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1. GLOSSARY AND ABBREVIATIONS 

AFC: Alkaline fuel cell 

BIGCC: Biomass-fuelled integrated gasification-combined cycle 

Brayton cycle: is a power cycle generally associated with the gas turbine. It is unique among 
power cycles in being an open system. 

Carnot Cycle: the theoretical maximum efficiency of any heat engine, an efficiency equal to 
(TI - T2)lTl where TI is the temperature of the hot source and T2 is the temperature of the 
cold sink. 

CC: Catalytic combustion 

CHP: Combined heat and power 

Cogeneration: generation of both electricity and district heating. 

Combined cycle: generation of electricity in two turbines following one another. First in a gas 
turbine then in a steam turbine 

Combined cycle cogeneration: generation of electricity in two turbines followed by 
generation of district heating 

CT - Division of chemical technology 

IE- Division of industrial ecology 

MCFC: Molten carbonate fuel cell 

MEA: Membrane/electrode assembly 

NFCRC: National fuel cell research centre, University of California 

PAFC: Phosphoric acid fuel cell 

PAH: Polycyclic aromatic hydrocarbons 

PEM: Proton exchange membrane 

PEMFC: Proton exchange membrane fuel cell 

SOFC: Solid oxide fuel cell 

SPFC: Solid polymer fuel cell 

Rankine cycle: describe the operation of steam heat engines commonly found in power 
generation plants. In such vapor power plants, power is generated by alternately vaporizing 



and condensing a working fluid (in many cases water). The working fluid in a Rankine cycle 
follows a closed loop and is re-used constantly. 



2. SUMMARY 
This project entitled "Systems Analysis: Energy Recovery from waste, catalytic combustion 
in comparison with fuel cells and incineration" is funded by The Swedish National Energy 
Administration. 

Some of the technologies that are currently developed by researchers at the Royal Institute of 
Technology include catalytic combustion and fuel cells as downstream units in a gasification 
system. Instead of performing the combustion in the gas turbine by a flame, a catalyst is used. 
When the development of a new technology (as catalytic combustion and fuel cells) reaches a 
certain stage where it is possible to quantify material-, energy- and financial flows, a systems 
analysis of the whole technology system can well be performed. The systems analysis can be used 
to expand the know-how about the potential advantages of the new technologies by highlighting 
its function as a component in a larger system. In this way it provides the possibhty of pointing 
out not only weak h k s  which have to be investigated more, but also strong points to emphasise 
the importance of further development. 

The aim of this project is to assess the energy turnover as well as the potential environmental 
impacts of biomass/waste-to-energy technologes. In second part of h s  project economic 
analysis of the technologies in general and catalytic combustion and fuel cell technologes in 
particular will be carried out. Four technology scenarios are be studed: (1) Gasification followed 
by Low temperature fuel cells (Proton Exchange Membrane (PEM) fuel cells) (2) Gasification 
followed by h g h  temperature fuel cells (Solid Oxide fuel cells (SOFC) (3) Gasification followed 
by catalytic combustion and (4) Incineration with energy recovery. The waste used as feedstock is 
an industrial waste containing parts of household waste, paper waste, wood residues and 
polyethene. In the study compensatory district heating d be produced by combustion of 
biofuel. The power used for running the processes in the scenarios wdl be supplied by the waste- 
to-energy technologies themselves while compensatory power is assumed to be produced from 
natural gas. The emissions from the system studied are classified and characterised using 
methodology from Life Cycle Assessment in to the following environmental impact categories: 
Global Warming Potential (also called the green house effect), Acidfication Potential, 
Eutrophication Potential and finally Formation of Photochemical Oxidants. 

Looking at the result of the four technology chains in terms of the four impact categories 
namely, greenhouse effect, acidification, eutrophcation and photochemical oxidants with impact 
per GWh electricity produced as a unit of comparison and from the perspective of the rank each 
scenario has in all the four impact categories, SOFC appears to be the winner technology 
followed by PEM and CC as second and third best respectively with incinerations as the least of 
all. 

O n  other hand, looking at the three important emissions (CO,, NOx and SOX) from the total 
systems (include both the core system and the external system), SOFC is the best technology 
equally followed PEM and CC as the second best. A comparison of the same emissions from the 
core systems places CC on equal level with SOFC as the best technologies with PEM as the 
second best. Note that in the last two comparisons of the three emissions, the unit is mass of 
substances emitted not related to the electricity produced. The difference in ranking between the 
two fuel cell alternatives and the CC scenario reveals the difference in the power produced from 
the scenarios. Hence improvement in the electrical efficiency of the technology units is very 
important. This requires not only improving the efficiencies of the individual units (steam 
turbine, gas turbines, fuel cell stack) mahng up the technology chains but also the system 
integration and the total efficiency of the whole systems. The robustness of the quantitative 
results per se wdl remain questionable untd a sensitivity analysis of the important parameters is 
carried out since data of different quality related to different sources were used. 



3. BACKGROUND 
As a result of the growing deregulation of power markets at different national, regional and 

international levels, generating electric power has become a difficult, highly competitive business. 
One of the most important issues in power generation sector is maximisation of the amount of 
electricity produced from a certain plant from a certain quantity of fuel (Idass, 1998). This issue, 
in turn, points to four key factors for a power generating plant: 

- the length of annual operation time 
- the electric efficiency of the power generation technology 
- the life cycle cost 
- the ecological performance 

In light of these factors, any effort of aiming at the best power generation system requires 
wise combination of the right fuel with the right chain of technologies that can convert the fuel 
to maximum heat and maximum electricity without jeopardxing the environment. 

Current energy systems, by and large, have been connected to the use of fossil fuels. Through 
the emission from using fossil fuels, the atmosphere is getting loaded with an increasing amount 
of carbon &oxide. Due to such intensive use of fossil fuels, the atmosphere's content of carbon 
&oxide today is ca 30 percent hgher than the level in the pre-industrial time (ca 200 years ago). 
T h s  amount is increasing with addtional0.4 percent every year. 

On the other hand, although the use of biomass also results in carbon dioxide emission, the 
emission does not contribute to global warming problem since it is promptly taken by vegetation. 
Hence, energy technologes using biomass as the primary feedstock are characterised by an 
ecological merit. 

In the search for ecologically friendly and highIy efficient biomass-based energy production 
systems, two end-point technologes of interest are the combined cycle (gas-turbine-steam- 
turbine) based on catalytic combustion and fuel cell technologies. Both these end-point 
technologies need gasification as a fuel processing unit. 

Gasification 
Gasification as an upstream technology is important in processing the biomass into fuel gas 

composed of mainly H,, CO, CO, and CH, that can be processed further to fit the respective 
requirements of each end-point technology. 

Innovative gasification processes for producing low-and medium-energy fuel gases developed 
for virgin and waste biomass feedstocks are attracting commercial-scale interest. The availabihty 
of suitable fuel gases from modern biomass gasification processes fachtates their couphg  with 
combined cycle power plants. 

Biomass-fuelled integrated gasification-combined cycle (BIGCC), having smaller capacities 
are expected to contribute to the electric generating capacity ever increasingly needed world-wide 
over the next several years. 

Modern, combined-cycle power generation systems using gas turbines as the primary 
generators offer higher thermal efficiencies than conventional steam-turbine systems, Rankine 
Cycle. In comparison to the heat load for conventional Ranlune steam-cycle power production 
using boilers and steam turbines; BIGCC technology can have about 25% less heat load and 
therefore considerably improved economics. 



Catalytic combustion 
Catalytic combustion of gasified waste or biomass is a relatively new development of flame 

combustion regardmg emissions and combustion efficiency. Moreover, a catalytic combustion 
technology has implications beyond emissions and combustion efficiency. It operates at a 
relatively low temperature and with a high degree of control. When catalytic combustion came 
into the scene, natural gas was the fuel raising most interest in different experiments ranging from 
lab scale to pilot scale. 

Despite the gas turbine's well-known benefits in distributed generation and cogeneration, the 
drawback related to the combustion process, e.g. flame instabhty, has hmdered its wide use. In 
contrast to flame combustion, catalytic combustion does not involve any issues of flame stability. 
The fuel-to-air ratio entering the catalyst simply needs to be high enough to maintain the desired 
turbine inlet temperature for full conversion of the fuel. 

Fuel cells 
Fuel cell technology is believed to offer improvements with regard to dfferent factors. Two 

of among the advantages of fuel cells are increased electric process efficiencies and a possible 
reduction in maintenance needs that allows longer annual operating hours. 

Fuel cells, unhke heat engmes, are not Camot Cycle h t e d  and can achleve hgh  fuel-energy- 
to-electric power conversion efficiencies that can be above 60% based on the energy content of 

-. 

the fuel supplied to the fuel cell. Out of the dozens of types of fuel cells, five types have either 
gained a good share of research, development and demonstration or are at various stages of 
commercial availability (Hoogers, 2003 and NFCRC, 2004). These are 

1. Proton Exchange Membrane Fuel Cell(PEMFC) 
2. Alkaline Fuel Cell (AFC) 
3. Phosphoric Acid Fuel Cell (PAFC) 
4. Molten Carbonate Fuel Cell (MCFC) 
5. Solid Oxide Fuel Cell (SOFC) 

These five types of fuel cells are described in a comparative format in Table 1. 



Tabel 1 Description of five major types of fuel cells 

Fuel Cell Type 
Operating 

'EM 
70-80 

SOFC 
300-1 000 

I temperature 

Vlolten lithium 
:arbonate and 
~otassium 
:arbonate 

4 ceramic, solid 
~xide, zirconia 

Sulphonic acid 
ncorporated 
nto a solid 
~olymer 

Potassium 
hydroxide 

'hosphoric 
acid 

'ure Hz 
:tolerates 
202, 
approx. 1 % 
CO ) 
H+ 

nem brane 
%re Hz 42, COY CH4, 

~ther 
iydrocarbons 
:tolerates C02) 

40% 

Moderate 
Early 
commercial 
application 
Electric 
utility and 
transportatio 
n 

I Efficiency 

Development 

High 
Early 
prototypes 

High 
Space 
applications 

Military and 
space 

bloderate 
=ield 
3emonstrations 

High 
Laboratory 
Demonstrations 

Electric utility, 
portable power 
and 
transportation 

Low 
temperatur 
e 
Quick start- 
u P 
Solid 
electrolyte 
reduces 
corrosion 
and 
manageme 
n t 
problems 
High 
sensitivity 
to fuel 
impurities 
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expensive 
catalysts 

Likely 
Applications 

Electric utility Electric utility 
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perform 
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efficienc 
y for 
cogener 
ation 
Can use 
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hydroge 
n fuel 

r High 
efficiency 
Flexibility of 
fuels 

High 
efficiency 
Flexibility of 
fuels 
Solid 
electrolyte 
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and 
managemen 
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Disadvantages I High 
temperature 
enhances 
corrosion 
and 
breakdown 
of cell 
com ponents 

Expensi 
ve 
removal 
of 
carbon 
dioxide 
from 
fuel and 
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supplie 
S 

Good 

Good 

LOW 
current 
and 
power 
Large 
size and 
weight 

Good 

Fair 

High 
temperature 
enhances 
corrosion 
and 
breakdown 
of cell 
components 

Prospect for 

low cost 

Good Good 

Fair 

Good 

Fair-Good Good 



In adl t ion to the above five types of fuel cells, Direct Methanol fuel cells and Regenerative 
fuel cells are currently more on the development stage. 

Fuel cells are generally classified into low temperature and high temperature fuel cells. 

Low Temperature Fuel Cells 
The three main types of low temperature fuel cells are Proton Exchange Membrane (PEM') 

fuel cells, Phosphoric Acid Fuel Cells (PAFCs) and Alkahe Fuel Cells (AFCs). Low temperature 
fuel cells have been making sipficant progress in transportation applications due to their quick 
start times, compact volume and lower weight compared to high temperature fuel cells. 

High Temperature Fuel Cells 
The two leading types of high temperature fuel cells are Solid Oxide Fuel Cells (SOFC) and 

Molten Carbonate Fuel Cells (MCFCs). In general, high temperature fuel cells are more efficient 
than low temperature ones in generating electrical energy. In addition, they provide high 
temperature waste heat which is a benefit in stationary cogeneration applications, but presents a 
problem for transportation applications. 

Stationary applications- selection of fuel cells 
Accordmg to the ATLAS Project of European Commission (Atlas, 2004), stationary 

applications of fuel cells comprise: 

Small-scale, on-site, non-utility power generation (3kW-1MW). 
Commercial CHP (up to IMW). 
Distributed power generation (1 -3OMW). 
Centralised power generation (> 100MW). 

Future R&D activities should be aimed at the development of safe, reliable and easy to 
operate fuel cell plants for hstributed generation of power and heat, particularly in the power 
range between a few hundred kW to <30r\iiW because in this power range fuel cells may 
successfully compete with other technologes for power generation or CHP (Atlas, 2004). 

There are four competing fuel cell systems that, in principle, suit stationary power generation. 
These are the proton exchange membrane or solid polymer fuel cell (PEMFC/SPFC), the 
phosphoric acid fuel cell (PAFC), the molten carbonate fuel cell (MCFC) and the solid oxide fuel 
cell (SOFC). 

In selecting two types of fuel cell technologies (one from low temperature group and one 
from high temperature group) for t h s  study, the following factors were considered: 

- current trends and focus as well as level of development with respect to stationary power 
generation application 

- the compatibdity with gasification 
- availabhty of information 

In doing so the following information about stationary fuel cells were studied: 

- technical information (Fuelcells2000, 2003a) 
- operating information ~uelcells2000, 2003b) 
- market information (Fuelcells2000,2003c) 
- worldwide installations (Fuelcells2000, 2004) 



The difficulty was in choosing between the three low temperature fuel cells: PEM, Alkalme 
and PAFC. In all the survey for a stationary power generation the focus is on PEM than Alkaline. 
Where thermal integration aspects or compatibility issues are compared between fuel cells and 
biomass gasification, only PEM and PAFC are considered as low temperature options, not 
Alkalme. Hence despite its advantage of possibihty of circulating its electrolyte, Alkaline fuel cell 
is dropped as an option for stationary power generation. It requires also an extra step for 
purifying both the fuel and the air from CO, that would otherwise contaminate the electrolyte. 
PAFC is dropped as a choice since despite an excellent record for durability, "stubbornly 
expensive cost it involves and the associated loss of interest in its development" (MacDermot, 
2002). 

In two contributions from Xenergy (2002) and Baron (2004), PEM was designated as "not 
very compatible" with biomass gasification. Although not explicitly mentioned, it seems the later 
contribution is based on the former. 

Due consideration of dfferent aforementioned issues and expert consultation (Sylwan, 2004), 
from the h g h  temperature fuel cells, SOFCs and from the low temperature fuel cells, PEM fuel 
cells are selected as part of the study objects of this research project. 

These two fuel cells are characterized and described further as follows based on Powell et a1 
(2004). 

PEM 
The abbreviated term PEM is used interchangeably with Proton Exchange Membrane, 

Polymer Electrolyte Membrane and even Solid Polymer Fuel Cell. 

The PEM fuel cells can operate on reformed hydrocarbon fuels, with pre-treatment, and on 
air. The use of a solid polymer electrolyte eluninates the corrosion and safety concerns associated 
with liquid electrolyte fuel cells. Its low operating temperature of 80°C provides instant start-up 
and requires no thermal shielding to protect personnel. Rapid energy availabihty is one of the key 
qualities. Approximately 50% of maximum power is available immediately at room temperature 
and within three hours full operating power is available. 

Recent advances in performance and design offer the possibhty of lower cost than any other 
fuel cell system. The PEM fuel cells have a h g h  power density, and are very promising for mass 
market applications such as automotive and stationary small scale CHP applications. There is a 
massive global effort to develop commercial systems. 

The waste heat generated is not suitable for gas turbines or bottoming cycles due to the low 
operating temperature. PEM fuel cells are currently being demonstrated in a range of commercial 
applications including buses, cars, small-scale CHP and distributed power. 

SOFC 
The SOFC uses a ceramic, solid-phase electrolyte, which reduces corrosion and e h a t e s  the 

electrolyte management problems associated with the liquid electrolyte fuel cells. 

To  achieve adequate ionic conductivity in such a ceramic, however, the system must operate 
at about 1000°C. At that temperature, internal reforming of carbonaceous fuels should be 
possible, and the waste heat from such a device would be easily u d z e d  by conventional thermal 
electricity generating plants to yield excellent fuel efficiency. 



The principle problems associated with liquid electrolyte fuel cells (i.e. cell hardware corrosion 
and electrolyte movement/flooding in the electrodes) are overcome by SOFC. High operating 
temperatures enable the reformation of fuel gas (e.g. natural gas) to take place internally thus 
reducing operating costs. Gas turbines could be powered with the waste heat. Other difficulties 
include a considerable start-up time for the high operating temperature required. The key 
qualities of Solid Oxide Fuel Cells relate to the nature of the cell hardware - it is not corrosive 
and impervious to gas crossover between electrodes. 

Siemens Westinghouse dominates the development of solid oxide fuel cells concentrating 
primarily on decentralised power and combined heat and power plants fuelled by natural gas. 
Recently emphasis has shifted from basic technology development to cost reduction, scale-up 
and demonstration of pre-commercial power systems at customer sites. Achieving a cost 
advantage over competitive technologies is seen to be the driving force behmd all efforts. 
However the falltng prices and increasing efficiencies of gas/steam turbine combined cycles have 
put tough goals on the cost targets of SOFC systems (Powell et al, 2004). 

The demonstration 100 kW SOFC CHP system, developed in 1997, was the world's longest 
running high temperature fuel cell, accumulating 16,612 hours of operation. Towards the end of 
its operating period it was providing 110 kW of electric power into the local grid at an efficiency 
of more than 46 percent, with high levels of reliability and low levels of air emissions. 
Commercial versions of the technology are expected to be ready for market penetration in 2004. 

As part of the US Energy Department's fuel cell program, a 220-kdowatt Siemens 
Westinghouse solid oxide fuel cell-microturbine 'hybridT system was developed at the University 
of California-Irvine in 2001. A hybrid system couples a high temperature fuel cell with a gas 
turbine. This gives greater flexibhty and consequently improves the overall system efficiency 
(>70%) at a capital cost that is between the two technologies. The development of h s  system is 
aimed at generators with a capacity of up to GO MW, which in combination with a gas turbine is 
projected to be 60°/0 efficient. In addition l-megawatt systems are being planned for Maryland 
(US) and Europe. 



4. AIM 
The aim of this research is to assess the ecological implications of the chains of technology 

composed of thermal technologies (gasification and incineration) and prime movers (gas turbine 
and steam turbine) as well as fuel cells used for producing electricity and heat from waste. The 
core purpose is to identify the technology combination that gives maximum electricity and heat 
with minimum ecological impact. As a continuation of this project, the economic and social 
assessment of these chains of technology wdl be included in another project. 



5. METHOD 
The methods, concepts and tools as well as discussions in this research are embedded in the 

concepts and ideals of systems analysis. 

5.1 SYSTEMS ANALYSIS 

The interactions between technology, human environment and natural environment are 
associated with the problems in our modern society. Such problems can often be addressed by 
employing systems analysis based solutions. Systems analysis is an approach for evaluation and 
integrated analysis of complex systems (Bjorklund, 1998). According to Miser et al, 1995 
"Systems analysis brings to bear the knowledge and methods of modern science and technology, 
in combination with concepts of social goals and equities, elements of judgement and taste, and 
appropriate consideration of the lager contexts and uncertainties that inevitably attend such 
problems". The aim of h s  kmd of approach is to gain deep understanding of the problem and 
use it to help bring about improvements (Miser & Quade, 1985). 

A system is a set of related entities that interact with each other in some way. Anythrng in 
nature or society may be described as a system consisting of sub-systems, and it self acting as a 
sub-system in a larger context (Bjorklund, 1998). By understandmg the sub-systems and the 
linkages between the sub-systems and the main system, the effects of new decisions can be 
estimated. 

Systems analysis is valuable in assessment of identified alternative methods of solving a clearly 
defined problem. This is vital since a decision-maker ought to know the consequences of 
alternative choices. The scope and objective of the assessment account for the decision to be 
made using the outcome of the assessment and are determined by the functions that the 
identified alternatives can provide. 

W i t h  the domain of systems analysis, models are used to predct consequences of taking up 
decision alternatives. A number of mental and implicit models, and other explicit models 
expressed by words, diagrams, mathematical equations etc., are synthesised to explicit models 
represented quantitatively and often expressed by computer programs giving birth to a computer 
model. The system and its sub-systems as well as their linkages can be described in the model as a 
simplified abstraction of the system. The model can work as a tool to solve problems and as a 
support in decision-malung and planning of complex systems. The impracticality, high cost and 
danger associated with full-scale test of each and every alternative justifies the need for these 
models. 

One such computer model originally developed for calculating energy, environmental and 
economic performance for waste management systems in a life cycle perspective is called 
ORWARE (Organic Waste Research) (cf. Bjorklund, 2000). In a previous project fmanced by 
Swedish Energy Administration, the model has been further developed with a focus on energy 
related waste management issues (Erksson et al, 2000). ORWARE has recently been used in the 
assessment of new technology such as catalytic combustion of gasified waste. It can also be used 
for assessment of other technical systems. The following section describes ORWARE using 
concepts of material flow analysis and LCA with reference to its use in systems analysis of waste 
management. 



5.2 THE ORWARE APPROACH 

ORWARE features are characterised by 1) material and substance flow m o d e h g  of the 
technology system, 2) life cycle perspective, and 3) quantification of potential environmental and 
economic impacts. 

A material flow analysis describes the static situation of different materials flows between 
hfferent subsystems in a defined system. Since ORWARE handles a large number of physical 
flows, it can be characterised as a multidimensional material- and substance flow analysis (for 
substance flow analysis cf. van der Voet et al, 1995). It covers a range of flows from Total Solids 
and Polycyclic Aromatic Hydrocarbons (PAH) to single elements such as chlorine and copper. In 
the current form of the model, it is possible to evaluate the results from over 50 parameters 
simultaneously. In practice, however, the number of parameters that are usually used is lower due 
to lack of data or poor data quality. The MFA carried out in ORWARE generates data on 
emissions from the system, which is aggregated into different environmental impact categories 
using life cycle assessment (LCA) methodologies. This makes it possible to compare the impacts 
of different waste management system alternatives on e.g. the greenhouse effect, acidification, 
eutrophxation and other impact categories. 

As in all other similar stuhes, the choice of system boundary is important. The system 
boundary has three dimensions; time, space and function. The temporal system boundaries vary 
between different studies (depends on the scope) and also between dfferent submodels. Most of 
the process data used is annual averages. However, in two submodels of the waste management 
systems for example (the landfill model and the arable land model), long-term impacts are also 
included. 

There is a geographical boundary delirmting the system under assessment, whereas emissions 
and resource depletion are included regardless of the spatial coordmate of their occurrence. The 
system boundaries in ORWARE are chosen with an LCA perspective, thus including in principle 
all processes that are connected to the life cycle of the product or a service of the system in 
question (e.g. waste management system). Our coverage of life cycle impacts covers raw material 
extraction, refinery, production and use. The impact of construction, demolition and final 
disposal of capital equipment is not included in terms of energy consumption and emissions 
while it is included in the economy part. Figurel, shows a core system (the waste management 
system) enlarged in order to include relevant upstream (e.g. energy generation) and downstream 
(eg. biogas usage) activities and processes. 

Emissions Emissions Emissions 

FLOWS 

Waste Waste Waste 

Figure I Life cycle assessment in OR WARE takes into account core system as well as the 
upstream and downstream systems. (cJ: Bjorklund & Bjuggren, 1998) 



Up-stream material flows, associated with the use of energy carriers in the core system, are 
included. In a similar way, down-stream flows associated with, for example, the spreadmg of 
organic fertiliser from biological treatment or biogas uthsation may be included in the analysis. 
The core processes cause emissions in a defined area while upstream and downstream processes 
may cause emissions at undefmed locations. 

Another aspect of the LCA perspective in ORWARE is the use of functional units. In the I S 0  
standard (ISO, 1997) a functional unit is defined as "the quantified performance of a product". It 
is thus a measure of the function a product (or a system). It is important to define explicitly the 
functional units in comparisons of different systems. In the case of a waste management system 
for example, the main function is to treat a certain amount of waste from a defmed area. Other 
functions, e.g. recovery of lfferent kmds of products and services, are also possible. h waste 
management system can provide energy in the form of electricity and district heating. In other 
cases, it can provide ferthsers, recycled products or materials. 

In order to achieve a just comparison between lfferent alternative systems, functions not 
present in a certain system have to be compensated for. The compensation of functional units in 
ORWARE is achleved by expandmg the system boundaries of the core system to include an 
external compensatory system (Figure .2). 

Non-comparable 
systems 

Systet I System 

Corn parable 
systems 

Figure 2 By expanding the analysis in Life Cycle Assessment with a compensatory 
system, the comparison of different systems can be made more just (Finnveden, 1998). 

Compensatory systems also have upstream and down-stream processes. Therefore, each 
alternative system under assessment in ORWARE has its own unique design of core system as well 
as different compensatory systems (Figure 3). 
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Figure 3 Conceptual model of the total system in OR WARE (Based on Eriksson & 
Frostell, 2000). 

The total system comprises the core system and the compensatory system together with their 
respective up-stream and down-stream systems. The compensatory system, up-stream and down- 
stream systems constitute the external system, previously known as enlarged system in ORWARE. 
In such an enlarged system a given hnctional unit can be provided by one of three possible ways: 

1) by the core system: for the alternative (s) setting the maximum amount of the given 
functional unit 

2) by the compensatory system: for the alternative (s) that does not produce the given 
functional unit at all 

3) by both the core system and the compensatory system : for the alternative (s) that 
produce the given functional unit with an amount lower than the maximum 

5.3 ORWARE AS A TOOL FOR TECHNOLOGY ASSESSMENT 

Before the concept of sustainable development was coined in the growth-development 
discussions, the negative impacts of technology were recopsed. Hence a variety of methods 
have been developed for evaluating the impacts of technical processes and products on a number 
of aspects of human wellbeing and the environment. One approach with a very broad scope is 
Technology Assessment (TA). An institutional contribution to the early development of TA 
came from the US. Congressional Office of Technology Assessment (OTA). OTA was founded 
in 1972 to study technology change, with the purpose to provide early indications of the probable 
beneficial and adverse impacts of the applications of technology. 

Technology Assessment FA)  is broadly defined by the United Nations Environmental 
Program as "a category of policy studies, intended to provide decision-makers with information 
about the possible impacts and consequences of a new technology or a significant change in an 
old technology. It is concerned with both direct and indvect or secondary consequences, both 
benefits and disadvantages, and with mapping the uncertainties involved in any government or 
private use or transfer of a technology. TA provides decision-makers with an ordered set of 
analysed policy options, and an understanding of their implications for the economy, the 
environment and the social, political and legal processes and institutions of society" (CEFIC, 
1997). 



Attempts have been made to categorise TA into Qfferent types. The Institute for Technology 
Assessment and Systems Analysis (ITAS) in Karlsruhe distinguishes between three types of TA 
with different starting points: project-induced, problem-induced and technology-induced TA 
(Berg, 1994). On the other hand four types of TA can be identified: awareness, strategic, 
constructive, and back casting, all of which may aim at either analysis or intervention (van Den 
Ende et al, 1998). The extent of issues covered in TA naturally requires that a range of tools be 
applied. In the case of UNEP's Environmental Technology Assessment (EnTA) environmental 
management tools such as Environmental Impact Assessment (EIA), Life Cycle Assessment 
(LCA), and k s k  Assessment (RA) are considered by UNEP to be similar but separate from TA 
(UNEP, 2001). A relatively structured picture of how different tools and methods called 
"Instruments of TA" relate to each other is given (Ludwig, 1997). These "Instruments of TA" 
include EIA, LCA, environmental management and audit scheme (EMAS), and ecobalance (EB). 

More often conventional technology assessments are accompanied by vast qualitative analyses 
of different aspects of a technology that often end up in thick documents that contain different 
inputs from sectors of the society that influence and can be influenced by the new technology. 
The process of c o m p h g  &s information is time consuming. The TA documents are deemed to 
be of less practical sigmficance due to the lack for simplification and structured methodology. 

There is a need to check for the effects of introduction of new technologies: positive and 
negative. Traditionally the checks for such effects are related to cost benefit analyses and political 
relevance. But effects of such type have to do with things other than mere cost benefit analyses 
and political orientation. The environmental, social and economic consequences should be taken 
into consideration in our quest for sustainable development. New technologies should be 
subjected for assessments that provide forum for looking into these equally contributing 
dimensions of influence on the society. 

The society at large and decision makers in particular need information about the 
performance of technological systems that are either totally newly introduced to the 
anthroposphere or used for the fivst time in new application areas. There has been no clear-cut 
rule on how these technology assessments are and can be done. Needless to say, however, the 
need for a simplified and structured analysis of lfferent parameters that creates a scientific basis 
for assessment of the environmental, economic and social implications of technologies is beyond 
doubt required. 

First discussions in the systems analysis research group at the Division of Industrial Ecology 
on the use of ORWARE as a tool for LCA of MSW have led to preQct its use as a tool that can 
contribute to the development and practice of mainly environmentally focused TA.. Since then 
the tool is evolving in the direction of assessing the three dunensions of impact: the ecological, 
economic and social dunension. 

Attributing its origin, ORWARE to begin with was applied in TA of waste management 
technologies. Many technology units can be used to construct chains of technologies for different 
applications. Waste management systems are one of the human-made systems that u&ze a chain 
of technology units that can be used in other systems such as energy systems, mining systems and 
other industrial systems. Thus it is natural that the application of ORWARE in other technical 
systems benefits from the experiences in the waste management sector. 

Carrying out technology assessments with the possibdity of deahng with enlarged boundaries 
is of great benefit. The LCA in ORWARE provided thls flexibdity of enlarging system boundaries 
to the extent of considering cradle-to-grave assessment of each and every input to the 
technological chain under assessment. Quantification has the potential of aiding and simplifying 



decision making. ORWARE is where both natural science and social science meet in terms of data 
inputs and result presentations. Both the physical economy and financial economy are dealt with 
scenario construction. It gives a room for sensitivity analyses where the effect of changing key 
parameters can be easily examined. An important feature is also the graphical model 
implementation, which provides an insightful picture of the modelled system. If generalised, 
these basic principles offer the generic structure of a tool for system identification and analysis of 
potential impacts of other technology systems in TA. 

For more information on TA and the couphg  to the ORWARE approach see Assefa et al, 
(2004). 

5.4 METHODOLOGICAL APPROACH IN THIS STUDY 

M o d e h g  of the technical systems was made in ORWARE. A number of scenarios - described 
in more detail below - were then simulated and evaluated. 

The R&D work - the cooperation channel 
The necessary data inventory was made in close cooperation between the researchers from 

the Division of Industrial Ecology and the Division of Chemical Technology at the Royal 
Institute of Technology in Stockholm. 

The cooperation was made possible since this technology assessment study carried out by the 
Division of Industrial Ecology is related to an R&D project where gasification and catalytic 
combustion are studied from a technical point of view in the Division of Chemical Technology 
(Jaris, 2001). T h s  relation has fachtated the use of emission and energy data and information 
from the R&D together with literature data as input to ORWARE. From its very inception the two 
two &visions of the Department of Chemical Engineering and Chemical Technology have had a 
closer consultation and follow-up of the research. 

Thls closer mutually beneficial collaboration was of paramount importance due to the 
complementing nature if the experiences and knowledge from partners. 

The Division of Chemical Technology works with research and development of &fferent new 
and existing technologies. Recently the research work at the Division of Chemical Technology 
has had a focus on catalytic combustion, gasification etc. 

The research group at the Division of Industrial Ecology have been workmg mainly with 
systems analysis of waste management systems. Research and project work of the group were 
focused on energy systems and energy from waste. Currently and in the future there is an interest 
to work with technology assessment and ecological sustainabhty of the built environment. 

The consultation between the two divisions that was underway since the dscussions around 
issues around formulating the project description for fund application led to the decision to 
involve other actors from different sectors of a society to a start-up meeting in order to gather 
different perspectives and include them as much as possible in the holistic approach of the 
research. 

Start-up meeting 
A number of people were invited to the start-up meeting organized in a form of a workshop. 



The following were the participants of the workshop: 

1. Sven Jarhs - CT(Chemica1 Technology), I<TH 
2. Bjorn Frostell - IE(Industria1 Ecology), KTH 
3. Getachew Assefa - IE, KTH 
4. Jiirgen Jacoby - hgpanneforeningen(A~) 
5. Bengt Blad - STEM 
6. Otto Von Ihsenstierna - CT, ICTH 
7. Christopher Sylwan - CT, KTH 
8. Tore Erksson - CT, I<TH 
9. Sebastian Reichardt - CT, KTH 

The workshop was held at Hjarnesalen in the Royal Institute of Technology Library at 
Osquars Backe 31 on February 12,2004 from 13:OO-17:OO. 

The workshop had the following structure: 

Introduction, Sven Jards 
Presentation of Participants 
Environmental Systems Analysis, Bjorn Frostell 

Project Presentation, Getachew Assefa 
Fuel Cells, Christopher Sylwan 
Group Discussions about five concrete issues (see below) 

Reporting, dscussion and summarizing 

Issues raised during the workshop are: 

Where should the system boundary be drawn? 
In a life cycle based systems analysis, the choice of system boundary is very much important 

for the final result of the systems analysis. T o  this end, with focus on data inventory, the 
discussion was on where to draw the system boundary for the core system as well as for upstream 
and downstream. 

The issue of durabhty of fuel cell (6 months to 10 year) is taken up as very important. As 
upstream units, pellets production and sorting out of waste should be included. There was also a 
discussion on i n c l u h g  emissions during the production of Y,03 and Zr,03. What about fuel cell 
as a waste it selQ Will the fuel cell emit some substances and emissions? 

In the same way, there was a discussion regarding the residues from gasification and 
incineration? 

For high temperature fuel cell, SOFC is selected as best for gasified waste as a fuel. 

In was maintained that in stead of PEM, Alkaline fuel cell can be of interest since it gives the 
possibiltty of recycling the electrolyte. There was also a suggestion to leave out the low 
temperature fuel cell, considering the time and resource. 

As a downstream unit for high temperature fuel cell, we discussed gas turbine and steam 
turbine in order to u&e the high temperature stream that leaves out the solid oxide fuel cell. 



What are the most important parameters to be studied? 
Waste, fuel and emission from incineration can be characterized using a number of different 

parameters. To be practical, a balance should be made between the number of parameters needed 
to study and the availabdity of data and availability of resource in the terms of time and finance. 
We wanted to arrive at as a small number of relevant parameters as possible. 

SOX, NOx, PAH, CO,, metals (eg. Gasification and incineration) were raised as important 
parameters. 

Which five impact categories should be taken? 
The different material flows which the ORWARE modell calculates finally should be 

aggregated to impact categories according to LCA standard. In practice it is not meaningful to 
use more than a handful of different categories, often due to unavailabhty of the necessary 
quantifiable data. 

An agreement was reached to present the result for the following impact categories: 

Climate change 

Acidification 

Eutrophcation 

Photochemical oxidants 

Photochemical oxidants - NOx 

What parameters are interesting for studying with sensitivity analysis? 
In order to study the robustness of the result, we would hke to do a sensitivity analysis in 

connection with the final simulation. 

For all practical reasons, we can only carry out this analysis on 3-4 parameters and the 
question is whch ones to choose. 

Some of the parameters that were raised include: 

Life time (durabhty) of catalysts and fuel cells 

Efficiency 

Price of electricity 

NOx in the fuel cells 

In what way will the stakeholders can contribute to the project? 
The project has a plan through the workshop to start a dialogue with the stakeholders who 

are thought to have own interest in the result that would come out of the project. We wish here 
to forward a proposal where the project and other stakeholders can create and maintain 
cooperation. 

As a follow-up to this workshop and collaboration in the project and future project the flowing 
were suggested 

To hold a workshop in May, 2004 after Simulation 

Since it is about assessment of new technologies, provision of relevant literature was 
promised by Otto Von IQusenstierna. 

Elemental analysis of the waste to be provided from AF. 



Follow up meeting of CT-IE after the comments from this workshop and comments on 
the Input Data Sheet sent to the participants before the workshop. 

Continuous consultation 
Before and after the workshop, there has been formal and informal exchange of ideas and 

consultations made between the two divisions. It is worth mentioning that each technology unit 
within the three gasification scenarios has an expert within the Department of Chemical 
Engineering and Chemical Technology whose premises is at a stone-throw-distance from the 
premises of the Division of Industrial Ecology, where this technology assessment is carried out. 
This was helpful during the course of the project. 

5.5 DESCRIPTION OF STUDY AREA 

The research and development work on gasification of waste at the Division of Chemical 
Technology is aiming at developing a supply of power and district heating for small municipalities 
in Sweden and in Europe with a population of around 15 000-20 000 people. 

There are so many such municipalities that would use the technology provided that they sort 
out their waste in their effort to meet new EU hectives. 

The R&D work is a continuation of a previous project called "Catalytic Combustion of 
gasified waste- systems analysis" in which the design of a gasification plant with a catalytic 
combustion was carried out for the municipality of IW. In the same project the composition of 
an industrial waste and the product gas from the gasification step was determined. In the second 
phase of the project, activity tests on catalysts for the catalytic combustion were carried out. 

With this background, the municipality of IW is used as a model municipality during the 
course of the technology assessment. The municipality of IGl has a population of around 12 000. 
IW is one of the sixteen municipalities in Varmland County. Table 1 depicts some figures and 
facts about the municipality of IGl. 

Table 1 Facts and figures about the municipality of Kil (Kil, 2003) 

where 
5936 male 
5925 female. 

District in the municipality: 

Municipality of Kil 

The population of IQl has increased from eight thousand to twelve thousand only within 
some years. During the 70 and 80s three new vdla areas developed around the IQls Centrum. It is 

Area, km2 

36 1 

Stora Kil 
Frykerud 
Boda 

Population 

11 861 

For comparison: 
Varmland County (2002-1 2-31) 1 17 591 1 273 419 1 15,5 
Sweden (2002-1 2-31) 1 410 335 1 8 940 788 1 21,8 

149 
141 
72 

Population density, 
per km2 
32,9 

9 250 
1 732 
879 

62,l 
12,3 
12,2 



here where most of the people moved and live. Currently the number of vdla household is 
around 3 800 (101, 2004). The municipality is in the vicinity of Lake Fryken. 

5.6 TECHNOLOGY CHARACTERIZATION 

Some of the new technologies (Gasification, catalytic combustion, PEM fuel cells and SO fuel 
cells) are characterized as follows. 

Gasification 

The gasifier is a pressurized, air-blown, circulating bed system. The gasifier operates at a 
pressure of 20 atm. Pressurized operation e h a t e s  the need to compress the fuel gas prior to its 
use in the gas turbine and fuel cells and increase systems tolerance to tars which would otherwise 
accumulate. 

The bed material for the gasifier includes dolomite or lime that helps destroy tars formed 
during the gasification reaction. The gasifier operates at temperatures of 950 to 1000 'C. 

Catalytic corn bustion 

The catalytic combustion, there is no need for compressing the fuel gas that goes into the 
combustor thanks to an upstream pressurized gasifier. Catalysts which have been tested and 
shown different advantages for use in catalytic combustion of gasified waste are two metal-oxide 
catalysts and two noble metal catalysts (ICuSar et al, 2003). The metal-oxide catalysts are Spinels 
(MgA1204 with 2% Pd or MgA1204 with 2% Pd or MgMn0.25 A11.7504 ) and Hexaaluminate- 
(LaMnA111019) whereas the noble metal catalysts are Pd and Pt. 

Recently new alternative technologies of selectively oxidizing NH3 in the LHV gas using two 
different approaches: fuel-lean and fuel-rich conditions were tested over the following new 
catalysts; 5%Fe/A120,, 5%Mn/Al2O3, 20°/oCuO/A1,03, 1°/oPt/20%CuO/A120,, 2%Rh/A1203 
and a Fe zeolite (Fe-SH-27) (I<u;ar et al, 2004). The CuO alternative appeared to be the best 
alternative. 

PEM fuel cell 

Since this fuel cell operates at a lower temperature than the temperature of the fuel gas 
leaving the gasifier, heat exchangers are used to reduce its temperature wMe producing district 
heating. The heart of the fuel cell is a membrane/electrode assembly (MEA), which consists of 
the proton exchange membrane, a layer of catalyst (e.g. Pt black or Pt/C) on each side of the 
membrane, and a gas-porous electrode support material (typically a wet-proofed (Teflon) porous 
carbon paper or cloth). A MEA is less than a rmllunetre thick ('Janssen and Van Santen, 1999). 

SO fuel cell 

Since this fuel cell is a high temperature fuel cell (800-1000 "C), There is no need for reducing 
the temperature of the fuel gas leaving the gasifier. The anode is a porous Ni-Cermet, fabricated 
as a mixture of yttria-zirconia and NiO which is converted (reduced) to the conductive cermet in 



situ within the cell. The electrolyte is an impervious yttria-stabhsed zirconia, which is a stable, 
and reasonably good, oxygen-ion conductor, and a good insulator. The cathode is a perovshte, 
e.g. (La, Sr) MnO, (Janssen and Van Santen, 1999). 

Cleaning technologies 

The fuel gas from the gasification is mainly composed of H,, CO, CO,, CH,, H,O and N,. 
However, small amounts of tars, ammonia, H,S and dust are also present. Tars are aromatic 
compounds with sticky behaviour. They can easily block-up the particulate filters in the system. 
In order to avoid plugging problems monolith types of catalysts are used. Ammonia is a potential 
source for NOx, after combustion of the fuel gas in a gas turbine. Catalytic hot gas cleaning is 
used to decompose tars and to remove ammonia from the fuel gas. Catalysts used for tar 
decomposition and ammonia are: Sic, dolomites, limestones, nickel on alumina, alumina and 
alumina silicate aanssen and Van Santen, 1999). 

5.7 FEEDSTOCK CHARACTERIZATION 

The feedstock used is an industrial waste that is further processed into pellets in the three of 
the four scenarios studied (see next section). The industrial waste has the following composition 
indicated in Table 2. 

Table 2 Composition of the Industrial waste used as a feedstock in this study 

Substance I kgtkg waste 
Ctot-f 1 1.85E-02 

Additional characterisation of the feedstock (waste versus pellets can be found in Appendix 2. 

Magn. metal (Fe) 
Ash 

6.88E-03 
0.14 



5.8 SCENARIO DESCRIPTIONS 

In all scenarios the timeframe of the assessment is one year. In other words an annual amount 
of waste is taken as input to the system. The functions of the system are then to (1) treat the 
29 143 ton waste which corresponds to 24 000 tonnes of industrial waste based pellets and (2) 
generate electrical power and district heating by energy recovery from waste. The amount of 
electricity and district heating is defmed by the system itself as the maximum amount generated in 
any of the simulated scenarios. 

The potential impacts on environment and the energy turnover were however not delirmted 
to this year as emissions from the landfill are of long term character. Also in common for all 
scenarios are that the collection of waste is not included as it will be the same for all scenarios. 
Transport &stances are related to the municipality of IQl. 

The system boundary of the core system starts with pellet production. Even the waste to 
incineration is assumed to pass through this site leaving the transport &stance upstream the 
pelletization plant to be the same and thus uninteresting for inclusion. Besides there is an 
assumption that all the plants are located in the same site that serves as an industrial zone. 
However, in order to carryout sensitivity analysis, if necessary, on the contribution of transport 
distances to the plant location, it is included w i t h  the system boundary. Four lfferent 
technology scenarios have been studied (see Figure 4). These are: 

(1) Gasification with PEMFC 

(2) Gasification with SOFC 

(3) Gasification with Catalytic Combustion 

(4) Incineration for Energy Recovery. 

Core system 
-Energy production 

External system 
-Alternative energy production -- . 

Seen. 1 '' 

Scen. 2-+ 

Catalytic - Gas- - Scen. 3 - Gasification combustion Turbine Alternativ 

Indust. i 
waste steam I 

Scen. 4- - Incineration ' Turbine 
: --.---.--- J 

v 
Emissions Emissions 

Figure 4 System diagram depicting the main technology units in the different scenarios. 

The first two scenarios were selected for a comparison between the new technologies of fuel 
cells. Both these scenarios and the third scenario have the same type of gasification process; the 



kfference is the degree of gas cleaning required to meet thek respective requirements. Scenario 4 
was chosen to include a modern approach to &ect thermal technology, namely incineration that 
can be used as a reference. Since landf&ng of combustible waste is forbidden by law since 2002 
and l a n d f h g  of organic waste from 2005, a significant amount of waste have to be relrected 
from l a n d f h g  to other alternatives in many Swedish municipalities during the coming years. 
Hence, landffing is excluded as a stand-alone scenario. It is only part of the system as a final 
destination of ashes and slag and other rest products from the scenarios. 

Scenario 1 - Gasification with PEM Fuel Cell 

As depicted in figure 4, in t h s  scenario as well as in scenario 2 and scenario 3, the chain of 
technologies begin with producing pellets from the industrial waste. The location of this pellet 
production plant is assumed to be a site where Frykenpellets is located in IW. By pelletising the 
waste, the water content is decreased through a drying process that consumes heat and electricity. 
Pelletization is required since the gasifier demands a homogenous fuel of higher quality. The next 
step is the gasification process. Then, in ths  scenario fuel gas from the gasification is used for 
producing electricity through a low temperature (-80 T )  PEM fuel cell. During the cooling 
down of the fuel gas from the gasifier &strict heating is produced. Ash and slag is transported to 
a landfill site nearby. Based on the requirements of h s  type of fuel cell, the fuel cell should be 
free from CO, CO,, sulphur and chlorine. Hence technology units required for cleaning and 
enriching the fuel gas before entering the fuel cell include: sulphur removal unit, shift reactor and 
PSA (Pressure Swing Adsorption). 

Scenario 2- Gasification with Solid Oxide Fuel Cell 

The dfference between this scenario and the first scenario are related to the fuel cell 
technology employed. It is a high temperature fuel cell namely Solid Oxide Fuel Cell (SOFC). Its 
operating temperature is between 800-1000 "C. Pertaining to its high operating temperature, thls 
scenario is characterized by a relatively higher tolerance to &fferent substances hence requiring 
not much cleaning units upstream to the fuel cell. To  make use of the high temperature stream 
leaving the fuel cell, a steam turbine is used to generate additional electrical power. 

Scenario 3- Gasification with Catalytic Combustion 

The fuel gas produced through gasification is catalytically combusted in a gas turbine. The 
process generates &strict heating and electrical power. Additional electrical power is generated 
using a steam turbine downstream the gas turbine. 

Scenario 4- Incineration for Energy Recovery 

In this scenario waste is transported to a site in Karlstad, 30 km from 101 by truck without 
being pelletised first. Then the waste is incinerated thereby generating &strict heating and 
electrical power. Ashes and slag are transported to a landfill site nearby. Waste is directly fed into 
the incinerator. Data used is mainly from the Hogdalen Incineration Plant from year 2000. 

Compensatory heating and power 

In the study compensatory district heating is produced by combusion of biofuel. T h s  
assumption is a simplification since the real production system is much more complex and 
difficult to simulate. The power used for running the processes in the scenallos is supplied by the 



waste-to-energy technologes themselves while compensatory power is assumed to be produced 
from natural gas. T h s  assumption is based on a marginal perspective on electricity, a perspective 
recommended for use in evaluation of future systems (Weidema et al., 1999). Natural gas wdl 
probably, due to CO, restrictions, be the marginal power production in Sweden in the future. 

5.9 IMPACT ASSESSMENT 

The emissions from the system stuled are classified and characterised using LCA 
methodology (ISO, 1997 and Uppenberg & Lindfors, 1999) into the following environmental 
impact categories: 

Global Warming Potential 

Acihfication Potential 

Eutrophcation Potential 

Formation of Photochemical Oxidants 

NO, - emissions 

In adltion to the environmental impact categories above, consumption of primary energy 
carriers is assessed. 

Other impact categories found in standardised LCAs such as human health, biolversity etc. 
were not included. Thts was because of the lack of data for these impact categories within the 
scope and budget of this project. For the same reason of lack of data, these impact categories 
have never been included in previous OR\V14RE studies as well (Sundqvist et al., 2002). 



6. SIMULATION 
Carrying out this kind of technology assessment using the ORWARE tool involves a range of 

interactive steps both before and after a simulation of the technology chains. - 
Data 

To other Knowledge 
assessment gathering 

Scenario 
Construction 

Knowledge 
transferring 

\ 
. . . . . . . . . . 

\ Model 
Result validation 
presentation 

Figure 5 Cyclic and interactive procedure of the systems analysis used 

The number of steps and the time spent in each one depends on the scope of the assessment 
and on the degree of contribution of previous ORWARE stuches towards the technologies under 
studies. 

The first step is knowledge collection. Knowledge about the technologies, about the 
possibhties and challenges associated as well as the knowledge about the external system in terms 
of the type of system in power and heating generation is gathered. 

Data collection needs all types of sources from literature to expert consultation. Data 
processing makes the data into a format that is usable for the next steps. 

Scenario construction usually duectly uses the material from the original project document 
sent to the financing body as this project document is prepared in consultation with researchers 
of different expertise. The data collection and data processing steps give the opportunity to trim 
and refine the scenarios sketched in the project document. Once refined scenarios are 
constructed, the next step is modellmg. Modelhng is carried out on MATLAB platform using 
SIMULINK graphic interface. 

An extended step after modelhg is the validation step. T h s  is vital step and demand 
thorough check-up of the data and variables used and the calculations involved. 



This validation step aims at error finding, unconnected flows and unregistered variables, etc in  
the model. 

Pre-simulation and simulation are the most critical steps where the results are checked for 
both errors related to the model validation and to erroneous relationships during the course of  
the calculations. 

Result presentations involved the processing of the large amount of data output produced in 
a relatively manageable format. This result presentation is done on MS Excel. 

After adltional steps of data analysis and reporting the knowledge produced can be 
transferred fully or partially to a related study. Otherwise the knowledge produced and exhibited 
in the form of quantitative and qualitative data and information is stored in ORWARE model 
libraries for future retrieval for use in other researches or result dissemination. 

In principle, the essence of Fig 5 is valid for all three angles of the technology sustainabdity 
triangle namely ecological, economic and social. Unhke the first two, the social angle is not 
embraced yet within the technology assessment of ORWARE. This obviously leaves the 
sus tainability triangle deficient of a third angle. 



7. RESULT 
The result of simulation is presented in the form of environmental impact categories and 

energy turnover of the core system and the total system (the core system plus the external 
system). 

7.1 ENVIRONMENTAL IMPACTS 

The focus has been on the flow of carbon, nitrogen, phosphorus and sulphur and chlorine as 
they constitute the most important global material cycles. 

Three important questions are asked and thereby answered in terms of these flows. 

These are: 

1. How much? 

How much of the incoming amount of each substance does make its way into the flows of 
materials and substances through the technology units before leaving the system? 

2. In which part of the environment does it end up? 

Where in the environment does each substance leaving the system end up? 

3. In what form? 

Since lfferent form of the same substance behave differently in terms of affecting the 
environment, in what form does each substance leave the system and make its way to the 
environment? 

Knowledge and quantitative data associated with these questions not only fachtates the 
calculation of the environmental impacts of the dfferent technology chains but also enables the 
thorough understanding of the metabolism. 

Figures 6 to 10 shows the results of the assessment in terms of global warming, aciddication, 
eutrophcation and photochemical oxidants. 
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Figure 7. The acidzjication potential 
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7.2 ENVIRONMENTALLY IMPORTANT SUBSTANCES 

These are substances that show up in the form of emissions. They constitute the emissions 
that are used as a basis for the calculation of the impact categories depicted in Figure 6 to Figure 
10. Table 3 shows the amount of emissions are different point of the core system as well as the 
total amount of each substance emitted from the core system of each scenario. T h s  total amount 
substances emitted from the core system together with the emissions associated with the external 
system are shown in Table 4. 



Table 3 The most important emissions from the core system of each technology scenario 



Table 4 The most important emissions from the different parts of the total system 

GF-SOFC 

P I I I I I I 
CI I 

7.3 TECHNICALLY IMPORTANT SUBSTANCES 

GF-CC 

This group of substances includes substances used in the technologies as useful inputs 
(catalysts and electrolytes) as well as those that are toxic to the materials in the technology units 
(e.g. sulphur). 

co2 
CH4 
VOC 

CHx 
CO 

NH3 
NOX 

N20 
SOX 
P 
C1 

1 212 533 

0 
27 

1481 

878 
527 
68 1 
596 
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217 258 

31 1 

4 727 

2 253 

464 

4 712 608 

22 1 

1 140 

677 
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1 402 

1 
14 
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4 931 269 

1 
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5 868 

2 933 

504 

6 143 802 

1 
573 

7 348 
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527 
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596 
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Table 5 Catalysts and electrolytes 

Technology unit / Catalysts(C)/Electrolytes (E) 

Tar and ammonia removal Sic, dolomites, limestones, nickel on alumina, 
alumina and alumina silicate 

Sulphur Removal 

( Molybdenum carbide 

Source: Janssen and Van Sabten (1999) 

ZnO - solid adsorbent for H2S 

-before the water-gas-shift reactor 

Water-gas-shift reactor 

I Cu- and Ni-loaded cerium oxide 

Source: Song (2002) 

Cu-Zn-Al 

/ Source: Song (2002) 
I 

PS A I Zeolite 
I 

PEM FC 

SO FC 

1 I Source: KuSar et al (2004) 

Pt black or Pt,C 

Source: Janssen and Van Sabten (1999) 

Anode- porous Ni-Cermet. 
Cathode- perovskite, e.g. (La, Sr) Mn03 
Electrolyte- impervious yttria-stabilised zirconia 

Catalytic Combustor 

Table 6 Toxic or poisoning substances 

Source: Janssen and Van Sabten (1999) 

CuO/AI2O3 

CO 

Sulphur 

1 

Substances 

Poison to the Pt-based anode catalyst of PEM 

Deactivates the catalysts for water-gas-shift 
reactor 

Poisons the anode catalysts of PEM based on 
platinum 

Effect 

7.4 ENERGY TURNOVER 

The energy turnover is presented in three different forms: 

The amount of heat, power and fuel consumed and produced in the core system 
Here the inputs and output of energy in terms of heat, power and fuel during operating the 

core system in the lfferent scenarios are presented. This presentation of energy inputs and 
outputs is in actual terms not in the form of form of primary energy carriers. 



1. The aggregated amount of the six primary energy carriers1 associated with 
consumption in the core system and the compensatory system separately. 

This is shown in three lstinct parts: 

a. Total primary energy required for producing external heat, power and fuel for 
consumption in the core system. 

An important question here is what is the basis for calculating the amount of say hydropower 
required for producing the power consumed internally? The actual amount of power consumed 
or the net amount required after subtracting the amount of power produced internally? The later 
option seems logical with the assumption that it is technically possible to use the power produced 
internally. 

This shows up as non-zero value for all scenarios that consists of a core system that 
consumes more power and/or heat than internally produced and/or fuel consumed in terms of 
oil. If both heat and power are produced internally in an amount equal to or more than the 
consumed amount, this part of the analysis shows up as a zero. 

b. Total primary energy required for producing compensatory heat from biomass 
T h s  is should be a non-zero value for all scenarios that produce a magnitude of lstrict  

heating lower than the scenario(s) that the set the maximum. 

c. Total primary energy required for producing compensatory power from 
natural gas 

T h s  should be a non-zero value for all scenarios that produce a magnitude of power lower 
than the scenario(s) that set the maximum. 

The amount of each type of primary energy consumed in the total system 

T h s  is a presentation of the amount of primary energy carriers namely Hydropower, 
Biomass, Nuclear, Natural gas, Oil and Coal required for producing all the inputs to the core 
systems (power, heating and fuel) plus for producing all the compensatory functions 
(compensatory district heating from biomass and power from natural gas ). 

In other words the total amount of primary energy presented above under 2a), 2b) and 2c) is 
depicted in terms of the amount of each type of primary energy. 

Figure 10 shows the energy turnover of the core system while the primary energy 
consumption of the total system is shown in Figure 11. 

The information included in each of the figures for environmental and energy aspects is 
summarized in simpler way in Figure 12 where the values for all the scenarios are normalized 
against the values for the incineration scenario. As a basis for comparison of six environmental 
and energy aspects the incineration scenario forms a hexagon. Any scenario that lies within this 
hexagon is better than the incineration scenario. 

1 Hydropower, Biomass, Nuclear, Natural gas, Oil and Coal 



Figure 10. The energy turnover of the core system 
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Figure 12. A radar diagram showing all the environmental impacts together with the energy 
aspects 

Table 7 summarizes important energy parameters such as total efficiency, electrical efficiency 
and alpha value. lllpha value is a measure for the relationshp between the electricity and heating 
produced from the same technology. 

Table 7 Important energy parameters 

Yearly Days 
Yearly Hours 
GWh pellets 
GWhe 
GWhth 
Mw fuel 

7.5 MATERIAL CONSUMPTION 

MWe 
MWth 
alpha value 
El efficiency 
total system efficiency 

Other important parameters that are used to characterize the performance of the technology 
chain in the core system include material consumption for the different technology units e.g. 
catalyst materials. 

Zinc oxide is consumed in the shift reactor of the fuel gas from the gasifier in converting CO 
to CO, and there by extracting additional H, from H,O that comes in with the feedstock. 

Gasif-PEM FC 
320 

7 680 
89 
16 
48 
12 
2 
6 

0.34 
0.18 
0.72 

Gasif-SO FC 
320 

7 680 
89 
35 
52 
12 

Gasif-CC 
320 

7 680 
89 
23 
36 
12 

lncineration 
320 

7 680 
89 
13 
61 
12 

5 
7 

0.66 
0.39 
0.97 

3 
5 

0.66 
0.26 
0.66 

2 
7.99 
0.21 
0.14 
0.83 



Zeolite is used in the PSA unit under the PEM scenario in order to ensure that the 
requirement that the fuel gas entering the fuel cell stack should not have more than the amount 
of CO that can be tolerated by the stack. 

Zeolites are three-dunensional, microporous, crystalline solids with well-defined structures 
that contain aluminum, shcon, and oxygen in their regular framework; cations and water are 
located in the pores. The shcon and aluminum atoms are tetrahedrally coordmated with each 
other through shared oxygen atoms. Zeolites are natural minerals that are mined in many parts of 
the world; most zeolites used commercially are produced synthetically. Zeolites have void space 
(cavities or channels) that can host cations, water, or other molecules. Because of their regular 
and reproducible structure, they behave in a predictable fasluon. 

Cu-Zn-A1 is consumed in the shft  reactor. 

CuO washcoated onto high purity activated alumina (A1203) is used in the catalytic 
combustion. 

In the PEM fuel cell, platinum is consumed. Platinum mining and production entails extreme 
difficulties. Extraction, concentration and refining of the metal require quite complex processes 
that may take up to six months it is estimated that in order to produce a single kg of platinum a 
volume of 224 to 420 tonnes of ore must be processed. 



8. RESULTS DISCUSSION 
Global warming 

In the ORWARE calculation the global warming potential impact category is due to CO,, 
CH, and N 2 0  emissions. 

Almost in all cases, the global warming potential is due to fossil carbon dioxide formation. 
Even in the gasification scenarios, the contribution of CH, formation to this impact category is 
negligible. And except for the incineration scenario, the core system is the major contributor of 
this CO,. 

In the incineration scenario, the main emission of CO, is from compensatory system of 
producing compensatory power from natural gas. Another important aspect of the incineration 
scenario is that the core system emits much more N,O gas than the core systems in the other 
three scenarios. For all the scenarios CH, emission is quite negligible. 

Note that a difference in the m a p t u d e  of the impact expressed in terms of kdo ton of CO,- 
equivalent per GWhel between the dfferent scenarios can be attributed to both the difference in 
magnitude of power generated as well as to the amount of CO, emitted. 

For instance, the lfference in emission from transport per unit of power generated is due to 
the dfference in the amount of feedstock transported (more feedstock to the incineration 
scenario than to the gasification scenarios) and due to the power generated (more power from 
the SOFC scenario and less from the incineration scenario). 

The IGlo ton C02-equivalent per GWhel associated with l a n d f h g  is from the machmeries 
and trucks at the site of the ash and slag landfilling. Much more residue is produced in the 
incineration scenario. The other difference is again the power generated to which the emissions 
are related. 

CO, is emitted during the production of the diesel required for transport works in each 
scenario in an external system. The dfferences in amount of feedstock transported and as well as 
the power generated are the factors that once again explain the difference in the global warming 
potential diagram, whde the transport &stance is the same for all four scenarios. 

Acidification 
With a unit of ton SO2-equivalent per GWhel generated, the acilfication impact category 

takes care of both the amount emitted and the acidfication potential of four substances namely: 
NO,, SO,, NH, and C1. 

Looking at the magnitude of emissions (not the equivalents), NOx followed by SOX are the 
major emissions in all scenarios while NOx followed by C1 dominates in the incineration 
scenario. 

Both NH, and C1 are emitted only in the incineration scenario. More C1 is emitted than SOX 
in t h s  scenario. NH, is removed before or converted to N2 or NO, and C1 is cleaned up in the 
gasification scenarios before entering the fuel cell and the catalytic combustor. 

For the three gasification scenarios, NO, is mainly emitted from the external system while for 
the incineration scenario, the core system contributes most. In the case of the PEM FC scenario 
and the CC scenario, the production of compensatory heating from biomass makes up most of 
the NOx even though production of compensatory power from natural gas also produces 



significant amount of NOx. The production of compensatory heating from biomass solely 
dominates in the case of SO FC scenario. 

In absolute terms the NOx emitted from both the core system and external systems are 
slightly lower for the CC scenario than the correspondmg emission from the incineration 
scenario. Lookmg at the core system, CC emits only 1/6 of the NOx is emitted by the 
incineration scenario. 

SOX is emitted in a relatively larger amount from the external system than from the core 
system in all the gasification scenarios. T h s  is associated again with the production of 
compensatory heating from biomass. 

In the incineration scenario, the core system appears as the source of both SOX and C1 
emissions. 

Eutrophication 
In principle NO,, NH, and P are the three substances that contribute to the impact of 

Eutrophication. P goes with the residue from both the gasification scenarios and the incineration 
scenario to landfilling. The major part of t h s  phosphorous appears in an effluent as part of the 
leachet from the l a n d f ~ g  during the so called the "remaining time", i.e. after the first 100 years. 
Hence it is not accounted for in the result presentation. 

NOx is, thus, the main contributor to the eutrophication problem for the same reasoning 
used in the acidification; NH, emission from the three gasification scenarios is insignificant. 

In comparison with the previous project, the fuel NOx and thermal NOx are calculated 
separately due to the recognition that their formation is determined by different factors. 

Photochemical Oxidants 
VOC, CH4, CO and CHx are substances included in ORWARE as contributors to the formation 
of the ground level ozone problem. 

In this study, the impact category of photochemical oxidants largely depends on the C O  
formation. This, in turn, depends specifically for both PEM FC and SO FC scenarios on the 
efficiency of their external and internal reforming respectively. In both cases a 100°/o efficiency of 
CO conversion is assumed. Still for all the scenarios the main contributor to the impact category 
appears to be CO. Production of compensatory heating from biomass is responsible for the 
majority of the three gasification scenarios, in the case of PEM FC and CC, some amount is also 
from production of power from natural gas in the compensatory system. In the incineration 
scenario, a significantly large amount of CO is produced in the core system. 

NOx emissions 
Close examination of Figure 10 and Figure 13.5 shows that the ranhng between the three 

gasification scenarios depends much on the contribution of the external system. T h s  implies on 
the energy efficiency of the system is much more important than the improvement on the 
emission. 

Energy turnover 
Most power is produced from the SOFC scenario followed by the CC scenario and the PEM 

scenario. The incineration scenario results in lower energy turnover in the form of power. O n  the 
other hand, highest m a p t u d e  of heat in the form of district heating is produced in incineration 
scenario followed by SOFC and PEM scenarios, the least produced in the CC scenario. 



District heating in the case of the PEM FC scenario is produced upstream the fuel cell 
uidizing the high temperature fuel gas from the gasification unit while in the case of the SO FC it 
is produced after the fuel cell makmg use of the high temperature stream leaving the fuel cell 
stack. 

On the energy side, the operating temperature required for SOFC is acheved due to the 
temperature from gasified waste without a need for external heat. But the start-up can take a 
considerable length of time as long as eight hours (Sicre, 2003). 

It is worth noting that the external system includes both the production of the compensatory 
energy but also the production of the energy required for internal consumption in the core 
system (required for running the system). This means when the core system does not produce 
energy in excess of what is required for internal consumption; the remaining part should be 
supplied from energy produced in an external system. The net energy required from external 
systems is considered in the calculation of the impact of the external system. 

The hghest consumption of energy is for compressing the air for gasification. In the case of 
PEM scenario, electrical energy is also consumed as a purge electricity is that minimize the net 
electricity efficiency of the scenario. 



9. APPLICATION AREA 
General 

Both the fuel cell technologies and the catalytic combustion technology are appropriate for 
sparsely populated areas that benefit from own small-scale power supply systems. The Swelsh 
government has decided to implement an "energy transfer" from nuclear to renewable energy 
resources in the next decade or so. In th~s context, de-centralization is an attractive scenario in 
the perspective of the Swelsh transfer of electricity generation from nuclear to other options. 
Various kinds of basic and applied research activities are underway for this to be acheved. 

The main focus is to investigate the possibhties of increasing the generation efficiency, within 
economically reasonable boundaries. Some of the technologies that won a wide range of attention 
for research and development are small-scale prime movers (gas turbine and steam turbines); fuel 
cells coupled to biomass boilers; biomass combustors or biomass gasifiers. 

The prime movers (gas turbine and steam turbine) and fuel cells are important parts of small- 
scale combined heat and power (CHP) and combined cycle plants for future de-centralized 
power generation. 

The term small-scale refers to turbines with inlet volumetric flows up to 0.7m3/s and electric 
outputs less than 25 MW. 

The fact that this system analysis research brings both current and future technologies in the 
same platform for comparison is to meet the demands of relevancy and foresight at the same 
time. 

In the effort to plan for the implementation of these technologies based on gasified waste 
and/or biomass in small to middle sized municipalities and communities in Sweden as well as the 
rest of Europe, some important factors of interest that play a paramount role include: 

The potential of industrial waste, household waste and other waste 

Quantity of waste 

Quality of waste 

Current status and use 

Future plans and trends in waste management and energy policy 
o At national level 
o At regional level 
o At municipality level 
o At European level 

The dynamics of the energy system 

The dynamics of middle-sized /municipalities communities 

National and regional perception of the risk for a fourth oil crisis 

Municipality of Kil 
Some important figures 
Based on the data from the Regional Facts (2000)~ The energy profile pf the municipality of 
Kil is as indicated in Table 7. 



Table 8 Energy consumption and production in the municipality of Kil (year 2000) 

I 
I W h  Electricity per head 2 151 

I 

I W h  District heating per head 

I W h  total Energy per head 
MWh Electricity: 
MWh District heating: 

The electricity is 100% from hydropower. The total number of people at the same time was 
11 912. When IGl or other municipalities and communities of a s i d a r  size and feature would 
build new energy systems in the future, it is important to consider such technologies. 

1 329 

3 481 
25 627 
15 834 

MWh Total Energy 

To have an idea of what a megawatt (MW) would imply, it is said a megawatt is typically 
considered to be sufficient to supply 1,000 homes3. 

41 461 

According to Elforsk's report by Ridell et a1 (2003), a fuel cell system (PEM or SOFC) for one 
f a d y  vdla should meet a production of electricity and heat production for heating and for hot 
water of about 5 Mwh per year and about 20 Mwh per year respectively. 

Using these figures and the amount of electricity and heating produced in each scenario as 
indtcated in Table 6, the number of vdlas that can be supplied with electricity and heating is 
shown in the table below. 

Table 9 The number of villas that can be supplied with the electricity and heating produced in each 
scenario 

Currently the number of vdla household in the municipality of IGl is around 3 800 ( IQl, 
2004). 

Power 
Heatina 

Durability of fuel cells and catalysts 
This is issue of durabhty for both the fuel cells and the catalytic combustion would better be 

considered in the economic analysis of these technologies in the next step of the project. 
However, even at thrs level it is important to dlustrate the issue using the PEM fuel cells. 
Durabihty is an important issue in the fuel cells market. According to Cropper (2003), UTC Fuel 
Cells has said that its PEM fuel cell technology currently lasts around 5,000 and 10,000 hours (7.5 
months to 1 year and four months) and there was "no clear path" to meeting the targeted lifetime 
of 40,000 hours to 60,000 hours (5 years to7.5 years) 

Number of villas 
Gasif-PEM FC 
3 291 
2 416 

Gasif-SO FC 
6 917 
2 606 

Gasif-CC 
4 684 
1 777 

Incineration 
2 567 
3 067 



. The durabdity issue can be overcome if replacement stacks are cheap enough and recyclable 
(Cropper, M., 2003). 



10. CONCLUSION 
As a holistic approach, depending on the degree of resolution of analysis, different 

conclusions of ranking the technology chains can be arrived at. 

One possibdtty is loolung at the result of the four technology chains in terms of the four 
impact categories namely, greenhouse effect, acidfication, eutrophication and photochemical 
oxidants. The unit of comparison is impact per GWh electricity produced. From the perspective 
of the rank each scenario has in all the four impact categories, SOFC appears to be the winner 
technology followed by PEM and CC as second and thwd best respectively with incinerations as 
the least of all. 

On other hand, looking at the three important emissions (CO,, NOx and SOX) from the total 
systems (include both the core system and the external system), SOFC is the best technology 
equally followed PEM and CC as the second best. A comparison of the same emissions from the 
core systems places CC on equal level with SOFC as the best technologies with PEM as the 
second best. Note that in the last two comparisons of the three emissions, the unit is mass of 
substances emitted not related to the electricity produced. The difference in ranking between the 
two fuel cell alternatives and the CC scenario reveals the dfference in the power produced from 
the scenarios. Hence improvement in the electrical efficiency of the technology units is very 
important. Thls requires not only improving the efficiencies of the indwidual units (steam 
turbine, gas turbines, fuel cell stack) making up the technology chains but also the system 
integration and the total efficiency of the whole systems. 

Since previous ORWARE studies were mainly focused on quantitative calculations of the most 
important impacts of the technologes considered, the current exercise of loolung at both 
qualitative and quantitative analysis was the first of its kind. 

The systems analysis approach is very interesting in that it gves opportunity to look at 
different aspects of the whole picture at the same time. For both the technical people and the 
system thmkers, it was unprecedented possibhty to look at the core issues in a balanced way. 

The performance of the fuel processing part of the whole technology chain is very important 
in the fuel cell scenarios. That is the energy consumption and material transformation during the 
processes upstream to the fuel stack plays an important role. 

The lifetime of the fuel cells and catalysts in the catalytic combustion, and the ever-dynamic 
nature of the whole development and market of fuel cells and small-scale application of catalytic 
combustion for power production is a crucial factor. 

As pointed out in the previous on application areas for the technologies, the systems would 
be practical in areas where connection to the grid can be expensive or insecure in terms of 
reliabhty as well as environmental friendlmess. In such areas, the biomass can be produced on 
site thus avoiding transporting it from other areas. 

The effect of uncertainty of input data in cases where assumptions are made should not be 
overlooked. Different levels of data quality related to different data sources can be observed. 
Worth noting is that emission factors and other parameters for the fuel cell technologies used in 
the assessment are based on performance data from laboratory studies. In the case of CC some 
parameters are derived from pilot plants and demonstration plants. The performance of the fuel 
cells technologies at a larger scale might be dfferent from the performance associated with the 
laboratory data considered here. In some cases emission data such as NO, and SO, from PEM 



and SOFC are based on a percentage estimate of the data on CC. Hence the result should not be 
taken as a final unttl a sensitivity analysis of the important parameters is carried out. 

This study has given an indication that no quantitative systems analysis can be complete 
without considering a qualitative discussion on non-quantifiable aspects of the system. Bar 
dagrams and tables on environmental impacts and energy turnover do show only part of the 
picture. An insight into the quantity and quality of materials consumed (e.g. catalysts) results in 
added value. Future work should embark on quantifying the amount and composition of such 
important materials and substances. 

The big picture composed of both such quantities and qualitative characterization of the 
whole system provides a better knowledge base for hfferent levels of decision makmg. 



11. FUTURE 
Fuel cells, particularly high temperature fuel cells, are potentially well suited to the distributed 

power generation and CHP (combine heat and power) markets, both of which are growing. 
However, their market share wdl depend on long-term performance and cost-competitiveness. 

With regard to further development and future application of the new technologies including 
the catalytic combustion, there are issues that can be raised as relevant: 

The development of new materials to reduce costs and improve component and cell as 
well as catalyst lifetime (to be considered in the economic analysis); 
Systems design to encourage simplification and better performance and reliability; 
Full demonstration projects to provide information on performance, reliabhty, 
component lifetime, frequency of servicing and plant replacement, and operating and 
maintenance costs. 

Indmidual fuel cell types also have their own specific R&D needs: 

SOFCs 
improvements in the structural integrity and power density of the fuel cell stack; 
the development of fully engineered systems. 

PEM FC 
materials and component cost reduction; 
improved performance; 
compact fuel processing. 

CC 
retrofittabhty; 
catalyst life time; 
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13. APPENDIX 1 ANNUAL RESULTS 

13.1 GLOBAL WARMING POTENTIAL 
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Figure 13.1 Global Warming Potential 
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13.3 EUTROPHICATION POTENTIAL 
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Figure 13.3 Eutrophication Potential 

13.4 PHOTOCHEMICAL OXIDANTS 
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Figure 13.4 Formation ofphotochemical oxidants 
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13.5 EMISSIONS OF NITROGEN OXIDES 
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Figure 13.5 Emissions of NO, 
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14. APPENDIX 2 MODEL DESCRIPTION 
This appendix contains information about the input data used in ORWARE model. The aim of 

this documentation is in order to have all the information used in the model documented or 
referred here. The a p p e n h  is lirmted only to contain the input data or the data used by the 
model for simulation. No results are presented here. This model description contains general and 
common information. The input data to the ORWARE model is a lot of figures and quite detailed 
and most of it has been published in a number of previous publications. Submodels described in 
previous publications are described shortly with a reference to relevant published materials. Some 
submodels are only described in terms of the change made in them as an update to their 
published material. For new submodels and previously unpublished material, a more detailed 
model description with all input data used is given. 

Wherever necessary, specific input data and assumptions made in t h ~ s  study and some 
modifications done on previously existing submodels are included in this appendtx. 

14.1 WASTE CHARACTERIZATION 

ORWARE is composed of submodels that can handle dfferent types of waste and wastewater 
such as waste from households and business firms, black water and grey water. Different types of 
special wastes such as bulk waste, hazardous waste and radioactive waste are not part of the waste 
stream in ORWARE. The waste generated by the waste management system (ash, slag, sludge) is 
taken care of by the model. 

The current version of ORWARE takes into account twelve different fractions of household 
waste that can be treated separately or in combination. The reason for separating the waste into 
these twelve fractions is due to the availability of elemental analysis of composition for these 
twelve types of waste fractions. This has been a problem regardtng site-specific studies since it is 
seldom that municipalities have such a detailed data. 

The fuel input used in this study is pellets produced from industrial wastes. In the 
incineration scenario, the industrial waste is taken to treatment as it is. Due to the lack of data 
concerning the industrial waste used to produce the pellets, there was a need to make 
assumptions regarding the moisture content of the original waste. That is assumed to be 7C) ",;-, 
'1's. The chemical composition of the pellets and the composition of the waste corresponding to 
this TS value look hke as depicted in Table 14.1. 



Table 14.1 Chemical composition of industrial waste pellets and corresponding waste 

Substance kglkg pellets4 kglkg waste 
Ctot-b 
Ctot-f 
VS 
TS 
H-tot 
H20 
N-tot 
S-tot 
P-tot 
C1-tot 
Pb 
Cd 
Hg 
Cu 
Cr 
Ni 
Zn 
Magn. metal (Fe) 
Ash 0.17 0.14 

Table 14.2 depicts heat values for petrol and chesel (EcoBalance) and methane p e s t e r  1993) 
used in different parts of the model. 

Table 14.2 Energy values used in the model 

Enerev carrier Low heating value Unit 
Petrol 40.8 MJIkg 
Diesel 42.8 MJIkg 
Methane 55.5 MJIkg 

14.1.2 Waste and pellets amount 

The amount of waste and their percentile composition of the fractions shown earlier vary 
from region to regon. However the amount of waste pellets that is used in the study is calculated 
based on the amount required to produce around 4 MW electricity and 8 MW heat accordmg to 
calculations made by Anderson et al. (1999) for a catalytic combustion of gasified waste for the 
municipality of 101. This amount is 24 000 ton of industrial waste pellets per year. With a TS 
value of the incoming waste at 70 9'0, this amount of pellets corresponds to 29 143 tonnes of 
industrial waste. While producing the pellets from the industrial waste, heat for drying amounting 
to heat of vaporisation with an efficiency of 90 'Yo and electricity of 50 MJ/ton5 of waste is 
consumed. 

4 source : laboratory analysis from SGAB Analytica. 
Personal communication with Folke Giesen, SITA Sverige AB. 



SUBMODELS IN THE WASTE MANAGEMENT SYSTEM 

Collection 

Collecfion sub model is documented in Sonesson (1996), and article IV in Sonesson (1998). 
This collection model for garbage lorry is used for calculating the energy use, emissions and costs 
for collection and transport of waste. Information about the &stance to collection areas and 
average speed to the collection area, amount of waste collected, the average load of lorry, number 
of stops, time spent at each collection point, distance between collection points, average speed 
during collection is required. These data are used to calculate the energy consumption, the total 
time required and the cost. The total emissions are in turn calculated from the energy 
consumption. It is considered in this study that collection work is outside the system studied 
since it is the same for all scenarios studled. 

14,2,2 Transports 

Transport model is described in Sonesson (1996). 

Models for trucks with and without trailer are used for calculating energy consumption, 
emissions and cost for transport of materials from one place to another. The lfference between 
these trucks and the collection trucks is that loading and unloadmg is assumed to be such a 
insignificant part of the transport that it is left out of te model. Otherwise submodels are identical 
in their structure dffering only in the input data concerning fuel consumption, loading capacity 
etc. The model structure is shown in Figure 14.1. 

Distance (km) 1 
J b Total distance (kmlyear) 

Amount (tonlyear) f 

Load on return (yes I no) 

Max load (tonitour) 

fuel consumption 
Fuel consumption, empty ( M J I h )  

Fuel consumption, full (MJllun) 

Emissions (1, 
T 

Emissions 
(MJ fuel) 

Figure 14.1 Model structure for transport models 

The number of loads required per year in the transport model is calculated from the amount 
of material to be transported and the normal load capacity for the specific type of material. The 
number of loads together with the &stance between source and destination gives total drive 
distance per year. This total drive distance in turn is used for ttvo purposes: 

1. To calculate total fuel consumption using average fuel consumption per krn 

2. By using average speed, the total drive time per year is obtained which in turn gives 
the number of trucks required paving the ground for fixed cost calculation. The total 



drive time is also used for calculation of variable costs (e.g. salary etc.) that are 
functions of time consumed for transport. 

Normal load and max load together with information about whether the truck is loaded on 
return or not gives basis for the load factor i.e. how much of the maximum load the actual 
average load is (e.g. if the truck is fully loaded in one way and empty on the way back the load 
factor is 0.5). This load factor and data about fuel consumption both during max load and empty 
load gives the average fuel consumption. The total fuel consumption is used together with 
emissions per MJ of fuel consumed, to calculate emissions per year. Furthermore the total fuel 
consumption is used to calculate costs for fuel. Finally the total cost for transport is obtained as 
the sum of variable cost, fixed cost and fuel consumption. 

The structure of the model provides flexibility in different ways. Materials with lower density 
result in a higher number of loads with low average fuel consumption which is in line with the 
reality. It is simple to change many parameters so that changes in prices etc can be made. The 
biggest drawback lies in the assumption of the average speed which regulates the drive time and 
in turn much of the cost calculations. This average speed thus should reflect the speed during the 
transport of the material during one year including loadmg, unloadmg and the workmg days spent 
for maintenance etc. T h s  is of course difficult to estimate. Currently the average speed is 
calculated by dividmg normal drive distances per year for long &stances by the number of 
workmg hours per year. Table 14.3 shows input data in transport models, Table 14.4 shows 
emission data per MJ. 

Table 14.3Input data for transport models 

Input data Value 
Max load, truck 12 ton 
Max load, truck and trailer 35 ton 
Average speed 30 kmlh * 
Fuel consumption truck, empty 2 litre / 10 krn 
Fuel consumption truck, full load 3.5 litre / 10 km 
Fuel consumption trailer, empty 3 litre / 1 0 krn 
Tyre wear 0.027 g tyre / MJ consumed fuel 
Fuel consumption truck and trailer, full load 5 litre I 10 km 
* coi~espond~ng to a use of a truck tor 1760 Nyear and annual drive dlstance of about 5 00 km. 

Table 14.4 Emissions to air from trucks 

Emission dMJ  
COz - fossil 74 

particles 0.01 3 

For this specific study, data for transport of pellets is as shown in Table 14.5 (truck and 
trailer) and Table 14.6 (truck without trailer). 



Table 14.5 Transports, truck and trailer with max load of 35 ton 

Load From To Distance [km] Normal load [ton] 
Slag and stabilised ash Incineration Landfill 35 35 
Moist fly ash Incineration Landfill 35 3 5 
Gasification residues Gasification Landfill 30 3 5 

Table 14.6 Transports, truck without trailer with max load 20 ton 

Load From To Distance[km] Normal load[ton] 
Waste Collection centre Landfill 5 20 
Waste Collection centre Incineration 30 20 
Pellets Pellet vroduction Gasification 2 20 

The collection centre and the pellet production site are assumed to be located not far from 
each other. 

14.2.3 Incineration 

The incineration model is described in Bjorklund (1998), appendut E. 

The data used for calculations is from 1996. Currently there are two types of the model, one 
describing the incinerator in Uppsala operated by Vattenfall (former Uppsala Energy) and the 
second model for Birka Energy's incinerator at Hogdalen in Stockholm. The model for 
Stockholm has been modified and further developed compared to the one described in Bjorklund 
(1998), appendix F. The changes made are shown in a project report to the Swedish Energy 
Administration (Sundqvist et al., 2002). In both cases the models are site specific and use 
emission and mass flow data measured at these fachties. The model is built up of three parts: 
pre-treatment, incineration chamber and flue gas cleaning. Figure 14.2 gves a schematic diagram 
of the structure valid for both models. 



PRE-TREATMENT 
L J 

waste a [S reject 

raw gas 

Figure 14.2 Structure of the incineration model 

14.2.3.1 Pre-treatment 
In the pre-treatment stage some parts of the incoming waste are separated for compression, 

wrapping and enclosing in plastic. This possibhty of wrapping can be udsed  at times when the 
amount of incoming waste is hlgher than the capacity of the incinerator. This situation sometimes 
occur in the summertime when parts of the incineration fachty are closed for maintenance. To 
avoid l a n d f h g  of combustible waste from the same municipality or waste from another 
municipality for landfilling somewhere else, the wrapping alternative is preferred. 

In terms of modelling this would mean 2 kg plastic/ton of waste and electricity consumption 
of 14.5 MJ/ton waste. This data for wrapping is obtained from Aberg (1998). 

14.2.3.2 Incineration 
In the incineration chamber mixed waste is incinerated where an impure flue gas or raw gas is 

built up. Non-combustible part is separated in the form of slag. The raw gas is then taken to flue- 
gas cleaning facdity where gas cleaning is performed with calculation of associated energy 
recovery, see figure A2. As part of the raw gas cleaning, condensation equipment and a water 
treatment facility to treat the condensed water are included. The gas cleaning part gives one 
stream of fly ash and another stream of clean gas. 

14.2.3.3 Flue gas cleaning 
Separation of pollutants and partitioning of substances is carried out in the model to the 

largest extent using a material balance. This is related to either the amount of a specific incoming 
substance or the total amount of incoming waste. It is found to be logical to relate certain 
emissions to the prevalhg permissible values e.g. for NO, which is linearly dependent on the 
energy content of the waste. A material balance is not applied for such substances in the model. 
During incineration in both submodels, different components are partitioned as follows: 



Heavy metals. In the model, how much of the metals in the incoming waste that end up in 
the slag and raw gas is calculated first. Then calculation is made for how much of the metals in 
the raw gas that goes to fly ash, sludge and wastewater, and emissions to air. The fly ash and 
sludge are mixed together to give a stabhsed cement-hke material. Emissions to water and air are 
proportional to the amount of metals in the waste. Emissions to air for all heavy metals except 
mercury are less than 0.5 % of incoming amount. The ash and sludge resulting from the flue gas 
cleaning part and the slag from the incineration chamber are transported to a waste landffing. 

Nitroeen oxide and l a u g h g  as. Nitrogen oxide emissions and laughing gas emissions are 
calculated based on the energy content. Thls depends on the fact that permissible amount of 
NO, emissions is given in units of kg NO,/MJ. 

Subhur oxides. Calculations are done in the same way as for nitrogen oxides. 

Dioxins. Dioxin emission is calculated from the amount of waste incinerated. 

Heat ~roduction. The model calculates the heat from the energy content of the waste based 
on its composition. The energy recovery is calculated using the effective heating value and the 
moisture content of the waste. In the flue gas condenser about 70 O/O of the theoretically available 
heat of the steam is recovered. 

Chemical addtives. The number and amount of additives varies based on the fachty. 

General input data to incineration model is shown in Table 14.7. 

Table 14.7 Input data in the incineration model 
-- 

Parameter Unit 
Plastic used in wrapping 0.002 kg plastic /kg waste 
Electricity consumed in wrapping 0.0145 MJ el /kg waste 
Condensation efficiency 0.70 MJ heat/MJ in flue gas 

The basis for the model used in this project is the waste incineration fachty at Hogdalen in 
Stockholm with the latest performance data from the environmental report of the facdity for the 
year 2000. Rest products from the facdity like ash and slag are landfded. In Table 11.8 the 
parameters of incineration are described. Note that the NO, emission value is based on the 
threshold value not on the actual measured value whch is lower than the former. 

Table 14.8 Performance parameters for incineration process. 

Parameter Value Unit 
Total efficiency 8 8 % of lower heat value 
NOx - emission till air 45 mg N02IMJ waste 

3 6 ppm No2 
N20  - emission till air 10 mg N20IMJ waste 
Dioxin formation 0.10 pg dioxidkg waste 
SO2-separation in flue gas cleaning 95 % 
HC1- separation in flue gas cleaning 99.8 % 
Alpha value for heat power operation 0.28 MJ el/MJ heat 



14.2.4 Landfilling 

Landfilling model is fully described in Bjorklund (1998), appendix D and in Fliedner (1999). 

Five dfferent types of l a n d f h g  are modelled; biocell (Fliedner, 1999), landfilltng for mixed 
waste, sludge landfilling, ash landf&g and slag landflhng (Bjorklund, 1998). The models are 
supposed to reflect Swedlsh average landflhng and site specific modification of the models is 
lunited. Normally it is only methane extraction and leakage treatment that varies. 

Waste being landfilled today wlll continue to produce emissions for a long time in the future. 
One dilemma is, thus, how to compare such emissions from l a n d f h g  with more immediate 
emissions from other processes in the system. To include only the immedate emissions from 
landfilling would not be a logical representation of the total load. On the other hand to try to  
estimate the total emission brings about a considerable magnitude of uncertainty and even so the 
time perspective becomes incomparable with the other processes. As a compromise, future 
impacts of l a n d f h g  have been dlvided into two time periods that have some dlfferences for the 
different types of landfilling (see Figure 14.3): 

Surveyable time (ST): During this time most of the reactive processes in the landfdl get 
subsided and the landfill apparently reaches a stationary condtion. For mixed waste and sludge as 
well as biocell, the surveyable time is defined as the end of the methane generation phase. For 
slag and ash landfills the leakage of soluble salts defines the surveyable time. The surveyable time 
is consequently a functional measure of time and varies from case to case but generally it is in the 
order of 100 years. 

Remaining, infinite time (RT): This time period covers the time untd all the landfdled 
material is spread out in the environment through the formation of gas, leakage, erosion and 
possible inland icing. This infrnite time embodies emissions in the worst scenario. 

Household waste and Slaglbottom ash from 
organic industrial Digested sludge waste incineration cleaning-waste from 
waste waste incineration 

b Emissions to air 
Surveyable time 

---r--- 
Emissions to water 

Remaining time r Emissions to air 

r Emissions to water 

Figure 14.3 Material flow structure in the landfilling model 

Calculations are based on the amount of waste landfilled during one year. The emsslon 
during the surveyable time is an average yearly emission under corresponding time from a landfill 
where the same amount of waste is landfded year after year. When emissions under tlus 
surveyable time are calculated, the emissions that w d  occur during the remaining time are also 
calculated. During assessment and discussions attention is paid only to those emissions under the 
surveyable time. In the submodels for landfikng of mixed waste and sludge, the following 
processes occur: 



Degradation of organic matcrial produce emissions composed of mainly methane. 
Sugar, starch and fat are considered to be 100 '10 degradable, cellulose 70 '10 while 
lignin and plastic as non-degradable. The composition of the gas varies depending on 
composition of the organic material. In most of the cases, the gas contains 50 - 60 '10 
CH, and the rest mainly CO,. 

Leakage of heavy metals is small during the surveyable time, in the range 0.1 to 0.001 
% of the landfilled amount. 

Nutrient leaks in the form of phosphorus (2 % of amount landfded, 15 '10 for sludge) 
and nitrogen (90 '10 of landffied amount). 

For organic pollutants, there is lack of knowledge concerning their long term fate in 
landfills. During the surveyable time, it is possible that such substances are formed, 
degraded, converted to gas, vaporised, leak out or adsorbed to the landfded material. 
A very simplified estimate for every substance is studed. 

The gas can be collected during the surveyable time with an efficiency of 50 '10 of the 
gas formed. The collected gas can be flared out or combusted in a gas motor. The 
remaining gas makes its way to the outer layer of the landfiu where 15 O/O of the 
methane is oxidised to carbon &oxide. 

The biocell model that handles only easy degradable organic waste is based on the landfill for 
mixed household waste. However, it gives considerably faster degradation (i.e. the surveyable 
time refers to a shorter time) and more effective gas collection than in conventional l a n d f ~ g  
(65 '10 of formed gas). Furthermore a leakage water of higher quality is formed. In t h s  
connection, a biocell is considered to be somethmg between a conventional landfill and a 
digestion chamber. 

The main feature of landfilling of ash and slag is leakage of heavy metals. Metals in the ash 
leak out in the range of 1 to 10 '10 of landfilled amount during surveyable time. Metals in the slag 
are less leakable corresponding to 0.1 to 5 '10 of landfilled amount under the surveyable time. No 
gas is extracted from such landfills. 

The leakage treatment model can be connected to all of the landfill submodels. The model 
reflects a biological treatment with a chemical precipitation. About 80 % of the phosphorus 
leahng out under the surveyable time is collected and recycled back to the landfill (it then leaks 
out during the remaining time). Furthermore 90 '10 of the nitrogen leakage is partitioned as 
nitrogen gas with the rest going out with the leakage water. No metal partitioning is modelled. 
Workmg machines consume 40 MJ of desel oil per ton of landfded material in all submodels. 
Table 14.9 depicts input data for l a n d f h g  sub model. 

Table 14.9 Parameters in landfilling models under the surveyable time 

Parameter value Unit 
degradation of sugar, starch, fat 100 % of landfilled amount 
degradation of cellulose 7 0 % of landfilled amount 
degradation of lignin och plastic 0 % of landfilled amount 
Leakage of phosphorus 2 % of landfilled amount 
Leakage of nitrogen 90 % of landfilled amount 
Leakage of heavy metals, MSW and sludge 0.1 - 0.001 % of landfilled amount 



Leakage of heavy metals, incineration ash 
Leakage of heavy metals, incineration slag 
treatment efficiency, N in leakage water 
treatment efficiency, P in leakage water 
Gas collection, mixed waste and sludge 
Gas collection, biocell 
Soil oxidation, methane 
Diesel consumption, all landfills 

% of landfilled amount 
% of landfilled amount 
% of leak water content 
% of leak water content 
% of generated gas 
% of generated gas 
% of methane leakage 
MJiton landfilled material 

The gas (methane) recovered from l a n d f h g  can be used as a fuel in a gas motor that can 
produce electricity and heat. The energy from gas motor is calculated by using the energy content 
of the methane gas. If the gas is flared out, the emissions are calculated according to Table 14.10, 
with a zero energy recovery. When it is recovered, 30 O/O is electricity and 60 O/o heat but this also 
varies from case to case. 

In this study, when the industrial waste is landfilled 50 '10 of the landfill gas produced is 
assumed to be collected (this is the same as for l a n d f h g  of organic waste). Around 90 '10 of this 
collected gas is used for heat production in a gas motor. Treatment of leakage water (nitrogen 
and phosphorus) is supposed to be part of both types of l a n d f h g  (landfilling of industrial waste 
and l a n d f h g  of ashes and slag). Whenever results for landffing are shown, they refer only to 
the emissions during the surveyable time. 

Table 14.10 Emissions from incineration of methane gas,fiom landfilling in a stationavy gas 
motor (mg/MJ gas) 

Substance Emission [ma' MJ gas1 
CH4 100 
VOC 160 
CO 250 
NO, 200 
Particles 0 

14.2.5 Gasification 

The gasification process modelled here is a pressurized (20 atm) gasification process using air 
as a gasifying agent. During the gasification process both partitioning and formation of 
components occur. The pellets are gasified into fuel gas resulting in a remaining ash component. 
Table 14.1 1 shows the partitioning coefficients used in the study. It is important to point out that 
most of the heavy metals end up in the bottom ash except for Copper that continues with the 
fuel gas until it is trapped by downstream filter unit. 



Table 14.1 I Partitioning coeficients of gasijication of industrial waste pellets 
- -- 

Component Ash fraction Fuel gas fraction 
[kglkg in waste] [kglkg in waste] 

Ctot-b 0 I 
0-tot 0 1 
H-tot 0 1 
H 2 0  0 1 
N-tot 0 1 
S-tot 0.143 0.2910 
P-tot 0.743 0.2568 
C1-tot 0 1 
K 1 0 
Ca 0.824 0.1762 
Pb 0.794 0.2060 

Cd 0.612 0.3881 
H g 0.761 0.2389 
Cu 0.026 0.9738 
Cr 0.857 0.1429 
Ni 1 0 
Zn 0.709 0.29 10 
Ctot-f 0 1 
Fe 1 0 
ash 1 0 



In addition to those splitting up into two streams during the process, there are components 
formed during the gasification, see Table 14.12. 

Table 14.12 Formation coefficients for gasification of industrial waste pellets 

Component Value Unit 
C02  biological 1.142 kg/kg Ctot-b 
C02  fossil 1.142 kg/kg Ctot-f 
CO 0.86020 kg/kg Ctot-f 
H2 0.0499 kgkg Ctot-f 
NH3 0.18 kg/kg N 
H2S 0.233 kglkg S-tot 
H20 9 kg/kg H-tot 

14.2.6 Catalytic combustion 

The emission data for the catalytic combustion process modelled here is based on lfferent 
sources such as Varnamo plant (Sydkraft, 2001) with some molfications and estimations. Table 
14.13 depicts partitioning coefficients that decide how much of each component that is 
accounted for in the m o d e h g .  The remaining part is not accounted for. Parts of the entering 
components that are not leaving with the flue gas from the catalytic combustion are assumed to 
be adsorbed onto the catalysts. 

Table 14.13 Partitioning coeflcients of catalytic combustion ofgasified waste 

Component kg in flue gas per kg in entering fuel gas 
Ctot-b 0.0002 
S-tot 0.181 
P-tot 0.960 
C1-tot 0.009 
K 0.924 
Ca 0.996 
Pb 0.248 
Cd 0.006 
Hg 0.224 
Cu 0.607 
Cr 0.987 
Ni 0.48 1 
Zn 0.249 
Ctot-f 0.0002 
Fe 0.92 1 
Ash 0.90 



The data shown on Table 14.14 displays the amount of pollutants formed during the course 
of catalytic combustion of gasified waste. There is no difference in CO, and SO,, while CO, 
NO, and UHC show a difference. 

Table 14.14 Formation coeficients of catalytic combustion of gasified waste 

Component Value Unit 
C02 fossil 2.194 kgl kg Ctot-f in fuel gas 
UHC 1.58*10-~ kg/ MJ pellet 
CO 4.526" 1 0-6 (6 ppm) k g  MJ pellet 
NOx - fuel 0.00645 Kg/kg N 
NOx -thermal 0.000003098 KglMJ fuel, (2.5 ppm NOX) 
s o x  

--*a-"- .---"--- 3*10'~ kgl MJ pellet -- - -------.-------- - *- --- A--- . -- -+ 

14.2.7 PEM Fuel Cell 

Table 14.1 5 shows the formation of coefficients of the important emissions for the PEM fuel 
cells. 

Table 14.14 Formation coeflcients for PEM fuel cells 

Comlsonent Value Unit 

14.2.8 SO Fuel Cell 

Table 14.1 6 shows the formation of coefficients of the important emissions for the solid oxide 
fuel cells. 

Table 14.16 Formation coeficients of Solid Oxide fuel cells 

Component Value Unit 
C02 fossil 1.57 Kg C02/kg CO(44128) 

NOx - fuel 0.000645 Kg/N fuel (1 0% of CC) 
s o x  

a- -",* * < * 

14.3 SUB MODELS IN THE COMPENSATORY SYSTEM 

The compensatory system is required in order to compare the service (functional units) 
obtained from the waste management system with services produced somewhere else. Supply of 
material and energy to the total system (waste management system and external system) is in the 
form of resources in nature i.e. uranium in intact uranium ore, oil in raw oil source, biomass as 
trees in forest, etc. Outflows from the system consist of specific amounts (based on the size of 



the functional units) of &strict heating (hot water), electricity, ferthser (phosphorus and nitrogen 
fertdiser), vehicle fuel, PE-plastic and cardboard. 

Environmental impact of the external production system covers the same part of the life cycle 
as the waste management system, i.e. only the operation phase. Environmental impact refers to 
emissions to air, soil and water as well as depletion of natural resource. The natural resource 
depletion includes only energy consumption in terms of primary energy carriers. In other words 
resources in the form of such materials as steel, copper, wood etc are not included. 

For electricity from nuclear power plant, the thermal energy (the uthsed electricity plus the 
heat lost) is used. For hydropower, the energy delivered from the power plant is used without 
considering the loss in the turbines and the distribution grid. Apart from nuclear power and 
hydropower, energy consumption and emissions are calculated all the way back to cradle. 
Downstream processes such as waste treatment of e.g. ash from electricity and heat production 
are included only for heavy metals. This is because of lack of life cycle inventory data. The 
economic effects include the whole life cycle i.e. the building phase is also included. 

14,3.1 Power supply 

Electricity is used in the waste management system for different treatment processes and in 
the external system for production of e.g. virgin cardboard. Besides electricity, wherever 
necessary is used to fill up the functional unit "electricity" (if the waste management system 
shows a net production of electricity). In the waste management system the electricity 
consumption is inQcated in term of MJ el for every activity. This consumption can be connected 
to a alternative production method like coal condense power, Swedish average electricity mix, etc 

Unhke the model for the waste management system, data concerning the electricity 
consumption in the external functions (electricity consumption for production of new plastic, 
new cardboard, synthetic fertiliser, vehicle fuel, heat and electricity) is Ifferent. No underlying 
modelling is done. Instead existing studies are used. For heat production for example, Vattenfalls' 
LCA study is used. If in the LCA of biofuel heat plant in Vattenfalls study, a Swedish average 
electricity mix is used, it is included in the emissions from the whole system. Electricity used in 
thls study is considered to be produced from natural gas power plant 

14.3.1 .I Natural gas 
In our calculation, data for a power plant running on natural gas is used. This is justified since 

the purpose of the study is an assessment of future prospects where natural gas is of interest. 
Data is based on Vattenfall's LCA (1996) for natural gas power. The plant is supposed to be a 
planned natural gas fired CHP. The overall efficiency is 53 %. Table 14.26 and 14.27 show 
resource consumption and emission factors for electricity production from natural gas. 

Table 14.26 Resource use for production of electricity from natural gas 

Energy resource (MJIMJ fuel) Extraction Use Sum 
Renewable 

Hydro power electricity 4.87*10-~ 1.98*10-~ 2.47*10-~ 
Biomass 8.79*1oW7 1.79*10-~ 1.88*10-~ 
Non renewable 
Nuclear power electricity 7.29*10-~ 1.56*10-~ 1.63*10-~ 
Natural gas 3.05*10-~ 5.27*10-' 3.06*10-~ 



Oil 2.32*10-~ 2.23*10-~ 2.34*10-~ 
Coal 2.07*10-~ 5.75*10-~ 2.08*10-~ 

Table 14.2 7 Emission coefficients for production of electricity from natural gas 

Emission to air (g/MJ fuel) Extraction Use Sum 
NO, 3.44*10-~ 2.09*10" 5.53*10-~ 
so2 6.81*10-~ i.14*10-~ 1.21*10-~ 
CO 8.17*10-~ 2.02*10-~ 2.84*10-~ 
Particles 0 0 0 
HC (NMVOC) 4.64*10-~ 8.61 9.07*10-~ 
c02 9.22 108 117 
CH4 0 0 0 
N20 (data is missing in ref.) - 

14.3.2 District Heating 

District heating can be generated using dfferent fuels. Following part is data for production 
of &strict heating using combustion of biofuel. This is because in the case that the waste is not 
used a fuel for producing &strict heating, the heat is assumed to be supplied by a &strict heating 
system running on biofuel. 

14.3.2.1 Biofuel 
Data for biofuel fired district heating system was obtained from Vattenfall (1996). The heat is 

assumed to be produced in a heat and power plant with flue gas condensation fired with a forest 
fuel and total efficiency of 90 '10 based on high heating value. The choice of heat power plant 
rather than heat plant does not actually give a significant difference in the result. Type and 
performance of the flue gas condenser is the important factor that affects the final result. 
Upstream flows such as extraction of forest resources, fuel refining and transport are included. 
Flows downstream of the operation phase such as emissions from landfilltng of ashes are not 
included. These emissions are considered to be small enough to be left out of the study. Resource 
consumption and emission factors for district heating production from biofuel are shown in 
Table 14.28 and 14.29. 



Table 14.28 Resource consumption,for production o f  district heating (MJ useful energy) 
from forest fuel in heat power plant 

Energy resource (MJIMJ) Extraction Use Sum 
Renewable 
Hydro power - 7.46* 1 0-6 7.46* 
Biofuel - 6.72* 6.72* 1 o - ~  
Non renewable 
Nuclear power - 6.21*10-~ 6.21*10-~ 
Natural gas - 4.81*10-~ 4.81*10'~ 
Oil 3.53*10-~ 5.67*10'~ 3.54*10m2 
Coal - 1.71*10-~ 1.71*10-~ 

Table 14.29 Emission factors for production of district heating (MJ useful energy) from 
forest fuel in heat power plant 

Emission to air (g/MJ) Extraction Use Sum 
NO, 4.22*10'~ 5.03*10-L 9.25*10-~ 
SO2 2.41*10" 9.17*10" 1.16*10-~ 
CO 1.33*10-~ 4.58*10-~ 5.92*10-~ 
HC (VOC) 3.86*10" 2.92*10-~ 3.89*10-~ 
C02  fossil 2.69 2.64* 2.7 1 
C02 biological 0 92 92 
N20 0 5.88*10-~ 5.88*10-~ 
CH4 0 5.88*10-~ 5.88*104 
NH3 0 2.35*10" 2.35*10'~ 

Emissions to air from heat power plant are allocated equally per MJ of electricity and heat. 
Most part of the carbon dioxide emitted during the operation phase of the heat power plant (use 
phase) is of biological origin. Thus, pertaining to the idea of biofuel cycle, carbon dioxide is not 
included in the assessment of environmental effects. Emission factors for laughing gas (N,O) are 
results of personal communication with P - 0  Moberg at Birka Varme while factors for methane 
(CH,) and ammonium pH,) are taken from Uppenberg et al. (1999). 



14.1 CHARACTERISATION FACTORS 

Environmental characterisation factors 
The environmental impact categories used to assess the output data from the ORWARE model 

are: greenhouse effect, acidification, eutrophication and photo oxidant formation. Furthermore 
energy and resource consumption in the form of primary energy carriers and metal flows are also 
assessed though not aggregated using characterisation factors. 

The characterisation factors used are those recommended as the best available product 
specific environmental declarations of fuels in compilation of best available characterisation 
factors done by Uppenberg & Lindfors (1999). The factors are shown in Table 14.31. 

Table 14.31 Characterisation factors 

Emission Global warming Acidification Eutrophication Photo oxidant 
(kg CO2- (max) formation 
equivalents 1 (kg so2- (kg 0 2 -  (kg 03- equivalent 
kg emission) equivalentstkg consumptiordkg /kg emission) 

emission) emission) 

C02  (fossil) (air) 1 0 0 0 
NOx (air) 0 0.7 6 0.046 
N 2 0  (air) 310 0 0 0 
SO2 (air) 0 1 0 0 
CH4 (air) 2 1 0 0 0.0006 
CO (air) 0 0 0 0.003 
NMVOC (air) 0 0 0 0.052 
NH3 (air) 0 1.88 16 0 
HC1 (air) 0 0.88 0 0 
NH4 (water) 0 0 15 0 
NO3 (water) 0 0 4.4 0 
COD (water) 0 0 1 0 
P (water) 0 0 140 0 

For aci&fication and eutrophication, the maximum scenario is selected for the purpose of the 
study. This means nitrogen's contvibution to acidification and eutrophication is accounted as 
maximum. 

REFERENCES 

Andersson, G., (1999), Birka Teknik och hfiljo, personal communication 

Andersson, L., (1998), Xrvika Plastic recycling, personal communication 

Bengtsson, R., and Svensson, S-E., (1 996), System~tudie au metoder jijr bantering ocb re~irkulehg av orgdni~ka 
restprodtlkterjr2n gronomr2den - Fallstudie au Lunds kommun, Report 210, Institution for Agricultural 
Technology, SLU, Uppsala (in Swedsh) 
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SUMMARY 

This report covers the experimental work that has been performed within the project 21300- 
1, "Systems analysis of technologies for energy recovery from waste - incineration versus 
gasification followed by catalytic combustion, alkahe fuel cells and solid oxide fuel cells7'. This 
project is financed by the Swedish National Energy Administration, STEM and is a continuation 
of the previous project P10547-2, "Catalytic combustion of gasified waste - system analysis 
ORWARE". The project has been carried out at the division of Industrial Ecology at Kungliga 
Tekniska Hogskolan and at the division of Chemical Technology at Kungliga Tekniska 
Hogskolan. 

The experimental part of the project was carried out at Chemical Technology and is presented 
in this report. The aim has been to further reduce the NOX formed from fuel-bounded nitrogen 
using a new approach, namely selective catalytic oxidation of NH3 under both fuel-lean and fuel- 
rich conltions. 

From the results obtained in the experiments described in this paper the fuel-rich approach 
appears to be the most promising way to selectively oxilze NH3 to N2 to nearly zero emissions. 
The CuO/A1203 catalyst showed extremely low NOX selectivity under fuel-rich conditions, 
both with and without water added to the LHV-gas stream for a wide temperature range, 300- 
500 OC. The results obtained from the catalytic combustion experiments are described in this 
report and attached are the article for more details. 



INTRODUCTION 
One of the main problems to overcome before implementing catalytic combustion in a gas 

turbine combustor is the ignition of the fuel at compressor outlet temperatures, especially for 
methane. Several concepts to achieve this have been proposed, some of them require engineering 
solutions with additional components such as preburners and electrical heaters. However, this 
adds to the complexity of the gas turbine and in the case of preburners is also a source of 
nitrogen oxide emissions. Hence, it would be preferable to have a catalyst with sufficient activity 
to igmte the fuel at the compressor outlet temperature - at least at full load. This means that the 
catalyst has to be active in the 350-550 OC temperature range depending on the type of gas 
turbine used. Noble metals are the most active catalysts for oxidation reactions [ G k h  and Primet 
20021; for catalytic combustion the most successful is the Pd catalyst. It has been thoroughly 
investigated by many groups for the combustion of methane Faker et a1 1989, Farrauto et a1 
1992, Burch and Urbano 1995, McCarty 19951. 

Using LHV gases as fuel in a gas turbine has a major advantage since it contains only a small 
amount of methane the main combustible components are H2 and CO, which both are 
considerably easier to ignite. However, LHV gas deriving from gasification of biomasses and 
wastes all contain fuel-bound nitrogen, which is lfficult to prevent from forming NOX when 
using strong oxilzing catalysts to ignite the &el. The first approach (project P10547-1 and 
P10547-2) was to use a stable metal oxide instead of noble metals as an ignition catalyst and at 
the same time reduce the formation of NOX following the idea suggested by Groppi et a1 [I9981 
and Johansson and Jaris [1998]. 

The metal oxide catalysts showed lower NOX yields than the noble metal-based catalysts, but 
these results are not satisfactory. In this paper we followed the idea to selectively oxidize NH3 
under fuel-rich conditions, i.e. before the product gas from the gasifier would enter the alr-fuel 
mixing section in a catalytic combustion gas turbine. For the fuel-lean concept for catalytic 
combustion the selective oxide catalyst is supposed to be placed as a first segment inside the gas 
turbine (Fig. 2a and 2b). The purpose of t h s  work was to investigate the potential of the two 
different SCO approaches with hel-lean and fuel-rich LHV gases under realistic conditions, 
includmg water, over the selected catalysts to reduce the formation of NOX from NH3. 



BACKGROUND AND OBJECTIVES 

WASTE MATERIAL 

The waste material in this project has been defined twice, first in 1999 w i t h  the project 
P10547-1 "Catalytic combustion of gasified waste", the waste material consisted of 50-60% paper 
waste, 30-40% plastics mainly polyethene, 10% RDF and about 2-3% forest residues. Later in 
2001 (project P10547-2) the amount of RDF in the combustible waste increased to about 40%, 
due to the new legislation. However as can be seen in Table 1 the dfferences in composition are 
not very significant the largest dfference is the higher amount of ash in the waste containing 40% 
RDF. 

Table 1 Fuel analysis of combustible waste containing 10% RDF and 40% RDF 
Proximate [%, dry basis] 

Ultimate [%, dry basis] 
10% RDF 40% RDF 

10% RDF 40% 
RDF . 

C 43 43.6 Ash 11 16.4 
0 4 1 35 Moisture 6 4.9 
H 6 5.5 
N <0.3 ~ 0 . 2 0  LHV [MJIkg] 18.5 17.5 

Refuse-derived fuel, RDF, is a result of processing municipal solid waste, MSW, to separate 
the combustible fraction from the non-combustibles, such as metals and glass. RDF is 
predominantly composed of paper, plastic, wood and htchen or yard wastes, and has a higher 
energy content than untreated MSW. Household waste mostly consists of renewable material - 
biofuel. It thus contributes only marginally to an increase in the greenhouse effect when it is 
incinerated. 

GASIFICATION 

In order to use solid waste as fuel in a gas turbine it has to be converted into a combustible 
gas. Gasification is a process converting a solid fuel into a combustible gas mixture by partial 
oxidation of the waste/biomass at high temperatures, normally in the range of 800 to 900 OC. It 
is a thermochemical process including drying, pyrolysis and the gasification itself. The gas 
produced contains a mixture of H2, CO, C02,  CH4, and small amounts of higher hydrocarbons 
such as ethane and ethene, H20 ,  and N2 if air is used as oxidizing agent. The partial oxidation 
can be carried out using air, oxygen, steam or a mixture of these pridgwater 19951. Air 
gasification produces a poor quality gas in terms of the heating value, about 4-7 MJ/Nm3 
dependmg on the fuel. Using oxygen, the gas from the gasifier is not diluted by nitrogen and a 
higher heating value can be obtained. This work is based on the use of a synthetic gas simulating 
the gas from an air-blown waste gasification. In Table 2 the composition of gasified waste 



containing 40% RDF is shown, and the synthetic gas mixture simulating gasified waste used for 
the lab-scale catalytic combustion experiments p<usar et a1 2003al. 

Table 2 The composition of the gasified waste containing 40% RDF from the pilot- 
scale gasifier, calculated with an airflow of 53 ~ m ~ / h  into the gasifier, and of the 

compound I 
synthetic gas used in the lab-scale experiments, both with A=3.3. 

INTEGRATED GASIFICATION COMBINED CYCLE 

Gas 

The advantage with the integrated gasification combined cycle, IGCC, is the high electrical 
efficiency. First the chemical energy in the biomass or waste is converted to a gas in a gasifier, the 
obtained gas is then combusted in a gas turbine producing electricity, the hot exhaust gases from 
the turbine are further uthzed in a steam turbine producing even more electricity. The integration 
of gasification and combustion/heat recovery ensures a hgh  electrical efficiency of 40 - 50°/o, 
based on the incoming LHV gas [McKendry 20021. The IGCC technique has been demonstrated 
in the Varnamo plant in Sweden for over 3600 h with a range of different biomass fuels using a 
circulated fluidized bed gasifier [Stghl 20001. Fig. 1 shows the IGCC concept with a gas turbine 
using catalytic combustion. 

Gasified RDF (Oh) Synthetic gas (Oh) 

H,, CO, CO,, 
CH,, H1O, NH, 

Steam turb ine 
Collected 
industr~al  waste Electric 

power 

Exhaust gases 

Fig. 1 The IGCC concept for gasified waste. 



RESULTS AND DISCUSSION 

CIRCUMVENTING NOx 

The NOX formation is too high over the tested active oxidizing catalysts in the previous 
projects (P10547-1 and P10547-2). The group of Burch have proposed different selective 
catalytic oxidation processes for decreasing the NOX formation from fuel-bound nitrogen. 
Under fuel-lean conditions they were successful with N2 yields above 90% [Amblard et a1 19991 
on Ni, Fe and Mn catalysts supported on y-Al203, however, with lmted  operating temperature 
ranges. Another approach was made [Burch and Southward 20001 by talung advantage of a 
different mechanism, namely the coupled NH3 oxidation/CO/H2-NOX reduction process. The 
important feature was to limt the 0 2  using process control with a hlghly selective catalyst, using 
lean/rich switches to fit-st oxidze all the ammonia to NOX and then uulize the large excess of 
CO and H2 in the gas stream to reduce the NOX to N2 through NO/CO and NO/H2 
reactions. They further presented Pmch  and Southward 19991 a fuel-rich concept with a catalyst, 
H3PW12040, containing acid sites to dfferentiate ammonia from CO and H2, and redox 
properties to oxidize the adsorbed species, acheving almost no NOX formation above 600 OC. 

In this work we followed the idea to selectively oxidize NH3 using two different approaches: 
fuel-lean and fuel-rich (Fig. 2a,b) condtions using a LHV gas over the following new catalysts; 
5%Fe/A1203, 5%Mn/A1203, 2O0/oCuO/A1203, l%Pt/20%CuO/Al203, 2%Rh/A1203 and a 

Fe zeolite (Fe-SH-27). The fuel-lean concept for catalytic combustion is supposed to be placed as 
a first segment inside the combustion chamber. For the fuel-rich concept the catalyst could be 
placed somewhere before the gas turbine and duectly after the filter and cleaning of the product 
gas from the gasifier. 

Fuel Selective oxidatlon 
/ 
/ 

Exhaust 

Fig. 2a Fuel lean approach. 
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