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ABSTRACT 

ORWARE, an evolving systems analysis based computer model is used to assess the 
performance of different waste management options from a life cycle perspective. The 
present version of the model consists of different submodels for transport, treatment, 
and disposal of different types of liquid and solid wastes and recycling of materials. 
Flows between submodels are described by a vector of several substances of different 
relevance to the system. The model calculates emissions to water and air, amount of 
residues returned to arable land and energy flows using the tools of life cycle analysis 
(LCA) and substance flow analysis (SFA). 

In going in the direction of stringent environmental standards and policies, there is a 
need for maximizing energy recovery from waste for both environmental and economic 
benefits. Sweden has already experience of recovering energy from waste for district 
heating. Recovering energy not only of high value but also of higher quality from waste 
would be of interest. Hydrogen is one carrier of such energy. The possibility of using 
hydrogen from waste as a fuel in the transport sector would contribute in heading for 
creating a clean environment.  

In this thesis a new submodel for steam reforming of biogas recovered from an 
anaerobic digester is developed and used with other submodels within the ORWARE 
framework. Four scenarios representing alternative ways of energy recovery from the 
organic waste in Stockholm have been simulated to compare the associated energy 
turnover and different environmental impacts. Digestion of the organic waste and using 
the biogas to fuel cars is compared against steam reforming of biogas to hydrogen or 
thermal gasification of the waste and processing the product gases to hydrogen. In the 
latter two cases hydrogen produced is used in fuel cell cars. Avoided impacts of using the 
biogas and hydrogen are analyzed using the fourth scenario where the waste is 
incinerated to generate heat and electricity. Functional equivalence between scenarios is 
achieved by external supply of heat, electricity and petrol. 

While recognizing the uncertainties during modeling and simulation, it is possible to 
conclude that the results indicate that there is advantage of reduced environmental 
impact and high energy turnover in introducing the technologies of producing hydrogen 
from waste into the waste management system. Further and thorough investigation is 
recommended to come up with a sound and firm conclusion.  

 

Key words: Systems analysis, Life cycle analysis, Substance flow analysis, Waste 
management, Environmental impact, Steam reforming, Thermal 
gasification, Fuel cell vehicles, Hydrogen   
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1. INTRODUCTION 

As it was featured by all times since the industrial revolution, evaluating a technology of any 
kind as a single entity standing by itself results in its overlooked merits and demerits. 
Recognition of the interaction between the unit under study and its surrounding units renders 
a sound evaluation of the whole integral system. There has been timeless scientific scrutiny 
focused on individual systems that yielded cumulative knowledge of their respective 
regularities. But a relatively recent approach of systems analysis is an unprecedented craft that 
addresses the problems associated with the interactions between the systems by means of 
logical, quantitative and structural tools.      

Systems analysis is important in assessment of identified alternative methods of solving a 
clearly defined problem. The scope and objective of the assessment stem out from the 
functions the identified alternatives provide and account for the decision to be made using the 
outcome of the assessment. The decision-maker ought to know the consequences of 
alternative choices. Within the domain of systems analysis, models are used to predict such 
consequences of taking up alternatives. A host of mental and implicit models, and other 
explicit models expressed by words, diagrams, mathematical equations, or physical forms is 
synthesized to explicit models represented quantitatively and often expressed by computer 
programs. The impracticality, high cost and danger associated with full-scale test of each and 
every alternative back up the need for these models. Two of the issues in recent times with 
regard to systems analysis of identifying a way-out from local to global crises are connected 
with energy use and waste management. 

There seem to be a worldwide change in attitude towards resource exploitation; a change 
manifested in endeavors to minimize, whenever possible, environmental degradation 
associated with energy use. Increasing environmental awareness and imminent fossil-fuel-
supply shortages are forcing society to develop and adopt a combination of clean and highly 
efficient power-generation systems. Due to various disasters and crises that featured the last 
decades and other factors, international interest in fuel cells is perhaps stronger than ever 
before. Since the first oil crisis of 1973, the world energy perspective has changed. Most rich 
nations have attempted to reduce their dependency on oil by diversification of primary energy 
sources. More significantly, however, has been the trend of increased environmental 
awareness. Global studies on greenhouse effect have conclusively shown that the earth's fossil 
fuel resources should be better maintained in order to secure a sustainable future. In 
particular, the automobile industry is being strongly affected by the increased interest in 
cleaner fuels, including the ultimate fuel hydrogen.  

Waste management is the second issue in systems analysis models. Recent rapidly developing 
industrial technologies are demanding a space for myriad of wastes generated and paramount 
energy extraction. There exist different options of taking care of these wastes. Like any other 
technology, waste management systems incur high cost in terms of resource depletions, 
energy extraction, and waste generation of local and global significance. Thus, for further 
protection of the land, air and water resources both in the short run and the long run, waste 
handling systems are subjected to a wide spectrum of assessment using systems analysis 
models. 

Sweden is one of the leading countries in prioritizing holistic approach of evaluating waste 
treatment systems. ORWARE, a life cycle analysis (LCA) and substance flow analysis (SFA) 
based model of waste management systems, is a product evolving out of such Swedish 
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initiatives. Revitalizing the centuries old energy recovery from MSW, the country has been 
successful in utilization of waste as a source of energy while rendering the waste less 
polluting. Energy recovery from waste has thus been included as an important ingredient in 
recent searches for a favorable way of disposing wastes. 

The issue of linking up the waste managment system and the transport sector would be of 
great advantages. The interest in using vehicle fuel produced from waste in fuel cell vehicles 
is gradually but siginficantly increasing. In light of promotion of fuels cell vehicles as an 
agenda in the new millennium, there is an interest in looking at possibilities of processing 
wastes to produce hydrogen as an ultimate product. Besides the technological and economic 
viability consideration of this process, assessment of its environmental performance relative 
to other methods of energy recovery is worth considering.   

1.1. Thesis theme  

The Swedish waste management system is featuring a tendency of increased use of waste as a 
resource for material, energy and nutrients recovery. The energy recovery from waste can be 
achieved through different paths that differ in terms of process ease, economic turnover and 
environmental performance. Furthermore, the utilization of the energy from the waste can 
range from production of heat, electricity or vehicle fuel to indirect utilization such as 
recycling of material and plant nutrients. Hydrogen is one form of energy carrier entering the 
transport sector as the vehicle fuel of the future. 

There is a need for assessing  the different methods of energy recovery particularly energy in 
the form of hydrogen from waste. This thesis aims at evaluating the systems prospects of 
shifting from conventional waste treatment technologies to unestablished methods of waste 
handling that produce hydrogen within the framework of ORWARE. Comparisons will be 
done between the scenarios that incorporate the technologies. 

1.2. Scope of the Thesis 

Evaluation of waste management options that present optimal utilization of energy and less 
threat on the environment at the same time is the core purpose of the thesis. Processes of 
energy recovery from waste analyzed here are: anaerobic digestion producing biogas; steam 
reforming of biogas to produce hydrogen, thermal gasification of waste to produce gas 
convertible to hydrogen, and waste incineration to generate heat and electricity. Hydrogen 
produced using steam reforming of biogas and that using thermal gasification of the whole 
waste is compared with direct use of biogas for fueling vehicles. The analysis will be based 
on the computerized simulation model ORWARE that includes sub models of the processes 
considered. A new submodel for steam reforming of biogas will be developed during the 
thesis that will be used together with the other submodels in evaluating the four selected 
scenarios (see section on scenarios) for the Stockholm area. Comparison is made based on 
performance of the waste management system and the heat, transport works in terms of 
vehicle kilometer, nitrogen and phosphorus produced in each alternative. 

This thesis is done as part of an ongoing research project funded by the National Swedish 
Energy Administration (STEM). The research project has an objective of evaluating different 
processes of energy recovery from waste. Data and information from the STEM project are 
used during modeling and analysis of the scenarios (c.f. Sundqvist et al, 2000).   
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1.3.  General Approach 

Scenario analysis is used as a general approach to evaluate the technologies and four 
scenarios involving these technologies are defined. 

Scenario 1: Incineration of all the waste 

The whole organic waste is incinerated and heat and electricity, but no fuel, are generated. 
The fuel demand for cars is met using external petrol. 

Scenario 2: Anaerobic Digestion (AD) of the waste and biogas cars  

The whole organic waste is assumed to be digested in the anaerobic digester. The biogas from 
the anaerobic digester is used to fuel cars.  

Scenario 3: AD, Steam Reforming (SR) of biogas, fuel cell cars 

The waste is treated in anaerobic digester and all the biogas recovered is steam reformed to 
hydrogen. The hydrogen is used in fuel cell cars.  

Scenario 4: Thermal Gasification, Fuel cell cars 

The whole organic waste is taken to be gasified and processed to hydrogen to be used in fuel 
cell cars as in the second scenario. 

The scenarios and related issues are discussed in chapter  five of this report.  

 

 

 

 

 



 4

2. BACKGROUND MATERIAL 

In integrating the transport sector and the waste management system, a fuel cell vehicle that 
would use hydrogen produced from waste is considered for evaluation in this thesis. 
Hydrogen fuel is thus used as a link between the two systems. Specifically, a fuel cell vehicle 
with Proton Exchange Membrane (PEM) fuel cell is analyzed. Following is a background 
material on fuel cell vehicles and hydrogen production. 

2.1. Fuel Cell Vehicles 

Different innovative technologies are emerging in present day automotive technology. Some 
of them deal with improving the existing internal combustion engine, while others appear as 
radical alternatives. The use of hydrogen to fuel vehicles is one such radical alternative. There 
are a number of reasons to promote hydrogen as the 'ultimate' alternative fuel to fossil energy 
fuels. In a vehicle, hydrogen can be used in two ways. It can be combusted directly in internal 
combustion engines of ordinary vehicles with water vapor as the major emission and with 
some oxides of nitrogen at high temperatures. It can also be used in fuel cells of fuel cell 
vehicles (FCVs) to produce electricity with high efficiency (30 - 50 % over a typical load 
range) giving off water vapor as the only emission (Bechtold, 1997). 

Significant investment is being made in the development of fuel cell vehicle technologies by 
at least fourteen of the world's large automotive manufacturers. Despite the prevailing 
technical, economical and political obstacles, Daimler-Benz, Ford, GM, Opel, Toyota, Honda, 
Nissan, Mazda and others are making intensive research and development programs (Maruo, 
1998). Collaboration between companies is creating a forum for sharing resources that would 
enhance the development process. The co-operation between Daimler-Benz (Germany) and 
Ballard Power Systems (Canada) has led to Daimler-Benz's Necar 3 fuel cell car and the 
Nebus fuel cell bus. The companies are committed to commercialize these vehicles by the 
year 2004. Opel, GM's German subsidiary also declared that GM/Opel would commercialize 
their fuel cell vehicles in the same year, 2004. Honda expressed its interest to become the first 
to put its FCVs into the market in 2003 (Maruo, 1998).  

2.1.1. Fuel Cells 

Fuel cells are simply devices that convert fuel such as hydrogen, methane, propane, etc 
directly into electricity. The process is an electrochemical reaction that is similar to the 
reaction in a battery operation. However, fuel cells, unlike batteries, do not store the energy 
internally. Instead, they use a continuous supply of fuel from an external storage.  

In the fuel cell, hydrogen fuel and an oxidizer (oxygen) streams pass through separate porous 
metal plates separated by an electrolyte bath. The hydrogen plate operates as an anode 
converting the hydrogen molecules into hydrogen ions and electrons. The electrons flow 
along the wire connected to the cathode plate and the ions migrate into the electrolyte bath. 
On the cathode side oxygen molecules are separated into oxygen atoms and they combine 
with the hydrogen ions and anode electrons to create water and heat. The water and heat 
produced are expelled from the electrolyte bath as steam that can be utilized separately or 
recycled into the fuel and oxidizer streams if a higher temperature is needed. Fuel cells can 
theoretically create electricity at higher efficiencies than mechanical systems since they have 
no moving parts and are not limited by the Carnot cycle.  
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According to Maruo (1998) fuel cells are promoted because there is a belief among 
automobile manufactures that they are more efficient than internal combustion engines; 
extremely clean, have no moving parts that vibrate and make noise. Fuel cells do not suffer 
from drawbacks such as short range, heaviness, and emissions from electric power plants that 
accompany battery-powered vehicles. Besides they are virtually maintenance free. 

2.1.2. Fuel Cell Types 

Depending on the type of fuel used and other operational parameters, different classifications 
of fuel cells are recognized in the literature. On the basis of type of electrolyte used four 
different types are described in brief below. 

Phosphoric Acid Fuel Cell (PAFC) 

The PAFC is one of the most commercially developed stationary types of fuel cells that are 
already in use in hospitals, hotels, schools, utility power plants, and air ports. PAFCs can also 
be used in large vehicles, such as buses. These fuel cells generate electricity at more than 40 
% efficiency. Efficiency of nearly 85 % is possible if the steam produced during the process is 
used for co-generation.2 A concentrated phosphoric acid is used as electrolyte and the cell 
operates at 180 – 200 oC.  

Proton Exchange Membrane (PEM) Fuel Cells 

These cells have a solid ion-exchange membrane as electrolyte and operate at relatively low 
temperature of 80oC. Featured by high power density and variable output to meet shifts in 
power demand, PEMs are suited for applications such as automobiles where quick start-up is 
required. These fuel cells are the ones chosen by most of automobile manufactures who are 
developing fuel cell vehicles. 

Direct Methanol Fuel Cells  

These fuel cells are similar to the PEM cells in that they both use a polymer membrane as an 
electrolyte but differ in that here it is the anode catalyst itself that draws the hydrogen from 
the liquid methanol, eliminating the need for a fuel reformer. At relatively low temperature, 
an efficiency of about 40 % is expected with this type of fuel cell. Higher efficiencies can be 
achieved at higher temperatures. Srinivasan et al (1993) consider the ideal fuel cell power 
plant for transportation, remote power, and other portable power applications as one using 
methanol directly as the anodic reactant.  Maruo (1998) quotes American Methanol Institute 
as saying that direct methanol fuel cells may reach commercial maturity as early as 2008. 
Icelandic Hydrogen Project3 has a plan to use this type of fuel cell for cars. Appendix A is an 
extract from a summary of the project. 

                                                 

2 Compare with 30 % for the most efficient internal combustion engine (Maruo, 1998). 

3 A project aiming at gradual transformation of the Icelandic economy into a  hydrogen 
economy 
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Alkaline Fuel Cells (AFC) 

These cells use alkaline potassium hydroxide as an electrolyte and have an efficiency of up to 
70 % (Maruo, 1998). AFCs operate at temperatures between ambient and 100 oC (Kiros and 
Sampathrajan, 1997). Following PEM fuel cells AFC are favored in current research and 
development for FCVs application. 

2.1.3. Fuels for Fuel Cells 

An important aspect in the fuel cell vehicle technology is the choice of fuel. On the basis of 
technical, economical, environmental and infrastructure considerations; hydrogen, methanol, 
gasoline, and natural gas are at the top list of feasible options. The last three are seen as viable 
hydrogen carriers featuring handling ease.  

Hydrogen 

Hydrogen powered FCVs are zero emission vehicles. The power density and efficiency 
attained in this regard is adequate for automobile propulsion. However, it is not without 
problems. Maruo (1998) outlines three major problems surrounding hydrogen as a choice: 

1. difficulties to store onboard 

2. high cost  

3. lack of infrastructure for distribution 

These problems associated with fuel cell vehicles using hydrogen are briefly recapitulated 
from a Swedish perspective in Appendix B.   

Methanol 

Much of the automotive fuel cell processor development worldwide is focusing on methanol, 
mostly for technical and long-term strategies. Methanol can be processed into a hydrogen gas 
easily and efficiently by steam reforming onboard or in industrial setups. Hence, it is an 
excellent hydrogen carrier avoiding the problem of onboard hydrogen storage (Maruo, 1998). 
Vehicle configurations with onboard fuel reformers suffer fuel economy restrictions due to 
increased weight from the added reformer. The fuel cell performance also decreases due to 
dilution in the fuel stream, leading to an increased total vehicle weight from the larger fuel 
cell stack needed to provide an equivalent amount of energy to the vehicle. 

Gasoline 

Gasoline requires a more complex and less efficient process of conversion into hydrogen gas. 
The gasoline processors are less advanced than those for methanol. Otherwise, gasoline is an 
efficient, liquid hydrogen carrier of high-energy density, and there exists already a worldwide 
network of gas stations that avoids the infrastructure problem. 
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Natural Gas  

Considering the possible difference in efficiency of two different paths through which natural 
gas can be used in fuel cell engines, natural gas is attracting some attention as a fuel for fuel 
cells. There is a belief that the efficiency of path I (Figure 1) is higher than the efficiency of 
path II and with a possible technological breakthrough in the field of onboard storage of 
hydrogen, natural gas would be a favorable option (Maruo, 1998). For comparison among the 
type of fuels for fuel cell vehicles see Appendix C.   

 

On-board storage of
hydrogenNatural gas

Reforming at
retail stations

Fuel cell
engine

Natural gas  Methanol
Fuel cell
engine

On-board reforming of
methanol into hydrogen

Path I

Path II

 

Figure 1 Natural gas - fuel cell engine cycles 

2.2. Raw Material Options for Hydrogen  

Hydrogen has been produced long ago through different processes utilizing a variety of 
primary energy resources such as fossil fuels (coal, oil, or natural gas). It can also be 
produced from a variety of chemical intermediates (refinery products, ammonia, methanol, 
etc), from alternative resources such as biomass, biogas, and waste materials and from 
electrolysis of water. Balthasar (1983) identified a range of processes of hydrogen production 
that were in place in his time and those he thought to dominate in the future. The seventeen 
years old and still relevant list includes:  

• Steam reforming of natural gas 

• Partial Oxidation of hydrocarbons 

• Refinery 

• Coal gasification 

• Metal water processes  

• Electrolysis of water 

• Separation techniques 

Figure 2 depicts most of the possible methods of producing hydrogen from different energy 
sources including all technically or economically infeasible processes. 
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2.3. Waste- to- Hydrogen Energy Processes 

Today's idea of hydrogen production from waste originates from parent processes such as 
steam reforming and coal gasification of fossil fuels. Thermal gasification of waste and 
biogasification (anaerobic digestion) of waste with eventual conversion to hydrogen through 
steam reforming are two of the processes that are gaining due consideration of different 
spectrums of research.  

2.3.1. Thermal Gasification 

Thermal gasification of waste is the conversion of the organic component of the waste feed 
into gases can eventually be processed to give hydrogen. The process occurs when a 
feedstock is heated and partially oxidized in an oxygen deficient environment. With the 
organic part of the waste getting volatilized, the inorganic remains making up an inert residue. 
The gaseous product is a mixture of primarily CO, CO2, H2, CH4, and higher hydrocarbons 
that can be used directly as a fuel, or as feedstock for synthesis of a range of chemicals, hence 
the name synthesis gas or syngas. 

Unlike the relatively old coal gasification and biomass gasification, waste gasification as fuel 
production system is not widely used at a commercial scale (Chen, 1995). 
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Figure 2 Hydrogen production processes from different energy sources ( from 
Pietrogrande and Bezzeccheri, 1993) 

2.3.2. Steam Reforming 

Hydrogen production using steam reforming is not a recent technology for natural gas, 
naphtha and other hydrocarbons have been in use as feedstock for so many years. What is 
recent is rather the steam reforming of biogas to produce hydrogen. The literature has not 
much to offer concerning biogas steam reforming. Nevertheless, irrespective of use of natural 
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gas or biogas, the technology is the same except for a difference in issues pertinent to specific 
operating conditions and efficiencies.  

Steam reforming of biogas essentially consists of biogas cleaning, reforming, shift conversion 
and product cleaning (Figure 3). 

Biogas Cleaning  

Hydrogen sulfide (H2S) present in the biogas is a poison for the reforming catalyst and must 
be removed earlier in the process. This removal can be readily achieved by using an 
inexpensive chemical absorbent such as an iron sponge. The H2S can be further reduced to the 
required 0.1 ppm level by employing ZnO at 400 oC (Pandya et al, 1988). 

3
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Figure 3 Hydrogen production through steam reforming of biogas (modified from 
Pandya et al, 1986).  

1-raw biogas; 2- biogas to combustion (10 % of feed); 3-flue gas for heat recovery; 4-purge 
gas; 5-pure hydrogen for delivery; 6 steam;7-exhuast gas; 

              Process stream (biogas to hydrogen);   Heat Exchangers 

              Other streams                 Air Coolers  

Reforming 

Sulfur free biogas is reacted with steam over a supported nickel catalyst through the reaction: 

224 3HCOOHCH +→+  

The biogas and superheated steam are passed over a refractory supported nickel catalyst 
placed in Ni-Cr alloy tubes (Mcketta and Cunningham, 1987). This reaction is highly 
endothermic, and the moles of product exceed the moles of reactant so the reaction goes to 
completion at high temperature and low pressure (Austin, 1984). A wide range of temperature 
is given as operating temperature of the reforming reaction.  With natural gas as a feed, the 
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literature covers different temperature ranges between 500 oC and 980 oC (Elvers et al, 1989; 
Mcketta and Cunningham, 1987; Kroschwitz et al, 1995; Peschka, 1992; Austin, 1984; Kiros 
and Sampathrajan, 1997; Balthasar, 1983). A temperature range of 657 – 700 oC is presented 
in Pandya et al (1988) specific to biogas steam reforming. The chamber with catalyst tubes is 
directly fired with fuel to maintain the heat balance for the reaction (Mcketta and 
Cunningham, 1987). However, only a fraction of the heat supplied to the reformer furnace is 
used for reforming. A large amount of the heat in the flue gas is used to preheat the reformer 
feed, to produce and superheat steam, and to preheat the combustion air if needed 
(Kroschwitz et al, 1995). The process gas boiler and the flue gas boiler produce the required 
process steam. From a heat balance point of view, a hydrogen plant can be optimized not only 
to be self-supporting (Elvers et al, 1989) but also to export steam depending on the design 
conditions of the plant.  

Although the reaction can take place at pressures as low as atmospheric (Peschka, 1992), 
increased pressure has advantage such as increased waste heat recovery and reduced 
equipment size for all downstream units (Mcketta and Cunningham, 1987). It can be as high 
as 3.4 MPa (Balthasar, 1983). In addition to the temperature and pressure, the yield of the 
reaction is also governed by the amount of steam added quantified by Steam/Carbon (S/C)4 
ratio. Excess steam is needed to avoid formation of carbon, prevent deactivation of the 
catalyst, adjust unconverted methane loss with the product gases, and attain a proper CO/H2 
ratio necessary for an end product other than hydrogen. The minimum S/C ratio 
recommended by Mcketta and Cunningham (1987) is 1.2. Generally the ratio has values 
ranging from 2.5 to 6 (Elvers et al, 1989). Setting the temperature, pressure and inlet steam at 
a given feed rate permits 95 % conversion of CH4 in the reformer (Elvers et al, 1989). The 
presence of other impurities lowers the conversion to 80 % for a biogas (Pandya, 1988) 

Shift Conversion  

The CO content of the reformed gas is converted to produce additional hydrogen using steam 
in a two-stage water-shift converter, where the following reaction takes place:                 

222 HCOOHCO +→+   

The water-shift reaction is mildly exothermic (Pandya et al, 1988). Because the reaction is 
exothermic, the reactor temperature rises; this enhances the reaction rate but has an adverse 
effect on the equilibrium. When high concentrations of CO exist in the feed, the shift 
conversion is usually conducted in two stages, with inter-stage cooling to prevent an 
excessive temperature rise. The first stage may operate at higher temperatures to obtain high 
reaction rates, and the second at lower temperature to obtain good conversion (Austin, 1984). 
The reaction is unaffected by pressure (Mcketta and Cunningham, 1987). The shift reaction is 
first conducted on a chromium-promoted iron oxide catalyst in the high temperature shift 
(HTS) reactor at about 350 oC at the inlet. The process gas temperature rises to 400 – 450 oC. 
Converted gases are cooled outside of the HTS by producing steam or heating boiler feed and 
are sent to the low temperature shift (LTS) converter at about 200 – 215 oC to complete the 

                                                 

4 S/C= ratio of S mole of H2O to C moles of carbon contained in the hydrocarbon feed. If 
present, carbon monoxide and sometimes also carbon dioxide, is calculated with the C 
moles(Elvers et al , 1989) 
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water gas shift reaction (Kroschwitz et al, 1995). A single stage converts 80 – 95 % of the 
residual CO to CO2 and H2 (Austin, 1984). The LTS catalyst is a copper-zinc oxide catalyst 
supported on alumina. The gas is then cooled with as much heat recovery as possible.   

Product Separation/Cleaning  

Pressure-swing adsorption (PSA) is used in preference to other separation methods where 
high purity (>99 %) hydrogen is needed. Pressure-swing adsorption utilizes the fact that larger 
molecules such as CO, CO2, CH4, and H2O, and other light hydrocarbons can be effectively 
separated from the smaller hydrogen gas by selective adsorption on high surface area 
materials such as molecular sieves. PSA is capable of producing very pure hydrogen at 
recoveries of 70 – 90 %, depending on the number of adsorption stages (Kroschwitz et al, 
1995). The process of pressurization-depressurization cycle of the PSA results in purge-gas 
stream with some hydrogen discharges. This purge-gas hydrogen, along with other desorbed 
impurities such as methane and carbon monoxide, accounts up to 90 % of the fuel 
requirement (Kroschwitz et al, 1995) in the reformer burners, thereby reducing the external 
fuel requirement (Elvers et al, 1989).  

With such high purity, the hydrogen produced is compressed to a desired delivery pressure for 
use in FCVs. 
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3. METHODS AND MODEL 

The methodology used in this thesis involves simulation of selected scenarios using 
ORWARE submodels. ORWARE is a systems analysis model of waste management 
incorporating life cycle analysis and substance flow analysis tools.  

3.1. Systems Analysis of Waste Management 

There is an increasing demand for waste management systems to operate in an 
environmentally and economically sustainable way. There has been a shift towards a holistic 
approach, systems analysis, of evaluating these management options in terms of merits and 
demerits of different types. Among the list of concepts and tools used in systems analysis 
approach are Life Cycle Analysis (LCA) and Substance Flow Analysis (SFA).  

3.1.1. Life Cycle Analysis (LCA) 

LCA is an emerging environmental management tool that allows prediction of the 
environmental aspects and potential impacts associated with a product or service over the 
whole life cycle from raw material acquisition through production, use and disposal i.e., from 
‘cradle to grave’ (ISO, 1997(E)). A life cycle assessment5, includes four phases (Figure 4): 

1. Goal and scope definition defines both the purpose for performing the analysis and its 
scope to ensure valid interpretation of results from the LCA. 

2. Inventory analysis, involving the compilation and quantification of inputs and outputs for 
a given product system throughout its life cycle. The core point is that the system should 
be modeled so that inputs and outputs to the system are followed from the point of 
resource extraction through production and use to final disposal. The inventory analysis 
results in a large table of all inputs to the system (resources, etc.) and all outputs from the 
system (emissions). 

3. Life-cycle impact assessment, aims at understanding and evaluating the magnitude and 
significance of the potential environmental impacts of a product system. This phase 
includes the elements of classification, characterization and valuation. Classification is a 
qualitative step in which the different inputs and outputs of the system are assigned to 
different impact categories. During characterization, a quantitative step, relative 
contributions of each input and output to its assigned impact categories are assessed and 
aggregated. In the final quantitative or qualitative step called valuation, relative 
importance of the different potential environmental impacts from the system are weighted 
against each other.   

4. Interpretation, combining the findings of the inventory analysis or/and impact assessment 
with the defined goal and scope. Sometimes this phase is referred to as valuation and takes 
the place of some parts of the third phase.  

                                                 

5 a term sometimes used in place of  life cycle analysis  
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Finnveden et al (1998) described LCA use as a process of evaluation of environmental 
burdens associated with a product, process or activities. It is done by identifying and 
quantifying energy and material used and waste released to the environment and to assess 
impact of these energy and material uses and releases to the environment. Using features of 
LCA, different systems dealing with the waste from a given area can be compared. For a 
given geographical area and the waste produced from this area, LCA tools offer the 
possibility to compare the different environmental aspects of different handling options. 

1. Goal Definition
  Define:
• Options to be compared
• Intended use of results
• The functional Unit
• The system boundaries

2. Inventory
  Account for:-
• All materials and energy
• Inputs
• Outputs across the whole life cycle

3. Impact Analysis
• converts the LCI* into environmental effects
• methodology to aggregate according to effects being developed

4. Valuation
• The process of balancing the importance of different effects
• No agreed scientific method

* LCI refers to the Goal Definition and Inventory part of  LCA.
 

Figure 4  The stages of a Life Cycle Analysis(LCA)(based on White et al, 1996) 

The choice of system boundaries in which the LCA is to be carried is important as this choice 
affects the result from the analysis. Three dimensions for which system boundaries must be 
defined are presented in Björklund (1998). These are  

1. Time - the span of time for which emissions/substance flows caused by the system should 
be included. 

2. Space - the geographical borders determined by industrial boundaries, political boundaries 
or natural boundaries are necessary. 

3. Function - functional boundaries indicating the function that the system delivers should be 
considered.  

As cited by Finnveden (1998), Guinée et al noted that in comparative studies, the basis for 
comparison should be the ”functional unit”. A functional unit is a combination of a 
description of the function and a numerical value, preferably with a specification of place and 
time, e.g. ”taking care of one kg of municipal solid waste in Sweden in the year 2000”. The 
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function component in the definition of system boundaries refers to the functional units. 
Waste management options to be compared, intended use of results, the functional unit, and 
system boundaries should be well set before heading for the analysis part of the LCA (Figure 
5). 

1. Options to be compared
-  Different systems for managing waste

2. Purposes
-To predict environmental performance (emissions and energy consumption)
-To  ”allow what if..?” calculations
-To support achieving environmental and economic sustainability
-To demonstrate interactions within integrated waste management
-To supply waste management data for use in individual products LCIs

3. Functional unit
- To manage the household and similar commercial waste from a given
geographical area.

4. System Boundaries
- Cradle (for waste): When material ceases to have a value and becomes waste
(e.g. the household dustbin)
- Grave: when waste becomes inert landfill material or is converted to air
and/or water emissions or assumes a value (intrinsic if not economic) or when
recovered products are put to use
- Breadth:  the level of detail included such as indirect effects of energy
consumption included.

 

Figure 5  A Life Cycle Inventory of waste: Goal Definition (based on White et al, 1996) 

3.1.2. Substance Flow Analysis (SFA) 

Substance flow analysis (SFA) is used to describe exchanges of substances between the 
lithosphere, the biosphere, and the technosphere. It can be used to identify and model the 
flows of a certain substance in, out and through a certain geographical area.  

SFA pursues a substance from its appearance in the area studied (by extraction, production, 
import, etc.) until the moment where it ends up in the environment as a waste or emission or 
when it is exported out from the area. 

SFA can be performed at different levels, the area considered can be a company, a city, a 
region, a country and even a waste management system. The main aim of SFA is to gather 
insight in the relationships between the economy and the environment for the substance 
studied. This information is needed to set up a substance oriented environmental policy, a 
policy that aims at reducing the environmental impacts which are related to a certain 
substance.  
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In waste management, SFA can be applied for: 

1. checking material balances in order to detect unknown or hidden substance flows (e.g. 
emissions or sinks);  

2. quantification of substance flows difficult to measure, e.g. diffuse solvent emissions; 

3. identification of possibilities to reduce emissions and to close material cycles. 

The modeling and data collection approach in SFA is in many cases quite similar to that used 
in LCA, except that the substance flow is not being related to a functional unit. SFA may thus 
be a useful data source for LCA or vice versa but its main application is to identify 
environmental policy options, e.g. by showing which flows might be restricted in order to 
reduce the emissions of a substance or a material. A good account for SFA is given in Voet et 
al (1995). 

3.2. Waste Management Models 

The use of computer based simulations of waste management systems dates back to the 
1970s. The development of these earliest versions, motivated by financial interests, was 
focused on specific aspects of the waste management system such as routing of vehicles. 
Environmental issues began to show up in the 1980s generation of such models. Among the 
many possibilities of classification of all models preceding ORWARE, one differentiates 
between three model types based on their respective core purpose: MCO models, Scenario 
models and MCA models.  

Multi criteria optimisation (MCO) models, are meant to optimise two or more objectives 
simultaneously. 

Scenario models, which include ORWARE, assess pre-set scenarios on the basis of calculated 
consequences of each scenario. 

In multiple criteria analysis (MCA) models, alternative scenarios are evaluated against each 
other using simultaneous quantitative and qualitative weighting of evaluation criteria.  

With respect to the type of wastes and processes considered, the similarity between the 
models surpasses their difference. The approaches in environmental impact calculations used 
in the models, however, vary from extremely simple to very detailed ones.  

Of the sixteen models compiled by Björklund (1998), three models viz., MIMES/Waste, the 
model from US-EPA and one by White et al (1995) have some similarities with ORWARE. 
Having LCA as their basis and including SFA to some extent, the models go beyond specific 
aspects to a rather systems approach of waste management assessment (Björklund, 1998). 
Furthermore, three of the models together with ORWARE have treatment and handling of the 
waste generated in a certain area and time as a common functional unit. US-EPA model and 
ORWARE have identified heat and electricity as functional units. ORWARE includes 
nutrients in fertilizer and biogas as vehicle fuel as functional units.  

Similar comparisons in terms of scope, extent and boundary definition, etc can be done 
between the four models. See Table 1 on the next page modified from Fliendner (1999) for 
such comparisons.  
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Table 1.  Comparison of ORWARE with models having similar features (modified from 
Fliendner, 1999, originally from Björklund,1998). 

Feature ORWARE US-EPA Mimes/Waste White  
Waste features 

Waste descriptors vector with 74 
compounds and 
waste fractions  

Waste fractions Waste 
fractions, 
selected 
metals 

Waste fractions 

Included wastes HH1, COM2, IND3, 
SS4, Ash5 

MSW6  HH, IND, 
CaD7 , SS, 
Ash 

HH and similar 
COM 

Model features 
Life cycle 
inventory(LCI) 

Yes Yes No Yes 

Impact assessment Yes No Yes No 
Optimisation aspects Costs, emissions, 

env. impacts, energy 
recovery 

Costs, emissions Costs not included 

Functional units Manage waste from 
certain area, 
electricity, district 
heating, biofuel, 
fertiliser 

Manage waste 
from certain area, 
electricity, heat, 
material 

Manage 
waste from 
certain area 

Manage waste from 
certain area 

Collection and Transport 
Source separation     Yes Yes 
Collection Yes Yes  No Yes 
Transport Yes Yes Yes Yes 
Transfer station Yes Yes Yes No 
Feature ORWARE US-EPA Mimes/Waste White  

Systems Included 
Incineration Yes Yes/ RDF8 

burning 
Yes Yes/ RDF burning 

Compost Yes Yes     
Anaerobic digestion Yes Yes     
Landfill Yes Yes Yes Yes 
Material recovery Yes Yes    
Electricity & heat 
production 

Yes/ biogas as 
vehicle fuel 

Yes   Just electricity 

Fossil fuel extraction Yes  Yes  Yes 
Manufacturing from 
virgin materials 

Yes  Yes   

Other features Fertiliser production, 
nutrient leaching 
from soil  

Construction/dem
olition of capital 
goods included 

  

1HH=household waste; 2COM=commercial waste; 3IND=industrial waste; 4SS= sewage sludge; 
5Ash=incineration ashes, 6MSW= municipal solid waste; 7CaD=construction and demolition waste; 8 
RDF=refuse derived fuel. 
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3.3. ORWARE  

3.3.1. General Outline of ORWARE Model 

ORWARE, ORganic WAste REsearch, is a material/substance flow model used for 
calculating mainly emissions and energy turnover from a waste management system. The 
model is intended as a tool for simulating different systems for handling liquid and solid 
waste in a given area. From the beginning ORWARE had focus on environmental aspects of 
treatment of organic (biodegradable) wastes only, but there has been a development to include 
all kinds of municipal solid waste and to introduce economic aspects as well. This evolving 
model includes submodels for truck transport, incineration, landfill, composting, anaerobic 
digestion, sewage plant, biocell, plastic and cardboard recycling, gasification (under 
development), residue transport and spreading of residues (nutrients) on arable land. The flow 
between submodels is characterized by a vector with more than 60 components, which 
includes: 

- parameters of environmental relevance: heavy metals, NOx, SO2, HCl, PCB, Dioxins, 
PAH, AOX, CH4, CO, CHX, CO2, BOD, COD, NH3/NH4, P, NO2

-/NO3
-, etc. 

- parameters of relevance to process performance: C, H, O, N, P, H2O, VS, energy, etc. 

- parameters of economic relevance: CH4, N, P, etc. 

- parameters that characterize the material recovery: paper, plastic, metals, etc.  

The time constants of the processes modelled being much shorter than the yearly basis of the 
input data, ORWARE in effect is a static model (Dalemo, 1996). The conceptual model 
including submodels that have been developed and added to date is presented in Figure 6. 

3.3.2. ORWARE as LCA and SFA based Model 

ORWARE is very closely related to LCA as it can be seen from the definition of system 
boundaries, inventory of environmental aspects of waste handling and evaluation and 
interpretation of the results. The system boundaries in ORWARE are defined according to the 
method of waste handling under consideration, geographical boundaries of the studied area 
and definition of surveyable and remaining time period. The system boundary in effect 
depends on the number of functional units included. The functional units of ORWARE 
include management of waste from certain area, generating electricity, district heating, 
recovery of biofuel and fertilisers (Björklund, 1998). The inclusion of one or more of these 
functional units broadens the system boundary of ORWARE and thus resulting in requirement 
for a number of additional inputs while giving out some more aspects of performance of the 
system being analysed. As in LCA, the total outflow of emissions in ORWARE is quantified, 
and the potential environmental impact is assessed by classification and characterisation to 
environmental impact categories. 
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Figure 6  Conceptual Model of ORWARE displaying the core system (Modified from 
Nybrant et al, 1996).  

The contributions to greenhouse effect, eutrophication, acidification, ozone depletion, etc. 
from the studied system are quantified.  

ORWARE is a kind of SFA that makes quantitative calculations of waste streams, flows of 
materials and pollutants. As an SFA model an inflow and outflow balance of one particular 
substance (or group of substances) through the treatment system is done, giving the 
opportunity of identifying environmental improvements related to the substance(s).  

Bjuggren (1998) attributed the reason of combining SFA and LCA methodology within the 
same model to the requirements in the objectives of the model. From a municipal point of 
view the primary objectives of the ORWARE model are to: 

 identify major sources of flows that cause environmental problems , 

 evaluate present and future possible solutions of treating waste with respect to 
environmental effects, 

 quantify environmental tradeoffs between the waste management system and the 
surrounding support systems. 

3.3.3. Description of Submodels 

Depending on the scenarios under consideration the ORWARE model can consists of as 
simple as a couple of submodels or very complex. The current ORWARE model for 
Stockholm is shown in Figure 7. Reference materials covering some of the submodels are 
given below. Description of the some features of the incineration submodel and anaerobic 
digestion submodel is given in separate sections to link up with the theme of the thesis.  
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Transport 

There are four transport situations considered. Three blocks, each for “Garbage truck”, 
“Ordinary truck” and 'Truck and trailer' with two operating modes for the “Garbage truck” 
constitute the transport model. The 'Garbage truck can be run either in a collect route or as a 
main road transport. A more thorough description of the transport model is presented by 
Sonesson (1996). 

This model is  made by
Ola Eriksson

KTH - Industrial Ecology
1999 10 17

The model is used for
 simulations of the

waste management system
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Figure 7  The ORWARE Model 

Sewage plant 

Unlike the very detailed sewage plant models found in the literature requiring a large number 
of inputs, the ORWARE sewage plant sub-model needs no detailed information on the 
operating conditions. Dalemo (1996) presents a more thorough description of the Sewage 
plant model. 

Compost 

There are three types of compost, home-, windrow-, and reactor composting within the 
ORWARE model. While the basic processes are considered to be the same there are 
differences in energy consumption for handling the compost, the inclusion of compost gas 
cleaning and lower percentages of heavy metals in small scale home composting. For 
thorough description of the compost model refer Sonesson (1996). 
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Landfill 

A general Swedish landfill is presented in this sub-model. Three types of landfills; municipal 
waste, fly ash and slag landfills are included in the model. Considering the fact that organic 
material is landfilled together with inorganic fraction in the municipal waste, the model is a 
mixed waste model that attempts to allocate emissions to the organic fractions. For the sake of 
comparisons with other parts of waste-handling systems, the entire lifetime of a landfill is 
divided into a short surveyable time and an infinite remaining time. Mingarini (1996) has a 
thorough description of the landfill model.  

Spreading of Residuals 

Depending on the DM content, three different spreaders are modeled. One is for solid residues 
such as compost fraction and the other two for liquid products of DM up to 12 % and higher 
DM of about 25 %. Consumption of fuel for spreading and maximum spreading quantity per 
ha based on the phosphorous and nitrogen content of the residue is calculated in the model. A 
more thorough description of the spreading of residual model is presented in Sonesson (1996). 

Anaerobic Digestion Submodel 

A good account on anaerobic digestion sub-model in ORWARE is presented in Dalemo 
(1996). The model is based on a continuous, single stage, mixed tank reactor (C.S.T.R.). 
Unlike earlier generations of such models, the anaerobic digestion sub-model relates the 
degradation of organic materials only to the composition of the substrate. This feature of 
calculating gas production without knowing the origin of the waste allows the model to be 
used for a wide range of organic compounds and mixtures (Dalemo, 1996) 

Source separated household waste, manure, infectious waste and special organic waste from 
industry are four different inputs to the model which differ in their requirement for energy 
intensive pretreatment. A special metal and bag separation procedure removes plastics and 
metal impurities from household and restaurant waste. Manure from different sources (pig, 
cattle, horse and poultry farms) is mixed with the separated household waste and sterilized at 
70 °C for 1 hour. On basis of the potential for infection; wastes with high possibility such as 
slaughter-house waste get heated at 130 °C while possibly less infectious industrial organic 
wastes such as glucose solutions need no pretreatment at all. After this pretreatment step, the 
waste is diluted to a certain degree, mixed and pumped into the anaerobic reactor where it is 
biologically degraded by thermophilic microorganisms. The products of the anaerobic process 
are biogas, including methane as major content, and a sludge that is under certain condition 
reusable as fertilizer. A part of the generated gas is used for internal purposes like heating and 
sterilization of incoming waste. The model is equipped with a heat exchanger for reusing the 
heat energy in the sludge. Abundant energy from the process can be utilized as vehicle fuel or 
for production of heat and electricity. Water is usually recirculated in the process and does not 
produce any liquid emissions to the environment. Different plant specific conditions such as 
degree of pollution with impurities (metals, plastics), degree of heat exchange, TS content and 
process temperature can be entertained within the model.  

Incineration Submodel 

The model is divided into two major parts, a kiln that generates slag to be landfilled and gas 
that enters a second part, an air emission control. The heat generated and energy consumed 
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along with consumption of various additives are calculated within the submodel. The model is 
described in detail by Mingarini (1996) with all assumptions, calculations and data used. 

Steam Reforming submodel  

Biogas from anaerobic digesters can be utilized in different ways. Sweden has an experience 
of using biogas in heating, electricity, and as a vehicle fuel. Heat production takes place in gas 
engines and is the simplest and most common way to use biogas. Associated emissions are 
much smaller than from oil combustion. For this use of biogas, to be compared with other 
way of district heating, the value can be determined by the price of fuel that the biogas 
replaces. Both electricity and heat production can take place in gas engines.  

For the biogas to be used as a vehicle fuel there is a need to produce it evenly over the year. 
Vehicle emissions are much smaller than with the use of conventional fuels. The attached 
value of the biogas varies depending on alternative prices for diesel or petrol. There are 
additional costs for purification, storage, and fuelling, as well as extra expense for the vehicle 
that can be fueled by biogas. 

In meeting the ever increasing interest in “pollution free” fuels, hydrogen production through 
steam reforming of biogas comes to the scene. Being unestablished technology, there is a 
need to evaluate the energy turnover and environmental performance of the process with a 
tool capable of taking care of both upstream and downstream processes. It is this need that 
drives the development of biogas steam reforming submodel to be used as integral part of the 
ORWARE model. The submodel should be as realistic as possible while offering the 
simplicity required in the parent model at the same time. The subsequent simulation of the 
model will be used to illustrate the relative merits and shortcomings of the process in terms of 
environmental impacts and energy recovery.  

Gasification Submodel 

The model was developed based on the Thermoselect process. The process does not require a 
homogeneous feedstock but handles unprocessed waste. Partial oxidation with pure oxygen 
rather than air minimizes the nitrogen load and gas volumes, but requires electricity for 
oxygen production. Another 1.12 MJ electricity per kg waste is required for other equipment. 
The cold gas efficiency (HHV of syngas/HHV of feedstock) is a little more than 50 %. It is 
assumed that nearly 10 % of the gas is used for internal heat requirements. Hydrogen 
produced from gasifying the waste is calculated. Data used and calculations made and 
reference materials used are described in Björklund and Jensen (2000). 

Fuel Cell Vehicle Submodel 

The data used in modeling the hydrogen utilization in the fuel cell vehicle is based on what 
researchers predict, based on various considerations of technical development in car design 
and fuel cell performance. To be consistent, the same technological development is assumed 
for the internal combustion engine vehicle (ICEV) so called 'advanced' ICEV. The fuel 
economies for the fuel cell car and for the petrol car are taken to be 34 km/litre, i.e. 80 mpgeq 
(miles per gallon equivalents) and 21 km/litre, i.e. 50 mpg (miles per gallon), respectively. 
The choice of fuel economy of course, would obviously have a dramatic effect on the overall 
model and vehicle efficiencies are obviously subject to distinct advances in different vehicle 
components. Due to the lack of data of emissions of the future advanced vehicles, the same 
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emission factors per MJ gasoline as for current vehicles is used. Further information and 
reference materials can be found in Björklund and Jensen (2000). 
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4.  DEVELOPMENT OF THE STEAM REFORMING MODEL 

As an integral part of an LCA based model environment, simplicity without losing 
meaningful representation of what is really going on is maintained while modeling the steam 
reformer (Figure 8). Those process units, which have either emission or energy trait, are 
prioritized during modeling avoiding those with no importance of this kind. Thus in going 
from the relatively “cradle” of the submodel to its relatively  “grave”, blocks representing 
biogas cleaning, reformer, shift converter, and PSA can be traced. The blocks downstream of 
the reforming block are similar to Björklund and Jensen (2000). 

The H2S content is reduced to 0.1 ppm level by employing a unit of iron sponge followed by a 
ZnO column (Pandya et al, 1988). The heat required for the ZnO column is not calculated 
assuming an internal supply. 

The reformer operating conditions are taken to be a temperature of 700 oC at the outlet and a 
pressure of 2 MPa (Elvers et al, 1989). 

The process can be optimized at a steam-to-carbon ratio (S/C) value of 2.5 where any process 
discrepancies are avoided (Mcketta and Cunningham, 1987; Elvers et al, 1989). Assuming 
optimum reaction conditions 80% conversion of biogas is considered in the reformer (Pandya 
et al, 1988). 
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Figure 8  The steam reforming model in ORWARE 
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The heat required for the endothermic reforming reaction is taken to be supplied by 
combusting 10 % of the impure feed gas in a gas engine with a production of 60 % heat and 
30 % electricity. 

The high temperature shift (HTS) converter and low temperature shift (LTS) converter 
combination converts 95 % of the residual CO to H2 and CO2 (Chen, 1995). Converted gases 
are cooled outside of the HTS by producing steam or heating boiler feed and are sent to low 
temperature shift reactor to complete the water gas shift reaction. The gas is then cooled with 
as much heat recovery as possible (Kroschwitz et al, 1995). 

The PSA following the shift converters is capable of producing very pure hydrogen at 
recoveries of 90 %, depending on the number of adsorption stages (Kroschwitz et al, 1995). A 
value of 89.5 % is used in the modeling. The purge-gas hydrogen, along with other desorbed 
impurities such as methane and carbon monoxide from the PSA, accounts up to 90 % of the 
fuel requirement in the reformer burners (Kroschwitz et al, 1995).  

The model calculates the emissions from the aforementioned units and the energy required for 
two compressors and purge electricity from PSA. The two compressors in the process are a 
feed compressor for compressing the biogas to the reformer pressure of 20 atm (2 MPa) and a 
compressor for compressing the hydrogen to a delivery pressure of 410 atm (42 MPa). 

Compression is approximated by an adiabatic compression where no heat is transferred to or 
from the gas during the compression process. 

Thus the electrical energy required for compression is calculated from: 
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Mf = mass flow rate (moles/s) 

R = gas constant = 8.314 J/mol.K 

T = absolute temperature (K) 

Pi = inlet pressure to compressor 

Po = outlet pressure 

γ = Specific heats ratio = Cp/Cv 

 

Feed compressor 

The molar flow of the biogas can be calculated from mass flow and molecular weights of 
components, 
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Mf = mCH4/MCH4 + mCO2/MCO2, where M - molecular weight and                                                               

m - mass flow  of components  

 

T = 300 K 

Pi = 1 atm (0.1 MPa) 

Po = 20 atm (2 MPa) 

Specific heat ratio(γ) for a mixture such as  biogas is given as  

...........2211 ++= γγγ xxmixture  where  xi = mole fraction of component i 

taking a typical composition of biogas from Shiga et al.(1998) 

 

 Mole fraction(x) Cp(KJ/Kg.K) Cv(KJ/Kg.K) γ xiγi 

CH4 0.6 2.2316 1.7124 1.303 0.7818 

CO2 0.4 0.8457 0.6573 1.287 0.5148 

Sum 1.2966 

Thus, specific heat ratio for biogas, γbiogas= 1.30 

Hydrogen Compressor 

Mf = mH2/MH2  

T = 300 K 

Pi = 20 atm (2 MPa) (neglecting the pressure drop upstream) 

Po = 410 atm (42 MPa) 

With Cv =10.1965 and Cp =14.323 

Thus  γH2= 1.40 
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5. SIMULATION  

In light of a possible future trend and the reality on the ground, four scenarios are considered 
for analysis. For appropriate comparison between the technologies, only the organic waste 
from Stockholm area is examined making the same amount of waste flow in all scenarios. 
This waste includes tons of organic waste from households, restaurants and business firms in 
the area. 

The scenarios will be analyzed and compared against each other in terms of energy turnover 
and five environmental impact categories namely, global warming potential, acidification, 
eutrophication, photo-oxidant formation (contribution from VOC and NOx).  

The functional units included are waste management, heat, and transport works in terms of 
vehicle kilometer, nitrogen and phosphorus produced. Depending on the difference between 
the produced and consumed quantity, electricity can be considered as additional functional 
unit.  

The functional units on which the analysis is based have an alternative virgin raw material 
source that will be included in the studied system. The consideration that all studied systems 
produce the same functional unit enables a quantitative comparison of environmental and 
energy parameters between the use of waste as raw material and the use of natural virgin raw 
material (Figure 9). 
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Figure 9  The waste management system including upstream processes, compensatory 
and alternative production of energy, material and nutrients/ fertilizers. 
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For all practical reasons buses instead of cars are good choices for studies such as this as 
infrastructure issues can be handled centrally. However, to be consistent with current 
developmental works and to avoid lack of data, the scenarios are made to consider only cars. 
But still to be practical enough, the thesis presupposes fleets of cars such as cars owned by the 
city or taxies, where the infrastructure problem would be much less than for private cars.  

As mentioned earlier, four scenarios are analyzed for comparison in terms of different impact 
categories and energy turnover. The same amount of organic waste is handled in all scenarios 
as depicted in the figure below. 

 

Incineration

Anaerobic digestion

Anaerobic digestion

Gasification

Organic
waste

Steam reforming

Petrol cars
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Figure 10  Schematic representation of the scenarios analyzed. 

To make the comparison between the scenarios easier as in all ORWARE simulations, the 
functional units from the scenarios are leveled to be the same by addition of compensating 
amount from external systems. The results from simulation show the environmental impacts 
and energy extraction and use in handling the waste in the different technologies connected to 
the four scenarios. 

For the compensatory and upstream processes a typical set of combination of alternative 
sources is used. Coal is used for electricity while biomass is used for heat production. The 
fuel demand for external contribution of the vehicle km functional unit is met using petrol in 
internal combustion engine vehicles. Natural gas is used for producing commercial nitrogen 
fertilizer whereas oil is the energy source primarily used to produce phosphorous fertilizer. 
Setting these sources is important to create the ground against which the comparison is to be 
made.  

Figure 11 displays a schematic outline of the waste management system and the external 
system associated with all emissions and energy flows. The difference between consumption 
and production in each scenario is compared and then each scenario difference is subtracted 
from the maximum of the differences to calculate the external contribution to functional units. 
Emissions associated with the operation of the waste management system and emissions 
associated with the production the external contribution to the functional units are calculated 
and aggregated to show up in terms of the impact categories. The primary energy carriers 
used in producing utilities and materials within the waste management system and the 
external systems are also determined. 
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Figure 11  Emissions and energy use in the total system 

                   1Difference = Production - Consumption 
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6. RESULTS DISCUSSION 

6.1. Environmental Effect 

6.1.1. Global Warming 

Global Warming Potential (GWP) values, describing the contribution to change in the 
'radiative forcing' are used as weighting factors. The GWPs take into account the atmospheric 
lifetimes and absorption properties of the gases. Th effect is expressed as CO2-equivalents. 
The gases causing this problem known as greenhouse gases are mainly CO2, CH4 and N2O. 
CO, NOx, and VOC have indirect effect. The diagrams below show the global warming 
potential from the core system and from the total system including the external system.  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Scenarios

Hydrogen Utilization
Steam Reforming
Gasification
Landfill ST
Residual Spreading
Biogas Utilization
Incineration
Collection
Local Transport

 

Figure 12 Global warming potential from core system 

In all the scenarios, it is the external system that mainly contributes to the global warming 
problem. Considering only the core system, scenarios two and three show poor performance. 
This is because of the emission from increased transport for residual spreading and reject 
from the digester. The emission due to the collection of the waste is a bit higher for the two 
scenarios involving thermal treatment than the other two involving digestion. Methane release 
in the second scenario plays a significant role. In the gasification scenario, emissions from 
production of electricity in the external environment is the major contributor of greenhouse 
gases. The difference in contribution of the technology for both steam reforming and 
gasification is low which could be attributed to the absence of gas cleaning unit in the second 
scenario. Gases emitted in connection with external petrol supply makes the incineration 
scenario the worst of all on holistic comparison. 
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Figure 13 Global warming potential from total system 

6.1.2. Acidification 

In the acidification impact category, the amount of protons released from the system is used in 
defining the impact. Gases causing acidification include SO2 and some other sulfur 
compounds, HCl, NOx and NH3. In different approaches, the amount of protons released per 
mole of nitrogen compound can assume  a value between zero and one. The acidification 
calculated in this case is the theoretical maximum expressed as SO2 -equivalent.  
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Figure 14 Acidification from core system  
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The core system plays a major role in acidification problem in both scenarios involving 
biogasification, whereas the contribution from the external system dominates in the 
gasification scenario making it one with the poorest performance. For the incineration 
scenario, both internal and external systems share 50 % of the emissions each. In the core 
system of the two digestion scenarios, the pollution from spreading the residues appears to 
cause much of the problem. Electricity production is again important in gasification scenario. 
Impact from collection work is almost equal for all scenarios except for a small difference due 
to transport of reject. 
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Figure 15 Acidification from the total system 

6.1.3. Eutrophication 

Compounds causing eutrophication are NOx, and NH3 emitted to air and NO3, NH4, P and 
compounds of high COD value discharged to water. With the consideration that all types of 
emissions contribute to the problem, the values obtained represent the maximum scenario. 
Defining the effect of the problem as consumption of oxygen due to mineralisation of organic 
material produced from the released nutrients, the weighting factor is expressed in terms of 
consumed O2 per emitted compound.  
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Figure 16 Eutrophication from the core system. 

Release and leaching of nutrients from residual spreading makes the eutrophication due to the 
core system much worse in the “AD-Biogas Cars” scenario and “AD-SR-FC Cars” scenario 
than the other two. In the incineration scenario the contribution associated with the external 
petrol is equal to that from the whole core system. Of the last three scenarios producing 
vehicle fuel, gasification seems to offer a better option. The nutrients released from the core 
system for the two thermal treatment technologies showed up as the same. 
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Figure 17 Eutrophication from total system 
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6.1.4. Photo-oxidant formation -VOC 

This is one of the two impact categories dealing with the creation of ozone. CH4, CHX and CO 
are the gases under this category for which Photochemical Ozone Creation Potentials 
(POCPs) are calculated as ethene-equivalents. 
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Figure 18  Photo-oxidant - VOC from core system 

Photo-oxidants due to external petrol are more than twenty times those from the core system 
in the incineration scenario. This is due to the release of VOCs from during production and 
use of the petrol. Excluding the external  petrol thus makes it the best  scenario which 
otherwise is the worst. For a  comparison mainly on the basis of the core system, the VOCs 
from biogas utilization is much higher than the other sources and makes the second scenario 
the worst of all. The core system  photo-oxidants appear to be equal for both the incineration 
and gasification technology and approximately twice higher in the steam reforming 
technology.  
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Figure 19 Photo-oxidants - VOC from total system 

6.1.5. Photo-oxidant formation - NOx 

In addition to the organic species grouped in the above impact category, ozone formation 
could also be limited by NOx depending on the background concentrations and sun intensities. 
The weighting factors in this category are expressed as NOx emitted.  

0

5

10

15

20

25

30

35

Scenarios

Hydrogen Utilization

Steam Reforming

Gasification

Landfill ST

Residual Spreading

Biogas Utilization

Incineration

Collection

Transport

 

Figure 20 Photo-oxidants - NOx from core system  
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Figure 21 Photo-oxidants- NOx from total system 

The emission from external electricity production determines the result of the comparison 
between scenarios in terms of NOx emissions. For the gasification scenario, electricity 
production contributes a lot as in all other impact categories. The “AD-Biogas cars” scenario 
and “AD-SR-FC Cars” scenario which appear to be approximately similar in the total system, 
core system comparison leaves the latter to be worse due to the significant contribution from 
the reforming step. The impact of transportation and collection is the same for both scenarios 
but lower in the other two scenarios which is attributable to the relatively small transport 
work.  

Worth noting is that emissions associated with hydrogen utilization did not show up in any of 
the environmental impact categories. This is in agreement with the fact that hydrogen is a 
clean fuel producing virtually no pollution when used as a fuel. 

6.2. Energy Turnover  

Energy in different forms is consumed and produced by different units constituting the waste 
management system. The consumption is the energy expended in treating the waste and 
producing the functional units. Energy produced from the waste management system shows 
up as functional units of heat and electricity, vehicle km, and nutrient recovery. This energy 
originates from the energy content of the waste. 

The primary energy consumed in the internal waste management system and that required for 
making up for the functional units in comparing between scenarios, is presented both as total 
energy and as distributed over primary energy carriers.  
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Figure 22 Energy flow within the waste management system. 
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Figure 23  Primary energy for total system 

Heat is the only major energy recovery from the incineration while in the other scenarios 
energy shows up both as fuel gas (biogas or hydrogen) and waste heat. The ratio between 
extracted energy and used energy is highest for incineration scenario. The least in this case is 
the gasification scenario. The two scenarios involving biogasification have the same ratio. As 
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it is now, the gasification scenario includes only consumption and production of electricity. In 
the future overall energy balance should be done for realistic interpretation of results.  

Not only does the gasification scenario have lowest extracted energy to used energy ratio but 
it has also the highest primary energy consumption for external heating and electricity 
production. In the incineration and the second scenario, the primary energy for external petrol 
supply is significantly high.   
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Figure 24  Primary energy carrier for the total system 

6.3. Transport work 

The transport work, measured as vehicle km produced from a scenario, is important in 
studying the link between the waste management system and the transport sector. It indicates 
the avoided impact of using hydrogen instead of petrol as a transport fuel.   

Table 2 Scenarios compared in terms of vehicle km produced 

 Incineration AD-Biogas cars AD-SR-FC cars Gasification-FC cars 
Fuel Petrol Biogas Hydrogen Hydrogen 
MJ/km 2.5349 3.97 1.5843 1.5843 
MJ of gas from 
External system 

361 620 000 187 020 000 0 31 750 000 

MJ of gas from 
WMS 

0 273 441 350 226 014 893 206 173 770 

Vehicle km(WMS) 0 68 876 914 142 659 151 130 135 561 
Total Vehicle km 142 656 515 142 654 972 142 659 151 142 660 710 
% of WMS 
Vehicle km 

0 48 100 91 
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7. CONCLUSION 

Consideration of both processes of producing hydrogen is consistent with the future trend of 
promoting fuel cell vehicles. Since the relative importance of impact categories is not 
incorporated in the model, qualitative consideration of different issues such as social priorities 
should be done before a robust conclusion can be done. 

The result obtained shows a one-time picture of the scenarios for a specific case. Study of 
other cases would give out different result and picture of the energy recovery options. 
Technical improvements on different units within the system would change the order of ranks 
assumed by the scenarios. For instance, a technological development on improving the sludge 
handling and residual spreading energy wise would favor the scenario involving steam 
reforming of biogas. Increased thermal efficiency and heat utilization of the gasification 
process would definitely render it a far reaching advantages over the other scenarios.  

While recognizing the uncertainties associated with the data used and assumptions put up, the 
results obtained can be used as good starting point for initiating technical works for 
ameliorating the unestablished technologies of steam reforming of biogas and gasification of 
waste. The results obtained if reinforced by further studies would contribute in pulling the 
technologies up into the market.  Of the merits of the steam reforming technology of 
producing hydrogen from waste for use in fuel cell vehicles, improvement of urban 
environment which is a goal set by the Swedish transport sector seems to be satisfactory even 
without installing gas cleaning apparatus. Taking all impact categories as equally important, 
the processes of converting biogas into hydrogen and gasifying the organic waste and 
subsequent conversion to hydrogen for use in FCVs have rich environmental prospects. In 
making this conclusion, the aforementioned cases and issues including the type of primary 
energy used in producing the functional units that help in justifying the conclusion are 
recognized.   
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Figure 25 Summary of impact categories and primary energy normalized to incineration     
scenario 
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Figure 26 Total environmental impacts normalized against highest value within each 
impact category  
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8. RECOMMENDATION FOR FUTURE RESEARCH 

Naturally development of new models and subsequent simulation of scenarios need to be 
validated using real data. Hence future research should revise the modeling and simulation 
results done in light of data from a real plant. It is appropriate to consider a project where 
facts on the ground on which to base such researches can be used. The whole or parts of the 
model should be tested as to how they respond to variations in some parameters. Such 
sensitivity analysis would enhance the application of the model and the interpretation of the 
results obtained. 

The emissions from different primary energy sources are quite different in terms of quantity 
and type of pollutant emitted. Simulating the scenarios for different alternative primary 
energy sources and subsequent comparisons of results would point out the source that should 
be used to influence waste management systems positively.   
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APPENDIX A      ICELAND TOWARDS A HYDROGEN SOCIETY 

(The following is an excerpt from a Workshop paper entitled 'Hydrogen Economy, the 
Icelandic Vision' by Jon Björn Skulason, Icelandic New Energy Ltd.)  

Iceland is promoting the use of hydrogen as a fuel in the transport and fishing sector. 
Institutional setups are being arranged to investigate the potential for replacement of fossil 
fuels with hydrogen. The foundation for this is laid through the establishment of ' Icelandic 
Hydrogen and Fuel Cell Company Ltd.' The company is owned by Vistorka hf. (EcoEnegy 
Ltd.)6, Daimler Chrysler, Shell International and Norsk Hydro. The ultimate goal of the 
company is creating the world's first hydrogen economy. The gradual transformation of 
Iceland into a hydrogen economy is planned to follow five phases. 

Phase 1. PEM fuel cell bus demonstration project. Up to three city buses in public 
transportation in Reykjavik. 

Phase 2. Gradual replacement of the Reykjavik city bus fleet and possibly other bus fleets by 
PEM fuel cell buses. 

Phase 3. Introduction of methanol powered PEM fuel cell cars for private transportation. 

Phase 4. PEM fuel cell vessel demonstration project. One research vessel with hydrogen 
stored on board bound in methanol. 

Phase 5. Gradual replacement of the present fishing fleet by PEM fuel cell powered vessels.  

Possible completion time of the whole transformation project is set to be in the years 2030 -
2040.  

The hydrogen supply for the project is from the fertilizer plant at the outskirts of Reykjavik, 
which has been producing hydrogen for nearly half a century. 

The 2000 metric tons of hydrogen per year from this plant (cf. that from Stockholm waste)7 
requires no further purification for use in the PEM fuel cells as it is produced by water 
electrolysis. 

For a typical plant size and electricity price, hydrogen produced by electrolysis would be 
about 3 times more expensive than imported gasoline on the basis of energy content. 

When hydrogen is used to power PEM fuel cells, the energy efficiency is about 2 to 3 times 
higher than in conventional internal combustion engines. 

                                                 

6 Vistorka hf. is a company owned by public and private enterprises and institutions which 
plays a vital role in the research, development and the financing of new industrial projects in 
Iceland. 

 

7 ca. 1500 metric tons of hydrogen is obtained from simulation of the scenario of  gasification 
the organic waste  in Stockholm 



 44

In the NEBUS of Daimler-Benz AG the hydrogen is stored on board as pressurized gas in a 
sufficient amount to operate the bus approximately 250 km on each tank filling, which is the 
same distance as the Reykjavik city buses average run per day. The city bus fleet can be 
operated from one filling station( in this case, the fertilizer plant) which eliminates the need 
for a complicated infrastructure for fuel distribution.   
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APPENDIX B      INFRASTRUCTURE ISSUES 

The figures and data in this appendix are based on Maruo (1998) and the material from the 
web site of the Zeus project at http://www.zeus-europe.org/SE/stock_main.e.html 

The city of Stockholm8 has an extensive traffic policy to improve the environmental and 
living quality of the city. It has made the decision to work towards a changeover to transport 
systems that place energy economy and the environment first. The process of change has 
already begun, with many alternative vehicles and fuels already in use. The introduction of 
zero and low emission vehicles (electric, biogas and ethanol), in the framework of the 
European ZEUS project, is part of this policy. The "Environmental Vehicles in Stockholm" 
project began in 1994 and is now incorporated in the ZEUS project. 

The project is administered by the Stockholm Equipment and Supplies Service Organisation 
(MFO). The vehicle under this project and its fuel is tested for total energy use and emissions 
throughout its life cycle, i.e. from manufacture to recovery.  

Of the three types of vehicles under the project, different issues surrounding the biogas 
vehicle are relevant to FCVs. 

Since Biogas can be produced in quantities directly proportional to the population: the more 
people, the more biogas can be produced and the more hydrogen can be obtained for use in 
fuel cell vehicles. Stockholm can potentially produce enough biogas to be used for production 
of hydrogen to run about 3,500 fuel cell cars.  

Stockholm Water Company has built a pilot facility for the production of vehicle fuel at the 
Bromma treatment plant. Around 15 percent of all the biogas produced at the treatment plant 
is supplied to the pilot facility. Most of the remainder is currently used for heating. The pilot 
facility has an annual capacity of 360,000 cubic meters of biogas, with the approximate 
energy content of the same number of liters of petrol. This figure is translated to about 11 TJ 
of biogas which can be converted to hydrogen to fuel about 200 cars.  

Some of the facilitates and infrastructure that exist today and planned to be constructed for the 
biogas project in the near future can be used when a transition is made to projects of testing 
FCVs. The number of biogas outlets is expected to increase shortly. Most biogas vehicles 
refuel today at the Stockholm Water Company's facility at Bromma. but additional outlets are 
under construction. 

OK, Shell and Statoil service stations already have refueling outlets and they will be 
supplying biogas in the near future. For the case of hydrogen, to tackle the problem of 
infrastructure it is possible to carry out the reforming process at such retail gas stations and 
then use onboard storage of hydrogen.  

Storage of hydrogen as a gas compressed to 34.5 MPa requires a 10 fold larger volume than 
gasoline for the same amount of energy. A volume of 200 liters of compressed hydrogen 

                                                 

8 The inner city covers an area of approximately 5 x 7 km, where 250 000 people live and 280 
000 people work. The city of Stockholm, 700 000 inhabitants, is the economic heart of 
Sweden 
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would be necessary for a 600 km driving range. The volume problem is much reduced if 
hydrogen is stored as a liquid or bound chemically to a metal alloy such as metallic hydride. 

A carbon material developed in the US able to store enough hydrogen for a trip of 8,000 km 
in a 25 liter package weighing 87 kg. It is said to be capable of storing 75 % hydrogen by 
weight (cf. 4 % for carbon nanotubes). If applied to vehicles, canisters containing hydrogen 
stored under 4-5 MPa pressure would be swapped at fuelling points, and empty canisters 
would be recharged at high pressure in a process taking up to 24 hours.  
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APPENDIX C      FUELS AND FUEL CELL VEHICLES 

Table 3 to Table 6 are taken from Maruo(1998) and his presentation on a workshop on 
Hydrogen- Aims and Technology, organized by Swedish Hydrogen Forum.  

Table 3  Fuels for fuel cells: Today(Before year 2010) 

 Overall 
Fuel 
Efficiency  

Fuel 
Reforming 
Easiness 

Onboard 
Storage 
Capability 

Infrastructure 
compatibility 

Fuel cost 
Today 

Global 
Supply 
Today 

Hydrogen ***** ***** ** * ** * 
Methanol *** **** *** ** *** ** 
Natural Gas **** *** ** *** **** *** 
Gasoline *** ** ***** ***** *** ***** 

 

Table 4 Fuels for fuel cells: One technological breakthrough (Nanotubes) 

 Overall 
Fuel 
Efficiency  

Fuel 
Reforming 
Easiness 

Onboard 
Storage 
Capability 

Fuel cost 
Today 

Global Supply 
Today 

Hydrogen ***** ***** ***** ** * 
Methanol *** **** *** *** ** 
Natural Gas **** *** ***** **** *** 
Gasoline *** ** ***** *** ***** 

 

Table 5  Fuels for fuel cells: One technological breakthrough (Hydrogen Production) 

 Overall 
Fuel 
Efficiency  

Fuel 
Reforming 
Easiness 

Onboard 
Storage 
Capability 

Fuel cost 
Today 

Global 
Supply 
Today 

Hydrogen ***** ***** ** ***** ***** 
Methanol *** **** *** *** ** 
Natural Gas **** *** ** **** *** 
Gasoline *** ** ***** *** ***** 

 

Table 6  Fuels for fuel cells: Two technological breakthroughs (Nanotubes and 
Hydrogen Production) 

 Overall 
Fuel 
Efficiency  

Fuel 
Reforming 
Easiness 

Onboard 
Storage 
Capability 

Fuel cost 
Today 

Global Supply 
Today 

Hydrogen ***** ***** ***** ***** ***** 
Methanol *** **** *** *** ** 
Natural Gas **** *** ***** **** *** 

Gasoline *** ** ***** *** ***** 

Note: Good****.....*Poor 


