenario E, the
biggest weighted environmental impact potential results from the landfilling of the
vegetable wastes, slaughterhouse wastes, grass followed by mineral fertiliser production &
application and then emissions from the conventional management of poultry and cattle
manure with 78.14%, 18.65%, 2.50% and 0.50%, respectively. The weighted
environmental impact potential of the reservoir hydropower plant is the lowest among the
processes included in Scenario E representing just 0.20% of the total weighted impact

potential.



137

For Scenario F, the biggest portion of the environmental concern results from the
stratospheric ozone depletion and global warming impact categories. 24.44% of the total
weighted environmental impact potential comes from the stratospheric ozone depletion;
whereas 23.64% comes from the global warming. In terms of the process stages in
Scenario F, the biggest weighted environmental impact potential results from the
landfilling of the vegetable wastes, slaughterhouse wastes, grass followed by mineral
fertiliser production & application and then emissions of conventional poultry manure
management with 76.98%, 18.37% and 2.46%, respectively. The weighted environmental
impact potential of the windpower plant follows the emissions of poultry manure

conventional management with 1.69% of the total weighted impact.

For Scenario G, the biggest portion of the environmental concern results from the
global warming and terrestrial eutrophication impact categories. 31.90% of the total
weighted environmental impact potential comes from the global warming and the
terrestrial eutrophication contributes 26.85% of the total weighted environmental impact
potential of Scenario G. In terms of the process stages in Scenario G, the biggest weighted
environmental impact potential results from the mineral fertiliser production & application,
followed by the combined cycle unit and raw material transportation with 66.60%, 27.78%
5.37%, respectively. The weighted environmental impact potential of the gasification unit
including the the dryer and gas treatment unit follows the emissions of material

transportation with just 0.13 % of the total weighted impact.

The weighted results show that Scenario C has the biggest total weighted
environmental impact potential (2,297 PET W, EU 2004) whereas Scenario B has the
lowest potential. Since Scenario B has lower biogas production rate than Scenario A, the
electricity production is not as high as Scenario A. So, it is not considered for the
comparison made with the fossil fuel and renewable energy scenario results. In this
respect, it can be stated that the Scenario A representing the pilot plant operated with the
waste recipe has the lowest total weighted environmental impact potential when compared

to other scenarios with the same primary service.

When the total weighted environmental impact potential of Scenario C is evaluated

in detail, even the impact potential of only electricity production and thermal energy
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production from hard coal without the conventional management of agricultural and
animal wastes is 702.89 PET W, EU 2004 which is already higher than the overall
weighted impact potential of Scenario A (234.36 PET W, EU 2004). Among the fossil fuel
resources, hard coal has more environmental impact potential than natural gas since the
total weighted environmental impact potential values of Scenario C (2,297 PET W, EU
2004) is higher than Scenario D (2,015 PET W, EU 2004). In addition, the same
conclusion for Scenario C in terms of only electricity production and thermal energy
production from hard coal without the conventional management of agricultural and
animal wastes is valid for Scenario D; since these processes have a total weighted
environmental impact potential of 421.57 PET W, EU which is also higher than the overall

weighted impact potential of Scenario A.

Among the renewable resources, Scenario G including gasification has the lowest
environmental impact potential (447 PET W, EU 2004) followed by Scenario E including
hydropower plant (1,597 PET W, EU 2004) and Scenario F including windpower plant
(1,621 PET W, EU 2004). The reason for that is Scenario G utilizes the agricultural and
animal wastes for energy production in the gasification unit while those wastes are

managed in conventional methods in Scenario E and F.

The renewable energy production plants (Scenario E and F) are expected to have
lower environmental impacts compared to the AD. However the conventional waste
disposal systems included in those renewable energy scenarios caused the overall
environmental impact potential to be higher than the AD scenario. The reason for that is
the agricultural and animal wastes are utilized for both energy and organic fertiliser need in
Scenario A. On the other hand, it should be emphasized that the internal energy need of the
gasification unit is much higher than the AD resulting in more raw material need in order

to produce same amount of excess electricity connected to grid.

This is one other reason why the overall weighted environmental impact potential of
the Scenario G is higher than Scenario A. Even the agricultural and animal wastes are also
utilised in the gasification process of Scenarios G, the remaining ash can not be used as
organic fertiliser and so it is disposed to landfill and consequently the usage of mineral

fertiliser is needed. This is also a reason for Scenario G to have additional environmental
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consequences. The below table summarizes the reductions achieved with Scenario A
compared to other scenarios in terms of the weighted environmental potentials and also

compares the the potential environmental benefits with the goals of the LCA study.

Table 3.37. Comparison of Scenario A with the other scenarios and with the goal of the

study in terms of the Weighted Environmental Impact Potentials.

EDIP 2003, Env. imp. eval. Minimum Reductions (%) of Scenario A
(PET W, EU 2004) Goal compared to other scenarios
C D E F G
Env. imp. eval. 45% 90 % 88% 85% 86% 48 %
Acidification potential 25% 79% 74% 70% 71% 26%
Aquatic eutrophication 40% 81% 79% 77% 78% 40%
Global warming 60% 94% 92% 86% 87% 64%
Photochemical ozone formation 70% 95% 94% 94% 94% 70%
- impact on vegetation
Stratospheric ozone depletion 75% 99% 99% 99% 99% 75%
Terrestrial eutrophication 20% 71% 68% 65% 66% 24%

The environmental impact potential reductions show that choosing the AD for the
treatment of the waste recipe lead to substantial environmental benefits compared to the

energy production from fossil fuel resources and renewable energy production plants.
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4. LIFE CYCLE COSTING (LCC) METHODOLOGY

4.1. Introduction

The purpose of this study is to determine if the AD plant and biogas recovery system
can be economically beneficial. The project covers Life Cycle Costing Comparison of the
two scenarios (Scenario A and Scenario B) including the AD plant and biogas recovery
system which is the most environmentally friendly when compared with the energy
production from fossil fuel resources, renewable energy sources with the conventional

waste disposal systems (Scenario C, D, E, F and G).

The LCC analysis takes the investment costs and costs in operation of all phases into
account. In general, LCC yields present value of current and future expenditures for
procurement of building and operating and maintaining the building through its life. As the
operational costs make up the main part of the total costs over the whole lifetime of a
building, the LCC comparison of different scenarios creates the necessary transparency for

the decision-making process. [Hunkeler et al., 2008].

Besides constructional and operational costs, revenues from the by-products of the
AD plant and biogas recovery system are also considered for the LCC study. The expected
incomes of the AD plant and biogas recovery system come from selling the produced heat

and electricity and also the organic fertiliser.

In this study, it is shown that utilizing animal and agricultural wastes by the AD plant
and biogas recovery system will not only provide real benefits in terms of the
environmental effects, but also in terms of economic benefits.

4.2. Cost Analysis

The main items considered for the cost of an AD and biogas recovery system is the

investment cost and operational costs. On the other hand, selling of the produced electricity
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and heat and also the organic fertiliser will provide an income during the operation of the

plant which should be considered for the life cycle costing of the pilot plant.

4.2.1. Investment Costs of the Pilot Plant

First of all, the projection and design of the AD and biogas recovery system can be
considered as the investment cost. Not only the construction of the plant units and
provision and installation of the electromechanical equipment, but also the preparation,
digging and filling of the ground is considered as part of the investment costs. Besides, the
technical and legal permissions and the costs for the connection of the produced electricity
to the power grid are also considered as the main investment costs. The main investment

cost of the pilot plant will be 1,400,000.00 Euro including four main units which are;

° Pretreament Units

o Primary Storage and Mixing

o Grinding and Mixing

° Anaerobic Digesters
. Separation Unit and Final Storage

. 350 kW Cogeneration Unit
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4.2.2. Operational Costs of the Pilot Plant

The operational costs of the pilot plant consist of the following items;

° Operational personnel costs: are calculated based on three (3) shifts each with one
operating personnel. There will be three (3) employees in total each with 2000
Euro/month salary including annual social security and other social services.

. Maintenance costs: Assumed as 3% of the equipment cost [Kaya et al., 2009].

° Insurance and taxes costs: Assumed as 7.5% of the investment cost and assigned as
overhead cost [Kaya et al., 2009].

. Transportation costs: The supply of the raw materials is assumed as three Euro/ton

including the transportation cost [Kaya et al., 2009].

4.2.3. Incomes from the Pilot Plant

The following items will provide an income during the operation of the Pilot Plant:

. Electricity sales: with a unit selling price of 0.094 €/kWh [Resmi Gazete, 2010]

. Profit from Carbon Trade (Green Certificate): with a unit selling price of 0,020
€/kWh [Kaya et al., 2009]

. Heat sales: with a unit selling price of 0.030 €/kWh [Kaya et al., 2009]

. Organic fertiliser sales: with a unit selling price of 30 €/ton [Kaya et al., 2009]

AD is cost-competitive when compared to conventional waste management
practices. These systems can also have financially attractive payback periods of three to
seven years when energy gas uses are employed. Conventional waste systems, in contrast,
do not provide this payback opportunity and become sunk costs to the farm enterprise

[U.S.EPA, 2002].

The investment cost, operational cost and income of the Pilot Plant (Scenario A) that
utilizes both agricultural and animal wastes are summarized in Table L.1; where it is

shown that the pay back period of the Pilot Plant will be 5.3 years.
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4.3. LCC Analysis with GaBi4

The above cost information is assigned to GaBi4 flows in order to make the LCC
analysis of the Pilot Plant. The investment and operational costs are assigned as negative

values, whereas the income values are considered as positive figures.

A basic distinction is made here between three different flow types, each also with a
differing cost structure. In addition to the elementary flows generally used, which bear the
material costs, there are also machines and people to which machine costs and personnel

costs are assigned.

The inputs and outputs of a process with cost information are included in the flow
costs table. In addition, machine and personnel costs are assigned to the process. The
cogeneration unit process is shown in APPENDIX M as an example to flow costs, machine
costs and personnel cost information. Cost Information for the Unit Process of

Cogeneration Unit is given in Table M.1.

4.3.1. Flow Cost

Elementary flows are assigned to material cost information. The price, the costs and

the overhead costs are important for the later assessment of material costs. The unit flow

cost of the raw material, “cattle manure”, is given in Table M.2 as an example. The cost is

calculated in the following way:

Price = Purchase price + Freight charges + Packaging + Insurance — Discounts  (4.1)

Overhead Ratio = Direct cost per period / overhead costs per period 4.2)

Overhead costs = price * overhead ratio 4.3)

When all cost information for the flows are assigned to GaBi4, the Figure M.1 is

obtained showing the total of all input and output flows of the pilot plant in Scenario A and

Scenario B.
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4.3.2. Machine Cost

The cost information for the machines is assigned to machine flow objects in GaBi4.
The hourly machine ratio, the overhead costs and the total costs are important for the later
assessment of material costs. The following scheme is used to calculate these values. Here,
the utilization period is assigned for each equipment/unit with an annual nominal working
period of 8,000 hrs/yr. The interest rate is assumed as 5%, while the overhead ratio
(insurance and taxes) and the annual maintenance are considered as 7.5% and 3% of the
equipment replacement value, respectively. The machine cost of the cogeneration unit is

given as an example in Table M.3. The hourly machine ratio is calculated as follows:

Calc. Depreciation = replacement value / (useful life * nominal hours) “4.4)

Maintenance costs = (replacement value * total maintenance) / nominal hours (4.5)

Calc. interest = ((replacement value / 2) * calc. interest rate) / nominal hours  (4.6)

Machine ratio = Calc. Depreciation + Maintenance costs + Calc. interest +

Rent charges + Vehicle costs “4.7)
Overhead ratio = Direct costs per period / overhead costs per period (4.8)
Overhead costs = machine ratio * overhead ratio 4.9)

When all machine cost information is assigned to GaBi4, the Figure M.2 is obtained

for the pilot plant units in Scenario A and Scenario B.

4.3.3. Personnel Cost

The cost information for the personnel is assigned to personnel flow objects in
GaBi4. The hourly wage, the overhead cost ratio and the total costs are important for the
later assessment of personnel costs. The below scheme is used to calculate these values.

The personnel cost of the cogeneration unit is given as an example in Table M.4.
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The hourly wage is calculated in the following way [GaBi4, 2003]:
Wage costs = Gross pay - AG_Ant._Soc. Sec - Other social sec. costs (4.10)
Wage costs = Wage costs / annual nominal hours 4.11)
Overhead ratio = Direct costs per period / overhead costs per period (4.12)
Total costs = hourly wage * overhead ratio (4.13)
When all personnel cost information is assigned to GaBi4, the Figure M.3 is obtained
for the pilot plant units in Scenario A and Scenario B. The personnel costs are same for
both scenarios.
4.3.4. Evaluation of the Flow Cost, Machine Cost and Personnel Costs
When all cost information are gathered in a common figure and compared for both
scenarios, it is obvious that even the Scenario A needs higher investment cost because of
the higher capacity of the cogeneration unit and because of an additional grinding and
mixing unit for the agricultural wastes, the income of Scenario A is much higher than
Scenario B thanks to the higher amount of biogas produced.
Consequently, this comparison points out that the economical benefits of using the
waste recipe in the Pilot Plant are much higher than utilizing only the cattle manure
because of higher production of biogas resulting in higher income from electricity and heat

sales.

When all flow, machine and personnel cost information are assigned to GaBi4, the

Figure M.4 is obtained for the pilot plant units in Scenario A and Scenario B.
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S. CONCLUSIONS

This study aims to make the environmental and economical assessment of the pilot plant
which has been constructed in Kocaeli that consists of an AD plant and biogas recovery
system where the animal and agricultural wastes will be used as raw materials. The raw
materials to be used as feed are cattle manure, poultry manure, slaughterhouse wastes,

vegetable wastes and grass.

The potential environmental impacts of these wastes that are anerobically digested in
the pilot plant are evaluated with the implementation of Life Cycle Assessment (LCA);
whereas the economical evaluation of the plant is carried out with Life Cycle Costing (LCC).
GaBi4 software is used as the LCA & LCC tool and EDIP 2003 is used as the LCA
methodology to measure, evaluate and describe the possible environmental consequences of

the systems.

The functional unit of the LCA study is “benefits of 10,680 ton/year agricultural and
animal wastes including the primary service of electricity production for at least 850

houses each with four (4)-family members”.

In addition to the determination of the emissions of the pilot plant, this study also
covers the comparison of the emissions in case of different feed characterization and the
comparison of the potential environmental impacts with that of the conventional fossil fuel
systems and other renewable energy sources. For that purpose, seven scenarios are

prepared.

The system in the main scenario (Scenario A) includes processes directly related to
the AD and biogas recovery system of the waste recipe; in other words, the pilot plant
itself. In Scenario B, only cattle waste with the same amount of the waste recipe is

considered as the feed to the pilot plant.

The Scenario C and D are prepared in order to compare the potential environmental

effects of the pilot plant with that of not only the conventional fossil fuel systems (hard
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coal PP and natural gas PP, respectively), but also the conventional waste management
systems (conventional cattle and poultry manure management; landfilling of
slaughterhouse wastes, vegetable wastes and grass) and the mineral fertiliser production &

application in agriculture.

Scenario E and Scenario F include mainly the electricity production from
hydropower plant (Scenario E) and wind power plant (Scenario F); on the other hand, these
two scenarios also include the disposal of agricultural and animal wastes in conventional
methods besides the production and agricultural application of the chemical fertiliser for
wheat production. The last scenario (Scenario G) includes biomass integrated gasification
combined cycle of the waste recipe and also the production and agricultural application of

the mineral fertiliser.

The results of the LCA study are summarized according to five environmental category
indicators which are global warming, acidification, aquatic eutrophication, terrestrial
eutrophication, photochemical ozone formation (impact on vegetation) and stratospheric ozone
depletion. The aggregated potential environmental impacts are normalized for person

equivalent and then weighted according to political reduction targets.

The weighted results show that Scenario C has the biggest total weighted
environmental impact potential (2,297 PET W, EU 2004) whereas Scenario B has the
lowest potential. Since Scenario B has lower biogas production rate than Scenario A, the
electricity production is not as high as Scenario A. So, it is not considered for the
comparison made with the fossil fuel and renewable energy scenario results. In this
respect, it can be stated that the Scenario A representing the pilot plant operated with the
waste recipe has the lowest total weighted environmental impact potential when compared
to other scenarios with the same primary service. If the scenarios are ranked from the most
to less environmentally friendly one, the first rank will be of Scenario A (waste recipe
digestion), followed by Scenario G (IGCC plant), Scenario E (hydro PP), Scenario F (wind
PP), Scenario D (natural gas PP) and Scenario C (coal PP).

However, if the wastes other than the cattle manure included in the waste recipe were

considered as conventionally managed in the system boundary of the Scenario B, the
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emissions due to the conventional management of poultry manure and landfilling of
slaughterhouse wastes, vegetable wastes and grass would cause Scenario B to be less
environmentally friendly and the scenario ranking from the most to less environmentally
friendly, would be of Scenario A (waste recipe digestion), followed by Scenario G (IGCC
plant), Scenario B (cattle manure digestion), Scenario E (hydro PP), Scenario F (wind PP),
Scenario D (natural gas PP) and Scenario C (coal PP). Considering the conventional
management of poultry manure and landfilling of slaughterhouse wastes, vegetable wastes
and grass in Scenario B; Scenario A would have at least 84% saving in terms of weighted

impact potentials when compared to Scenario B.

The use of fossil fuels for energy production causes many environmental pollution
problems. The greenhouse gases emitted during the conventional energy production
processes threaten our world in terms of global climate change. According to the potential
impact evaluation results, Scenario C utilizing hard coal as the energy source has the highest
contribution to the global warming, acidification potential, aquatic eutrophication,
photochemical ozone formation, and terrestrial eutrophication categories. Only for the
stratospheric ozone depletion, Scenario D utilizing natural gas as the energy source has the
highest weighted environmental impact potential. Among the fossil fuel resources, hard coal
has more environmental impact potential than natural gas. When the total weighted
environmental impact potential of Scenario C and Scenario D are evaluated in detail, even
the impact potential of only the electricity and thermal energy production from hard coal or
natural gas without the conventional management of wastes and without the production &
agricultural application of mineral fertiliser are higher than the overall weighted impact

potential of Scenario A (234.36 PET W, EU 2004).

Biogas production through AD of agricultural and animal wastes results in high
reduction of greenhouse gas emissions. In addition to the fossil fuel replacement by biogas,
GWP is also decreased from the reduced methane and nitrous oxide emissions from
conventional management of cattle and poultry manure. Besides, landfilling of vegetables
wastes, slaughterhouse wastes and grass will be prevented resulting in reduced methane

emissions.
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The product of the AD of the agricultural and animal wastes which can be utilised as
organic fertiliser also provides environmental benefits. Since the anaerobic digestate can be
used instead of mineral fertiliser, carbondioxide emissions during the production and
nitrous oxide emissions & nitrate leaching during the soil application of the mineral
fertilisers will be reduced. In addition, plant availability of the nitrogen in the digested
material will be higher which will also cause reduction of global warming potential. The
reduction of GWP achieved by using the anaerobic digestate instead of mineral fertiliser is
112.71 g CO,-Equiv per m” winter wheat produced, or in other words 68% GWP saving
occurs which makes the usage of the anaerobic digestate a more environmentally friendly
product. Besides its environmental advantages, usage of anaerobic digestate also saves

costs resulting from the mineral fertilizer production.

The contribution of the AD to the environment is not only replacement of chemical
fertilizers. Instead of conventional management or landfilling, the animal and agricultural
wastes will also be recycled and processed via AD. By this way, harmful substances will
not leach into the soil and drinking water sources. Besides, pathogenic microorganisms
will be destroyed contributing to human health protection. In short, by using wastes as an
input and resource, a closed loop process will be obtained resulting in resource efficiency

and environmental protection.

From the LCA results, it is obviously seen that the performance of the renewable
energy scenarios are better than the fossil fuel scenarios in terms of the weighted potential
environmental impacts. The fossil fuels when used as energy source have big contribution
to the global environmental pollution. These results point out that the key for a better
future life is to use the existing resources efficiently and increase the usage of renewable

energy sources.

Even the renewable energy resources are more environmentally friendly than the
fossil fuel resources, they can also carry their own environmental risks. Among the
renewable resources, Scenario G including gasification has the lowest environmental
impact potential (447 PET W, EU 2004) followed by Scenario E including hydropower
plant (1,597 PET W, EU 2004) and Scenario F including windpower plant (1,621 PET W,

EU 2004). The reason for that is Scenario G utilizes the agricultural and animal wastes for
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energy production in the gasification unit while those wastes are managed in conventional

methods in Scenario E and F.

The renewable energy production scenarios (Scenario E and F) are expected to have
lower environmental impacts compared to the AD; however the conventional waste
disposal systems and production & agricultural application of the mineral fertiliser
included in those renewable energy scenarios caused the overall environmental impact

potential to be higher than the AD scenario.

In order to manage high noise problems of windpower plants, they are generally
constructed on open areas and so, access roads, foundations and cable ditches are needed to
be constructed in those areas. In addition to the production of fixed parts and moving parts
of the wind power plant, the other items constructed to access the open area also cause the
wind power plant to have environmental impacts. The disadvantage of windpower is that
it is not always available and it does not provide a continuous power generation. Because
of that reason, complementary electricity production is needed for proper use of wind
power. On the other hand, AD plant will operate continuously resulting in more steady

energy generation than wind power.

Instead of requiring high amount of land and causing deforestation, hydropower with
reservoir is more environmentally friendly when compared to fossil fuel resource scenarios
and windpower plant. Although hydropower appeared to be more environmentally friendly
than the wind power plant, there is just a slight difference due to longer lifetime of hydropower
plant compared to windpower plant. However, if additional secondary benefits of
hydropower were also included in the LCA study such as water supply, flood control,
irrigation, prevention of soil erosion and operating flexibility, the overall benefits of

hydropower could be even higher than the wind power plant.

Turkey has a great agricultural potential for energy production from biomass sources.
For the defined waste recipe, AD is more suitable compared to gasification process,
because it has moisture content of approximately 70%, and it needs to be dried before the
gasifier in order to prevent the decrease in the thermal efficiency of the gasification

process. On the other hand, it should be emphasized that the internal energy need of the
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gasification unit is higher than the AD resulting in more raw material need in order to
produce same amount of excess electricity connected to grid. Energy consumed for the
gasification itself and syngas conversion processes also cause CO, emissions indirectly.
Even the agricultural and animal wastes are also utilised in the gasification process of
Scenarios G, the remaining ash can not be used as organic fertiliser and so it is disposed to
landfill and consequently the usage of mineral fertiliser is needed. These are reasons why
the overall weighted environmental impact potential of the Scenario G is higher than

Scenario A.

When the potential environmental impacts are compared, it is seen that Scenario A is
a low emitting technology with reduced carbon footprint. The study reveals that if the
animal and agricultural wastes are not utilized in the AD and biogas recovery system, their
conventional waste management processes and the production & application of the mineral
fertiliser will cause even the renewable energy scenarios to be less environmentally

friendly.

The LCC study covers the economic evaluation of the two scenarios (Scenario A and
Scenario B) related to the pilot plant which is more environmentally friendly when
compared to the other scenarios. The economic evaluations indicate that the AD and biogas
recovery system of the agricultural and animal wastes is a commercially beneficial
technology with multiple benefits including by-product (organic fertilizer, electricity and
heat) sales, and carbon credit value. Comparison of the by-products income with the
system installation and operational costs shows that the AD and biogas recovery system of
the agricultural and animal wastes is a cost-effective process leading to sustainable region

development.

This study has been prepared as an application of life cycle management to succeed
integrated waste minimization and energy conservation for a specific region in Turkey.
The point of view in the scope of this study is that shifting environmental problems from
one place to another should be avoided. With this different point of view, different energy
production scenarios were evaluated in broad system boundaries and it is determined with
this study that if the animal and agricultural wastes are not utilised in anaerobic digestion

and biogas recovery system, even the renewable energy systems will be less
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environmentally friendly. That means only an integrated interpretation of the scenarios can

conclude the potential environmental impacts.

The results of the study show that in terms of environmental protection, climate
change reduction, and resource savings, agricultural and animal wastes should be utilised
for energy production instead of fossil fuel or renewable energy resources and the digestate

should be used in agricultural soils as organic fertiliser instead of the mineral fertilisers.

It can be concluded that if the utilization of agricultural and animal wastes through
AD and biogas recovery systems dominate the renewable energy supply of Turkey, it will
lead to sustainable development of the country through resource efficiency and reduction
of emissions. Finally, doors will be opened for the improvement of Turkey in terms of the
environmental and economic profile and socio-economic welfare of the country will be

increased.
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APPENDIX B - EQUIVALENCY, NORMALISATION AND
WEIGHTING FACTORS

Table B.1. Equivalency factors for acidification [GaBi4, 2003].

* EDIP 2003, Acidification potential [Environmental quantities] -- D... [= |[E2]X]
Object Edit  “iew Help

DS L B B &5 7

MNarne | @

Lrit |
Associated side of balance
Flow |1 m2 UES = *[unit |1 [Flow] = * m2 UES | &
hitragen oxides [Inarganic emissions ko air] i0,11628 ka 8,6
Sulphur dioxide [Inorganic emissions to air] 0,056497 kg 17,7
_Nitrugen dioxide [Inorganic emissions to air] 0,11625 kg 8,6
_Nitrl:ngen monoxide [Inorganic emissions to air] 0,076336 kg 13,1
_Sulphuri-: acid [Inorganic emissions to industrial soil] 0,086957 kg 11,5
_SUIphurin: arid aerosal [Inorganic emissions ko air] 0,035957 kg 11,5
_Sulphur krioxid [Inarganic emissions ko air] 0,0709z2 kg 14,1
_SUIphurin: acid [Inorganic emissions ko air] 0,035957 kg 11,5
_H':.fdrcugen chloride [Inorganic emissions toindustrial soil] 0,016129 kg Az
_H':.fdrn:n;en Fluaride [Inarganic emissions ko air] 0,0058496  |kq 113
 [ammonia [Inorganic emissions to air] 0,04329 kg 23,1
_H';.-'u:lrcugen chloride [Inorganic emissions ko air] 0016129 kg 62
 nitric acid [Inorganic emissions to industrial soil] 0,15373 kg 6,3
 nitric acid [Inorganic emissions to air] 0,15873 kg f,3
_Hydrugen sulphide [Inorganic emissions ko air] 0,03012 kg 33,2
:Hydrugen sulphide [Inorganic emissions ko induskrial soil] |0,03012 kg 33,2 7
< >

System: Mo changes, PE-GaBi 20 Last change: System, 01.03.2008
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Table B.2. Aquatic eutrophication potential equivalency factors [GaBi4, 2003].

]

- EDIP 2003, Aquatic eutrophication [Environmental quantities] -- DB Quantity

Object  Edit Miew Help
O & B = ?
Mame ] I ihica @
Linit | :
Associated side of balance Cgbots
Flawy It kg MO3-Equiv. =* [urit |1 [Flow] = * kg NO3-Equiv. | &
tAmrmonia [Inorganic emissions bo sea waker] i0,39246 kn 2,548
Ammonia [Inorganic emissions to fresh water] 0, 46554 kg Z, 1476
| lammonia [Inorganic emissions to air] 1,1945 ki 0,8372
| |ammonium {total M) [Inorganic emissions ko fresh water] 10,3326 ka 2,6137
| |armmoniumn Iftu:utal M) [Inorganic emissions ko sea water] 0,32248 kg 3,101
| |ammonium | ammonia [Inorganic emissions to fresh water] 0, 46564 ki Z,1476
| |ammonium | ammaonia [Inorganic emissions o sea water] 0,39246 ki 2,548
- |ammaniun I ammoania [Fresh water] 0,45564 kg 21476
- |calcium ritrate (CalMO3)2) [Inorganic emissions to fresh water] 22,4213 ki 0,413
Mikrate [Inorganic emissions bo sea water] 1,4286 ki 0,7
 mitrate [Inorganic emissions bo air] 3,125 ki 0,32
| |itrate [Inorganic emissions to fresh waker] 1,6949 ka 0,59
| mitrate [Fresh water] 1,6949 ki 0,59
| [mitrate {as kotal M) [Inorganic emissions bo sea waker] 0,32248 ki 3,101
| |itrate [as tokal M) [Inorganic emissions to fresh water] 0,3826 kg Z2,6137
 nitrits [Inorganic emissions to sea watet] 1,058z ki 0,245
 [nitrite [Inorganic emissions to fresh water] 1,2555 ki 0, 7965
Mitrite [Fresh water] 1,2555 kg 0, 7965
_Nitrugen {as kotal M) [Inorganic emissions bo sea waker] 0,32248 ki 3,101
Mitrogen (as tokal MY [Inorganic emissions to Fresh water] 10,3326 ka 2,6137
_Nitrugen dioxide [Inorganic emissions ko fresh water] 1,2555 kg 0, 7965
_Nitrugen dioxide [Inorganic emissions to air] 23148 ki 0,432
_Nitrugen dioxide [Inorganic emissions to sea water] 1,0582 ki 0,245
_Nitrugen monoxide [Inorganic emissions bo air] 1,5097 ki 0,6624
_Nitrugen oxides [Inorganic emissions to sea water] 1,058z ki 0,945
Mitrogen oxides [Inorganic emissions to Fresh water] 1,2555 ki 0, 7965
_Nitrugen oides [Inorganic emissions to air] 2,3148 ki 0,432
_Phusphate [Inorganic emissions to freshwater] 0,10374 ka 9,196
_Phusphate [Inorganic emissions to sea water] 0,13671 ki 7,315
_Phusphate [Fresh water] 0,105374 ki 9,196
_F‘haspharuas-pent-axide [Inorganic emissions to sea waker] 3,2465 kg 0,308
_Phusphcuruus-pent-cuxide [Inorganic emissions to fresh water]  2,5326 ki 0,3372
_F‘hcusphu:urus [Inorganic emissions to sea waker] 0, 044601 ki 22,421 b
L4 >
Syskem: Mo changes, PE-GaBi 20 Last change: Svstem, 01,03, 2008
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Table B.3. Global warming potential equivalency factors [GaBi4, 2003].

&

EDIP 2003, Global warming [Environmental quantities] -- DB Quantity

Chject  Edit  Wiew Help
DR 4 B | & 1
Mame | ), Globial warmin E]
Uit m
Associated side of balance .
Flow |1 kg coz-Equiv. = * Junit |1 [Flow] = * kg Coz-Equiv. | ~
1,1, 1-Trichloroethane [Halogenated organic emissions to air] i0,0090909 leg 110 :
Armmonium carbonate [Inorganic emissions ko gir] 0,5 kg 2
:Benzal chloride [Halogenated organic emissions ko air] 1 kg 1
_Carl:u:nn dioxide [Inorganic emissions ko air] 1 kg 1
_.CarI:n:nn dioide [Renewable resources] 1 kg 1
Carbon dioxide (hiotic) [Inorganic emissions to air] 1 kg 1
:Carl:u:un dicwide, land transfarmation [Inorganic emissions to air] 1 kg 1
_Carl:n:nn monoxide [Inorganic emissions to sea water] 0,5 ko Z
Carbon monoxide [Inorganic emissions ko air] 0,5 kg 2
| |carbon monowide [Inorganic emissions ko Fresh water] 0,5 kg z
[ |carbon monovide (biotic) [Inorganic emissions to air] 0,5 kg 2
:Carhcnn tetrachloride {tetrachloromethane) [Halogenated organic emissions bo a0,00071429 kg 1400
Dichloromethane (methylene chloride) [Halogenated organic ennissions ko air] 011111 kg 9
_Ethyl cellulose [Particles ta air] 0,5 kg 2
:Halun (1301} [Halogenated organic emissions to air] 0,00017357 kg Sa00
Hydroﬁarbnns, chlorinated [Halogenated arganic emissions ko air] 1 kg 1
| |Methane [Drganic emissions to air {group '\.-;OC'J] 0,04 kg 5
| |Methane (biotic) [Organic emissions ta air (group YOC)] 0,04 kg 25
[ |Mitrous oxide {laughing gas) [Inorganic emissions to air] 0,003125 kg 320
:NM\-‘OC {unspecified) [iGroup MMYOC ta air] 0,33333 kg 3
Perfluorabutane [Halogenated u:urgani.c emissions to air] 0,00011628 kg e00
_PerFIuDracvclubutane [Halogenated organic emissions ko air] 0,0001 kg 10000
:PerFIunrohexane [Halogenated organic emissions ko air] 0,00011111 kg 000
Perfluoropentane [Halogenated organic emissions to air] 0,00011236 (] 900
_PerFIunropropane [Halogenated organic emissions ko air] 0,0001 1628 kg Fa00
Rt {trichlorofluaromethane) [Halogenated organic emissions ko air] 0,00025 kg 4000
| |r 113 (trichlorofluoroethane) [Halogenated organic emissions to air] 0,0002 kg S000
:R 114 {dichloratetrafluoroethane) [Halogenated arganic emissions ko air] 0,00010753 kg 9300
R, 115 (chloropentafluoroethane) [Halogenated argan-ic emmissions bo ai-r] 0,00010753 kg Q300
Rz {dichlorodifluoramethane) [Halogenated organic emissions ko air] 0,00011765 kg 2500
:R 12 (dichlorodifluoromethane) [Halogenated organic emissions ko fresh water] 0,00011765 kg 500
. 123 (dichlorotrifluoroethane) [Halogenated organic emissions to air] 0,010753 kg a3
 R1z4 (chlorotetrafluorogthane) [Halogenated organic emissions ko air] 0,0020833 kg 450 v
i »
.S\,fstem: Mo cﬁanges. PE—GéBi 2[! Lask chanlje: System, .Di..EIS.ZEIEIB
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Table B.4. Photochemical ozone formation — impact on human health and materials

potential equivalency factors [GaBi4, 2003].

* EDIP 2003, Photochemical ozone formation - impact on human health and mat... g@

Ohjeck  Edit Wiew Help
DEH| L me B |
Marne {: 03, 1 rivakis nract Itk and raker @
Linit | o e
Associabed side of balance
Flaw 11 pers*pprmthours = * iLInit ll [Flow] = * pers*ppm*hnursi ~
1,1,1-Trichloroethane [Halogenated organic emissionsil, S385E006 kg ,5E-007
1,2,3-Trimethylbenzene [Graup MRMYOC ko air] 5a82,4 ka 0,00017
[ 1,2, 4-Trimethylbenzene [Group MMYOC bo air] 5EES,6 kg  0,00013
1,2,5-Trimethvlbenzene [GEroup MMYOC Eo air] 5332,4 kg 0,00017
B 1,2-Butandiol [Group RMYC to air] 2ETET kg 4,4E-005
1,2-Dichloroethylens [Halogenated organic emissions 26316 ko 3,8E-005
| |i-Butanol [Eroup MMYOC boair] 16949 kg 5,9E-005
|| 1-Butoxypropanal [Group MMYOC o air] 14706 kg f, BE-005
| |1 -Butylene (vimvlacetylene) [Group NMVOC to air]  7692,3 kg  0,00013
1-Hexene [Group MEMYOC ko air] TROZ,3 ka 0,00013
B 1-Methowy-2-propanol [Group MMYOC bo air] 19231 kg 5,2E-005
1-Methyl-2-pyrrolidone [Groop MMYOC to air] 8333,3 kg 0,00012
- |1-Pentene [Group MW to air] BEGG, T kg 0,00015
1-Propanol [Eroup NMYOC Eo air] 12048 kg g,3E-005
| 1-Propylbenzens [Sroup MMYOC bo air] 14085 ko 7, 1E-005
| |1-Undecane [Group MMWOC ko air] 17544 kg 5, 7E-005
| |2, 2-Dimethylbutane [Group NMYOC to air] 27027 kg  3,7E-005
_2,3-Dimeth':.fll:|utane [iEroup MMYOC to air] 17544 kg 5,7E-005
_.E-E!utn:nx':.f-ethann:nl [Eraup MMYOC ko air] 14085 ka 7,1E-005
2-Ethooy-ethanol [Group MM to air] 17544 kg 5,7E-005
:E-Ethyl-l-hexanul [Eroup MMYDC to air] 25641 kg 3,9E-005
2-Ethylhexyl acetate [Group MMYOC to air] 33333 kg 3E-005
_Z-Methuxy-l-prupannl [©rganic intermediate producks 25641 ko 3,9E-005
_E-Methuxy-ethancul [Eroup MMWOC ko air] ZEREE kg 4,5E-005
| |z-Methyl-1-butene [Group MMYOC to air] 050,39 kg  0,00011
:E-Methyl-z-butene [Group MMWOC ko air] 3333,3 kg 0,00012
_E-Methylhutan-l-al [Eraup MMYOC ko air] 13589 ka ?,EE-DIjS
2-Methylbutan-2-ol [Group MMYOC to air] 20412 kg 3,4E-005
:E-Methylheptane [Group MWD bo air] 14035 kg 7,1E-005
2-Methylhexane [Group MMV to air] 14085 kg 7,1E-005
Z-Methylnonane [Group MY O ba air] 15385 ko f,5E-005
_E-Methyluctane [Group MEMWOC ko air] 12987 kg 7, 7E-005
| |z-Methyipentane [Groun NMYOC to air] 12957 ka  7.7E-005 b
b T >
System: Mo changes, PE-GaBi 20 Last change: Syskem, 01,03, 2003
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Table B.5. Photochemical ozone formation — impact on vegetation potential equivalency

factors [GaBi4, 2003].

= EDIP 2003, Photochemical ozone formation - impact on vegetation [Environmental quantiti... g@@

Object  Edit  View Help
DEE §BE B& 7
MName | AP 2003, Photochemic Z0NE makion tan we Jata) @
Liriik (Uit of § S R
Associated side of balance i _]
Flow |1 mz UES*.ppm*hDurs = |Unit |1 i:F|DW] =*m2 UE'S*.|.:|pm"".hDurs | 4
1,1,1-Trichloroethane [Halogenated organic emissions to air] 0,125 [} g 3
1,2,3-Trimethylbenzene [Group WMMYOC to air] 0,00047237 kg 2117 0
1,2,4-Trimethwlbenzene [Group MMYOC to air] 0,00045662 kg 2190
] 1,2,5-T.rimethylbenzene [tEroup MMYOC ko air'] 0,00047237 ka 2117
1,2-Butandiol [Group MMYOC Eo air] 0,0018245 kg 545
= 1,2-Dichloroethylene [Halogenated organic emissions to air]  |0,0021413 [} 467
1-Butanol [Group MMYOIC o air] 0,0013699 ka 730
1-Butoxypropanol [Group MEYOC Eo air] 0,001 1834 kg 845
|| 1-Butylene (Minvlacetvlene) [Group NMWOC b air] 0,00060864 kg 1643
1-Hexene [Group MMYOC ko air] 0, 00062696 ka 1595
1-Methoxy-2-propanol [Group MFYOC to air] 0,0015432 kg 645
: 1-Methyl-2-pyrrolidone [Group NMYOC b gir] 0,00063493 kg 1460
1-Pentene [Group MY OC Eo air] 0,00052687 kg 1898
= 1-Propancl [Group MMYOC b air] 0, 00097655 [} 10z4
= 1-Propyvlbenzene [Group MMYOC Lo air] 00011416 ka 376
1-Undecane [Group NMYWCC b0 air] 0,0014265 kg 701
:2,2-Dimethylhutane [Eroup MIMYOC Eo sir] 0,0021739 kg 460
2, 3-Dimethylbutane [Group MMYOC ko air] 0,0014265 ka 701
_2-But0xy-ethanal [Eroup MMYOC ba air] 0,0011351 kg taran
_2-Ethox~,.r-ethanol [Group MMYOC ko air] 0,0014205 kg 704
2-Ethyl-1-hexanal [Group MMYOC o air] 0,0020747 [} 452
_2-Ethylhexy| acetate [Group NMYOC o air] 0,0027397 kg 365
2-Methoxy-1-propanol [Organi'c intermediate products] 0,0020747 kg 482
2-Methoxy-ethanol [Group MMYOC to air] 0,0017357 ka 560
2-Methyl-1-butene [Group MMYOC to air] 0,00071073 kg 1407
2-Methyl-2-butene [Group MMYOC to &ir] 0, 00065062 kg 1537
_Z-Methylbutan-l-ol [Group MrYOC Ea air] 00011211 ka 9z
_Z-Methylbutan-Z-Dl [Group MMYOC to air] 0,0024035 kg 416
2-Methylheptane [Graup NMYOC ko air] 0,0011416 kg 876
_Z-Methylhexane [Group MMYOC ta air] 00011416 [} 376
2-Methylnonane [Group MMYOC to Fir] 0,0012453 kg 303
_2—Methyloctane [iakoup MMYOC ko air] 0,0010537 kg Q49
2-Methylpentane [Group MMYOC ko air] 0,0010537 kg Q49 Bl
% b
System: Mo changes, PE-GaBi 20 Last change: Swstem, 01.03,2008
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Table B.6. Stratospheric ozone depletion potential equivalency factors [GaBi4, 2003].

*.  EDIP 2003, Stratospheric ozone depletion [Environmental quantities] -- D... E@@

Cbject Edit  Wiew Help
Do L S
Mame 1 IF 2E ot ane depletiar @
Lirit L F
Associated side of balance bnit |
Flow |1 kg R11-Equiv, = * Junit |1 [Flow] = * kg R11-Equiv | &
1,1,1-Trichloroethane [Halogenated organic emissionsis, 35333 ko 0,1z :
(Zarbon ketrachloride (tetrachloromethane) [Halogenat0, 83333 ka 1,2
~ |chloromethane (metbyl chloride) [Halogenated arganicso ko 0,0z
Halon (1211) [Halogenated n:nrgani.n: Efrissions ko air] 10,33333 ka 3
Halon (1301) [Halogenated organic emissions ko air]  0,083333 kg 12
:HBFC-IZDI {Halon-1201) [Halogenated organic emissicd, 71429 kg 1,4
HBFZ-1202 {Halon-1202) [Halogenated organic emissicd, 76923 ka 1,3
| |HeFC-z311 (Halon-23117 [Halogenated organic emissic 7, 1429 ko 0,14
| |HEFC-2401 (Halon-2401) [Halogenated organic emissicd kg 0,25
 |HeFC-2402 [Halon-2402) [Halogenated organic emissicd, 14286 ka 7
_Meth':.fl bromide [Halogenated organic emissions ko Fres'1,4493 ko 0,69
Methyl bromide [Halogenated n:nrgan.i-: ernissions ko sea 1,4493 ka 0,69
_Methyl bromide [Halogenated organic emissions ko air] 1,5625 kg 0,54
| e 11 itrichlorofluoromethane) [Halogenated organic erl kg 1
R 113 (trichlorofluoroethane) [Halogenated organic erml,1111 ka =]
| |r114 (dichlorotetrafluoroethane) [Halogenated organ 1, 1765 ko 0,85
| 11s (chloropentafluoroethane) [Halogenated organ 2,5 ko 0,4
iz (dichlorodifluoromethane) [Halogenated organic €1,2195 ka 0,82
:R 12 (dichlorodifluaoramethane) [Halogenated arganic E.1,2195 ko 0,82
F. 123 (dichlaratrifluoroethane) [Halogenated organic £ 71,429 ka 0,014
e 124 fchlorotetrafluoroethane) [Halogenated organic 33,333 kg 0,03
:R 141b {dichloro-1-Fluoroethane) [Halogenated arganii10 kg 0,1
R 22 {chlorodifluaromethane) [Halogenated arganic enzs ko 0,04
| |rz25ca (dichloropentafiucropropane) [Halogenated oS50 ko 0,02
| |r zzscb (dichloropentafiuoropentane) [Halogenated oS50 ko 0,0z it
< || >
System: Mo changes, PE-GaBi 20 Last change: Swstem, 01.03.2003
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Table B.7. Terrestrial eutrophication potential equivalency factors [GaBi4, 2003].

*« EDIP 2003, Terrestrial eutrophication [Environmental quan... E|E|E|

Object  Edit Wiew Help
DEH LR[S 2
Marne | By
Lrit |
Associated side of balance |
Flow [t mzUES=* |unit |t [Flow] = * m2 UES
Eymmonia [Inorganic emissions bo air] i0,009901 kg 101
__|Mitrogen dimide [Inorganic emissions to air] 0,03937 kg 25,4
__|Mitrogen ronaxide [Inorganic emissions ko air]  0,025732 ka 38,862
itrogen oxides [Inorganic emissions to air] 0,03937 kg 25,4
< »
System: Mo changes, PE-GaBi 20 Last change: System, 01,01, 2006

Table B.8. Normalization factors according to EDIP 2003 [GaBi4, 2003].

I EDIP 2003, Eny. imp. norm. (PE W, EU 1994) [MNormalization] -- Weighting
Object  Edit  Yiew Help

DEE| ¢ BE ESF?

Iame | %
Quankity |Equiva|ences |Unit |Standar|Weights
EDIP 2003, Acidification potential izenn me LES 0 % 0,00045455
EDIP 2003, Aquatic eutrophication 58 kg MO3-Equiv. 0% 0,017241

" [eDtP 2003, Global warming E700 kg COZ-Equiv. 0% 0,00011494

BEE 2003, Photochemical ozone formation - impact on human health and materials 10 pers*ppm*hours 0% 0,1

BEG 2003, Photochemical ozone Formation - impact on vegetation 1,4E005 mZ UES*ppm*hours 0% 7,1429E-006

BEE 2003, Stratospheric ozone depletion 0,103 kg R11-Equiv, 0% 92,7087

:EDIP 2003, Terrestrial eutrophication 2100 me LUES 0% |0,00047619

Username: changed PE-GaBi 20 |Last changes: <User, 1.1.96 0:00:00
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Table B.9. Weighting factors according to EDIP 2003 [GaBi4, 2003].

i EDIP 2003, Env. imp. eval. (PET W, EU 2004) [Evaluation] -- Weighting
Ohject  Edit Wiew Help

DEE|$ BRE EHF?

Mame | @

Quankity |Equiva|enu:es |Llnit |Standar|Weights |
[EDIP 2003, Acidification potential i0,7574 mz UES 0 % 1,27
EDIP 2003, Agquatic eutrophication 0,51967 kg MO3-Equiv, 0 % 1,22
" |eoIp 2003, Global warming 0,89256 kg COZ-Equiv. 0% 1,12
" |eoip 2003, Photochemical ozone Formation - impact on human health and materials  0,75138 pers*pprn*hours 0% 1,33
B 2003, Photochemical ozone Formation - impact on vegetation 0,751588 mz UES*ppm*hours 0% 1,33
B 2003, Skratospheric ozone depletion 0,015373 kg R11-Equiv. 0% B3
:EDIP 2003, Terrestrial eutrophication 0,51967 me LJES 0 % 1,22




APPENDIX C- DATA TABLES REGARDING THE MANURE

MANAGEMENT SYSTEMS AND MANAGED SOILS

Table C.1. Definitions of manure management systems [[PCC, 2006].

System Defimition

Pastare/R Paddoc Thman:mefmmpa:mzu&mg&gmzinganjmzl:i;aﬂuw&dmh&a: depozited. and 15 not
managed.

Dail = Manure 15 routinely remorved from 2 confinement faclity and 1= apphed to cropland or pashore

¥ within 24 hours of excretion.

The storage of manure, typucally for a penod of severzl months. m unconfined piles or stacks.

Sohid storage Manure 15 able to be stacked due to the presence of a sufficient amount of beddmg matenal or
loss of morstare by evaporation.

Diev ok A paved or unpaved open confinement area without amy sigmificant vegetatrve cover where

ey acounmlating manure may be removed penodically.
T Ilanure 15 stored as excreted or with some mumimal additton of water i either tanks or earthen

ponds outside the animal housmg, nsnzlly for penods less than one vear

Uncovered anasrobic
lagoon

A tvpe of hquid storage system designed and operated to combine waste stabilization and
storzge. Lagoon supernatant is usually used to remone mamme from the associated confinement
facilites to the lazoon. Anaerobic lagoons are designed wath varing lengths of storage (up to a
vear or greater}, dependmg on the clmate region. the velatile solids loading rate, and other
operational factors. The water from the lzagoon may be recyeled as flush water or used to mmzate
and fertilise felds.

Pit storzge below

Collechion and storape of marmmre uswally wath Iittle or no added water typically below a slatted

amimal confinements floor in an enclosed animal confinement facility, wsually for penods less than one year.
Anmmal excreta with or wathout staw are collected znd anasrobically digested in a large

z bic di contamment vessel or covered lagoon. Dhgesters are desipned and operated for waste

A ey stabihization by the mucrobial reduction of complex organic compounds to OO, and CH,, wlach
15 caphured and flared or used as 2 fuel

Bumed for fuel The dung and unne are excreted on fields. The sun dned dung cakes are bumned for fuel

oo Az marre accummlates, bedding 15 conhmally added to abscrb moshoe over 2 production cvele
E:drg:u&d Srwrinis decy and possibly for as long a5 6 to 12 months. This meme management system also is known as a
£ bedded pack manure management system and may be combined wath a dry lot or pasture.
ngif:m = Composting, tvpically in an enclosed chapnel, with forced asmation and confinuous mixing.

Composting - Stzhie
pile”

Composting 1n piles wath forced aerztion but no meang,

Compostng - Intensive
windrow®

Composting i windrows with regular (at least daby) homing for puximg and asrztion

Compostmg - Paszive
windrow”

Composting in windrows with infrequent horming for puxing and aeration

Similar to cattle and swine deep bedding except usually not combmead wath a dry lot or pasture.

z:immamme il Typreally used for all poultry breeder flocks and for the produchon of meat type chickens
{broalers) and other fowl,
May be swmlar to open pits m enclosed amimal confinement facifines or may be designed and
Poultry manure without | operated to drv the manure a5 1t accunmiiates. The latter 15 known a5 2 high-nse mamme
Litter menagement system and 15 a form of passive windrow composting when desizned and operated
properly
The biological ccndation of mamuwre collected as a iqud with either forced or natwal zevation.
Py e i Natwal aeration 15 inuted to 2erobic and facultative ponds and wetland systems and 15 due

pnmznly to photosynthesis. Hence, these systems typically become anoede dunng penods
without sumbizht

*Compostng is the biclogical oxdston of 3 solid wasts inclnding nuanure usually with bedding or another organic carbon source typically
at thermophilic tenperanmes produced by microbial heat production.
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Table C.2. Manure management methane emission factors for dairy cows [IPCC, 2006].

Manure Management System MCFs
Annual Average Temperature (°C) Ligud'  Selid pﬁ Daily Bumsd
lagoon' Shmmy'  Stomge Drylot  Paddock  Spread  Digester  forFuel  Other

Coal 10 6% 17% 20% L% 1% 0.1% 10.0% Wi L0%

11 i} 19% 0% 1% 1% 0.1% 10.0% Wi Li%

12 TP 20% 10% L% 1M 0.1% 10.0% Wi 10%

13 Tl% 12% 2% 1.0% 1.0% 0.1% 10.0% 00 Li%

14 T3% 15% 10% 1.0% 100 0.1% 10.0% 100% L%

Temp 15 4% 7% 4% 1.5% 13% 0.5% 10.0% Wi Lok

16 T 209 40% 15% 15% 0.5% 10.0% W L%

17 7% 3% 40% L5% 15% 0.5% 10.0% W0 L%

18 % 35% 40% 1.5% 15% 0.5% 10.0% Wi L%

19 T 30t 40% L% 15%  0.5% 10.0% L R

0 8% 42% 40% 1.5% 1.5% 0.5% 10.0% 10.:0% L%

21 T8% 46% 1% 15% 1.5% 0.5% 10.0% 1000 L%

3 T8 0% 10 L5% 15% 0.5% 10.0% 10.0% L%

3 ot 55% 40% 1.5% 1.5% 0.5% 10.0% 10.0% L%

4 To% 0% 40% L5% 15% 0.5% 10.0% 10.0% L%

15 T 5% 4.0% 1.5% 1.5% 0.5% 10.0% 10.0% 1.0%

Warm 26 Tty T1% 5.0% 20% 2.0% 1.0 10.0% 1000 L%

11 20Ms 18% 5.0% 20% 1.0% L% 10.0% 10.0% L%

22 8% 0% 5.0% 10% i L% 10.0% 10.:0% L%

Dairy Cow Characteristics
Region Mass' B} Vs Manure Manazement System Usage (M50)
kg wCHEzVS  kzhdiday

Morth Americs” 04 024 i4 15a  27.0% 26.3% 0.0% 108% I84% 0.0% 0.0% 2.6%
Westem Europs 600 24 i 0i% 35T 36.8% 0.0% 20.0% 1.0%% 0.0% 1.0% 0.5%
Eastern Europe 350 024 43 00t 175% G0.0% 0.0% 18.0% 1% 0.0% 0.0% 20%
Oiceania 500 024 35 16.0% L% 00% 0.0% T6.0% 0% 0.0% 0.0% 0.0%
Lafin America 40 013 L] 0.0% 1.0% 10% 0% 360%  62.0% 0.0% 00% 0.0%
Affica 73 013 12 0 00% 10% 0.0% B 5% 0.0% 0% 40%
Middle East 273 013 19 0.0% 1.0% % 0% 0% 10% 0.0% 170 00%
Asia 350 013 24 40 3B0% 00% 0% W% 20.0% 1.0% Tt 0%
Indian Subcontinent 275 .13 2.6 0.0%% 1.0% 0%  0.0% 2700 19.0% L% 51.0%  0.0%

" Average dairy cow mass for each rezion {default estimates are =10%)

"B, estimare: aze =15%

* Aversga V5 producton per head per day for the average dairy cow (deflt estimates are
=1{)

*For Nerth Amenca, "Other" mamire management systam MCTFs represent deep pits, which]
e the same MCF values as Liguid Shimy.

Ennizsion Factors (EF) for each region are caloulsted based on eq.10.23.

! Lazoon and Liquid/Shury MCFs are calculated based on the van't Hof- Arrhenins
equaion ralating temperaturs to biological actvity. Lazoon MCF: are gl calonlated

based on longer (up o 3 vear) retention tmes. [Manging, et al (2001}]

systems in the United Stams.

Sources: For Norh America, dairy cow mass vakues are Som Safiey (20007 and V5 valss are estimated basad on an aslysis of feed dam from Petersen et 2] (2003). Norh Amencan manure manazement
System usage vabies are estimated using data fom the 1992 and 1897 USCiA's Cansas of Apmouihrs and Nariona! Anima! Health Monitermg System Reparts. B, vabues are fom Mo (1976) and
Brvant, etal {1976) For Western and Eastern Europe manure management system wsage, muss and V5 vakes based on the analvz: of netional GHG imventones of Ammex I countires submutted to the
secretariat UMFCOCC in 2004. Far the rest af the world, the detailed infirmation for dairy cows are developed in Gths and Johnson (1993), amd manare mapagement system usazs and B, sstimates am
from Safley et al {1902). Methane comversion factor dam are from Woodiury and Hashimaoto (10837 MCFs for bagoans and aquid‘shimy systems are based on data obtzined from an analyss of these
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Table C.3. Manure mangement methane emission factor derivation for poultry wastes

[IPCC, 2006].

im] Eirrp Go_a.l: LsELs Horzes ME-L: 5 F'ug:n
Dieveloped
2 = - = - = = - ] - = = -
el 2] ¢ s Bl E| G Ele] 2] .]E
H 3 E; ¥ k] T | = H !
il il :] 2 i ¥ g tlel el ]2
v x x & il Bl 2|54
Animeal CRaracteriztcs
Maskg)] 485 2§ 383 30 117 117 3 138 30 1500 18 LE 0.9 68 27 NE]
Drgese (%) 0.50) 0.3 0.4 0.3 0.3 0.3 0.7 0.7 0.7 071 NE] NWR| NE| NE| NE] NE
Iniake'd (kg Feed)| 109 07 o oT 342 342 394 304 323 1] NWR] WR| NR| NE| NE] NER
% Ash (Dry Basi)]  £.00) § § i | § g 4 4 4 4 HR| NR| NR( NE| NE NE
Viiday (kg V5)] 040 032 03 035 120 140 113 L7 0.04 0984 001) 002 001 007 001 0,03
B, (mdkg V5| 018 013] 015 015 026} 021 0.3 026 033 026 038 039 038 036 03§ 024
Mazure Manasement Syztem MCF:
[&=] 10 10%] 10%] 1.0% 1.0% 1.0% 1.0% 1.0% 1.0% 10% 1.5%] &% 15%] 1% 1.0%] 1.0%|
11 1%y L% L.0%| L%y 1.0% 1.0% 10% 1.0% Lo L3%| GB%| 1.3%| L.5%| 1.0%{ 1.0%
12 1%y L% L.0%| L%y 1.0% 1.0% 10% Tl 13%| L%l L0%| 1.0%
13 1%y L% L.0%| L%y 1.0% 1.0% 10% T3l 13%| L] L0%| 10%
14 10%)  1.0%] 1.0%| 1.0% 1.0% 1.0% 1.0% TGl 13%| L] 1.0%{ 1.0%
Temperate 15 Li% L13%] L3%| 1% 1.5% 1.5% 13% TGl 13%| L% 1i%{ 1%
16 Li% L13%] L3%| 1% 1.5% 1.5% 1.3% Th| 13%| L% 1Li%{ 1%
Anznal Average 17 Li%] 13%] L% 1.3% 1.3% 1.3% 1.3% Ti| 13%| L3%| 13% 13%
Tempersture *C) 18 Li%] 13%] L.3% 1.3%| 1.3% 1.3% 1.3% Tha| 13%| L3%| 13% 1L3%
19 L% 13%] L% 1.3% 1.3% 1.3% 1.3% TBW| 13%| L3%| 13% L%
b} L% 13%] L% 1.3% 1.3% 1.3% 1.3% TEW| 13%| L] 13% L3%
1 L% 13%] L% 1.3% 1.3% 1.3% 1.3% TEW| 13%| L] 13% L3%
n 1% 15%] 1.5% 1.5% 1.5% 1.5% 1.5% TEW| 15%| L5 15% 13%
13 Li% L13%] L3%| 1% 1.5% 1.5% 1.3% TRl 1% L%l Li%| 1%
4 Li% L13%] L3%| 1% 1.5% 1.5% 1.3% TRl 1% L%l Li%| 1%
25 15% 1.3%] L3%| 1.5% 1.5% 1.5% 1.5% Bl 13%| L] 13%| 13%
Warm 6 10 20%]  1.0%| 0% 2.0% 2.0% 2.0% Bl 13%| LS| 2.0%| 2.0%
7 10 20%]  1.0%| 0% 2.0% 2.0% 2.0% Bl 13%| LS| 2.0%| 2.0%
18 0% 2.0%] 2.0%| 1.0% 2.0% 2.0% 2.0% B0%| 15%| 1.5%| 2.0%| 2.0%
Emizzion Facoors (kg CH, per bead per year)
[E=] 10 ol 013 o1l 13§ 128 134 109 0.0z 008 002 Q01
11 alg Q13 ol 3§ 128 13§ 109 0.02] 008 002 @0l
12 a1y Q13 ol 3§ 1.28 1.3§ 109 002 008 002 @0l
13 ol 013 o1l 1.28 1.3§ 109 0.02 008 007 01
14 0100 013 a1 1.2§ 15§ 109 128 0.02] 008 202 an
Temperate 15 QIf] o o1y 152 .34 154 L3 002 o009 003 o0
16 QIf] o o1y 152 .34 154 L3l 002 008 003] o0
17 QIf] o o1y 152 .34 154 132 002 o009 003] o0
Anzual Aversge 18 QIf] o o1y .34 54 133 0.02] o008 003] o0
Temperature (*C) 19 QIf] o o1y .34 54 L33 0.02] o008 003] o0
0 QIf] o o1y .34 54 L33 0.02] o008 003] o0
11 Q1] o2 017 134 54 13§ 002 008 0.03] 002
1 Q1] o2 O17 134 4] L35 002 008 003] Q.02
3 Q13 o2 017 22 34 4] 137 0.02) 009 003] Q.02
4 Q13 020 22 34 4] 13§ 0.02) 009 003] 202
15 0.13] 0.0 1.07) 1341 4] 138 0.02) 0.00] 0.03] 0.02
Warm 16 oy 024 1.56 3113 118 L35 002 o008 003] 00
7 0y o 02 1.56 313 pL 132 0.02] o008 003] o0
18 02y o0 02 1.56 313 119 1.32) 0.02] 008 0.03] a0
B = ot repomad
Emission fhesors, except for poaky, were developsd from feed muake vabos and foed dpesnibabiies used o develop the enenc anation s on fctors {see Appendia 10A.1). MCFs and B, values e repoed s Woodbary
and Heshimeno (1993 ) All manore excepe for Layess (wet) is sssumed © be maniged in dey syams, wheh i consistent wth & LT AR penenl SyFiem e repored (s Woodbury and Hashimoto | 1993). Poultey foe
deveioped countries wi subdiveded mbo fve categonies. Lavers (dry) sspresent lvers in 3 “without bedding” weste mbsigesent sysien, Layears (wet) spresent Livers in s ansenobic Bgoon WEsle Miskgemnst syssm
Estimages of animal mess are =300, VS valees are 230% mud B, values we 215%
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Table C.4. Default values for nitrogen excretion rate (kg N (1000 kg animal mass)'lday'l)
[IPCC, 2006].

Tasrz 10.19
DEFATLT VALUES FOR SITROGEN EXCRETION RATE " (ke N (1000 ke axnurar mass) nav™)
Region
Category of animal " - - - - - - - -
North America | Western Enrope | Eastern Enrope Oeania Latin America Africa Middle East Asia
Dairy Catile 044 048 35 044 048 0.70 047
Other Canle 031 033 050 036 0.79 034
Swine" 0.50 0.68 0.73 144 164 0.50
Marker 042 0.51 053 157 042
Bresdmg 014 0.42 045 053 024
Paulry 083 0.83 082 0.82 082 082
Hens =/=1yr 083 096 0.82 0.82 0.82
Pullats 0.62 0.33 0.60 0.50 0.60
Other Chickens 083 0.83 082 0.82 082
Eroilers L10 110 L10 110 110 110
Turkeys 0.74 0.74 074 074 074 074
Ducks 083 0.3 0.83 0.83 0.83 0.83
Sheep 042 0.85 113 117 117
Goats 045 128 142 137 137
Horses (and mulss, assas) 030 026 030 030 046 L]
Camels” 038 038 0.38 0.38 048 046
Buffale® 032 0.32 0.32 0.32 0.32 0.32 0.32
Mick and Bolecat (kg Nhead v 459 439 4350 459 4359 430 459 459
Babhits (kg W head”' y7') 8.10 8.10 810 8.10 810 8.10 8.10 810
Fox and Raceon (kg ¥ head”' yr') 12.09 12.09 1209 12.09 1109 12109 1209 1209
The uncetainty in thase estinal 5.
*Semeearized from. J906 IPCC Guidedines, 1997, European Envirommental Agency, 2002; USA EPA National NH; Envextory Diraft Repert, 2004; and data of GHG invontorios of Azmex I Parties sabmitied to the
Secretariat UNFCCC m 2004
"Mitrogen sxcrution for swize ans based on an estimated cowmntry population of 0% market swing and 10%: breeding wins
“Medifed fom Fnropean Fovirnnmental Agency, 2002,
*Dada of Hubchings e af., 2001
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Table C.5. Default emission factors for direct N,O emissions from manure management

[TIPCC, 2006].
EFs Uncertainty
Syvstem Definition [ks E'JD'}' ranges of EFy Source®
(kg Nitrogen
excreted)]
pr— .| The mamze from pasnre and ranze Drrect and indirect 2,0 emissions associsted with the mammre deposited on
o ]I'.*mga gmz:_lnga:nm.‘a]:.lsa]]m‘ed tolieasis, | apricultural 5mhmipas:mr=mge _pa:lﬂock s}maret_rmhadm
and is not managed Chapter 11, Section 11.2, N0 emissions from managed soils.
Mamure is routinely removed from a
confinement faclity and is applied to
cropland or pasture within 24 hours of Judzement by IFCC Expert Group
. excrefion. N, O emissions durine . (see Co-chairs, Editors and
Daily spread storage and oeatment are assumed 1o 0 Mot applicable Experts; M, emicsions from
be zero. ML emissions from land Mamnre hanagement).
application are covered under the
Apricultural Soils category.
The storage of mamre, typically for a
peried of several momnths, in Judzement of TPCC Expert Group
mconfined piles or stacks. Mamire is in combination with Amomn & al.
Solid storage” ahle to be stacked due to the presence 0.005 Factor of 2 {2001, which shows emissions
of a sufficient amount of bedding ranging fom §.0027 o 0001 ke
materizl or loss of moistare by MO-M (kg MY
EVIPOTAiLon.
A paved or unpaved open
confinement area without any
sigmificant vegetatve cover where Judzement of TPCC Expert Group
Dy lot acounmlating mamre may be 02 Factor of 2 in combination with Kullinz
removed periodically. Dry lots are {2003
most typically found in dry climates
bt also are used in momid climates.
With Judzement of TPCC Expert Group
nanmal 0.005 Factoraf 2 in combination with Sommsr o
st cover el (200070.
. Judzement of TPCC Expert Group
hmifg;d:; in combination with the following
- s stodies: Harper ot ai. (2004),
minimal addition of La f .
L } - zme o al. (2004), Monteny ar
Lioid/'Shery water to facilitate . ., .
hendling and is Without . (ZIIIl_j._md. ‘ii.-aiger-R._L{hﬂ_JE
in either tanks ar nanual 0 Hot spplicable | “0d Marnier (2003). Emdssions
eartt i Cnst cover are balieved neglizible based on
the absence of oxidized forms of
LiTo@en entering sysiems n
combination with low potentizsl
for nitrification and denitrification
in the system.
Anserobic lagoons are designed and
operated to combine waste Judzement of TPCC Expert Group
stabilization and storage Lagoon in combination with the folloaing
supernatans is usually used to remove stodies: Harper ot ail (2004),
mamire from the associated Lague ar al. (2004), Monteny ar
Uncoversd cou:.ﬁn.&n:_nut fadlifies to 1he lag;oca_:u. al. Cﬁﬂﬂl_j._md. ‘il.-‘a_'ger-R_i{h_:]JE
hi Anserobic lagoons are designed with 0 ot icatila and Mannier (2003). Emissions
1 varying lengths of storage (up to & Hot apglica are belisved naglizible based an
azoon yesr or greater), depending on the the absence of cxidized forms of
climate region. the velatls solids LNiToEeEn entering sysiems n
loading rate, and other operational combination with low potentizl
factors. The water from the lageon for nimification and denitrification
may be recyclad as flush water or in the system
used to imigate and fertilise Salds.
Judgement of IPCC Expert Group
Pit storage Collection and storage of mammme in combination with the following
= usually with litte or no added water 4 smudies: Amon af al. (2001),
below a2l | typically balow a slatied floor m an noe Factorof2 | Eulling (2003), and Sneath et al
enclosed amimal confinement facility. (1987
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E_F" - Uncertaimty
Srstem Definition ke P‘Jﬂ"\ ranzes of EF, Source®
(kg Nitrogen
excreted)]
Judgement of IPCC Expert Group
in combination with the following
stadies: Harper ¢f all {2000),
Anserobic digesters are desizned and Lague er al. (2004) Montemy & al.
operated for waste stabilization by the {2001 ), and Wagner-Riddle and
Anaerolic microbial reduction of conplex o Mot jcshls | MaTimier (2003). Emiscions are
digester organic compounds to CH, and OO, ) believed neglizible based on the
which is captured and flared or used absence of cxddized forms of
as a fuel. LiToEen enfering systems n
combination with low potenfial
for nitrification and denimrification
in the system
: The emmizsions associated with the bumning of the dung are to be reparted
E;ﬁm:ﬂmmm rndar the TCC catezory Fuel Combustion’ if the dume is used a5 fel snd
sl nnder the IPCC category "Waste Incineration’ if the dung is burned without
or 3= waste
. . Drirect and indirect ;0 emissions associated with the wnine deposited on
Unine N deposited on pastare and apmiculiural scils and pasture. range paddock systems are meated in
peddock Chapter 11, Section 112, H.0 anissions from meanazed soils.
Az manure Average value based on Sonumer
aconmmilates, bedding . and Moller {20007, Sonmmer
it continually added to | N0 THXIE 0.0l Factorof2 | iy Amon oral (1008), and
absorb molshmre over & Nicks et al. (2003).
producton cycle and
Cattle md possibly for as long as ]

. & to 12 months. This Averaze value based oa Micks ar
SWInE deep THANNTE NS FETTEns al. (2003} and Moller éf al.
bedding systemalsois known | acrve (2000). Some literanre cites

a5 3 bedded pack I 007 Factor of 2 hizher values to 20%0 for well
IADNTe MmEnsTemens e maintained, active mixing, bus
systarn and mEy he those systems included Teatment
combined with s dry for ammonia which is not typical
lot or pasture.
c tin - Composting, typically in an enclosed Judzement of IPCC Expert Group.
Iu—'»'ess&]g" charmel, with forced seration and 0.006 Factorof 2 Expected to b similar to static
Conimees nixinge. piles.
gm":ﬁ - g::t’?:nﬁipﬂ.ﬂ? “’_”:' forced 0.006 Facoref? | Haoeral (2001).
Judgement of IPCC Expert Group.
C fins - o ] E.xpacbad !nb-e ETeatar l:hau ]
Infencive C’:'n.":":'m |._111_w.'1.1:|dmw5 m_r.h Tegular 0.1 Factor of 2 passIve ‘?‘m‘" and mEnsIve
Wi : turming for mixing and seraton CONPOSHNE OPeTaions, as
ernissions are a fimction of the
Composting - Composting in windrows with
Pazzive infrequent taming for mixding and 001 Factoraf 2 Hao er al. (2001).
Windrow* AETation.
Similar to deep bedding systems. Judzement of IPCC Expert Group
Pouliry mame Typically used for all poulity breeder based on the hizh loss of ammonia
it lirter flocks and for the prodoction of meat 0.001 Factor of 2 from these systems, which Limits
type chickens (brodlers) and other the availability of nitrozen fior
fowl nitrification. denitrification.
ay be similar to open pits in
erd.as_edamm;lmuﬁnmmfmhﬂes Tudzement of IPCC Expert Growp
or may be designed and operated to based on the high loss of ammenia
Poulitty mamore | dry the mamme as it acoommlates. The . I
without lister Latter iz knowm as a high-riss mamea 0.001 Factorof 2 from LhESEEj-‘SrEﬂJS which limits
: the availability of nitrozen fior
manaFement system and is a form of M eation demitSranom
passive windrow composting when
desizned and operated property.
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E_F" _ Uncertainty
Syvstem Definition [ks !?'10"\ ranges of EFy Source®
(kg Nitrogen
excreted)’]
Judzement of TPCC Expert Group
iolomi Nitrification-denimification is
gﬁm used widely for the removal of
collected as 2 Liquid Hamral nitrogen in the biclogical
with either forcedof | aeration 0.01 Factorof? | FEamuemt of mumucipal and
natars] aerstion —— industrial wastewaters with ]
1anmal aeration is 5 M@Jp_.b]el\-_(:l_an.usstms. Lummd
c lirmitad fo zeTobic and oxidation may increase emissions
;nm facnltative ponds and cormpared to forced asTation

wetland systems and is SYStems.
dne primarily to T of IPCC
e ez ABCC e o
these systams Opically | gy uzed widely for the remenval of
become anoxic during | orggon 0,005 Factorof 2 nimrogen in the biclogical
periads withour e treatment of mumicipal and
sanlight. indmstrial wastewaters with

neglizible N0 emissions.

*Also see Custan (2002), which compiled mformation from sorme of the orizmal references cited
* Quentitative data shonld be used to distinguish whether the system is judzed 1o be a solid storage or liquid/slurry. The borderline

bemwemd.n'andhqm.d can be drawn at 20% dry matter content.

“ Composting is the biological oxidaton of a solid waste including mamire usually with bedding or another organic carbon souce

typically at thermophilic termperanmas prodwced by microbisl hest production.
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Table C.6. Default values for nitrogen loss because of volatilization of NH; and NOx from

manure management [[PCC, 2006].

N lozs from MAIS due to volatilization of
Animal type Alanure management system (MALS) N-NH, and N-NO_ (%) *
Fracc,.us (Range of Frace )
Swine Anasrobic lagoon W% (35-75)
Pit storage 25% (15-30)
Deep bedding 4% (10-60)
Ligmd/shurry 48% (15-60)
Sold storage 45% (10-63)
Dairy Cow Anasrobic lagoon 35% (20-80)
Ligmd/Shory 4% (15-45)
Fit storage 28% (10-40)
Chy lot 20% (10-35)
Solhd storage 0% (10-400
Dizaly spread T (5 —60)
Poultry Poultry without Litter 550 (40— 70)
Anaerobic lagoon % (25-T75)
Poultry wath lrter 40% (10— 600
Other Cattle | ppy e 30% (20—50)
Sold storage 45% (10-163)
Deep beddng 0% (20-400
Other © Deep beddinz 5% (10-30)
Sohd storage 12% (5 -20)
* Wamre Management System here includes associzted M losses at housing and final storage system
* Wplaalization rates based on judzement of IPMCC Expert Group and following sources: Fuotz ( 2003), Hochings ar al.
(2001}, nd U5 EDA (2004).
* Orther mcludes sheep, horses, and fr-beanng animals.
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Table C.7. Default emission, volatilization and leaching factors for indirect soil N,O

emissions [IPCC, 2006].

Default | Uncertainty
Factor ) :
value range
olatilisation and re- ion]. ke N.O-N N+ NOw ]
E_F4 [_\I wl:flzlzlsmmn and re-deposition], kg N,O-N (kg NH;-N + NO—N 0.010 0,007 - 0.05
volatilised)
. . 13 0.0005 -
EF: [leaching/munoff], kg N,O-N (kg N leaching/minoff) 0.0075 0.005
Fracgasy [Volatilisation from synthetic fertiliser], (kg NH;-N + NO-N) (kg N
| 0.10 003-03
applied)
Fracgaqy [Volatilisation from all organic N fertilisers applied , and dung and
urine deposited by grazing animals]. (kg NH:-N + NON) (kg N applied or 0.20 005-05
deposited) ™
Fraczacu g [N losses by leaching/mnoff for regions where X(rain in rainy
seasonl) - 2 (PE in same period) = soil water holding capacity. OR where 0.30 01-08
irrigation (except drip irrigation) is employed]. kg N (kg N additions or
deposition by grazing animals)™
Note: The term Frac;z gy previously used has been modified so that it now only applies to regions where soil water-holding
capacity is exceeded. as a result of ramnfall and/or irmigation (excluding drip imigation), and leaching/Tunoff occurs, and
redesignated as Fracrzacs-g. In the defimition of Fracrzack-gr above, PE is potential evaporation, and the miny season(s) can
be taken as the period(s) when rainfall > 0.5 * Pan Evaporation. (Explanaticns of potential and pan evaporation are available
in standard metecrelogical and agrienltural texts). For other regions the defanlt Frac oy is taken as zero.
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Table C.8. Default emission factors to estimate direct N,O emissions from managed soils

[TIPCC, 2006].
Emission factor Default value Uncertainty range
EF, for N additions from mineral fertilisers, organic
amendments and crop residues, and N mineralised from 0.01 0.003 - 0.03
m.iuleral soil as a result of loss of soil carbon [kg N.O-N (kg ’ ’ T
Nyl
EF g for flooded rice fields [kg N.O-N (kg I\')'l] 0.003 0.000 - 0.006
EF; ¢, Teng for temperate organic crop and grassland soils (kg g 2.24
N,O-N hal) -
EF, ,;G_Imp_f‘or tropical organic crop and grassland soils (kg 16 5_48
Ny0O-Nha™)
EF-g Temp, Oz, Rfcir temper:_l?e and boreal organic nutrient rich 0.6 0.16-24
forest soils (kg N;O-N ha™)
EF3F, Temp, org, p for temperate and boreal organic nutrient poor 01 0.02 - 0.3
forest soils (kg N,O-N ha™) ’ T
EF3p uqp for tropical organic forest soils (kg N,O-N ha 8 0-24
EF:pzp, cor for cattle (dairy. non-dairy and buffalo). poultry i
and pigs [kg NoO-N (kg N) ] 0.02 0.007-0.06
EF spap, so for sheep and ‘other animals’ [kg N,O-N (kg N)™ 0.01 0.003 -0.03

Sources:

EF): Bowwman et al. 2002a.b; Stehfest & Bouwman, 2006; Novoa & Tejeda, 2006 in press; EFp; Alayama et al, 2005; EFice, Ty
EF:ce, Trop. EF2F Trop: Klemedtsson ef al, 1999, IPCC Good Practice Guidance, 2000; EFar, Teep: Alm ef al | 1999; Laine ef al., 1996;
Martikamen et al., 1995; Minklinen ef al., 2002: Regina et al., 1996; Klemedtsson et al., 2002; EF;, cpp. EF; so: de Klein, 2004.
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APPENDIX D- DATA TABLES REGARDING THE LANDFILLING
OF SOLID WASTES

Table D.1. Default dry matter content, DOC content, total carbon content and fossil

carbon fraction of different MSW components [[PCC, 2006].

MSW component

Dry matter
content in %
of wet weight

DOC content
in %o of wet waste

DOC content
in %o of dry waste

Total carbon
content
in % of dry weight

Fossil carbon
fraction in %6 of
total carbon

Default Default | Range | Default | Range?| Default| Range | Default| Range
Paper/cardboard 00 40 36-45| 44 40-50| 46 [42-50 1 0-5
Textiles * 80 24 20-40] 30 25-50| S0 | 25-30 20 | 0-50
Food waste 40 15 8-20( 38 20-50| 38 | 20-50 - -
Wood 85t 43 0-46| 50 46-54| S0 | 46-54 - -
Garden and Park 10 20 | 18-22| 49 | 45-55| 40 |45-55 0 0
waste
Nappies 40 24 18-32| 60 4-80| 70 |[54-90 10 10
Rubber and Leather 84 GO | G9° | @n® | @n’ 67 67 20 20
Plastics 100 - - - - 75 | 67-85 100 | 95-100
Metal © 100 - - - - NA NA NA NA
Glass © 100 - - - - NA NA NA NA
Other. inert waste a0 - - - - 3 0-5 100 50 - 100

! The moisture content given here applies to the specific waste types before they enter the collection and treatment. In samples taken from
collected waste or from e.g., SWDS the moisture content of each waste type will vary by moisture of co-existing waste and weather

during handling.

* The range refers to the minimum and maximum data reported by Dehoust et al , 2002; Gangdonggu, 1997; Guendehou, 2004; JESC,
2001; Jager and Blek, 1993; Wiirdinger ef al., 1997; and Zeschmar-Lahl 2002.

¥ 40 percent of textile are assumed to be synthetic (default). Expert judgement by the authors.

® This value is for wood products at the end of life. Typical dry matter content of wood at the time of harvest (that is for garden and park
waste) is 40 percent. Expert judgement by the authors.

¥ Natural rubbers would likely not degrade under anaerobic condition at SWDS (Tsuchii et al, 1985; Rose and Steinbiichel, 2005).

& Metal and glass contain some carbon of fossil origin. Combustion of significant amounts of glass or metal is not common.
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Table D.2. SWDS classification and methane correction factors (MCF) [IPCC, 2006].

Type of Site Methane Correction Factor (MCTE) Default Values
Managed — anaerobic 1.0
Managed — semi-aerobic ! 0.5
Unmanaged * — deep ( =5 m waste) and /or high water table 0.8
Unmanaged ~ — shallow (<5 m waste) 04
Uncategorised SWDS ° 0.6

! Anaerobic managed solid waste disposal sites: These must have controlled placement of waste (i, waste directed to specific
deposition areas, a degree of control of scavenging and a degree of control of fires) and will include at least one of the following: (1)
cover material; (i) mechanical compacting; or (iii} levelling of the waste.

? Semi-aerobic managed solid waste disposal sites: These must have controlled placement of waste and will inchude all of the
following structures for mireducing air to waste layer: (1} permeable cover matenal; (i1) leachate dramage system; (11) regulating
pondage; and (1v) gas venfilation system.

? Unmanaged solid waste dispesal sites — deep and/or with high water table: All SWDS not meeting the criteria of managed SWDS
and which have depths of greater than or equal to 5 metres and’or lugh water table at near ground level. Latter situation corresponds to
filling inland water, such as poend, over or wetland, by waste.

41_-I1I.Ilﬁllﬂged shallow solid waste disposal sites; All SWDS not meeting the critenia of managed SWDS and which have depths of less
than 5 metres.

* Uncategorised solid waste disposal sites: Only if countries cannot categorise their SWDS into above four categories of managed and
unmanaged SWDS, the MCF for this category can be used.

Sources: [PCC (2000); Matsufinji er al. (1996)

Table D.3. Oxidation factor (OX) for SWDS [IPCC, 2006].

. Oxidation Factor (OX)
Type of Site Default Values
Managed g unmanaged and uncategorised SWDS 0
Managed covered with CH, oxidising material * 0.1

! Managed but not covered with aerated material

? Examples: soil, compost
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Table D.4. Recommended default methane generation rate (k) values [IPCC, 2006].

(Derived from & values obtained in experimental measurements, calculated by models, or used in greenhouse gas
mventories and other studies)

Climate Zone~
Boreal and Temperate Il'opicall
Tvpe of Waste (MAT = 20°C) (MAT = 20°C)
) Dry Wet Dry Mouoist and Wet
(MAPPET < 1) (MAP/PET = 1) (MAP < 1000 mm) | (AMAP = 1000 mm)
Default R;mgn!2 Default ijg'9~l Default Iﬂ’u"mge2 Default R:mge2
Paper/textiles 0,03 - 0.05 — 0.06 —
Slowly 'i‘l'i‘ll':TE 0.04 0.05% 0.06 0.075 0045 |004-006| 007 0.085
degrading - i
- T . - 34 _
waste Wood/straw | 0, | 001 003 [002-004| 0025 |002-004| 0035 |0.03-005
waste 0.03
Other (non —
Moderately | food) organic
degrading | putrescible/ 005 | 0.04-006 01 0.06—-01% 0065 |005-008| 017 0.15-02
waste Garden and
park waste
Rapidly Food ) 0.134_ )
degrading | waste/Sewage | 0.06 |0.05-008| 0.18% 0.2° 0085 | 0.07-01 04 |017-07"
waste sludge -
Bulk Waste 005 |[0.04-006| 009 |008°-0.1| 0065 |005-008| 017 |0.15'-02

! The available information on the determination of k and half-lives in tropical conditions is quite limited. The values included in the
table, for those conditions, are mdicative and mostly have been denived from the assumphons descnbed i the text and values obtaned
for temperate conditions.

% The range refers to the minimum and maximum data reported in literature or estimated by the authors of the chapter. It is included,
basically, to deseribe the uncertanty associated with the defanlt value.

¥ Oonk and Boom (1993).

* IPCC (2000).

* Brown et al. (1999). A near value (16 y1) was used, for slow degradability, in the GasSim model verification (Attenborough et al ,
2002).

% Environment Canada (2003).

7 In this range are reported longer half-lives vahues (up to 231 years) that were not included in the table since are derived from extremely
low k values used in sites with mean daily temperature = (°C (Levelton, 1991).

¥ Estimated from RTVM (2004).
? Value used for rapid degradability, in the GasSim model verification (Attenborough et al., 2002);
¥ Estimated from Jensen and Pipatti (2003).

! Considering t1/2 = 4 - 7 yr as characteristic values for most developing countries in a tropical climate. High moisture conditions and
higly degradable waste.

* Adapted from: Chapter 3 in GPG-LULUCF (IPCC, 2003).
MAT — Mean annual temperature; MAP — Mean annual precipitation; PET — Potential evapotranspiration.

MAP/PET is the ratio of MAP to PET. The average annual MAT, MAP and PET dunng the time senes should be selected to estimate
emissions and indicated by the nearest representative meteorological station.
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APPENDIX E- INSTALLED POWER AND ENERGY
CONSUMPTION OF THE PILOT PLANT

Table E.1. Installed power and energy consumption of the pilot plant units.

Installed Power

Working Duration

EQUIPMENT NAME (kW) (hr)
1 [PRIMARY STORAGE UNIT

Mixer 11 2

Pump 11 2

Atex Fan 1 24
2 [FEEDING UNIT - PASCO

Hydraulic agregate 3 4

Dosage Unit ( 6 x 2,2 kW+ 5,5 kW) 18.7 4

Snail 6.8 4

Darn snail 5 4
3 [GRINDER

Electric Motor (2 x 11 kW) 22 2
4 [FERMENTER 30A

Mixer 7.5 18

Mixer 7.5 18

Sulphide Removal 0.13 24
5 [FERMENTER 30B

Mixer 7.5 18

Mixer 7.5 18

Sulphide Removal 0.13 24

Pump 3 24
6 [CHP UNIT

CHP Auxiliary Unit 30 24

Central Heating 3 4

Flair 1 0.5
7 |ALL SENSOR and GAS ANALYSIS SYSTEM | 10 24
8 [RAW MATERIAL DISTRIBUTION

Raw Material Distribution Pump 7.5 7

Compressor 3 3
9 [FINAL STORAGE

Seperator 5.5 10

Pump 11 10
10JGUARD HOUSE and LIGTHING 3 8




APPENDIX F- HEAT LOSS CALCULATIONS FOR THE

ANAEROBIC DIGESTER

Table F.1. Heat loss of the anaerobic digesters.
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DIGESTER HEATING REQUIREMENT

Daily Sludge Intake 4 m’/h

Inlet Temperature 15 Celcius
Operating Temperature 37 Celcius
Minimum Hava Sicakligi 14.7 | Celcius
Bottom Part Soil Temperature 10 Celcius
Side Part Soil Temperature 10 Celcius
THE COEFFICIENTS OF HEATING TRANSFER

Concrete Surfaces 1.8 Kcal/mhC
[solation Material (Glass Wool) 0.035 |Kcal/mhC
Aluminium Surface Coating 172.0 | Kcal/mhC
THE COEFFICIENTS OF MEDIA

[External Part (Air - Walls) 20.0 Kcal/m*hC
Water 166.0 |Kcal/m*hC
Gas 5.3 Kcal/m*hC
Digester Information

Digester Volume 2,400 |m’
Diameter 195 |m

[Total cylindiric height 8.0 m
Cylindiric height above ground level 53 m
Cylindiric height under ground level 2.7 m

[Upper cross sectional diamater of conic base 195 |m

ILower cross sectional diamater of conic base 195 |m

INet height on conic base 0.00 |m

[Upper cross sectional diamater of conic ceiling 195 |m

[Upper cross sectional diamater of conic ceiling (at maximum sludge level) 195 |m

ILower cross sectional diamater of conic ceiling 195 |m

Net height on conic ceiling (Gas part only) 1.04 |m

INet height on conic ceiling (Sludge part only) 0.00 |m

Side wall surface area above ground level 327 |m’
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S|

Side wall surface area under ground level 163 m

Ceiling surface area in contact with the sludge 0 m’

Ceiling surface area in contact with the gas 362 m’

ILower part surface area in contact with the sludge 298 m’

TOTAL DIGESTER AREA 1,151 m’

'Wall thickness of base 090 |m

(Wall thickness of ceiling 040 |m

Wall thickness of side walls 050 |m

Thickness of glass wool 0.10 |m

Coating thickness of Al surface 0.001 |m

Heating transfer coefficient of cylindiric side walls above ground level 0.313 |Kcal/m’hC

Heating transfer coefficient of cylindiric side walls under ground level 3.524 |Kcal/m*hC

Heating transfer coefficient of lower parts under ground level 1.976 |Kcal/m*hC

Heating transfer coefficient of ceiling part for sludge 0.319 |Kcal/m’hC

Heating transfer coefficient of ceiling part for gas 0.301 |Kcal/m*hC

HEATING LOSS

Ceiling in contact with gas 2,432 |Kcal/h

Ceiling in contact with with sludge 0 Kcal/h

Side walls above ground level 2,280 |Kcal/h

Side walls under ground level 15,534 |Kcal/h

Lower part 15,927 |Kcal/h

IPipes and Manholes (Estimation value 10%) 3,617 |Kcal/h

Total Loss 39,790 |Kcal/h

Heating for raw sludge / (Calculated on the next page) 0 Kcal/h

Total 39,790 [Kcal/h
46.3 |Kw/h
1,110 | Kw-h/d

3.9 Kg Fuel Oil / h

94.3 | Kg Fuel Oil / day

Heating Requirements

Heating requirement of the waste recipe 12,424 .34 | kcal/hr

Heating requirement of the waste recipe 14.45 |kWh/hr

Heating requirement of the waste recipe 346.73 |kWh/day

Max. Digester Heating Loss 2,220.85 | kWh/day

Max. Digester Heating Loss 92.54 |kWh/hr
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Max. Digester Heating Loss 79,580.33 | kcal/hr
Total heating requirement (daily heating duration: 24 hours) 2,567.57 | kWh/day
Total heating requirement 106.98 |kWh/hr
Total heating requirement 92,004.66 | kcal/hr
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APPENDIX G- PROCESS PLANS AND INPUT&OUTPUT TABLES
OF THE SCENARIOS (INVENTORY ANALYSIS RESULTS)

SCENARIO A

The flow diagram of the pilot plant for the main scenario is given in Figure G.1. The

reference quantities are given for “one(1)-year period of operation of the digester utilizing

an amount of 10,680 ton/year recipe”.

The Table G.1 provides input and output data for the primary storage and mixing

unit.

Table G.1. Input and output data of primary storage and mixing unit.

TR: Mix_Feed-A1 [A-RECETE-1] -- DB Process

Chject  Edit  Wiew Help
DEH sBE =S===EHF »20vE|
Marne TR = Mix_Feed-a1 e e I
Parameter Jan|
i Lca ]ﬁ} LCC: -50,447€ | B# LowT | B Documentation |
. Reference vear 2010 || Reagion Meridian Latitude Allocated [
Completeness |N|:| statement :_] Camment
SYnonyms |
LUl i _ ' Sl
Flowy ]Quantity ]F\.maunt ILIniI: |Trackel:| Flowws
[ ] Cattle manure-1 [FINAL PILOT PLAMT] Mass 955,49 kg e
| JcH: slurry store and processing [building_s] ‘Yolume 0,0091324 m3 b
- Poultry manure-1 [FINAL PILOT PLAMNT] Mass 53425 kg *
| |Pawer [Electric power] Energy (n_et calorific walue) 03,2 111 b
] Slaughterhouse waste-1 [FIMAL PILOT PLAMT]  Mass 1178,1 kg b
< >
| Qutputs =]
| |Flow i JQuantit‘f 1-ﬁ.ml:|unt |Unit ‘Tracl
{ ] Animal mile [FINAL PILOT F‘L_.ﬁ.NT] Mass 7479,5 kg k3
S ?
.System: Changed. Last change: System, 27.07.2011 16:44:43 .
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A

GaBi 4 process planReference quantities
The names of the basic processes are shown.

FILOT PLANT_RECETE_FN_GABI [Copyl

Slaughterhouze DE@E.
wazte-a1 4, 3E005 kg
Poultry-21 PE@'E.
1.95E006 kg
Cattle manure-41 DE@‘E.
3BE00S kg

Grazs+zilage-il

'Slaug.tmsp

IF'Dul.trnsp

'Man.trnsp

IGrs.tmsp

"Weg.tmszp

f
4,3E005 kg

B
1,95E 006 kg

3.5E005 kg

5,9E006 kg I

EGrind_ mix

By’
2,05E 006 kg

EF'r.Stor.

r

=L

—
2.73E00E kg
1.4717EODS M

'
Pawser

Iy
.M
i

transfer PE <b>

F

"Excess heat HEE
trarsf.

49.0792E 008 MJ

3.5992E006 pJ

b

—
—
—

1.7607EQOS MU
f

7. 95EN06 kg

5.9E005 kg
Yegetable Waste-d1  pifEE

2 053E006 kg
tap water E@E'

3577EO0S kg

&3, 3743E006 M 11,1395EDDE [GH
®EY

Digestion

1.2927E0QE m3

—
1&1 432E007 kg1 AT98E007 kg

iDig Man Pump PE <b>  HEE'

i

1.2454E007 tJ

"Cogen

1.0405E007 K
:

EB89588 MJ
13,1 432E007 kg
*F.Stor, B3
2.73E3E005 MJ
5.1587E00E kg 2E245E007 ka
&7 AH47EED0E kg
'S Fert,spread i "L.Fert.spread i
15,1 8FEDDE kg l?,44?8EDDB kg
"M emis.solid EE-E "N emis liq. E@i

Figure G.1. Flow chart of the pilot plant (main scenario — Scenario A).
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The Table G.2 provides input and output data for the the grinding and mixing unit.

Table G.2. Input and output data of grinding and mixing unit.

TR: Grinder-A1 [A-RECETE-1] -- DB Process

Object  Edit  MWiew Help

DEE R ====F P vE 7

Hame T v |arinder-al [Source =] ive =] @I
Parameter +

B LA ]ﬁ LeC: -172,07€ | ## LowT | B pocumentation | -

Reference year (2010 | 5| Region Meridian Latitude Allocated

Completeness |N|:| staterment j Cornrment |
SYNOMYMSs |
Inputs -
Floy |Quantit~,.f |.ﬁ.m|:|unt IUnit |Tracked Flowes
Grass+grass silage-1 [FIMAL PILOT PLANT]  Mass 16164 kg "
__ [Power [Electric power] Energy (net calorific walue)  482,4 113 kA
Vegetable waste-1 [FINAL PILOT PLANT] Mass S616,4 kg "
£ >
Outpuks -
Floy |Quantit~;.-' Arnounk ILInit |Trackﬁu:| Flows
Vegetative mix-1 [FINAL PILOT PLAMT] Mass 21781 kg ks
£ >
System: Changed. Last change: System, 27.07.2011 16:46:19

The process flow diagram of the anaerobic digesters is given in Figure G.2.



B Digestion [A-RECETE-GABI] --
Object  Edit  View Help

B Plan EI@

OEE| & BEX ) D% fpl o | B ddSP ?

Digestion j

GaBi 4 process plar R eference quartities CH: disposal, building, &k CH: disposal, plastics, ik CH: disposal, palystyrene CH: disposal, e

The names of the basic processes are shown, re.,lnfur:ed concrete, to final mlxh:ue, 1?.3‘.’/\7 wal.el, lo FI.ZZ wa.ler, to municipal polyvinglchioride, 0.2% wa}er:
dispozal municipal incineration incineration

to muricipal incineration

261,96 kg 12011 kg 0.43973 kg ’_’ 028332 kg
o CH: disposal, wood Eﬁél
CH: concrete, nomal, at E@f untreated, 20% water, to

plant municipal incineration
010521 m3 57863 kg
CH; trarspart, freight, rail S o RER: reinforcing steel, at {2
- l 1 94685 kg plant
i §CH: anaerobic digsstion plant covered, i st
CH: transpart, lomy :Eagncu\lule e 9 R B RER: steel. converter, &k
20-28t, fleet average B.7507 tkm i e Chyomium steel 1848, at plant
i 11357 kg

RER: copper, at regional EBE'
storage 0.21918 kg FER: sprihetic rubber, at HEK

1.0521 kg plant
RER: glued laminsted 5" 0,00087671 pes.
timber, autdoor uge, at plant T070137 m3
EDigEster-ﬂﬂ pi@?
RER: polyethylens, B :

HDPE, granulate, at plant 0,14904 kg

RER: palystyrene, high E@il

impact, HIPS, at plant 049973 kg

RER:

polyyinglidenchloride.

granulate, at plant 0.28332 kg J
X i |
System: Mo changes. Last change: System, 03,04.2011 20:59:48 7

Figure G.2. Process flow diagram of the anaerobic digesters.

Table G.3. Input and output data of the anaerobic digesters.

Digester-A1 [A-RECETE-1] -- DB Process

Object Edit VWiew Help
DEH £ ====B&F »2e8vE 2
Narme |t = |Digester-at [Fouece =7
Pal_‘ametg_r
B LA | @ 1o -s501,1€ | %2 LewT | B Documentation |
Reference year JZDID __Y‘J Region | Meridian Latitude Allocated H] 74| MNoimage
Completeness lNo skatement _ﬂ Comment
SYNOnyms |
npitsy S _ — :
Alias JFIow Quantiky: Amount IFactor 1Unit ]Track.ed Flows
(1] (CH: bap water, ab user-1 [FINAL PILOT PLANT] Mass 9500 9300 kg "
:__ _Liquid Fertiliser-1 [FINAL PILOT PLANT] _Mass _51500 51500 kg "
__ Wegetative mix-1 [_FIN.C\L PILOT PLAMT] Mass 21781 21781 kg £
L CH: heat, at cogen with bioggs engine, agricultural, a!location exergy Energy (_net calorific 9244,7 9244,7 1] =
M Animal mix-1 [FIMAL PILOT PLANT] Mass 7479,5 7479,5 kg
L _H: anaerobic digestion plant covered, agriculture [fuels] Mumber of pieces  0,00087671  0,00087671 pcs. %
(] ICH: electricity, at cogen with biogas engine, agricultural, alloc, exergyEnergy (net calorific 3122 3122 M i
£ >
LDUERULs -
Alias ]Flow 1Quantity Amournt Factor 1Unit |Tracked Flows
Bingas-1 [FINAL PILOT PLANT] Yolume 383z 383z mi
Digest-1 [FINAL PILOT PLANT] _Mass _861 16 _861 16 kg :X
L >
System: thanged: I Last Ehange: Syskem, 27.07.2011 163323
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Table G.4. Input and output data of the separation and final storage unit.

TR: Separation-A1 [A-RECETE-1] -- DB Process
Object  Edit  Wiew Help

DEeHE s =S===BF 2ovE| 2 _
Name 1TR L{Separation-.ﬁ.l ] raf =_:_] _:_J @
Parameter 2

i Loa ]Q LCC: 408,9€ | B# LowT | Bl Documentation |

Reference year (2010 -¢] Region Ieridian Latitude Allocated |—

Completeness |N0 staternent _v_] Comment
Synanyms |
nnits R " A S PO
Alias lFIow IQuantity Amount JFactor JUnit ]Trackﬁd Flows
CH: slurry store and processing [buildings] (Yolume 0,091324 0,091324 m3 ks
Digest-1 [FINAL PILOT PLANT] Mass S6116 Sal116 kg "
Power [Electric po_wer] Energy (net calorific 198 198 M3 i
2l | 2
Outputs =
Alias |Flow ; 1Quantity Amourit Fackor ]Unit |Tracked Flows
Lt .ELiquid Fertilizer-1 [FINAL PILOT PLANT] Mass 71905 71905 ka #
Solid Fertiliser-1 [FIMNAL PILOT PLAMT] Me_uss 14211 14211 kg #
0| i
Systemn: Changed, [Last change: Swskem, 27.07.2011 16:47:59

B Cogen [A-RECETE-GABI] -- DB Plan

Cbject  Edit  Wiew Help
DEE § BB P D B e BT ?
Cogen j
GaBi 4 process plan:Reference quantities
The names of the basic processes ae shown.
RER: cogen unit :@E'
160K e, comman
components for 2.0525 pos
heat+electricity ’ ) . vl
Heat Dist-P s
RER: cogen unit B
1E0KW e, components for 1,6157E008 MJ
slectricity anly M’ECH: bingas, bumed in
i} " ‘cogen with gas engine_GABI
RER: cogen unit :@E'_D COPYAT <b>
TE0KW e, comparehts for 2.0625 pes. Y 1.3499E008 MJ
heat anly . o
Power DigtP i
CH: dizposal, used =
. i 103
mineral oil, 10 wgte_r, to T
hazardous waste incineratior
RER: lubricating o, at &'
It 12375 kg L
KN ;lJ
Swstem: Changed. Last change: Swstem, 03.04.2011 20:59:46

Figure G.3. Flow chart of the cogeneration unit.
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Table G.5. Input and output data of the cogeneration unit [GaBi4, 2003].

CH: biogas, burned in cogen with gas engine_GABI COPY-A1 <b> [A-RECETE-1] -- DB Process  [= |[B]

Object  Edit Wiew Help
ODEE ¥ SE===EB&F POV E ?
Name ]CH L‘|biogas, burned in cogen with gas engine_GABI COPY-AL ] LT ;{b LJ By
Pa_r_qm_eter l
B Lca ] £k Lec 0012517 € | B# Lowt | B Documentation |
Reference year (2004 _;J Reqion Meridian Latitude Allocated sl X
Completeness |N0 staternent LJ Comment
Synonyms | o
Inputs ) - =
Flow ]Quantity 1Amount ]Unit |Tracked Flaws
L Bingas-1 [FINAL PILOT PLANT] _Volume 0,04399 m3 A
| |<He disposal, used mineral ail, 10%: water, to hazardous waste incineration Mass 3E-005 kg =
|__|RER: cogen unit 160kwWe, comman components For heat+electricity [cogendMumber of pieces SE-00% pcs, .
|__|RER: cogen unit 160kwe, companents far electricity only [cogerneration]  Mumber of pieces SE-00% pes, X
|__|RER: cogen unit 1g0kwe, compaonents For heat only [cogeneration] -Numb.er of pieces SE-00% pcs, .
| [RER: lubricating ail, at plant [arganics] Mass 3E-005 kg =
< >
| Dutputs ) =
[l 1Quantity Amount |Unit |Tracked Flows |5tz
| jeH electricity, at cogen with biog_as engine, allocation exergy [cogeneratioEnergy (net calorific +0,32724 Ml % 09
| e heat, at cogen with biogas engine, allocation exergy [cogeneration]  Energy (net calorific +0, 39168 M1 = 0
| arbon diox_ide {biatic) [Inorganic emissions ko air] Mass 0,033502 kg 12
= Zarbon monoxide (biotic) [Inorganic emissions o air] Mass '4,6E-005 kg 20
[ Methane (biotic) [Organic emissions ko air (group YoC)] IMass 2,3E-005 kg a0
| |mitrogen oxides [Inorganic emissions to air] IMass 1,5E-005 kg 20
| |mitrous axide {laughing gas) [Inorganic emissions to air] Mass 2,5E-006 kg a0
HYOC {unspecified) [Group MMYOC to air] Mass ZE-006 kg a0
Flatinum [Heawy metals ko air] iMass TE-012 kg S0i
| Sulphur dinxide [Inorganic emissions ko air] Mass 2,1004E-005 kg 12
| |waste heat [ther emissions to air] Energy {net calorific «0, 75367 ™ 12
£ =
ﬁifstem: Changéﬂ. [ Last changé.: "SystemJ 29.08.2011 18:52:20

The emissions to soil because of the use of hydraulic loader and spreader are based

on the GaBi4 database and summarised in Table G.6 and Table G.7.
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Table G.6. Input and output data of the spreading of the solid fertiliser [GaBi4, 2003].

Object  Edit  View Help

Reference year (2002 '¢] Region

= oA ]ﬁ Lcc:0,06€ | £ Lowt | B Documentation |

Meridian Latitude allocated :

DR dBRBE ==== 805 »2avE 7
Marne ]CH :_Elsalid manure loading and spreading, PP | el -_:jb _:]
Pa.rameter

o6 L)

Camplekeness an skatement __j Caomment
Synonyms I il
| Inputs
- |Fln-w f 1Quaﬁtity J.ﬂmnunf ILInlI: |'-I'-racked-ﬂnws ~
“H: agricultural machinery, general, production [Machines] Mass 0,000189 kg kS
“H; diesel, at regional storage [Fuels] Mass 0,000531 kg %
CH: shed [buildin.gs] Area 4,4E-007  sgm %
“H: tractor, production [Machines] Mass 5,88E-005 kg kS
Solid Fertiliser-1 [FIMAL PILOT PLANT] Mass 1 kg “
i
Outputs
| Fiew JQuantityi.ﬂ\muunt IUnit |Trackec| Flows (#
| oA solid manure loading and spreading, by bvdraulic lnader and spreader Mass 1 kg k4 ]
__|Ammania [Inaorganic emissions ta air] Mass -I,DE'E-EIEIB kg -
Benzene [Group MMYOC b air] Mass 3,88E-009 kg
: Benzofalpyrene [Group PAH Lo air] fMass 1,59E-011 kg
Cadmiurn (+11) [Heawy metals ko air] Mass 5,31E-012 kg
[ |cadmium {+11) [Heawy metals ko agriculbural soil] Mass 3,56E-011 kg
: Carbon dioxide [Inorganic emissions to air] IMass 0,00165 kg
L] Carbon monoxide [Inorganic emissions ko air] Mass 3,17E-006 kg
|__|chromium {unspedfied) [Heawy metals ta air] Mass Z,65E-011 kg
) Cnppér {+1II) [Heavy metals ko air] Mass 9,03E-010 kg
__|Dust {PM2.57 [Particles to air] Mass 2,25E-006 kg
L] Lead (+II) [Heavy metals bo agricultural soil] Mass 1,61E-010 kg
Methane [Drganic emissions ko air {group WoZi] fMass .G,SSE—DDB kg
[ Imickel {+1II) [Heavy metals ko air] Mass 3,72E-011 kg
: Mitrogen oxides [Inorganic emissions to air] IMass 2,41E-005 kg
;_ Mitrous oxide (laughing gas) [Inorganic emissions to air] rMass 6,37E-008 kg
| |NMVOC {unspecified) [Group MMYOC to air] fMass 1,59E-006 kg
Palycyclic aromatic hydrocarbons (PAH) [Group PAH Lo air] Mass .1,?5E—EIEI'3 kg

Systern: Changed,

lLast change: Syskem, 27.07.2011 18:47:20
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Table G.7. Input and output data of the spreading of the liquid fertiliser [GaBi4, 2003].

GLO: Fertilising; liquid manure (67 kW)_A1 PE <b> [A-RECETE-1] -- DB Process

BB

Object  Edit Wiew Help

DEHE s@aE === BF P2PevE 2

Narrie jalo = [Fertilising; liquid manure (67 kw)_AL IPE
Parameter

i Loa | @ Locio€ | 8 LowT | B Documentation |

Reference year 12003 = Region Meridian Latitude

+ o uf
+
Allocated l— “_,

.j Comment

Completeness JAII relevant Flows recorded

Synonyms ]
| Inputs =
: |;Qiias J|.=I0.w ]Quan&i'ty l.\imouﬁt 1Fé|{t0r 1Lln|t Jfrackéd Flows =
;_ldiesel_ha_kg Diesel [Crude oil producks] Mass 5,7615 1 kg ks .
i Liquid Fertiiser-1 [FINAL PILOT PLANT] Mass 20000 zooon kg ~
8 ) >
| Dutputs ¥
|.\5..Ii-a.s ) JFI-:w jQuantitv {P.rnc-unt Factor |Unit 1Tracked Flows o
Liguid Fertiiser-1 [FINAL PILOT PLANT] Mass 20000 20000 kg ¥
Benzofalpyrene [Group PAH Lo air] Mass 3,6902E-008 1 kg
Carbon dioxide [Inorganic emissions ta air] Mass 18,322 1 kg
Carbon monoxide [inorganic emissions ko air]  Mass 'DJ031304 1 'kg
Dust {unspecified) [Particles to air] Mass 0,0172885 0,003 kg
Fertilising Liquid manure [Areas] \Brea ‘10000 i1 sqm
Mitrogen oxides [Inorganic emissions to air] Mass .D, 25334 1 kg
MNMYOC (unspecified) [Group MNMYOC ko air]  Mass 0,018528 i kg
Sulphur dioxide [Inorganic emissions ko ai] Mass 'EIJ.EIDDZBBEIB SE-005 'kg s
>
Swstem: Changed, \Last change: System, 30,06,2011 12:14:39 4 |

The daily inputs and outputs data of the field application of the solid and liquid

digestate for winter wheat production is given in Table G.8.
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Table G.8. Emission data of the agricultural application of the digested recipe.

N emis solid [CD-WASTE DISPOSAL-1] -- DB Process
Object  Edit  Wiew Help

DEPH e sS=E=ESAF|PovE|?

Mame ] :_jNemis,soIid | __v_-j _:J @
+

Parameter
B Loa | @ Lo 4z6,33€ | B LowT | ] Documentation |

Reference wear 12010 _tj Region J Meridian Latitude allac

Completeness ]No skatement __11 Cormment
SYNORYMS ]

Inputs R
Flow 1Quantitv ]Amount IUnit JTracked Flonz
Solid Fertiliser-1 [FINAL PILOT PLANT] Mass 14211 kg X
Area [Areas] Area 15000 sqm

] >

[ Outputs =
Flow JQuantity }Amount JUnit ]Tracked Flows

|__|Ammonia [Inarganic emissions ta air] Mass 0,63 kg
Mitrate [Inorganic emissions to fresh water] Mass 0,13 ka

| |Mitrogen {atmospheric nitrogen) [Inorganic emissions ko air] Mass 6,9 kg

| |Mitrous oxide (laughing gas) [Inorganic emissians ta air] Mass 0,96 kg
Wwheat-1 [FIMAL PILOT PLANT] Mass 1354 ka

BLL

E.n-ystem: Mo changes. . El;ast.change: éysfem, 05.09,2011 10:31:48

Object  Edit  Wiew Help
DEH sk === BF 2ovE|?
MName J _v_jN emis,lig, ] LG _:__I __v_j |
Parameter =]
B Lea ]Q e o€ | B Lowt | B Documentation |
Reference year ]2010 _?_J Region | Meridian Latitude: EI
Completeness |Nc- skatement :_] Carnment
Synonyms |
ingts S oo e B
Flow IQuantity ]P.rnc-unt Jurit ITracked Flowss
__|Area [Areas] \Area 15000 'sqm
L] Liquid Fertiliser-1 [FINAL PILOT PLANT] Mass 20405 kg B
2l &
Outputs -
Flow ]Quantity amount Uit ITracde Flowws
__|Ammania [Inorganic emissions ta air] Mass 2,92 kg
__|Mitrate [Inarganic emissions to fresh water] Mass oz kg
___|Mitrogen {atmospheric nitrogen) [Inorganic emissions ko air] Mass 973 kg
__|Mitrous oxide (:Iaughing gas) [Inarganic emissions to air] Mass 1,35 kg
LA Wheat-1 [FINAL PILOT PLANT] Mass 1943 kg
& i *
Swstem: Mo chanages. Last change: System, 05.09.2011 10:32:26




SCENARIO B

B

GaBi 4 process plan:Reference quantities
The names of the bazic proceszes are shown,

| PILOT PLANT_CATTLE_FN |

i
Pioveer

Earn
171
H

transfer PE b

42.616E005 My

11 AF1TEDDS MJ
'Manure_transp.B By Py stor.B =y

1.068E007 kg

TR: Cattle manure-B1

pi
T.058E007 ka

1.068E007 ko
1.1395E006 M)

*Excess heat transfer-P E@{'

1.7 345E006 M)

iDigestion-B P E P
! 3,3743E006 MJ | 5.1085E 008 M
CH: tap weater, at user-B1 E@%' . Cogen-BEB Byt
3,577EO06 k v > " ZEEFEO0E M) |
a 5 7ITEE LS ma 4 2RA3E006 MJ
13,2388930? kg ‘[1 JB79BEO07 kg
'TR: Digested Marwre  HEE |
Pump-B1 PE <b> 58991 MJ
13,2389EDD? kg
F. StarB [y
o = 2 9BEZE005 M
2 9234007 kg
13,1 551E006 kg
$1.0436E007 kg
'S Fert,spread i "L Fet.spread ]
13,1 SE1E00E kg 11 43EE007 kg
"N &m. solid. dig. = "N em. lig.dig. =

Figure G.4. Process flowchart of Scenario B.
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SCENARIO C

The Scenario C is created for the electricity and heat production from hard coal of

which process summary is given in Figure G.5.

C
GaBi 4 process plan: Energy [het calorific walue] [GJ]
The names of the basic processes are shown,
Energy, Hard Coal, PP+ aste Dispozal
Thermal, HC PE i "Heat Dist-P =
5073.2GJ
Elect, HC, PP xi@i'-'Power Dist-P =
85932 GJ
"Cattle F. Emis. it
"Paultry F. Emis. Xf@%
Landfilling bt
AN frt.prod. app. ®E

Figure G.5. Flow chart for Scenario C, the annual heat and electricity production from

hard coal.

The inventory tables gathered from the GaBi4 database regarding the electricity

production from hard coal is given in Table G.9.
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Table G.9. Inputs and outputs for the electricity production from hard coal [GaBi4, 2003].

Elect, HE, PP [CD-WASTE DISPOSAL-1] -- DB Process

Object  Edit  Wiew Help
DEH $¢BE = === BF »2ovBE|?
Narne [#ation = [Elect, HE, PP e e
Parameter e
B ica | @ 1ccioe | B Lowr | B Documentation |
Reference year IZUUU ;_1 Region | Meridian Lakitude Allocated “_Ji
Completeness {No statement _ﬂ Comment
Synonyms ‘
|Tnputs . — :
Flow ]Quantity Arnount: IUnit ]Tracked Flows | A
L Alurninum [Non renewable elements] Mass 3,2382E-005 kg E
| |Ankimanite [Mon renewable resources] IMass 19,5588E-014 kg
| |Barium sulphate [Non renewable resources] Mass 3,2671E-005 kg
___|Basalt [Mon renewable resources] Mass 5,166E-006 kg
__|Bentanite [Man renewable resources] Mass 1,9471E-005 kg
| |Borax [Mon renewable resources] Mass 4,4131E-010 kg
_ Cadmium [Man renewable elements] Mass 3,7041E-009 kg
:_ Carbon dioxide [Renewable resources] Mass 0,0061272 kg
'__ Carbon_, in organic matter, in sall [Mon renewable resources] Mass 8,1251E-009 ka
Cerium [Mon renewable elements] Mass -1,116E-012 kg »
£ >
Outputs
Flowve 1Quantity Armount IUnit iTracked Flowis »
| |DE: electricity, hard coal, at power plant [power plants] Energy (net calorific 3,6 M1
L 1-Trichloroethane [Halogenated organic emissions to air] Mass 4,5723E-014 kg
_ 1-Bukanal [Crganic emissions to Fresh water] Mass B,56159E-012 kg
i} 1-Bukanal [Graup MMYOC to air] Mass 8,6295E-017 kg
; 2,4-Dichlorophena:yacetic acid (2,4-D) [Pesticides to agricultural sol] Mass 1,8426E-012 kg
. Acenaphthene [Hydrocarbons to sea water] Mass 7,6978E-013 kg
. Acenaphthene [Hydrocarbons to fresh water] Mass |1,5863E-012 kg
] Acenaphthylene [Hydrocarbons to sea water] Mass 4,5142E-014 kg
] Acenaphthylene [Hydrocarbons to fresh water] Mass 2,9208E-014 kg
[ Acentaphthene [Group MMYOC to air] Mass 4,7073E-014 kg
[ Acetaldehyde (Ethanal) _[Organic ermissions ko fresh water] Mass |1,5615E-011 kg
| |Acetaldehyde (Ethanal) [Group NMYOL to air] IMass 1,2241E-008 kg N
i@ >
System; Changed, |Last change; System, 15.04,2011 14:49:19

The inventory table gathered from GaBi4 regarding the heat production from hard

coal is given in Table G.10.
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Table G.10. Inputs and outputs for the heat production from hard coal [GaBi4, 2003].

Thermal, HC PE [CD-WASTE DISPOSAL-1] -- DB Process

Chject  Edit  Wiew Help
DEE s8R =S==E & 20vE| 1
Marne { Fi :jThermaI, HC |PE _:_J _:J By
Baramqter L
i Lca | 1ecio€ | 8 1owT | B pocumentation |
Referance year (2002 t] Region Meridian Latitude Allocated |_
Completeness |AII relevant flows recorded _vJ Comment
Synonyms ‘
Inputs .
o JQuantity ].C\mount IUnit |Trackec| Flows e
| [Renewable resources] Mass 0,45404 kg =
__|Barium sulphate [Mon renewable resources] Mass 1,046E-017 kg
L] Basalt [Mon renewable resources) Mass 1,1931E-006 kg
__|Bauxite [Mon renewable resources] Mass 1,0968E-007 kg
__|Bentonite [Mon renewable resources] Mass 9,822E-007 kg
L Calcium chloride [Mon renewable resources] Mass 1,071E-015 kg
- Carbon dioxide [Renewable resources] Mass 5,3188E-006 kg
L Chromiurn are [Man renewable resources) Mass 4,6534E-009 (kg
- Clay [Mon renewable resources) Mass 4,855E-006 kg
- Calemanite are [Mon renewable resources) Mass 6, 1655E-010" ka
__|Copper ore (0.14%.) [Mon renewabls _resources] Mass 1,4292E-007 kg |
£l
Outputs B ] =
Flow |Quantity |.0.m0unt |L|nit 1Tracked Flowas b
L Thermal energy (M) [Thermal energy] [Energy (nel iG] % =
I (low radioactice_) [Radinactive waste] Mass 7, 1128E-010 kg il
- Highly radioactive waste [Radioactive waste] Mass 2,1226E-009 kg e
- Medium and low radioactive wastes [Radioactive waste] Mass 2,5191E-009 kg _*
L Plutoniun as residual product [Radioactive waske] Mass 4,2232E-012 kg i
= Radioactive talings [Radioactive waste] Mass 1,246E-006 kg *
L Slag (Uranium conversion) [Radioactive waste] Mass 4, 7106E-009 kg ki
___|Uranium depleted [Radinactive waste] Mass 4,8731E-009 kg ik
__|Waste radioactive [Radinactive waste] Mass 4,2237E-009 kg i
- 1,2-Dibromoethane [Halogenated organic emissions to Fresh water Mass 9,3638E-015 kg
L] Acenaphthene [Hydrocarbons to fresh water] Mass 1,2748E-013 ka
Acenaphthene [Hydrocarbons to sea water] Mass 4,6015E-012 kg sl
<
Syskem: Mo changes, Last change; Swstem, 15.04,2011 14:50;10

The Scenario D is created for the electricity and heat production from natural gas of

which process summary is given in Figure G.6.
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SCENARIO D

D

3aBi 4 process plan: Energy [net calorific walue] [GJ]
The namesz of the basic proceszses are shown,

Erergy, Matural Gas, PP +waste Disposal

Thermal, NG PE XE@-E'-'Heat DistP i

9073.2 GJ

Elect, NG, PP i "Power Dist-P i
85992 GJ

"Cattle F. Emis. r

"Poultry F. Emiz. XE@%

Landfilling ®EY

AM fit prod.app. WY

Figure G.6. Flow chart for Scenario D, the annual heat and electricity production from

natural gas.

The inventory tables gathered from the GaBi4 database regarding the electricity

production from natural is given in Table G.11.
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Table G.11. Inputs and outputs for the electricity production from natural gas [GaBi4,

2003].

Elect, NG, PP [CD-WASTE DISPOSAL-1] -- DB Process
Ohject  Edit  View Help

DEE| BRE S==S

B »ovE

l)

Mame Jnitin » [Elect, WG, PP

Parameter

B ca | @ icco€ | 8 Lowt | B Documentation |

Reference year (2000 :] Region Meridian Latitude Allocated '_Jll

Caompletensss |No skatement

e

o &

__ﬂ Carnment

<

Synonvms |
Inputs
Flav IQuani:ity Armount IUnit |Tracked.FI-c-ws ”~
[ Alurninurm [Non renewable elements] Mass 7,0035E-006 kg =
antimaonite [Mon renewable resources] IMass 1;83?E—Dl4 kg
: Barium sulphate [Mon renewable resources] Mass 0,00025715 ko
] Basal: [Mon renewable rEsoUrces) Mass 4,6611E-006 kg
Bentonite [Mon renewable resources] Mass 13,1058E-005 kg
: Barayx [Mon renewable resources] Mass 1,4814E-011 kg
Cadmium [Mon renewable elements] Mass 5,8789E-010 kg
arbon dioxide [Renewable resources] Mass 000012596 kg
: Carbon, in organic matter, in soil [Mon renewable resources] Mass 11,3724E-007 kg
Ceriumn [Mon renewable elements) IMass -é,USDQE-DlQ kg
: Chrarmium [Mon renewable elements] Mass 1,.1529E-DE|6 kg
L] Chrysotile [Mon renewable resources] Mass 6,0255E-010 kg
T {m *
Outputs
Flow |Quantity Aot ILIHit {Tracked Flows A
DE: electricity, natural gas, at power plant [power plants] Energy (net calarific 3,6 1] k4 =
: 1,1,1-Trichlorasthane [Halogenated organic emissions ko air] Mass .?,D???E—DIS kg [
1-Butanol [Group MMYOC ko air] Mass 1,3427E-017 kg
: 1-Butanol [rganic emissions ko Fresh water] Mass 1,3301E-012 kg
] 2,4-Dichlorophenoxvacetic acid {2,4-0) [Pesticides ko agricultural soil] Mass 3,1087E-011 kg
Acenaphthena [Hydrocarbons ko Fresh water] IMass 2,6313E-013 kg
: Acenaphthena [Hydrocarbons ko sea water] MMass 1,2414E-013 kg
] Acenaphthylene [Hydrocarbons to sea water] Mass 7,7639E-015 (kg
Acenaphthylene [Hydrocarbons to fresh water] Mass .1,??D?E—Ell4 kg
__|Acentaphthene [Group NMYOC to air] Mass 6,5324E-012 kg
] Acetaldehyde (Ethanal) [Group MMYOC to air] Mass :QJDDSSE—DDQ kg

System: Mo changes,

Last change: Svstern, 15.04,2011 15i26:29

The inventory tables gathered from the GaBi4 database regarding the heat production

from natural is given in Table G.12.
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Table G.12. Inputs and outputs for the heat production from natural gas [GaBi4, 2003].

Thermal, NG PE [CD-WASTE DISPOSAL-1] -- DB Process

Object  Edit  Wiew Help
DEHEH & B=E =S=s=E S 20vE|?
Tlane l i _~_-___1ThermalJ MG |PE _:-__| :J By
Parameter #)
i Lca ] &h Lccoe | $# Lowt | B pocumentation |
Reference year 12002 #] Region Meridian Latitude Allocated *_.
Completeness |.|'-\II relevant flows recorded _j Comment
Synonyms |
InDu!:s o ] i
Flowa JQuantity Amount IUnit |Tracked Flowes -
__|Air [Fenewable resources] Mass 0,41696 kg =
___|Barium sulphate [Mon renewable resources] Mass 2,886E-019 kg
L] Biasalt [Mon renewable resources] Mass 4, 0006E-005 kg
| |Bauxite [Mon renewable resources] Mass 9,9085E-008 kg
__|entonite [Mon renewable resources] Mass 5,9495E-005 kg
i Calciurn chloride [Mon renewable resources] Mass 2,9549E-017 kg
[iL] Carbon dinxide [Renewable resources) Mass 3,0373E-006 kg
I Chromiunn ore [Mon renewable resources] Mass 3,4533E-009 kg
L Clay [Mon renewable resources] Mass 1,0537E-005 kg
i Colermanite ore [Non renewable resources] Mass 6,029E-010 kg w
3 L) >
Outputs o o -
Flow IQuantitv Arnount IUnit |Tracked Flames ~
A Thermal energy (MJ_) [Thermal energy] Energy {net calorific 1 1M b =
_feaFz ({low radioactice) [Radioactive waste] Mass 6,3376E-010 kg i
L] Highly radioactive waste [Radioactive waste] [Mass 1,8913E-009 kg o
L Medium and low radioactive wastes [Radioactive waste] Mass Z,2446E-002 kg PH
] Plutonium as residual product [Radioactive waste] fMass 3,763E-012 kg i
i Radioactive tailings [Radioactive waste] Mass 1,110ZE-006 kg i
(L] Slag {Uranium corversion) [Radioactive waste] Mass 4, 1972E-009 kg b
___|Uranium depleted [Radioactive waste] Mass 4,342E-009 kg *
| |waste radioactive [Radioactive waste] MMass 3,7634E-009 kg id
LA 1,2-Dibromoethane [Halogenated organic emissions to fresh water] Mass S,9312E-017 kg
] acenaphthene [Hydrocatbons to sea wa_ter] Mass 1,6708E-012 kg
I Acenaphthene [Hydrocarbons to Fresh water] Mass 1,0497E-013 (kg
acenaphthylens [Hydrocarbons to fresh waker] MMass 3,3198E-014 ka o
b [T *
System: Mo changes, \Last change: System, 15.04.2011 15:26:21

The process flow chart for the landfilling of the above mentioned wastes is given in

Figure G.7.
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Landfill-CD1

GaBi 4 process planReference quantities
The names of the bazic procezzes are shown,

S ariitary landfill =
10,1 257 pos.
"L andill =
5, 9E006 kg 2, 0BEO0E kg
14,3E 005 kg
"Girass, Landiil i "Slaugh, Landfil B Veget. Landil &

Figure G.7. Process flow chart of landfilling of vegetable waste, slaughterhouse wastes

and grass.

The inputs and outputs data of the sanitary lanfill is given in Table G.13.



Table G.13. Inputs and outputs data for the sanitary landfill [GaBi4, 2003].

Sanitary landfill [CD-WASTE DISPOSAL-1] -- DB Process

Object  Edit  Wiew Help
D sl ====EBF 2P0vE 7
Name | fabio _:__:|Sanitary landFill | _:J :_] &
Parameter bl
i ca ] £k o€ | B LowT | B Documentation |
. Reference year 11995 _;_i Region | Meridian Latitude Allocated i
Completeness ]No skatement _ﬂ Commenk
SYNOMYmS | municipal landFill
Innuts - I
Flow 1Quantity Amounk ]Unit JTracked Hows -~
|4 Aluminum [MNon renewable elements] Mass 4854,2 kg
Ankimonite [Non renewable resources] Mass 0,0004207 kg
Bariurn sulphate [Mon renewable resources] Mass 16743 kg
Basalt [Mon renewable resources] Mass 1756,7 kg
|__|Bentanits [Mon renewable resources] Mass 4358 kg
| |Borax [Mon renewable resources] Mass 0,020319 kg
Cadmiurn [Mon renewable elements] Iass 13,103 kg
Carbon dioxide [Renewable resources] Mass 59692 ka
| {Carbon, in organic matter, in soil [Mon renewable resources] Mass 10,038 kg
| |Setium [Mon renewable elements] Mass 2,0125E-014 kg v
< >
Outputs . — -
Flow jQuantity 1P.mount ]Unit ]Tracked Flows -~
CH: sanitary landfill Facility [sanitary landFill Facility] _Number of pieces |1 pcs. W
1,1,1-Trichloraethane [Halogenated organic emissions ta air] Mass 5,9619E-006 kg
| |1-Butanol [Organic emissions to fresh water] Mass 0,010737 kg
1-Butanol [Group MMYOLC ta air] Mass 1,0573E-007 kg
2, 4-Dichlorophen.c-xyacetic acid (2,4-0) [Pesticides to agricultural sail] Mass 0,0022765  ka
= Acenaphthene [Hydrocarbons bo fresh water] Mass 0,0018485 ko
L Acenaphthene [Hvdrocarbons ko sea water] Mass 0,00023258 kg
L Acenaphthylene [Hydrocarbons ta sea water] Iass 1,457E-005 kg
Acenaphthylene [Hydrocarbons o fresh water] Mass 0,00011561 kg
Acentaphthene [Group NMYOC to air] Mass 2,1366E-006 kg
. Acetaldehyde (Ethanal) [Crganic emissions to fresh water] Mass 0,019602 kg
| Acetaldehyde (Ethanal) [Group MMYOC ko air] Mass 127,79 kg
| |Acetic acid [Group MMYOC b air] Mass 74123 kg v
5 ol >
év-sten.{: C.h.énged. 'I._a.s.t cHe;nge: .S.‘;;-stel.'n; 15042011 .1.5.:.1.2:0.5
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Table G.14. Methane emission calculations for landfilling of vegetable wastes, slaughterhouse wastes and grass & grass sillage.

216

VEGETABLE WASTE
Methane | Half-life DDOCm
generation time Process start in Decomposable | DDOCm not DDOCm accumulated in
Total % to | VEGETABLE rate (t1/2, deposition Fraction| Amount DOC (DDOCm) reacted. decomposed. | SWDS end of DDOCm
Year | MSW | SWDS WASTE DOC constant | years): | expl | year. Month M| exp2 | to CH4 | deposited | MCF deposited | Deposition year| Deposition year| year decomposed |CH4 generated
exp(- E = C + Hlast
h= k*((13- D=W *DOC * C=D*(1- |H=B+(Hlast| vyear*(1- |Q=E*16/12*
ton % % DOC | DOcf k In(2)/k | exp(-k) M M)/12)) F W MCF DOCf * MCF | B=D *exp2 exp2) year * exp1) exp1) F
ton fraction ton ton ton ton ton ton
2010 | 2050 100% 100%. 0.15 0.5 0.185 3.75 0.83 13 1.0 0.5 2050 1 153.75 153.75 0.00 153.75 0.00 0.00
2011 0 100% 100% 0.15 0.5 0.185 3.75 0.83 13 1.0 0.5 2050 1 153.75 153.75 0.00 281.53 25.97 17.31
GRASS+GRASS SILAGE
Methane | Half-life DDOCm
GRASS+ generation time Process start in Decomposable | DDOCm not DDOCm accumulated in
Total % to GRASS rate (t1/2, deposition Fraction| Amount DOC (DDOCm) reacted. decomposed. | SWDS end of DDOCm
Year | MSW | SWDS SILAGE DOC constant | years): expl | year. Month M| exp2 | to CH4 | deposited | MCF deposited Deposition year| Deposition year year decomposed |CH4 generated
exp(- E = C + Hlast
h= k*((13- D=W*DOC* C=D*(1- |H=B+(Hlast| year*(1- |Q=E*16/12*
ton % % DOC | DOCf K In(2)/k | exp(-k) M M)/12)) F W MCF DOCf*MCF | B=D *exp2 exp2) year * exp1) expl) F
ton fraction ton ton ton ton ton ton
2010 | 5900 100% 100% 0.2 0.5 0.1 6.93 0.90 13 1.0 0.5 5900 1 590.00 590.00 0.00 590.00 0.00 0.00
2011 0 100% 100% 0.2 0.5 0.1 6.93 0.90 13 1.0 0.5 5900 1 590.00 590.00 0.00 1123.85 56.15 37.43
SLAUGHTERHOUSE WASTE
Methane | Half-life DDOCm
SLAUGHTER generation | time Process start in Decomposable [ DDOCm not DDOCm accumulated in
Total % to HOUSE rate (t1/2, deposition Fraction| Amount DOC (DDOCm) reacted. decomposed. | SWDS end of DDOCm
Year | MSW | SWDS WASTE DOC constant | years): | expl | year. Month M| exp2 | to CH4 | deposited | MCF deposited | Deposition year| Deposition year] year decomposed |CH4 generated
exp(- E = C + Hlast
h= k*((13- D=W*DOC* C=D*(1- |H=B+(Hlast| year*(1- |Q=E*16/12*
ton % % DOC | DOcCf k In(2)/k | exp(-k) M M)/12)) F W MCF DOCf * MCF | B=D *exp2 exp2) year * exp1) exp1) F
ton fraction ton ton ton ton ton ton
2010 | 430 100% 100% 0.2 0.5 0.1 6.93 0.90 13 1.0 0.5 430 1 43.00 43.00 0.00 43.00 0.00 0.00
2011 0 100% 100% 0.2 0.5 0.1 6.93 0.90 13 1.0 0.5 430 1 43.00 43.00 0.00 81.91 4.09 2.73
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The flow chart of the fertiliser production, tranportation and field application is given

in Figure G.8.
AN fert, prod, app.
Gabi 4 process plan:Reference quantities
The names of the basic processes are shown.
RER: ammaniur nitrate, E@E' 'Trans_AN fertilizer =y TR: M emis, wheat XE@E
! iz ’ s
as N, at regional storehouse | gagsp kg BOE20 kg prod.
F 9
CH: agricultural i
machln?r_',', general, 121,95 kg
production
CH: diesel, at regional {8 20%6.3 ka ] ¥ L
storage: iCH: fertilising, by i
broadzaster <by 5 475E006 sqm
CH: shed = 1
093623 sqm
CH: tractor, production  HEE"
37E.13 ka

Figure G.8. Flowchart of annual mineral fertiliser production and application.

The inputs and outputs data of the ammonium nitrate (AN) production which is

gathered from the GaBi4 database are given in Table G.15.
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Table G.15. Input and output data of the ammonium nitrate production [GaBi4,

2003].

m nitrate, as N, at regional storehouse [mineral fertiliser] -- DB Process
Object  Edit  Wiew Help

0

Bica ]Q icc: o€ | £ Lowt | Bl pocumentation |

Reference year | gelele _¢J Region J Meridian

J Cormment

Completeness ] do sk

SYnonyms ‘ y

| Inputs
Flowy

Nl sma | sE=Es|ga|o o
Marne |rEF L= Jammor
Parameter

—

Bl

JQuan.Eit-y J.\imounf

Latitude Allocated d

IUhit ]frackedﬂows -~

Alurninum [Mon renewable elements]
Antimonite [Mon renewable resources]

| |Barium sulphate [Mon renewable resources]
:Basalt [Mon renewable resources]

| |Bentanite [Mon renswwable resources]

Borax_[Non renewable resources]

Cadmium [Mon renewable elements]

Zarbon dioxide [Renewable resources]

Carbon, inarganic matter, in-sail [Non renewable resourcas]
| |Cerium .[Non renewable eléments]
Chromium [Man renewable elements]

£

{Duitniks
Flov

IMass
Mass
Mass
Mass
Mass
IMass
Mass
Mass
Mass
Mass
Mass

0,0033228
5, 0240E-012
0,002918
0,00066157
0,0015928
2,9561E-009
2,1399E-007
0,037545
9,152E-007
£,3238E-019
0,002208

JQuantity ]Amount

&5 &|B&|BG BB E B

|Unit ]Tracked flows

RER.: ammonium nitrate, as M, at regional storehouse [mineral Fertiliser]
1,1,1-Trichloroethane [Halogenated organic emissions ko air]
1-Butanol [Organi'c emissions ko fresh water]
1-Butanol [Group MMYOC ka air]
| |2,4-Dichlorophenoxyacetic acid (2,4-L) [Pesticides to agriculbural soil]
| |Acenaphthens [Hydrocarbons to sea water]
Acenaphthene [Hydrocarbons to fresh water]
Acenaphthwlene [Hydrocarbons ko fresh water]
Acenaphthywlene [Hydrocarbons to sea water]
Acentaphthene [Group MMYOC ta air]
| |Acetaldehyde (_Ethanal) [.Organ-ic emissions ko Fresh water]
: Acetaldehyde (Ethanal) [Group NMYOC to air]
<

Mass
Mass
Mass
Mass
Mass
Mass
IMass
IMass
Mass
Mass
Mass
Mass

1
1,7903E-012

2,472E-008

2,4376E-013
2,1434E-010
5,1599E-011
1,0514E-010

'6,5755E-012

3,227E-012

8,8994E-013
4,5242E-008
Z,64534E-006

&& &8 &8 &8 & &8 888

£

System: Mo changes, Ecoinvent |Last change: System, 01.01.2008

The daily inputs and outputs data of the field application of ammonium nitrate for

winter wheat production is given in Table G.16.
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Table G.16. Inputs and outputs data for the field application of ammonium nitrate as

fertiliser.

TR: N emis, wheat prod. [CD-WASTE DISPOSAL-1] -- DB Process
CObject  Edit Wiew Help

DPD 4B ==== (S LovE]|?

Parameter B )
B 1A |G Locio€ | 82 LowT | B Documentation |

Mame |TR LIN emis, wheat prod, | e

T = &l

Reference wvear 12010 '$1 Region Meridian Latitude Allocated |

Completeness ]No skatement j Comment

Synonyms \

Inquts ) ) ) =
Flow lQuantity I.ﬂmount ILInit 1Tracked Flows

|__|RER: ammonium nitrate, as M, at regional storehouse [mineral Fertiliser] Mass 188 kg %

| |Area [Areas] Area 15000 |sqm =

4 >

[ Qutputs B .
Flow ]Quantitv 1Am0unt IUnit ]Tracked Flows

|__[Ammania [Inorganic emissions ko air] Mass 1,88 kg

| |Mitrate [Inorg_anic emissions to Fresh water] Mass 0,34 kg

| |Mitrogen (atr!'lospheric nitrogen) [Inorganic emissions to air] Mass 16,78 ka

| |Mitrous oxide (laughing _gas) [Inorganic emissions to air] Mass 2,33 kg

| Jwheat [PILOT PLANT] Mass 3207 kg

= >

Séstem: Mo cﬁanges. i [Last cHange:.Sy:stem-, 01.07.2011 08:25:17

The process flow chart of Scenario E is given in Figure G.9.



SCENARIO E

E

GaBi 4 process plamReference quantities
The names of the basic processes are shown,

Huydropower + Conventional waste Disposal ‘

CH: dizposal, used E@E'
mineral oi, 10% water, to

hazardous waste incineration 16,721 kg |

iCH: electricity, i

) . e hydropower, at reservoir
ClH. reservoir hpdiopower HEg e e BB 2 59925 00F M
[FETRD 9,3159E-007 pos.
RER: lubricating oil, at  HEf I
plant 16.721 kg
"Cattle F. Emis. RiEE Landfilling XY
Poultry F. Emis. XE@E &M fit.prod. app. =
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Figure G.9. Flow chart for Scenario E, the annual electricity production from hydropower.

The inventory tables gathered from the GaBi4 database regarding the electricity

production from hydropower is given in Table G.17.
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Table G.17. Inputs and outputs for the electricity production from hydropower
[GaBi4, 2003].

CH: electricity, hydropower, at reservoir power plant <b> [power plants] -- DB Process

Object  Edit Wiew Help
DEH LR S===ESEBES ~2avE|?
Hame J+ fou -l &
Parameter ]
cA | @ tecioe | B Lowt | Bl pocumentation |
Reference year 1 Ui _?_J Region ] Metidian Latitude Allocated = 7| Noimage
Completeness ] stakement J Comment =presentative f Swiss dams vt of mare than 30 ~
SYNOnYms ‘ 3
Inputs § I, |
Flow |Quantity Amount 1Unit JTracked Flowes
|| l:IisstaI_J used mineral oil_J 10%. water, ko hazardous waske incineration [hazardous waste incineration] Mass 7E-006 kg %
__ CH: reseryoir hydropower plant [production of components] Mumber of pieces 3,9E-013 pcs. ¥
| |RER: lubricating oil, at plant [organics] Mass. TE-006 kg %
| |Ereray, potential {in bydropower reservair), converted [Renewable energy resources] Energy ren. {net calorific value) 3,79 ]
__|©ctupation, water bodies, artificial [Hemerobie ecoinvent] Areatime 0,0035 M2ty
[ TransFormation, Fram unkn_nwn [Hemerohie ecainvent] ) Area \2,3E-005 sam
[ Transformation, to industrial area, built up_[Hemerobie ecoinvent] Area 2,3E-007 sqm
L Transformation, to water bodies, artificial [Hemerobie ecoinvent] Area 2,28E-005  isgm
L Yolume Uccupiad_, reservoir [Hemerobie ecoinvent] Ecoinvent quantity cubic meter years 0,15 m3a
'__‘ ‘Water, turbing use, unspecified natural origin ['Water] Yolume 0,581 m3
l&im >
Outputs =
Flow |Quantity Armount IUnit ]Tracked Flowss
| |eH electricity, hydropower_, at reservoir pawer plant [power plants] Energy {net calorific value) 3,6 M3 ¥
| |Methane {hiotic) [Organic emissions ta air (group YOC)] [Mass 1,4E-005 kg
_|Mitraus oxide {laughing gas) [Inorganic emissions to air] Mass 7,7E-008 kg
& >
S"ystem: N‘o changes. :Iécoinvent EI._ast.change: éysi:em, 01012008

The process flow chart of Scenario F is given in Figure G.10.



222

SCENARIO F

F

GaBi 4 process plan:Reference quantities
The names of the basic processes are shown,

Wind Power + Conventional ' aste Disposal

CH: transport. passenger E@E'
car 382.19 pkm

CH: wind power plant  HEE
180k, maoving parts 095547 pes.

ECH: electricity. at wind XEEEI

"power plant Grenchenberg "Power Dist-P 2
CH: wind power plant HEE 150kMW <b> 8.5992E006 MJ
150K, fived parts 0.38219 pos.
CH: dizposal, used = I
mineral oil, 10% water, to
hazardous waste incineration | 157.65 ka
"Cattle F. Emis. it Landfilling XEY
'F'oultr_l,J F. Emis. XE@E AN frt.prod. app. ®E

Figure G.10. Flow chart for Scenario F, the annual electricity production from windpower.

The inventory tables gathered from the GaBi4 database regarding the electricity

production from windpower plant is given in Table G.18.
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Table G.18. Inputs and outputs for the electricity production from windpower

[GaBi4, 2003].

CH: electricity, at wind power plant Grenchenberg 150kW <b> [power plants] -- DB Process

Object  Edit  VWiew Help
DR & a8 BES 2 ovE|?
Mame ] _1 chricity, at wind power plant Grenchisnbierg 150k | ‘_J _J %]
Eatamclcy |
i Lea | Lecioe | §# LowT | B Documentation |
Reference year I Qa1 _?J Region ] Meridian Latitude Allocated 2| 20| Moimage
Completeness ] J Comment he capacity Factor |s assur vbe 10,5 %, bas | I “Fion =
SYNOnYms ‘ 2
Inputs o R =
Flows ]Quantity iAmount IUnit ]Tracked Flowes
CH: l:IisposaI_J used mineral oil_J 10%: water, to hazardous waste incineration [hazardous waste incineration] Mass 6,6E-005 kg %
| |©=H: transpart, passenger car [Street] ‘Ecoinvent quantity person kilometer 0,00016  pkm %
| |ehe wwn_d power_plant_lSDkW, fixed parts [proc!uction of components] ‘Murnber of pieces 1,6E-007 pcs, %
| |ehe wind power plant 150kW, moving parks [production of components] Mumber of pieces 4E-007  pos, W
| |RER: lubricating ail, at plant [organics]_ Mass 6,6E-005 kg_ %
| |Energy, kinetic {in wind), converted [Renewable energy resources] Energy (net calorific value) 3,87 M3
(63| Ed
Hutnyks =
Flows ]Quantity iAmount IUnit iTracked Flows
| |ehe electricity, at wind power plant Grenchenberg 150kW [power plants] Energy {net calorific value) 36 M3 %
E >
S"ystem: N.o changes, ;écoinvent El;ast.change: éys.tem, 01012008

The process summary of the Scenario G is given in Figure G.11.
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SCENARIO G
G
GaBi 4 process planReference quantities ' Yy
The names of the bazic processes are shown, Power transfer PE <b> X%
GASIFICATION of WaSTE RECIPE |8,5992EDDB kd
Slaughterhouze P "Slaug tnsp ] iPr Star. 1,
wasted] 5.8262E 005 kg 8,8262E005 kg 3,0207E005 M
TT 5,6036E 006 kg
Faultny-21 pik’ 'Paultmsp ]
4 002BE00E kg 4 00Z26E00E kg 1,7868E 006 MJ
Bt Yt Carnbitned Cycle Urit |
G asifier feed E@E'
Cattle marure-A1  pih Mar.tmsp 2 5242E007 M) T T 1045E007 M
71841E005 kg F1841E005 kg 1
12881 kg 2.4801E 008 pJ
Grass+silage-a1 PE@'E. "Grs.bnzp i
1.21ED07 kg 1.211E007 kg 1 1 EF1EEN07 kg *#ish Disposal

“Yegetable Waste-41

AM et prod.app.

pE@E' 'Veg.tmsp
4, 2078E006 kg

iGrind_ i

4.2078E00E kg

4
JE141E005 M)

Figure G.11. Flow chart for Scenario G, the annual electricity production from the IGCC of the waste recipe.



The process flow diagram of the gasifier is given in Figure G.12.
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Gasification
GaBi 4 process planReference guantities
The namesz of the basic proceszes are shown.
CH: concrete, nomnal, at E@%'
plant 360 m3 l l 20862 thm
CH: disposal, buiding, 8" iCH: synihetic gas plant {8
concrete, not reinforced, to jebn
. . : 1.08E006 M)
zarting plant 5.568E005 kg H
CH: disposal, building, 28"
reinforcement steel, to zorting 720 kg
plant 54000 kg
M
—
Frmtl Y Fs 18000 kg
CH: elechicity, medium 2 1 pes.
voltage, at grid 2 16E005 MJ
CH: heat, light fuel oil, at 1" 1800 kg
industrial furnace 1k 1.08E006 kJ
CH: tranzport, freight, rail E@%'
44424 thm - 54000 kg
iGasilier g

CH: tranzpart, lory b
20-28t, fleet average

GLO: diesel, burned in R@'E'
building machine

RER: aluminium, '@E'
production mix, at plant

FER: steel, low-aloyed, 8K
at plant

RER: copper, at regional ;@E'
storage

RER: reinforcing steel, at ek
plant

Figure G.12. Process flow diagram of the gasifier.
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Table G.19. Input and output data of the gasifier.

ification - Plan instance

Local name: iGasiFication p Mo image = = = Cancel | (0] ‘
42 Local settings |Q LCC |
Scaling factar; 24,653 I~ Fixed _J
Free parameters +
Fixed parameters +
Inputs |Shgw all Flows |= _J Dutputs |Show all Flows | ]
2lias IFIow |Quantity J.C\mount .|Unit ~ alias |F|0w JQuantity JAmount JUnit -
i Power [Eleckric power] Energy (net 1,7863E006 M2 ] sh [Waste for recovery] Mass 12881 kg =
=] Stearn (M) [Thermal energy] Energy (et 2,4801E006  M] Synthetic gas (COiH = 1:3) [Inorganic intermediMass 2,2830E006 kg
| ‘wood equiv. [FINAL PILOT PLANT] Energy ren, 2,5242E007 M2 1,1,1-Trichloroethane [Halogenaked organic emiMass 3,1343E-010 kg
A Blurminun [Mom renewable elements]  Mass '1,9635 la : 1-Butanol [Group MMYOC ko éir] Mass '1,0546E—012 ka
Antimonite [Mon renewable resources] Mass 3,9253E-009 kg 1-Butanol [Organic emissions to fresh water]  Mass 1,0522E-007 kg
[ EBarium sulphate [Mon renewable resourMass 1,0041 kg il 2,4-Dichlorophenosxyacetic acid (2,4-0) [PesticidMass 6,8631E-008 kg
] Basalt [Non renewable resources] Mass 0,056177 kg 1 Acenaphthene [Hydrocarbons to fresh water] Mass 5,8402E-008 kg
: Bentonite [Mon renewable resources] Mass 2,3176 kg : Acenaphthene [Hydrocarbons to sea water]  Mass 2,384E-008 kg
e Borax.[Non renewable resourcesj Mass 3,278E-006 kg = Acenaphthylene [Hydrocarbons to sea water] Mass 1,4909E-009 kg
Cadmium [Mon renewable elements]  Mass 9,1471E-005 kg = Acenaphthylene [Hydrocarbons to Fresh water] Mass 3,6525E-009 kg
: Carbon dioxide [Renewable resources] Mass 6,653 kg Acentaphthene [Group NMYOC to air] Mass 3,2028E-010 kg
A Carbon; in organi'c matter, in soil [Mon tMass 0,00030257 kg : Acetaldehyde (Ethanal) [Group MMYOC Lo air]  Mass 0,00071315 kg
Cerium [Mon renewable elements] Mass -1,2096E-015 kg Acetaldehyde liEthanaI) [Crganic emissions ta friMass 1,9194E-007 kg
[T Chromium [Mon renewable elements]  Mass 0,62505 kg il Acetic acid [Group MMYOC Eo air] Mass 0,0005244 kg
[ Chrysotile [Mon renewable resources] Mass 1,718E-005 kg 1l Acetic acid [Hydrocarbons to fresh water] Mass 1,561ZE-005 kg
: Cinnabar [Mon renewable resources]  Mass 1,5895E-006 kg : Acetone {dimethylcetone) [Organic emissions ba Mass 1,3171E-0100 kg
i Clay [Mon renewable resources] Mass '13?,33 kg | Acetone (dimethylcetone) [Grdup MMYOC ko airjMass 'S,S?DSE-DDS kg
Cobalt [Mon renewable elements] Mass 5,2693E-006 kg =] Acetonitrile [Group MMYOC ko air] Mass 2,0452E-007 kg
: Colemanite ore [Mon renewable resourdMass 0,00084647 kg Acid {ralculated as H+) [Inorganic emissions to fMass 5,7117E-006 kg
JiLil Copper [Mon renewable elements] Mass 53,8547 kg : Aclonifen [Pestiﬁides to agriculbural soil] Mass .6,3129E—DDB kg
Crude oil [Crude oil {resource)] Mass 222,35 kg Acrolein [Group NMYOC o air] Mass 1,6242E-007 kg
: Diatomite [Mon renewable resources]  Mass 3,7772E-008 kg e : Acrylic acid [Graup NMYWOC ko air] Mass 1,5937E-008 kg  a
i) N >
i Drata quality
Technique Location Time
]No statemnent ﬂ ]No staterment ﬂ ]No statemnent j

: Grouping

I = | |- = | - E




The process flow diagram of the combined cycle unit is given in Figure G.13.

Combined Cycle Unit

GaBi 4 process plan:Reference quantities
The names of the basic processes are shown,

GLO: nickel, 99.5%. ot 8K onn e
plant

RER: alurninium, =

production mix, at plant 4.4E005 kg

RER: chromium steel E-E'
1878, at plant

RER: chramium, at E@EI

regional storage 976 kg

RER: copper, at regional '@{

% BEDDE kg

CH: rock wool, packed,

at plant
6.6E005 kg

CH: concrete, nomal, at

storage ———
4 4E005 kg

RER: heavy fuel oil, .E{

burned in industrial furnace

—
1k, non-modulating 1.48E008 M)

RER: polyethylene, »@"

LDPE. granulate, at plant 1,3E006 kg

RER: reinforcing steel, at 2"

RER: gaz combined
cycle power plant <b:

plant 8,8E006 kg

UCTE: electricity, mediumE@%l

voltage, production UCTE, at

rid 1.0872E007 M)

- v

OO0 M3 Plant

CH: ceramic tiles, at
4200 kg reqgional gtorage

GLO: cobalt, at plant

720kg

GLO: diesel, burned in
1.48E008 MJ  building machine
E@%I } Cambined Cycle Unit
1 pos

Figure G.13. Process flow diagram of the combined cycle unit.
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Table G.20. Input and output data of the combined cycle unit.

Combined Cycle Unit - Plaj

228

Local name; JCombined Cycle Lnit Mo image == Cancel OK
42 Local settings l & LoC ]
Scaling factor: 24693 [~ Fixed |
Eree parameters
Fixed parameters
Inputs |Sh0w all Flaws - ;J Outputs |Sh0w all Flows | =
alias ]Flow iQuantity Arnournt |Unit ~ Alias ]Flow ]Quantit|Am0unt IUnit
bed Synthetic gas {CO:H = 1:3) [Inorganic interrMass 2,2838E006 kg Power [Electric power] Energy 1,1049E007  M3]
e Alurminum [Mon renewable elements] Mass 17,588 kg " Steam (M) [Thermal energy] Energy 2,4801E006 M3
il Antimonite [Mon renewable resources] Mass 2,7107E-009 kg = '1,1,1-Trichloroethane [Halogenated organic emilMass  1,1505E-009 kg
Barium sulphate [Mon renewable resources] Mass 2,1043 kg : 1-Butanol [Group MMYOC Eo air] Mass 1,8198E-012 kg
il Basalt [Mon renewable resourcesj Mass 14,911 kg 1-Butanol [Organic emissions to fresh water]  Mass  |1,8058E-007 kg
: Bentonite [Mon renewable resources] Mass 4,5503 kg : ‘2,4-Dichlorophenoxyacetic acid (2,4-0) [PesticidMass  1,4731E-007 kg
Borax [Mon renewable resources] Mass 0,001117 kg Acenaphthens [Hydrocarbons ko fresh water] Mass 1,0552E-007 kg
[ Cadmium [Mon renewable elements] Mass 6,26E-005 kg : ‘Acenaphthene [Hydrocarbons to seawater]  Mass  5,1876E-008 kg
: Carbon dioxide [Renewable resources] Mass 23,498 kg 1 Acenaphthylens [Hydrocarbons to fresh water] Mass 6,5993E-009 kg
e Cérbon, in organic matker, in soil [Non renevMass 0,00065012 kg Acenaphthylens [Hydrocarbons to sea water] Mass  (3,2443E-009 kg
il Cerium [Mon renewable elements] Mass -1,0311E-014 kg = Acentaphthene [Group MMYOC o air] Mass 1,085E-009 kg
Chromium [Mon renewable elements] Mass 19,041 kg : Acetaldehyde (Ethanal) [.Organ.ic emissions ko FriMass 3,2934E-007 kg
il Chrysotile [Mon renewable resources] Mass 6,3887E-005 kg Acetaldehyde (Ethanal) [Group NMYOC to air] Mass  |0,0012725 kg
: Cinnabar [Mon renewable resources] Mass 5,9959E-006 kg : Acetic acid [Hydrocarbons to fresh water] Mass 3,6715E-005 kg
Clay [Mon renewable resources] Mass 43,654 kg Acetic acid [Group NMYOC to air] Mass 0,0053101 kg
[ Cobalt [Mon renewable elements] Mass 0,040394 kg : ‘Acetone (dimethylcetone) [Organic emissions to Mass  4,6983E-010 kg
: Colemanite ore [Mon renewable resources] Mass 0,00080637 kg 1 Acetone (dimethylcetone) [Group NMYOC ko air]Mass 0,001 1311 kg
e Cbpper [Mon renewable elements] Mass 13,359 kg Acetonitrile [Group NMYOC to air] Mass  4,39E-007 kg
il Crude ail [Crude oil {resource)] Mass 448,54 kg = Acid (calculated as H4) [Inorganic emissions ko FMass  0,00027913 kg
Diatomite [Mon renewable resources] Mass 2,6084E-008 kg : Aclonifen [Pestiﬁides to agricultural soil] Mass 1,0877E-007 kg
il Dolomite [Mon renewable resources] Mass 0,39659 kg Acrolein [Group NMYOC to air] Mass 1,7273E-007 kg
: Energy, calorific valuel, in organic substance Energy ren. 262,58 ] ] Acryvlic acid [Organic emissions to freshwater] Mass  6,4462E-008 kg
8 >
[rata quality
Technique Location Time
|N0 statement LJ |N0 statement LJ |N0 statement LJ
= Grouping
| 2| 2| 2| |
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APPENDIX H- CLASSIFICATION RESULTS of LCA ANALYSIS

Comparison of the CARBON DIOXIDE Emissions Comparison of the CARBON MONOXIDE Emissions
from the Entire Life Cycle of the Scenarios from the Entire Life Cycle of the Scenarios

6.0009"
5.500§ .
5.000% .
4.5004"
S 4.000
=. 3,500
% 3.000
§ 2.500
2.000
1.500
1.000
500
034

Comparison of the NITROUS OXIDE Emissions Comparison of the AMMONIA Emissions
from the Entire Life Cycle of the Scenarios from the Entire Life Cycle of the Scenarios

Mass [kg]

Comparison of the NITROGEN OXIDES Emissions Comparison of the SULPHUR DIOXIDES Emissions
from the Entire Life Cycle of the Scenarios from the Entire Life Cycle of the Scenarios

6.0004"
5.5004"
5.000§"
4.5004"
5 4.000 )
= 3.500
% 3.000
< 2500
2.000
1.500
1.000
500
034

A: Pilot Plant/Waste Recipe C: Coal PP E: Hydro PP G: IGCC
B: Pilot Plant/Cattle Manure D: Natural Gas PP F: Wind PP

Figure H.1. Quantities of inorganic emissions to air released from the entire life cycle of

the scenarios.
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Comparison of the METHANE Emissions
from the Entire Life Cycle of the Scenarios

Comparison of the GROUP NMVOC Emissions
from the Entire Life Cycle of the Scenarios

Comparison of the HALOGENATED ORGANIC Emissions
from the Entire Life Cycle of the Scenarios

A: Pilot Plant/Waste Recipe C: Coal PP
B: Pilot Plant/Cattle Manure D: Natural Gas PP

E: Hydro PP G: IGCC
F: Wind PP

Figure H.2. Quantities of organic emissions to air released from the entire life cycle of the

scenarios.
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Comparison of the NITRATE Emissions Comparison of the AMMONIUM/AMMONIA Emissions
from the Entire Life Cycle of the Scenarios from the Entire Life Cycle of the Scenarios

Comparison of the PHOSPHORUS Emissions Comparison of the PHOSPHATE Emissions
from the Entire Life Cycle of the Scenarios from the Entire Life Cycle of the Scenarios

A: Pilot Plant/Waste Recipe C: Coal PP E: Hydro PP G: IGCC
B: Pilot Plant/Cattle Manure D: Natural Gas PP F: Wind PP

Figure H.3. Quantities of inorganic emissions to fresh water released from the entire life

cycle of the scenarios.



232

APPENDIX I- CHARACTERISATION RESULTS of LCA ANALYSIS

The GWP of all scenarios are given and compared below.

EDIP 2003, Global warming [kg CO2-Equiv.]

Global Warming Potential of Scenario A

v l Carbon dioxide v [l Carbon monoxide
v I Nitrous oxide (laughing gas)[v [ ] Methane

160.0004"

140.0003"

120.0003 "

100.0003"

L) L) L) L) L) L)
Cogen Digestion Grs.trnsp S.Fer.spread N emis,lig. N emis,solid

Figure I.1. Global warming potential of Scenario A.
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EDIP 2003, Global warming [kg CO2-E

Global Warming Potential of Scenario B

v B Carbon dioxide v B Carbon monoxide v B Nitrous oxide (laughing gas)
¥ O Methane

Cogerl1-BBB Digesltion-B L.Fert.lspread Manure:transp.B Nem.lliq.dig. Nem.slolid.dig.

Figure 1.2. Global warming potential of Scenario B.

Equiv ]

EDIP 2003, Global warming [kg CO2

Global Warming Potential of Scenario C
0 [l Carbon dioxide 0 [l Carbon monoxide 0 [ Nitrous oxide (laughing gas)
0 [ Methane
3.000.000-_
2.500.000
2.000.000-3
1.500.000
1.000.000-3
500.000-3
7‘
AN frt.prod.app. Landfilling Cattle F. Emis. Elect, HC,PP  Poultry F.Emis. Thermal, HC PE

Figure 1.3. Global warming potential of Scenario C.
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1.800.00

1.600.00

1.400.00

1.200.00

1.000.00

800.00

600.00

400.00

200.00

EDIP 2003, Global warming [kg CO2-Equiv.]

Global Warming Potential of Scenario D

1 [l Carbon dioxide 1 [l Carbon monoxide o I Nitrous oxide (laughing gas)
0 |:| Methane

AN frt.prod.app. Landfilling Catile F.Emis. Elect, NG, PP Poultry F. Emis. Thermal, NG PE

Figure 1.4. Global warming potential of Scenario D.

2.000.0009

EDIP 2003, Global warming [kg CO2-Equiv.]

1 .800.000-5
1 .600.000-5 ’
1 .400.000-5 ’
1 .200.000-5 -
1 .ooo.ooo-i ’
800.000% -
eoo.ooo-i"
400.000-5
200.000-5

0-

Global Warming Potential of Scenario E

v B Carbon dioxide v B Carbon monoxide ¥ B Nitrous oxide (laughing gas)
¥ [0 Methane

AN frt.prod.app. Landfilling Cattle F. Emis. CH:reservoir hydropower plant Poultry F. Emis.

Figure 1.5. Global warming potential of Scenario E.
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2.000.000+

EDIP 2003, Global warming [kg CO2-Equiv.]

1.800.000

1.600.000

1.400.000

1.200.000

1.000.000

800.000

600.000

400.000

200.000

Global Warming Potential of Scenario F

v [l Carbon dioxide
v [J Methane

v [l Carbon monoxide

v B Nitrous oxide (laughing gas)

AN frt.prod.app.
Landfilling

Cattle F. Emis.

CH: wind power plant 150kW, moving parts

CH: wind power plant 150kW, fixed parts

Poultry F. Emis.

Figure 1.6. Global warming potential of Scenario F.

950.0003

900,000

> 3
-5 850.000

5800000

o 750.0003

o} 1~
8 700.000%

© 650.0004
4

=600.000f

=)
.S 550.0007

€ 500000

€ 450.000

T 400000

el
© 350.0007

G 3000004

8 250.0003

150.0004

EDIP 20

50.0007

200.000§
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Figure 1.7. Global warming potential of Scenario G.
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GWP of ONLY the Electricity Production Process for Each Scenario
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Figure 1.8. Comparison of global warming potential of only electricity production

processes for each scenario.
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Figure 1.9. Comparison of global warming potential of all Scenarios.
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Table I.1. GWP Savings of Scenario A with respect to other scenarios in terms of some

different activities and goods.

Goal Deﬁg:i(i):; for GWP Migi;:;lm Achieved Savings of Scenario A with respect to
Scenario C | Scenario D | Scenario E | Scenario F | Scenario G
Saving urban trees (pcs.) | >500,000 | 5,165,079 3,757,856 2,130,244 2,188,375 603,424
. >150 1,483 1,079 612 628 173
GWP saving equal to citizens
yearly emissions of a
considerable amount of
average World Citizens*
GWP Saving equal to a >30,000 263,088 191,410 108,506 111,467 30,736
considerable amount of pes.
TVs running for a year*
>1,000 10,616 7,724 4,378 4,498 1,240
GWP Saving equal to the|  tgppe
extraction and refinery of
crude oil to make a
considerable amount of
petrol*
. >10,000 100,850 73,374 41,594 42,729 11,782
GWP Saving equal to cs
manufacturing of a pes.
considerable amount cell
phone*
GWP Saving equal to >3,000,000| 27,504,625| 20,011,006 11,343,790 11,653,340 3,213,298
flying a considerable kilometres
distance in economy
class (long distance
flight, emissions per
passenger*
) >2,500 pcs. 22,004 16,009 9,075 9,323 2,571
GWP Saving equal to
manufacturing a
considerable amount of
computers and monitors*
GWP Saving equal to >300 tonne 2,631 1,914 1,085 1,115 307
producing a considerable
amount of steel*
GWP Saving equalto > 4,500,000 42,020,955| 30,572,370 17,330,790 17,803,714 4,909,206
driving a considerable kilometre
distance with an average
European car*
GWP Saving equal to >900 tonne 8,289 6,031 3,419 3,512 968
producing a considerable
amount of sugar*

* GWP Savings are calculated according to GHG emission amounts generated by different activities or goods given in

Ref. [Kirby, 2008].
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The acidification potential of all scenarios are given and compared below.

Acidification Potential of Scenario A
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Figure I.10. Acidification potential of Scenario A.
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EDIP 2003, Acidification potential [m2 UES]

Global Warming Potential of Scenario B
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Figure I.11. Acidification potential of Scenario B.
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Figure 1.12. Acidification potential of Scenario C.
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Acidification Potential of Scenario D
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Figure 1.13. Acidification potential of Scenario D.
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Figure 1.14. Acidification potential of Scenario E.
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EDIP 2003, Acidification potential [m2 UES]
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Figure I.15. Acidification potential of Scenario F.
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Figure 1.16. Acidification potential of Scenario G.
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Comparison of Acidification Potential for All Scenarios

|V B Ammonia v M Nitrogen oxides v Bl Sulphur dioxide

Figure I.17. Comparison of acidification potential of all Scenarios.
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The aquatic eutrophication potential of all scenarios are given and compared below.

EDIP 2003, Aquatic eutrophication [kg NO3-Equiv.]
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Figure 1.18. Aquatic eutrophication potential of Scenario A.
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Figure 1.19. Aquatic eutrophication potential of Scenario B.
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Figure 1.20. Aquatic eutrophication potential of Scenario C.
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Aquatic Eutrophication Potential of Scenario D
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Figure 1.21. Aquatic eutrophication potential of Scenario D.
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Figure 1.22. Aquatic eutrophication potential of Scenario E.
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Aquatic Eutrophication Potential of Scenario F
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Figure 1.23. Aquatic eutrophication potential of Scenario F.
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Figure 1.24. Aquatic eutrophication potential of Scenario G.
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Comparison of Aquatic Eutrophication Potential for All Scenarios
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Figure 1.25. Comparison of aquatic eutrophication potential of all scenarios.



248

The terrestrial eutrophication potential of all scenarios are given and compared

below.

1

_L
o
o
')
o

EDIP 2003, Terrestrial eutrophication [m2 UES]

1000008
90.0004
80.000§
700004
60.000§
50.0004
400004
30.0004
200004
100003~

Terrestrial Eutrophication Potential of Scenario A

| v ll Ammonia v I Nitrogen oxides

)
Cogen

L) L) L) L)
Digestion Grs.trnsp S.Fer.spread N emis,lig. N emis,solid

Figure 1.26

. Terrestrial eutrophication potential of Scenario A.
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Terrestrial Eutrophication Potential of Scenario B
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Figure 1.27. Terrestrial eutrophication potential of Scenario B.
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Figure 1.28. Terrestrial eutrophication potential of Scenario C.
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EDIP 2003, Terrestrial eutrophication [m2 UES]
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Figure 1.29. Terrestrial eutrophication potential of Scenario D.
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Figure 1.30. Terrestrial eutrophication potential of Scenario E.
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Terrestrial Eutrophication Potential of Scenario F
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Figure 1.31. Terrestrial eutrophication potential of Scenario F.
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Figure 1.32. Terrestrial eutrophication potential of Scenario G.
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Comparison of Terrestrial Eutrophication Potential for All Scenarios
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Figure 1.33. Comparison of Terrestrial eutrophication potential of all Scenarios.

The photochemical ozone formation - impact on vegetation potential of all scenarios

are given and compared below.
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Photochemical Ozone Formation -
Impact on Vegetation Potential of Scenario A
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Figure 1.34. Photochemical ozone formation - impact on vegetation potential of

Scenario A.
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Photochemical Ozone Formation
Impact on Vegetation Potential of Scenario B

|V B Carbon monoxide [ B Nitrogen oxides v Bl Group NMVOC to air¥ [J Methane

Cogen-BBB Digestion-B F. Stor.B L.Fert.spread Manure_transp.B S.Fert,spread

Figure 1.35. Photochemical ozone formation - impact on vegetation potential of

Scenario B.
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Photochemical Ozone Formation - Impact on Vegetation

Potential of Scenario C
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Figure 1.36. Photochemical ozone formation - impact on vegetation potential of

Scenario C.
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EDIP 2003, Photochemical ozone formation - impact on vegetation [m2 UES*ppm*hours]

Photochemical Ozone Formation - Impact on Vegetation
Potential of Scenario D

||7 [l Carbon monoxide v [ Nitrogen oxides vl Group NMVOC to airlv [] Methane

30.000.0004"

25.000.0004

20.000.0004"

15.000.0004 "

10.000.0004 "

5.000.0004 "

AN frt.prod.app. Landfilling Elect, NG, PP Poultry F. Emis. Thermal, NG PE

Figure 1.37. Photochemical ozone formation - impact on vegetation potential of

Scenario D.
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Figure 1.38. Photochemical ozone formation - impact on vegetation potential of

Scenario E.



258

EDIP 2003, Photochemical ozone formation - impact on vegetation [m2 UES*ppm*hours]

Photochemical Ozone Formation - Impact on Vegetation
Potential of Scenario F
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Figure 1.39. Photochemical ozone formation - impact on vegetation potential of

Scenario F.
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Photochemical Ozone Formation
Impact on Vegetation Potential of Scenario G
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Figure 1.40. Photochemical ozone formation - impact on vegetation potential of

Scenario G.
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Comparison of Photochemical Ozone Formation
Impact on Vegetation Potential of All Scenarios
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Figure 1.41. Comparison of Photochemical ozone formation - impact on vegetation

potential of all Scenarios.
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The stratospheric ozone depletion potential of all scenarios are given and compared

below.

Stratospheric Ozone Depletion Potential of Scenario A
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Figure 1.42. Stratospheric ozone depletion potential of Scenario A.
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Stratospheric Ozone Depletion Potential of Scenario B
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Figure 1.43. Stratospheric ozone depletion potential of Scenario B.
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Figure 1.44. Stratospheric ozone depletion potential of Scenario C.
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Stratospheric Ozone Depletion Potential of Scenario D
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Figure 1.45. Stratospheric ozone depletion potential of Scenario D.

Stratospheric Ozone Depletion Potential of Scenario E
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Figure 1.46. Stratospheric ozone depletion potential of Scenario E.



264

o o
[ ~
S =}

o
33
S

o
w
S

o N
n E
=} =)
RERETE IR WA WA WA WA W |

o
-
o

Stratospheric Ozone Depletion Potential of Scenario F

v B Halon (1301)
v [0 R 114 (dichlorotetrafluoroethane)
v [ R 22 (chlorodifluoromethane)

v @ Carbon tetrachloride (tetrachloromethane)/v [l Halon (1211)

v [ R 11 (trichlorofluoromethane)
v [ R 12 (dichlorodifluoromethane)

A

EDIP 2003, Stratospheric ozone depletion [kg R11-Equiv.]

o
=)
S

AN frt.prod.app.
Landfilling

CH: wind power plant 150kW, fixed parts
CH: wind power plant 150kW, moving parts

Figure 1.47. Stratospheric ozone depletion potential of Scenario F.
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Figure 1.48. Stratospheric ozone depletion potential of Scenario G.
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Comparison of Stratospheric Ozone Depletion Potential for All Scenarios
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Figure 1.49. Comparison of stratospheric ozone depletion potential of all scenarios.

The characterisation results of all scenarios are given and compared below.
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GaBi diagram:OVERALL COMPARISON 3 - Outputs
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Figure 1.50. Characterisation results of all scenarios.
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APPENDIX J- NORMALISATION RESULTS OF LCA ANALYSIS

The normalisation results of all scenarios are given and compared below.

Normalized Environmental Impact Potentials of all Scenarios
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Figure J.1. Normalized environmental impact potentials of all scenarios.
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APPENDIX K- WEIGHTING RESULTS OF LCA ANALYSIS

The weighted environmental impact potential of all scenarios are given and

compared below.

The weighted environmental impact potential diagram of Scenario A is given in

Figure K.1.

Weighted Environmental Impact Potentials of Scenario A

v [l EDIP 2003, Acidification potential

v [l EDIP 2003, Aquatic eutrophication

v [l EDIP 2003, Global warming

[v [J EDIP 2003, Photochemical ozone formation - impact on human health and materials
[v [J EDIP 2003, Photochemical ozone formation - impact on vegetation

[v ] EDIP 2003, Stratospheric ozone depletion

[v ] EDIP 2003, Terrestrial eutrophication

0 1 T k T |
Cogen Digestion Grs.trnsp  L.Fert.spread S.Fer.spread N emis,lig. N emis,solid

EDIP 2003, Env. imp. eval. (PET W, EU 2004)

Figure K.1. Weighted environmental impact potential of Scenario A.

The weighted environmental impact potential diagram of Scenario B is given in

Figure K.2.
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Weighted Environmental Impact Potentials of Scenario B

~ B EDIP 2003, Acidification potential

~ B EDIP 2003, Aquatic eutrophication

~ B EDIP 2003, Global warming

¥ [0 EDIP 2003, Photochemical ozone formation - impact on human health and materials
O EDIP 2003, Photochemical ozone formation - impact on vegetation

O EDIP 2003, Stratospheric ozone depletion

¥ OO EDIP 2003, Terrestrial eutrophication

100

EDIP 2003, Env. imp. eval. (PET W, EU 2004)
o
o

Coger'1-BBB Digestion-B L.Fert.spread Manure_transp.B S.Fert,spread Nem. lig.dig. N em.solid.dig.

Figure K.2. Weighted environmental impact potential of Scenario B.

The weighted environmental impact potential diagram of Scenario C is given in

Figure K.3.
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Weighted Environmental Impact Potential of Scenario C

v [l EDIP 2003, Acidification potential

v [l EDIP 2003, Aquatic eutrophication

v [l EDIP 2003, Global warming

lv [J EDIP 2003, Photochemical ozone formation - impact on human health and materials
[v [J EDIP 2003, Photochemical ozone formation - impact on vegetation

v [J EDIP 2003, Stratospheric ozone depletion

v [J EDIP 2003, Terrestrial eutrophication

EDIP 2003, Env. imp. eval. (PET W, EU 2004)

AN frt.prod.app. Landfilling Cattle F. Emis. Elect, HC, PP Poultry F. Emis.  Thermal, HC PE

Figure K.3. Weighted environmental impact potential of Scenario C.

The weighted environmental impact potential diagram of Scenario D and Scenario E

are given below.
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EDIP 2003, Env. imp. eval. (PET W, EU 2004)

Weighted Environmental Impact Potential of Scenario D

v [l EDIP 2003, Acidification potential

v Bl EDIP 2003, Aquatic eutrophication

v [l EDIP 2003, Global warming

v [J EDIP 2003, Photochemical ozone formation - impact on human health and materials
v [J EDIP 2003, Photochemical ozone formation - impact on vegetation

v [ EDIP 2003, Stratospheric ozone depletion

v [J EDIP 2003, Terrestrial eutrophication

-
EN
o
o
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AN frt.prod.app. Landfilling Cattle F. Emis. Elect, NG, PP Poultry F. Emis.  Thermal, NG PE

Figure K.4. Weighted environmental impact potential of Scenario D.

EDIP 2003, Env. imp. eval. (PET W, EU 2004)

Weighted Environmental Impact Potential of Scenario E

v [l EDIP 2003, Acidification potential

v [l EDIP 2003, Aquatic eutrophication

v [l EDIP 2003, Global warming

v [ EDIP 2003, Photochemical ozone formation - impact on human health and materials
v [J EDIP 2003, Photochemical ozone formation - impact on vegetation

v [0 EDIP 2003, Stratospheric ozone depletion

v [J EDIP 2003, Terrestrial eutrophication

1.400

1.200

1.000

800

600

400

200

7 gz /T

AN frt.prod.app. Cattle F. Emis. Poultry F. Emis.
Landfilling CH: reservoir hydropower plant

o

Figure K.5. Weighted environmental impact potential of Scenario E.
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The weighted environmental impact potential diagram of Scenario F and Scenario G

are given below

(PET W, EU 2004)

EDIP 2003, Env. imp. eval.

—
EN
o
o
]

1.000

800

600

400

200

Weighted Environmental Impact Potential of Scenario F

v [l EDIP 2003, Acidification potential

v Bl EDIP 2003, Aquatic eutrophication

v [l EDIP 2003, Global warming

v [J EDIP 2003, Photochemical ozone formation - impact on human health and materials
v [0 EDIP 2003, Photochemical ozone formation - impact on vegetation

v [0 EDIP 2003, Stratospheric ozone depletion

v [0 EDIP 2003, Terrestrial eutrophication

/ /

o

AN frt.prod.app. Cattle F. Emis. CH: wind power plant 150kW, moving parts

JZ /7

Figure K.6. Weighted environmental impact potential of Scenario F.
Weighted Environmental Impact Potentials of Scenario G
v B EDIP 2003, Acidification potential
i~ B EDIP 2003, Aquatic eutrophication
vl EDIP 2003, Global warming
I O EDIP 2003, Photochemical ozone formation - impact on human health and materials
I [0 EDIP 2003, Photochemical ozone formation - impact on vegetation
v O EDIP 2003, Stratospheric ozone depletion
v O EDIP 2003, Terrestrial eutrophication
AN frt.plrod.app. CombinedICycIe Unit Gasifilcation Grs.trsp Poul.ltmsp Slaugl.trnsp Veg.irnsp

Figure K.7. Weighted environmental impact potential of Scenario G.
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Weighted Environmental Impact Potentials of all Scenarios

v B EDIP 2003, Acidification potential

v @ EDIP 2003, Aquatic eutrophication

» l EDIP 2003, Global warming

v 0 EDIP 2003, Photochemical ozone formation - impact on human health and materials
v [ EDIP 2003, Photochemical ozone formation - impact on vegetation

v [0 EDIP 2003, Stratospheric ozone depletion

v 0 EDIP 2003, Terrestrial eutrophication

Weighted Environmental Impact Potentials of all Scenarios

||7 B EDIP 2003, Env. imp. eval. (PET W, EU 2004) |\

EDIP 2003, Env. imp. eval. (PET
(0]
o
o

C Ll Ll Ll Ll Ll
A B C D E

A: Pilot Plant/Waste Recipe C: Coal PP E: Hydro PP G: IGCC
B: Pilot Plant/Cattle Manure D: Natural Gas PP F: Wind PP

Figure K.8. Weighted environmental impact potentials of all scenarios.



APPENDIX L - PROFIT & LOSS ANALYSIS

Table L.1. Profit and Loss analysis summary for the pilot plant — Scenario A.
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PROFIT & LOSS CALCULATION FORMULAS UNIT TOTAL
PARAMETERS PRICE PRICE
CONSTRUCTIONAL =| Electrical Capacity of |x Unit
COST the Pilot Plant Constructional
Cost
Constructional Cost = 350 kWh x| 3,200 €/kWh @ = 1,120,000 ¢
of the Digester
Constructional Cost = 350 kWh x| 800 €/kWh ™ = 280,000 €
of the Cogeneration Unit
Total Constructional Cost | 350 kWh x| 4,000 €/kWh® = 1,400,000 €
of the Pilot Plant
L.LOSS = OPERATIONAL
COSTS
Annual O&M Cost of the |5 Ratio of the Operation |x| Constructional
Pilot Plant and Maintenance Cost Cost
to the Constructional of the Pilot Plant
Cost of the Pilot Plant
Annual O&M Cost of the = 3% x| 1,400,000 € =| 42,000 €/y
Pilot Plant
Annual O&M Cost of the  |HOperational Duration/yr|x| (0.8 — 1.1 €/hr)
Cogeneration Unit
[Annual O&M Cost of the = 8,000 hr/year X 0.95€ = 7,600 €/year
Cogeneration Unit
Annual Insurance and taxes = Insurance and taxes |x Total
costs of the Pilot Plant ratio to the Constructional
constructional cost of Cost of the Pilot
the Pilot Plant Plant
Annual Insurance and taxes |= 7.50% P x| 1,400,000 € =| 105,000 €/y]
costs of the Pilot Plant
Annual Manpower Cost =Operational Employee # x| Monthly Salary
Annual Manpower Cost = three people x| 2,000 €/month = 72,000 €/yr
Annual Raw Material Cost |5 Unit Purchasing and |x| Total Quantity of
Transportation Cost Raw Material
Annual Raw Material Cost |5 three €/ton x| 10,680 ton/yr = 32,040 €/yr
Annual Water Cost = Unit Purchasing and |x| Total Quantity of
Trasnportation Cost Raw Material
Digested
[Annual Water Cost = 2.9 €/ton @ X 3,577 ton/yr = 10,409 €/yr
TOTAL ANNUAL LOSS 269,049 €/yr|
PROFITS
Profit from Electricity = Electrical Capacity of |x|(100%) x Working|x| Electricity
the Plant (kW) Hours Unit Price
Profit from Electricity = 57 kWh X 8,000 hr/yr X 0.076(g/kWh = 34,892 €/yr
Profit from Electricity Trade |5 Electrical Capacity of |x|(100%) x Working|x| Electricity
the Plant (kW) Hours Unit Price
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PROFIT & LOSS CALCULATION FORMULAS UNIT TOTAL
PARAMETERS PRICE PRICE
Profit from Electricity Trade = 273 kWh x| 8,000 hr/year |x|0.094 €/kWh|=| 205,216 €/year
Profit from Carbon Trade | Capacity of the Plant |x|(100%) x Working|x| Electricity

(kW) Hours Unit Price
Profit from Carbon Trade = 273 kWh X 8,000 hr/yr x10.020 €/kWh 43,629 €/y1]

(O]
Profit from Heat = Heat Capacity of the |X|(100%) x Working|x| Heat Unit
Plant (kW) Hours Price
Profit from Heat = 395 kWh X 8,000 hr/yr x| 0.03 €/kWh 94,776 €/yr
O]

Organic Fertilizer Trade = Quantity of Digested |X| Unit Selling Price

Matter of Organic

Fertilizer
Organic Fertilizer Trade  |= 5,187 ton/yr X[ 30.00 €/ton P 155,610 €/yx
TOTAL ANNUAL PROFIT 534.123 €/yr|
TOTAL ANNUAL NET = LOSS - PROFIT
PROFIT
TOTAL ANNUAL NET = 534,123 €/yr -1 269,049 €/yr 265,074 €/yr|
PROFIT
= TOTAL / [TOTAL ANNUAL

PAYBACK PERIOD CONSTRUCTIONAL NET PROFIT

COST
PAYBACK PERIOD = 1,400,000 € /| 265,074 €/yr 5.3 yr

(1) [Kaya et al., 2009]

(2) [ISKI Water Unit Price List, 2011]

(3) [Resmi Gazete, 2010]
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APPENDIX M- LCC ANALYSIS RESULTS

The cogeneration unit process is shown below as an example to flow costs, machine

costs and personnel cost information. Cost Information for the Unit Process of

Cogeneration Unit is given in Table M.1.

Table M.1. Cost information for the unit process of cogeneration unit.

Cogen -- Plan instance |z|

Local narme: {Cc-gen | 7| Moimage === Cancel |
{2 Local settings £ LCC: 3,9797E005 € ]
Flow costs =
Alias IFI-:w JInputs,i'-Outputs |.5.'m-:unt [Iﬁr-iﬁe |Llnit JOverhead refcost it
Aluriinum [Mon renewable elements] Inputs 43,565 ka 0 £ 0% 0 £ '
: Lead [Mon renewable elements] Inputs 0,36579 kg 0 £ 0% 0 £
Cadmium [Mon renewable elements] Inputs 0,0018%6 kg 0O £ 0% 0 £
: Chromium [Mon renewable elements] Inputs 21,359 kg 0 € 0% 0 €
] Cobalt [Mon renewable elements] Inputs 9,3254E-005 kg O € 0% 0 €
Iran [Mon renewable elements] Inputs 2045,1 ka 0 £ 0% 0 £
: Gold [Mon renewable elements] Inputs 4,8276E-005 kg O £ 0 %% 0 £
il Copper [Mon renewable elements] Inputs 41,839 kg 0 £ 0% 0 £
Magnesium [Mon renewable elements]  Inputs 9,0227E-005°kg 0 € 0% 0 €
: Manganess [Mon renewable elements]  Inputs 2,2049 kg 0 € 0% 0 € w
< N
Machine costs 2
Alias Machine |Cycle time JUnit JHDurIy machine sek IUnit |Overhear_"' reiCosk LInit
P Cogen Equipment [Machines] 3000 h -7,086 £ 7,5 % -60940 £
P Total -b0940 £
Personnel costs -
Blias Erﬁplovees IC-QcIe time  |Urit Hourly wage 1Lln|t it.).\r'erhead rdCost LInit
Cogen operator [Personnel] aran h -1,6438 € 0% -14400 €
] Total -14400 €
4 >

The unit flow cost of the raw material, “cattle manure”, is given in Table M.2 as an

example.



Table M.2. Cost information for the unit flow of cattle manure.

& Cattle manure-P [PILOT PLANT] -- DB Flow {=1E3]
Object  Edit  Wiew Help
O & 4 B B &
Hame |Cattle manure-F| )
= 1ca (B LCC ]
Flow Cost Reference quantity: Mass 1 kg
Purchase price  |-0,0008571 € Direct cost per period
Freight charges |-0,002 € -0,001 €
Package o€ Overhead costs per period
Insurance o€ -SE-00% €
Discounts ,D’éi
Price -0,0028571 € Overhead rati(> % Cost -0,003 £
System: Mo changes, Last change: Swstem, 11.02.2011 18:00:54

The machine cost of the cogeneration unit is given as an example in Table M.3.

Table M.3. Machine cost information of the cogeneration unit.

=3 Copgen Equipment [Machines] -- DB Flow Q@@

Object  Edit Wiew Help

DL 4 EBE S

ame |Cogen Equiprnent %
= 1ca ik LCC ]

. Reference quantity; Operating time 1 Hours of operation
Machine Cost

Replacement value ,—2,8!-:? Direct cost per period

Interest rate ’5%7 ’—2,8!—:?
LUkilization period ,?JEYT Owerhead costs per period

Annual mainkenance ,3%7 ,W
Annual nomingl period (3000 b

Haourly tool cost 0€

Monthly rent charge ,D’G'i

Hourly machine set |-5,5917 € Overhead ratif7,> % Cost 7,086 £

Systerm: Mo changes. Last change: System, 29.08.2011 18:36:45
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The personnel cost of the cogeneration unit is given as an example in Table M.4.

Table M.4. Personnel cost information of the cogeneration unit.

= Cogen operator, [Personnel] -- DB Flow g@@

Object  Edit  VWiew Help

DEE LB ST

[arne _ogen operator @
% wca G Lec |

Personnel Cost Reference guantity: Working kime (LCC) 1 Hours worked
Annual gross salary W Direct cost per period

Annual social security |0 € ’%7

Cther social services lﬂ‘éi Cwerhead costs per period

Duaily working time ah ’%7

Weekly working days W
Annual holiday W
Annual wacation W
Cther absent days W

Hourly wage -1,6438 € Overhead ratif0 % Cost -1,6438 €
System: Mo changes, Last change: System, 27.07.2011 16:45:47

When all cost information for the flows are assigned to GaBi4, the following figures
in Figure M.1 are obtained showing the total of all input and output flows of the pilot plant

in Scenario A and Scenario B.
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LCC INPUT-OUTPUT FLOW COSTS

v [l Cattle manure-1
[v . Grass+grass silage-1
v [ Slaughterhouse w aste-1

v [l CH:tap water, at user-1
v [J Poultry manure-1
v [ Vegetable w aste-1

[v [J CH: electricity, at cogen w ith biogas engine, allocation exergy|[v [l CH: heat, at cogen w ith biogas engine, allocation exergy
v [@ CH: digested matter, application in agriculture

o
[RTRTTHT]

L]

Cost [€]

GaBi diagram:B - Flow costs

v B Cattle manure-1
[ . Grass+grass silage-1
[ |:| Slaughterhouse w aste-1

v [l CH:tap water, at user-1
[~ [ Poultry manure-1
[~ [0 Vegetable w aste-1

[v [J CH: electricity, at cogen with biogas engine, allocation exergy[v [l CH: heat, at cogen w ith biogas engine, allocation exergy
v @ CH: digested matter, application in agriculture

110.0007
100.000
90.000
80.000

Figure M.1. Flow costs of Scenario A and Scenario B.



Figure M.2 are obtained for the pilot plant units in Scenario A and Scenario B.
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When all machine cost information is assigned to GaBi4, the following figures in

Cost [€]

GaBi diagram:A - Machine costs

| [v B Cogen Equipment [v [l Digester Equipment [v [ll Final Storage [v [ Grinding Unit [v [J Primary storage unit |

A

/

-75.000
-80.000
-85.000
-90.000

Cost [€]

GaBi diagram:B - Machine costs

| v B CogenB v I Digester Equipment [v [ll Final Storage [v [ Primary storage unit |‘

A

/

-55.000¢
-60.000¢
-65.000¢
-70.000¢
-75.000¢
-80.000¢
-85.000¢
-90.000¢

Figure M.2. Machine costs of Scenario A and Scenario B.
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When all personnel cost information is assigned to GaBi4, the following figures in
Figure M.3 are obtained for the pilot plant units in Scenario A and Scenario B. The

personnel costs are same for both scenarios.

GaBi diagram:A - Personnel costs

| vl Cogenoperator [v [l Digester Operator [v [l Final Storage v [ Grinding Unit [v [J Primary storage unit |‘

7 /

-2.000

-4.000

-6.000

-8.000
-10.000
-12.000
-14.000
-16.000
-18.000
-20.000
-22.000
-24.000
-26.000
-28.000
-30.000
-32.000
-34.000
-36.000
-38.000
-40.000

Cost [€]

Figure M.3. Personnel costs of Scenario A and Scenario B.

When all flow, machine and personnel cost information are assigned to GaBi4, the

Figure M.4 is obtained for the pilot plant units in Scenario A and Scenario B.
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SCENARIO A
PROFIT & LOSS DIAGRAM

Input&Output Flow Diagrams, Machine Costs and Personnel Cost

v B Cattle manure-1 v B CH:tap water, at user-1

v B Grass+grass silage-1 v [ Poultry manure-1

v [ Slaughterhouse w aste-1 v [ Vegetable w aste-1

[v [ CH: electricity, at cogen w ith biogas engine, allocation exergy[v [ll CH: heat, at cogen w ith biogas engine, allocation exergy
v . CH: digested matter, application in agriculture v . Cogen Equipment

v [ Digester Equipment v B Final Storage

v O Grinding Unit v B Primary storage unit

v B Cogen operator v [ Digester Operator

v [ Final Storage v @ Grinding Unit

v [ Primary storage unit

300.000
250.0007
200.0001
@, 150.000
8 100.0003
50.000
E
-50.0001
SCENARIOB
PROFIT & LOSS DIAGRAM
Input&Output Flow Diagrams, Machine Costs and Personnel Cost
v [l Cattle manure-1 v [l CH:tap water, at user-1
[~ B Grass+grass silage-1 [ [0 Poultry manure-1
[~ [0 Slaughterhouse w aste-1 [~ [0 Vegetable w aste-1
v [ CH: electricity, at cogen w ith biogas engine, allocation exergy[v' [l] CH: heat, at cogen w ith biogas engine, allocation exergy
[v . CH: digested matter, application in agriculture [v . Cogen B
[v [J Digester Equipment [v [l Final Storage
v O Primary storage unit v B Cogen operator
v I Digester Operator v Bl Final Storage

Cost [€]

v [ Primary storage unit

120.0004
100.0003
80.0003
60.0003
40.0003
20.0003

-20.000
-40.000
-60.000
-80.000

o

Figure M.4. LCC comparison of Scenario A and Scenario B.



283

APPENDIX N - LCA STUDIES BASED ON GaBi4 SOFTWARE

Alkaner, S., Zhou, P. 2006. “A comparative study on life cycle analysis of molten carbon
fuel cells and diesel engines for marine application”. Journal of Power Sources, 158, 188—

199.

lakovou, E., Moussiopoulos, N., Xanthopoulos, A., Achillas, Ch., Michailidis, N.,
Chatzipanagioti, M., Koroneos, C., Bouzakis, K.-D., Kikis, V. 2009. “A methodological
framework for end-of-life management of electronic products”. Resources, Conservation

and Recycling, 53, 329-339.

Kennedy, C., Steinberger, J., Gasson, B., Hansen, Y., Hillman, T., Havranek, M., Pataki,
D., Phdungsilp, A., Ramaswami, A., Mendez, G., V. 2010. “Methodology for inventorying
greenhouse gas emissions from global cities”. Energy Policy, 38, 4828—4837.

Risdnen, T., Soukka, R., Kokki, S., Hiltunen, Y. 2008. “Neural networks in process life
cycle profit modelling”. Expert Systems with Applications, 35, 604—610.

Rousset, P., Caldeira-Pires, A., Sablowski, A., Rodrigues, T. 2011. “LCA of eucalyptus

wood charcoal briquettes”. Journal of Cleaner Production, 19, 1647-1653.

Russell, S.N., Allwood, J. M. 2008. “Environmental evaluation of localising production as
a strategy for sustainable development: a case study of two consumer goods in Jamaica”.

Journal of Cleaner Production, 16, 1327-1338.

Scharnhorst, W., Althaus, H., Classen, M., Jolliet, O., Hilty, L. M. 2005. “The end of life
treatment of second generation mobile phone networks: Strategies to reduce the

environmental impact”. Environmental Impact Assessment Review, 25, 540-566.

Scharnhorst, W., Hilty, L. M., Jolliet, O., 2006. “Life cycle assessment of second
generation (2G) and third generation (3G) mobile phone networks”. Environment

International, 32, 656—675.



284

Suebsiri, J., Wilson, M. 2011. “A model of carbon capture and storage with domenstration
of global warming potential and fossil fuel resource use efficiency”. Energy Procedia, 4,

2465-2469.

Tangsubkul, N., Parameshwaran, K., Lundie, S. Fane, A.G., Waite, T.D. 2006.
“Environmental life cycle assessment of the microfiltration process”. Journal of Membrane

Science, 284, 214-226.



