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ABSTRACT 

ORWARE is a system analysis tool for waste management systems based on Life Cycle 
Assessment. However, it is based on point estimation and does not consider uncertainties involved 
in the model. As an example application of uncertainty analysis, ORWARE for Jakarta, which 
models the waste management systems in Jakarta, Indonesia, was chosen for an uncertainty and 
sensitivity analysis. First the ORWARE model for Jakarta and the most widely used mathematic 
uncertainty simulation method---Monte Carlo were systematically described. And the model was 
simplified and transferred from Matlab to Microsoft Excel to facilitate the further uncertainty 
simulation. The subsequent procedures consist of selection of essential input parameters, 
assignment of probability distributions of input parameters, running Monte Carlo simulation and 
sensitivity analysis with the help of Crystal Ball tool, as well as results summary and interpretation. 
With the application of uncertainty analysis, the LCA results were transformed from concrete 
values into probability distributions around mean values and were expressed as confidence 
intervals. The probability distributions for LCA results will provide more reliable information for 
decision makers as it considers the error and variations in the model. In the end the conclusion 
from the analysis of the results, the limitation of the current study and the suggestions for further 
studies are summarized.   
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GLOSSARY OF TERMS 

Core System: part of analyzed system that is directly related to the function of a system, includes 
those activities that may be directly affected by decisions based on the study. In ORWARE model, 
the core system mostly refers to the handling and treating of solid waste. 
 
Down-stream process: part of analyzed system that takes place at a successor of activities in the 
core system.  
 
External System: part of the analyzed system that is aimed for fulfilling the functional unit. In 
ORWAER model, it includes upstream and compensatory submodels.  
 
Up-stream process: part of analyzed system that provides necessary input to the core system. In 
ORWARE, the energy produced and environmental impact from electricity and district heating 
generation plants are included as up-stream processes.  
 
Submodel: smaller, detachable entities of an entire model. Submodels are self-contained and can 
be combined together to form a new system.  
 
Secondary wastes: while the primary waste is the waste which enters into a submodel, the 
secondary waste is the waste which is generated in the submodel for dealing with the primary 
waste. For example, adding additives in the primary waste will cause secondary waste output.   
 
Uncertainty simulation: the simulation for assessing uncertainties with the help of a tool. The 
tool is usually a computer program. Usually the results of uncertainty simulation are not directly 
related to the end users’ interest, so transforming the results to other formats is needed.  
 
Uncertainty analysis: it is broader than uncertainty simulation. Uncertainty analysis includes the 
uncertainty simulation as well as the transforming step. The results presented to the end users are 
provided by uncertainty analysis. 
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ABBREVIATIONS 

HDPE: High Density Poly Ethylene. 
LDPE: Low Density Poly Ethylene. 
VOC: Volatile Organic Compound. 
PAH: Polycyclic aromatic hydrocarbons. 
AOX: Adsorbable Organic Halogens. 
NOx: Nitrogen oxides. 
Lf: Landfill. 
Ic: Incineration. 
Ad: Anaerobic Digestion. 
Cp: Composting. 
Lf2015: Landfill 2015 scenario. 
Lf+Ic+Cp2015: Landfill +Incineration +Composting 2015 scenario. 
Ic+Ad2015: Incineration +Anaerobic Digestion 2015 scenario.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 XIV

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 



 1

1. INTRODUCTION 

Life Cycle Assessment is one of the powerful tools in Applied Environmental Systems 
Analysis. It provides the functionalities to give people a holistic view of the systems of interest by 
analyzing environmental impacts in the full life cycles of substance and energy through the whole 
system. Risk management and Decision making can utilize LCA. However, LCA’s weakness 
originates from its improper consideration and treatment of the uncertainties in the model and 
available data sources (Baumann and Tillman, 2004).  

Variability is a kind of inherent variations in the real world, while uncertainty comes mainly 
from inaccurate measurements, lack of the data, and model assumptions (Sonnemann et al, 2003). 
The variability of the real world makes the model building and data collecting difficult, thus 
uncertainties are involved in the model. Generally there are two significant uncertainties, which 
are Model Uncertainty, and Parameter Uncertainty (Assefa and Frostell, 2004). Model Uncertainty 
is the structural uncertainty, which is associated with the simplification in the model. For example, 
the basic model used in LCA is linear programming while the modeled system is usually more 
complicated. Parameter Uncertainty comes from the model input parameters, which could be 
caused by lack of data or inaccurate data source.  

Handling model uncertainty requires holistic knowledge of the system to be modeled, as well 
as careful consideration and calculation in the model building process. For models already built, 
model uncertainty could be difficult to diminish unless we re-build the entire model, or at least 
part of the model. Model uncertainty is static after the model has been setup; while Parameter 
Uncertainty varies in different simulations, it depends on the quality of input data. In this study, as 
the ORWARE model has already been established, we put our emphasis on parameter uncertainty, 
which is the main focus area of Monte Carlo methodology.  

Monte Carlo has been a widely used simulation tool for handling uncertainties since 1944. 
This method provides approximate solutions to a variety of mathematical problems by performing 
statistical sampling experiments on a computer. The development of computer science has made 
the implementation of Monte Carlo simulation simple.  

In this study we will apply the Monte Carlo simulation to a waste management LCA model 
--- ORWARE. As ORWARE is a MATLAB-based model while most famous Monte Carlo 
simulation tools are based on Microsoft Excel, a simplified ORWARE model based on Excel is 
developed with a specified application to the waste management system in Jakarta, Indonesia.   

 
 
 
 
 
 
 



 2

1.1 Objectives 

This study is conducted to meet the following objectives: 
1. To develop a simplified Excel-based model for the Matlab-based ORWARE model for 

Jakarta. 
2. To introduce a method for uncertainty analysis with the simplified model. 
3. To test the uncertainty analysis for ORWARE model for Jakarta, and give the reader a 

view of how the uncertainty analysis for varied waste compositions affects the traditional 
Life Cycle Assessment results. 

 

1.2 Limitations of the study 

There are always the difficulties to gather data which is required for a uncertainty analysis. In  
this study, the probability distributions of a large number of input parameters are needed. They are 
all site-specific data but it is impossible to visit Jakarta, Indonesia to collect them due to the 
economic and time reasons. In such a case, the probability distributions of the input parameters are 
assumed, which means the practical values may be different with what are used in this study. 
However, the methodology introduced in the study is correct so further studies can use the same 
methodology to obtain a useful uncertainty analysis results if the correct data are gathered.   
 

1.3 Outline of this report 

The report is divided into six chapters. The short descriptions for all the chapters are listed 
below. 
Chapter 1. Introduction 
Introduce the problem of traditional LCA, and present the aims and objectives as well as the 
limitation of this study. 
Chapter 2. Life Cycle Assessment 
This chapter gives a brief introduction to LCA methodology. 
Chapter 3. General ORWARE model 
The conceptual ORWARE model for a waste management system in municipality is introduced.  
Chapter 4. ORWARE for Jakarta and the simplified model  
This chapter systematically describes one of the ORWARE model implementation--- ORWARE 
for Jakarta, and the simplified Excel-based model which will be used for uncertainty analysis. 
Chapter 5. Uncertainty and sensitivity simulation 
The uncertainty and sensitivity simulation with the help of a simulation program are discussed. 
Chapter 6. Discuss and conclusion 
Conclusions from the study are presented, features of Matlab and Excel model are discussed, and 
further work is suggested.  
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2. LIFE CYCLE ASSESSMENT 

2.1 What is Life Cycle Assessment? 

Life Cycle Assessment is a comprehensive method for analysis of the environmental impacts 
(emissions, resources, and energy used) of products and services. The product/service life cycle is 
followed from “cradle”, where raw materials are extracted from natural resources, to “grave”, the 
disposal and waste management system. Material flows are quantified and environmental impacts 
are accounted. The steps involved are shown in Figure 2.1, which will be discussed further.  
 

  
Figure 2.1 LCA procedures (ISO, 1997) 
 
 

2.2 LCA methodology in brief 

2.2.1 Goal and scope definition 
The product/service to be studied and the purpose of the study should be decided in this 

phase. The goal definition includes stating the intended application of the study, the reason for 
carrying it out and to whom the results will be presented (Baumann et al, 2004). The goal should 
be stated clearly and precisely.  

The environmental impacts are related to Functional Units, which is typically the quantity of 

Goal & scope 
definition 

Inventory analysis 

Impact 
Assessment

Weighting 

Classification 

Interpretation 
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products or services. Comparing LCA results with each other is meaningful only if the functional 
units are equal. 

System boundary confines which system processes and environmental impacts are included 
in the LCA study. The decision should be made based on the relations between the processes, 
impacts and the purposes of the study.    
 

2.2.2 Inventory Analysis 
Life Cycle Inventory (LCI) quantifies the environmentally relevant material and energy flows 

through the entire system and calculates the amount of resources used and the emissions generated. 
Activities of the LCI includes: constructing the flow model according to the system boundaries in 
a flow chart; collecting the data (raw materials, energy carriers, products, wastes, emissions) for 
all the activities involved in the system; and computing the total amount of resource use and 
pollutant emissions in relation to the functional unit (Baumann and Tillman, 2004).  

LCI is much more complicated than it looks like as there are always the cases in which no 
data is available at all for constructing part of the flow data sheet, or the system being modeled is 
too complex, or limited knowledge is available currently. Assumptions have to be made to 
simplify the system, or borrow data from other available sources. In such cases, data gaps are 
involved in the project, which, as well as the inaccurate data gathered, will contribute parameter 
uncertainties to the whole model. Life Cycle Assessment itself does not provide any methods to 
deal with the uncertainty. It only uses point-estimated values for both the data gathered and the 
data presented as results.  
 

2.2.3 Impact assessment 
Life Cycle Impact Assessment (LCIA) describes the impacts of environmental loads based on 

the data from LCI. It translates the inventory results into more environmentally relevant 
information.  

Classification is the first step of LCIA, which is sorting the inventory parameters according 
to the type of environmental impact they contribute to. Characterization is the second step to 
calculate the relative contributions of the emissions and resource consumptions to each type of 
environmental impact, based on the scientific models of the cause-effect chains in the natural 
systems (Baumann and Tillman, 2004).  

In fact, the cause-effect chains in the natural world are mostly too complicated to be 
calculated. Thus the models used for characterization are sometimes very simplified, which 
introduces another kind of uncertainty called Model Uncertainty. It is the uncertainty that comes 
from the structure of the model. Sometimes the results from Characterization need to be further 
interpreted and aggregated. Different alternative methods are available for this purpose. 
Formalized and quantitative weighting procedures or expert panels or qualitative, verbal 
argumentation can be chosen.  
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3. GENERAL ORWARE MODEL 

3.1 What is ORWARE  

ORWARE (Organic Waste Research) is an environmental analysis tool which was first 
conducted at 1993. Its original purpose was concerning the treatment of biodegradable waste and 
the possible co-treatment of solid and liquid biodegradable wastes (Assefa, 2002). Over the years 
of development new submodels like anaerobic digestion, incineration and composting were added, 
so ORWARE has extended and it can handle all kinds of solid wastes such as household, business 
and industrial waste, except the hazardous waste.  

The system boundary of ORWARE is of three different types: time, space and function. The 
function is expressed in the form of functional units, which includes the products and services 
provided by the studied system and to be compensated for certain functional units. The system 
boundary in space reflects a LCA perspective as all relevant emissions and resource depletions are 
accounted regardless of where they occur. 

There are two sub-systems are included in the system being studied: Core System and 
External System. The Core System is the part of system that is directly related to system functions. 
The external system can be regarded as the extension of Core System, in which upstream and 
downstream material flows are included (Figure 3.1). The environmental impacts from the 
extraction and production of energy carriers which is consumed in the Core System are calculated 
in the upstream flows. The downstream flows are associated with the emission and waste from 
spreading of organic fertilizer and utilizing biogas from biogas treatment.  

Compensatory processes are significant parts in External Systems. They are necessary in 
order to achieve a reasonable comparison between waste management alternatives. In 
compensatory processes, functions not presented in an alternative should be added, and all studied 
alternatives should have the same functional unit numbers.  
 

 
Figure 3.1 Life cycle assessment in ORWARE takes into account core system as well as the 
upstream and downstream systems (cf. Bjorklund et al, 1998) 

Upstream 
System 

Core 
System 

Downstream 
System Flows Flows

Emissions Emissions Emissions 

Waste Waste Waste 
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The waste management system in ORWARE includes waste collection, transportation, 
recycling, anaerobic digestion, landfill, incineration and composting submodels. Every submodel 
calculates the turnover of materials, energy and financial resources in the process (Figure 3.2). The 
material turnover is computed based on the supply of waste materials and process addictive 
chemicals, as well as the output of products, secondary wastes, and emissions to air, water and soil. 
Energy turnover is the use of different energy carriers such as electricity, coal, oil or heat, and 
recovery of heat, electricity hydrogen or biogas. The financial turnover is defined as costs and 
revenues of individual processes (Assefa, 2002). 

 

 
Figure 3.2 Conceptual design of a process submodel in ORWARE (Assefa, 2002) 

 
Figure 3.3 shows the complete conceptual waste management system in municipality. The 

Core System is enclosed by solid lines in which primary and secondary wastes are treated and 
different products are formed. In fact, in the MATLAB-based ORWARE model implementations, 
the waste sources are integrated into the Core System as well.  

  

3.1.1 Material Flow Analysis in ORWARE 
ORWARE is a combination of Material Flow Analysis (MFA), Life Cycle Assessment (LCA) 

and Life Cycle Costing (LCC) (Assefa, 2002). MFA calculates the material flows in and between 
different subsystems in a defined system. In ORWARE, every substance flow (for substance flow 
analysis cf. van der Voet et al, 1995) is followed from waste source generation to environmental 
emissions and a large number of physical flows are handled. All the substances being traced are 
listed in a vector, in which 74 different substances and chemical compounds are defined in the 
current version of ORWARE. However, only a portion of the substances are used in a specific 
study (Assefa, 2002). In practice, due to the lack of data and poor data quality, the amount of 
parameter which can contribute in a meaningful way is less (Assefa, 2002).  
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Materials 

Energy 

Waste 
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Energy 

Products 
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Secondary 
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Figure 3.3 Conceptual model of a waste management system in municipality (Assefa, 2002) 
 

3.1.2 Life Cycle Assessment in ORWARE 
MFA calculates the substance emissions and effluents from the system. LCA in ORWARE 

starts with characterizing the data generated by MFA into different ecological impact categories. 
The emission and effluent streams stated by MFA are translated to relevant impact categories by 
using standard Life Cycle Assessment methodology (Assefa, 2002). 

The material and energy consumption for operating the system are followed from 
“Cradle-to-grave”, which means the technology chains included in ORWARE are monitored and 
emissions and effluents generated in the waste management system are characterized into impact 
categories and relevant environmental impacts are computed. As the Core System is extended by 
upstream and downstream flows, their corresponding emissions and effluents are aggregated into 
the impact categories as well.     
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3.1.3 Life Cycle Costing in ORWARE model 
Life Cycle Costing is built on MFA as well as LCA (Figure 3.4). The difference is that 

instead of accounting the environmental impacts, LCC translates the use of raw materials and 
energy consumptions into monetary terms. Operating cost of facilities, capital costs, investment 
costs, maintenance costs and extraction and production costs in up-streams are all investigated in 
LCC as well. 

 

 
note: 1. Emissions 

2. Effluences 
3. Substance Flow Analysis 

Figure 3.4 The use of MFA/SFA, LCA and LCC in ORWARE (Assefa, 2002)   
   

3.2 Features of ORWARE 

ORWARE is composed of different submodels, each of which represents a specific 
technology unit in reality. One of the benefits of modularization is that the structure of the 
submodels could be reused for near-future scenarios. Modularization also provides the whole 
ORWARE model a clear structure, which means further modification and rectification, will be 
easy to achieve.  

MATLAB SIMULINK is used as a graphical interface which provides the powerful 
functionality in vector computation and the possibilities for users and researchers to analyzing the 
modeling systems. As the model is fully “Open Source”, in-depth users can get into the MATLAB 
source code for deeper comprehension or for finding and fixing bugs in the model. Transfer of the 
simulation results to Excel sheets provides a clear view of the run-time variables and final result 
values. As most of the research users possess quite good skill at Excel, it would be convenient for 
them to check the results. If the ORWARE results will be further processed in the future, Excel 
files can be used as an intermediate information carrier.     

However, ORWARE inherits the limitations of MFA, LCA and LCC. Uncertainty analysis is 
still not implemented in the current version of ORWARE. Most open, ORWARE is a tool to assess 
the impacts of new technologies which are not applied widely, or still at laboratory scale. In such a 
case, the data source of ORWARE is quite susceptible as data on such flows of non-established 
technologies are usually not available. On the other hand, if the technology is not widely used 
commercially, the data gathered is site-specific, which may be unsuitable for the same technology 
but built in other places.   
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Another problem comes from the details of ORWARE model. A lot of assumptions and 
simplifications have been made when building ORWARE model. Those assumptions and 
simplifications have been validated in the day-to-day use of ORWARE in some situations 
(Stockholm, Jakarta). However, in other situations, the assumptions and simplifications may be 
demonstrated as invalid, as the same technology used in different places may have different 
properties, as well as the circumstance in which the technology being applied is different with 
each other. In such contexts, the only solution is to rebuild the model from the very beginning.     
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4. ORWEARE FOR JAKARTA AND THE 

SIMPLIFIED MODEL ON EXCEL 

4.1. Objectives of ORWARE for Jakarta 

ORWARE for Jakarta is a successful application of the ORWARE model in one of the 
Indonesia’s western cities--- Jakarta in Java Island. It is used to compare three different waste 
management alternatives which were brought into beings in 2004. One of them is to separate the 
recyclable and non-recyclable waste. Non-recyclable waste will be compressed and wrapped by a 
kind of plastic cover, and then be disposed in a landfill site, which is capable of handling 1500 
tons solid waste per day. The second alternative contains composting technology to treat the 
organic waste, which can handle 1000 tons waste per day (Trisyanti, 2004). The last alternative 
uses incineration technology, in which the incoming burnable waste is incinerated and heat is 
produced for energy production. The capacity for the incinerator is about 1000 tons waste per day 
(Trisyanti, 2004).   

Thus, according to Trisyanti, 2004, the objectives of ORWARE for Jakarta simulation are: 
 To provide a systematic analysis of material flows that constitutes the municipal solid 

waste in Jakarta. 
 To evaluate the environmental interrelations between waste management and its 

surrounding system. 
 To investigate energy turnover in different parts of the system of waste management 

system. 
 To identify barriers and opportunities of improving the role of materials recycling. 

 

4.2 Objectives of the simplified Excel model 

ORWARE is built on Matlab. In order to implement uncertainty analysis in Matlab, two 
alternatives can be applied. The first one is to include the whole model code in a loop block which 
should be at least 10,000 times of circulation. The simulation results of each loop are recorded and 
the uncertainty results are calculated based on the values of all the loops. However, as loop is 
especially slow in matlab, it needs 1 minute to run 4 loops in a Pentium III 700Mz computer, 
which means more than 48 hours to complete the 10,000 loops.  

The second way to implement uncertainty analysis in Matlab is to use vectors instead of 
loops. Each element in the vector represents the generated random value in each loop. In such a 
case, the dimensions of all the input parameters that need to be assign probability distributions 
have to be change. For example, the independent input parameter hhPartOrgWaste, which is a 
constant and represents the fraction of organic waste from households, should be extended to a 
vector with the size of 10,000 in order to conduct the 10,000-loop uncertainty analysis this way. 
But in order to achieve it, code modification from “cradle to grave” is necessary, which is very 



 12

error-prone and time costing.  
On the other side, Crystal Ball is a popular computer-based decision analysis tool, which is 

presented as a plug-in for Microsoft Excel. As Excel is more widely used than Matlab and Crystal 
Ball has already provided powerful functionalities for uncertainty and sensitivity simulations, it 
would be beneficial to transfer the model from Matlab to Excel to facilitate the uncertainty 
simulation. The only disadvantage is that Excel is a modeling tool which presents the data instead 
of the model structure to the users, so it would be difficult to build up the model and find errors in 
Excel.  

 

4.3 Scenarios  

The study was carried out as a comparison between different scenarios for solid waste 
management. There are 4 scenarios compared in the simulation (Trisyanti, 2004), in which three 
2015 scenarios are included in the simplified Excel model. Table 4.1 summarizes the four 
scenarios. 

 Landfill 2003 
This scenario corresponds to the current situations in Jakarta city. Part of the recyclable 

waste such as plastic, cardboard, glass and metal are sorted out, while other solid waste is 
mostly delivered to the landfill, which is the core of the waste management system. About 
40% of the unsorted solid waste is not collected and is considered as the untreated waste. The 
untreated waste is dumped to open site that is out of the control of the technology systems. 
Composting and incineration which takes place in the actual system is neglected due to their 
small percentage of the treated waste (Trisyanti, 2004). This scenario is not included in the 
simplified Excel model as only 2015 scenarios will be analyzed.   

 Landfill 2015 (Lf2015) 
In this scenario, the waste is collected and handled in the same way as Landfill 2003 

scenario. The difference is that the annual amount of solid waste generated by the city in 
2015 is 15% higher than in 2003. This scenario plays as the reference case which is 
compared with other 2015 scenarios.  

 Landfill + Incineration + Composting 2015 (Lf+Ic+Cp2015) 
In this scenario, the composting technology is involved to treat the annual organic solid 

waste. The recycling rate is a little higher than the rate in Landfill 2003 and Landfill 2015. 
The primary waste sorted out and secondary wastes from composting and recycling processes 
are incinerated. The slag and ash from incineration as well as the rejected material from 
composting is delivered to landfill. The collection system is a little improved so that only 
25% of waste is untreated (Trisyanti, 2004).  

 Incineration + Anaerobic Digestion 2015 (Ic+Ad2015) 
The waste management system in this scenario uses Anaerobic Digestion to treat the 

organic solid waste instead of composting. The product of the digestion is biogas which can 
be utilized by buses, cars, stream reforming and electricity production; while the secondary 
waste is sludge which is land filled with ash and slag from incineration. The sorting rate of 
recyclable materials and the amount of organic fraction collected are considered the same as 
the Lf+Ic+Cp2015 scenario, as well as the amount of unhandled waste.  
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Table 4.1 Common features of ORWARE for Jakarta scenarios (Trisyanti, 2004) 
Scenario  Type of treatment Common features 
Landfill 
2003 

Landfill+Recycling Sorting out of 75% recyclable materials from 
households, business, traditional maket and street. 
Landfill of all collected solid waste and rejected 
materials from recycling of cardboard and plastic. 
40% of rest unsorted waste goes to open dumping. 
No energy recovery system. 
Long distance transport of recyclable materials to 
facilities outside the city border.  

Landfill 
2015 

Landfill+Recycling The same as Landfill 2003 but with 15% increased 
amount of waste generated. 

Lf+Ic+Cp 
2015 

Landfill+Incineartion 
+Composting+Recycling

Same amount of generated waste as Landfill 2015. 
Sorting out of 85% of recyclable materials from 
households, business, traditional market and street. 
Composting of 20% of organic solid waste. 
Incineration of 23% of the collected rest fraction waste 
and rejected materials from biological treatment and 
recycling of cardboard and plastic. 
The rest of the solid is landfilled. 
25% of rest unsorted waste goes to open dumping. 
Heat and electricity are recovered from incineration. 
Compost is spread in arable land. 
Long distance transport of recyclable materials to 
facilities outside the city border. 

Ic+Ad 
2015 

Incineration+Anaerobic 
Digestion+Recycling 

Sorting out of 85% of recyclable materials from 
household, business, traditional market and street. 
Anaerobic digestion of 20% organic solid waste. 
Incineration of all of the collected rest fraction waste 
and rejected materials from biological treatment and 
recycling of cardboard and plastic. 
25% of rest unsorted waste goes to open dumping. 
Heat and electricity are recovered from incineration. 
100% of biogas from anaerobic digestion is used to 
fueling busses, while the sludge is spread in arable land.
Long distance transport of recyclable materials to 
facilitates outside the city border. 

 

4.4 Functional Units 

A number of functional units have been set up for the solid waste management system in 
ORWARE for Jakarta (Trisyanti 2004). Table 4.2 lists the functional units and the corresponding 
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compensatory systems. The values of the functional units in the ORWARE model for Jakarta are 
presented as follows: 
1. Treatment of solid waste generated annually in the city =2.30E+6 tons in year 2015.  
2.  Production of district heating=6.76E+9 MJ.   
3.  Production of electricity=2.23E+9 MJ.  
1. Production of mineral fertilizer=1.06E+3 tons.  
2. Production of cardboard=3.25E+4 tons. 
3. Production of plastic=4.42E+4 tons.  
4. Production of equivalent petrol=8.9E+8 MJ.  
The Functional Units of the simplified Excel model are a little different in numbers as listed 
below: 
1.  Treatment of solid waste=2.30E+6 tons in 2015. 
2.  Production of district heating=6.67E+9 MJ.   
3.  Production of electricity=1.88E+9 MJ.  
5. Production of mineral fertilizer=1.15E+3 tons.  
6. Production of cardboard=3.25E+4 tons. 
7. Production of plastic=4.17E+4 tons.  
8.  Production of equivalent petrol=8.19E+8 MJ. 
 
 

4.5 Submodels 

When the ORWARE for Jakarta is opened in SIMULINK, a graphical interface is displayed 
in a window. Each submodel is represented as a rectangle box with the name printed on it. 
Different types of the submodel boxes have different colors. Material flows and emission flows 
which are expressed as straight lines link relevant submodels together. Figure 4.1 illustrates the 
graphical interface. 
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Figure 4.1 Graphical interface of ORWARE for Jakarta 
 
 

Table 4.2, Functional Unit and compensatory systems (Trisyanti, 2004) 
Functional Unit Compensatory Systems 

Treatment of amount of generated solid waste --- 

Electricity Indonesian power mix 

District heating Oil fuelled heat generation

Cardboard Virgin, 87% replacement 

Plastics Virgin, 100% replacement

Digestion residue, compost Mineral fertilizer N,P 

Transport by vehicles Diesel fuelled vehicles 

 
 

4.5.1 Solid waste sources 
    Five solid waste sources are included in: households, businesses, traditional markets, 
industries, and streets. The waste is grouped into several fractions such as organic waste, burnable 
waste, unburnable waste, cardboard, rubber, glass, LDPE plastic, HDPE plastic and metal, 
according to their physical and chemical characters. Waste from different solid waste sources is 
composed with different proportions for each waste fraction.  

According to Trisyanti (2004), the waste substance components, which are listed in a 
chemical compound vector, consist of: 

 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. 
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 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 vector is initialized based on every scenario case and to be regarded as the total waste 
treated. For example, in Landfill 2003 scenario, 75% recyclable waste from households, business, 
markets and street are sorted out to recycling submodel, while 40% of the total waste is not 
collected by the municipal. The values in the vector should use the field data from Jakarta. 
However, due to the unreliable data source and limited sampling numbers, input data from 
Stockholm model is applied (Trisyanti, 2004). The data from Stockholm would be different from 
which in Jakarta, and will cause uncertainty in the model results.  
 

4.5.2 Collection and transportation  
 Except a number of the recyclable waste picked up by informal collection, other waste is 
formally collected by trucks and trailers. In Collection by municipality submodel, energy 
consumed and tires weared as well as their environmental impacts (emissions to air and emissions 
to water) are counted.  
 Part of the recyclable waste in Jakarta is gathered by informal waste collection. The system is 
heavily dependent on human labors, so no environmental impact is accounted. However, as human 
beings need food to sustain their physical activities, the actual environmental impact is not zero.  
 For simplicity, the environmental impacts from in Transport and Spreading, Reject to Ic, TT1 
(slag and stabilized ash to landfill by truck and trailer), TT2 (moist ash to landfill by trucks and 
trailers), TT3 (reject cardboard to Ic by trucks and trailers), and TT4 (reject plastic to Ic by trucks 
and trailers) as well as the energy consumption are not included in the simplified Excel model as 
their impacts are relatively small.  
 

4.5.3 Landfill  
Landfill gets waste from various waste sources, waste collection stations, incineration plants 

(if any), as well as recycling plants. Sludge, slag, fly ash and mixed waste are modeled and 
calculated separately in the submodel. Sludge in this particular background refers to resulting 
sludge from the recycling (Trisyanti, 2004). The landfill submodel calculates all potential future 
emissions from the degradation process, the operation process and the leachate treatments 
(Trisyanti, 2004). 

In order to calculate the long-term landfill emissions, the future impacts are separated into 
two time periods: Surveyable time (ST) and Remaining time (RT). Surveyable Time corresponds 
to the time until the most active processes in the landfill have ended, and a pseudo steady state of 
methane phase is reached for mixed waste and sludge. Surveyable Time is assumed to be 100 
years here. For the incineration ash and slag in landfill, the Surveyable time means the time 
needed for highly soluble substances such as alkaline salts to leak out to a large extent (Trisyanti, 
2004). Remaining Time, which is excluded in my simplified model, is the time until all materials 
have been spread out in the environment through gas emissions, leaking, and erosion. The 
Remaining Time corresponds to the worst scenario.  

In ORWARE for Jakarta model, the environmental impacts are assessed by computing mixed 
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waste ST, sludge ST, fly ash ST, slag ST and mixed waste RT, sludge RT, ash RT, slag RT, 
respectively. The emission to air, water and soil are expressed in different vectors, such as Air 
Emission of Lf ST and Air Emission of Lf RT.  

For the mixed waste landfill, degradation is modeled as completely anaerobic during 
surveyable time. Proteins, fat and easily degradable carbohydrates are completely converted to 
CO2 and CH4. 70% of the semi-stable carbohydrates such as cellulose are degraded, while lignin 
and plastic material are not degraded at all. 90% of all nitrogen is emitted as ammonium in water, 
while only 2% of the phosphorus is emitted. 0.1-0.3% of all heavy metals is emitted in the 
leachate (Bjorklund, 1998).  
 Water emissions from degradation are filtered by water purification equipment. 90% of the N 
and NH3/NH4-N are intercepted before they finally leak to soil and underground water. 20% of P 
is emitted in Sureyable time while the 80% of P will be spread out in Remaining time. 
   

4.5.4 Incineration 
The incineration submodel gets waste input mainly from solid waste sources (households, 

business, etc), and partly from composting and recycling submodels. It consists of sorting, which 
sorts unburnable waste to landfill; wrapping, which packages the solid waste for combusting; 
incinerating, and air pollution control. The output from incinerator includes fly ash, slag and raw 
gas. The slag is sent to landfill while the raw gas and fly ash are first delivered to air pollution 
control unit. The fly ash is stabilized in the air pollution control and is later transported to landfill 
sites.  

Emissions are calculated from material balances for overall chemical substances. For every 
chemical compound in the vector, the calculation rule (Trisyanti, 2004) could be: 

 Product related: linearly dependent on the amount of each input waste substance 
(CO2-fossil, CO2-biology).  

 Process related: depend on the amount of total waste amount (AOX, PAH, VOC, dioxin, 
and CO). 

 Threshold related: parameters under legislative limited value that has to be kept (Hg 
etc).   

The quantities of and emissions from addictives are not calculated in the simplified Excel model. 
The air pollution control unit is able to remove about 95-98% of dioxin, 99.99% of dust and 

95% of mercury in the raw gas; however, 100% NOx, CO and CO2 are still left in the clean gas.  
Recovered energy in incinerator includes district heating, district chilling and electricity.  
 

4.5.5 Composting  
There are three types of composts in practical: home, windrow, and reactor composting, in 

which windrow compost is the most usual one and is implemented in ORWARE for Jakarta.  
The first step is to sort out part of the incoming waste and transport to landfill or Incineration. 

In the aerobic microbial degradation process, organic waste is decomposed and gas such as CO2, 
NH3, N2O, N2 and CH4 are released; while the remainder is humus and some cellulose (Sonesson, 
1998). Different chemical substances decompose in different degrees and with different 
percentages turned into humus and gaseous compounds (Trisyanti, 2004). Proteins in the waste 
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give rise to various nitrogen compounds such as NH3 and N2O, as well as carbon compounds. The 
major part of nitrogen in mature compost is bound in humus, while the rest is mineralized as NO3

- 
or NH4

+ (Trisyanti, 2004). 
The oil is primarily used in windrow composting process. Although electricity is also 

consumed, due to the small percentage, it is ignored. For per kg income waste, about 1.5E-3 MJ 
oil energy is consumed.  

Energy is generated in the aerobic degradation process. To compute profits from new 
generated energy, three forms of the energy: electricity, oil and heat are applied. The heat is 
directly produced in the degradation site, while the oil and electricity are the two alternatives 
available for environmental benefits calculation.      
 

4.5.6 Recycling  
    Cardboard, paper, plastic, rubber, glass and metal are recycled from the daily-generated waste. 
Rubber, glass and metal are picked out in the Informal Collection process, while the paper, 
cardboard and plastic is delivered to Recycling plants. Recycling rates are different depending on 
the different scenario chosen. For example, in Landfill 2003, 75% of the waste enters into 
recycling; while in 2015 scenarios, the rate is assumed to be 85%. In ORWARE model, cardboard 
and plastic are handled differently. In the cardboard recycling, as the rupture of old cardboard 
fibers, 15% extra fiber weight is needed for replacing. Other addictives such as CaCO3, Al2SiO2, 
TiO2and latex, which are not accounted in the simplified Excel model however, are added to 
improve the cardboard quality. For plastic recycling, 40% of household and 15% of business 
incoming polyethylene waste is sorted out as reject to landfill. Electricity is consumed in the 
process. The output from the submodel includes emissions to air, emissions to water, and waste in 
the form of sludge. 

 

4.5.7 Anaerobic digestion and biogas utilization 
The submodel for anaerobic digestion is comprised of: pretreatment of the incoming material, 

the digestion process, the biogas storage, and the biogas-fired dryer. At first the input waste is 
separated, in which metal and plastic bags are sorted out to landfill or incineration submodel; and 
then is homogenized at 70℃ or 130℃ to get the substrate (Trisyanti, 2004). Part of the organic 
material will be lost in the separation. The substrate will be diluted and enter into the digester. 
After the digestion, the substrate passes through a heat exchanger and dewatering equipment, and 
part of substrate will be diluted later and enter Digestion process again, which forms a circulation. 
The circulation is currently not implemented in the simplified Excel model as it is a dynamic 
process which can not be fulfilled by static calculation. The amount of gas generated depends on 
the composition of different organic compounds such as fat, proteins, cellulose, lignin, rapidly 
degradable carbohydrates and the retention time (Trisyanti, 2004). The sludge from the digester is 
separated into a solid and a liquid phase in the dewatering process, and then is stored in large 
covered lagoons for later spreading.  

Part of produced biogas will be used for powering the anaerobic digestion processes, etc, in 
the biogas-fired drier. In such a way, a loss of biogas energy from the digestion is resulted.  
 The biogas utilization submodel describes several alternatives on how the produced biogas 
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can be used. It includes the possibilities to generating electricity, producing fuel for busses or cars, 
powering gas engines and reforming steam. Only the utilizing of biogas for busses is applied in 
the scenarios. 
 

4.5.8 Untreated Waste 
 Part of the organic, recyclable, and rest waste from Household, Business units and Traditional 
markets is open-dumped thus it is regarded as Untreated waste. The structure of Untreated Waste 
submodel is similar to Landfill submodel. Both of them calculate the Surveyable Time and 
Remaining Time emissions from degradation of Carbon-compounds, inorganic compounds and 
metals. The differences are that the Untreated Waste submodel does not have water purification, 
Combustion and Soil Oxidation processes. Again, the Remaining Time is ignored in the simplified 
Excel model.  
 

4.5.9 Up-stream and compensatory system 
As most of the Life Cycle Assessment projects, compensatory systems are used to equalize 

the functional units between different scenarios. For example, only the “Lf+Ic+Cp2015” scenario 
has the by-products of compost fertilizer. In order to compare with scenarios which do not have 
this kind of products, the environmental impacts from producing other fertilizer which will replace 
the composting fertilizer are added to those scenarios. For compensating electricity and district 
heat, the impacts take place at the upstream are included as well. Cardboard and plastic 
compensatory processes consider the production from virgin resources (Eriksson, 2003).  

The data for upstream and compensatory systems in ORWARE for Jakarta were based on 
Swedish values according to Trisyanti 2004. For electricity generation, Indonesian power mix was 
used, which includes biogas, hydropower, coal, natural gas, oil and geothermal energy (Trisyanti 
2004).  

For simplicity, it is assumed that only the uncertainties involved in the waste management 
core system is assessed in the Excel model. The uncertainties from external system, which refers 
to the upstream systems and systems communicating with the waste management system, are not 
computed.  
 In such a case, the calculation of external system would be simple. Take Global Warming as 
an example, let X be the original value for compensating cardboard, and the corresponding 
environmental impact is Y kg CO2 equivalent. With the variation of input variables in the 
uncertainty simulation, the compensatory and upstream values change. If for one simulation there 
is 0.7*X kg cardboard to compensate, the environmental impact related should be 0.7*Y kg CO2 
equivalent. A formula can be used to help understanding: 

yKgCbompensatorFullScaleC
gCbpensatoryKCurrentComyKgCOompensatorFullScaleCgCOpensatoryKCurrentCom *22 =      (4.1) 

Where CurrentCompensatoryKgCO2 is the kg CO2 equivalent needed to know; 
FullScaleCompensatoryKgCO2 is the compensatory value in kg CO2 equivalent which comes 
from the ORWARE for Jakarta results; CurrentCompensatoryKgCb is the weight of cardboard to 
compensate in the current uncertainty simulation; and FullScaleCompensatoryKgCb is the weight 
of cardboard to compensate in the original case. 
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 This principle applies to all the normal cases. However there are two exceptions. The first is 
when there is no compensation needed in the original case. That is case when 
FullScaleCompensatoryKgCb=0. In such a case, it is assumed that one uncertainty is involved in 
that external system. The second exception is for the upstream electricity, in which the electricity 
to compensate has the direct ratio with the energy consumed. The formula to calculate should be: 

JnergyUsedMFullScaleE
rgyUsedMJCurrentEneyKgCOompensatorFullScaleCgCOpensatoryKCurrentCom *22 =        (4.2) 

Where CurrentEnergyUsedMJ is the sum of total energy consumption in current simulation, 
FullScaleEnergyUsedMJ is the sum of energy consumption in ORWARE for Jakarta model.   

 Table 4.3 list the summary information for primary processes in ORWARE for Jakarta 
 

Table 4.3 Summary of submodels in ORWARE for Jakarta (Trisyanti, 2004) 
Submodel Primary process Variable of interest Data sources 
Waste sources Households 

Business 

Traditional market 

Industry 

Street 

Amount of source separated 

waste. 

Amount of untreated waste. 

Jakarta household, 

traditional market, business, 

industrial waste 

composition. 

Jakarta waste sources data. 

Assumed street waste 

composition. 

Collection by 

municipality 

Indirect collection system. 

Direct collection system. 

 

Air emission, 

Water emission, 

Distance route, 

Oil consumption. 

Jakarta collection data  

(except energy 

consumption) 

Transportation Transport by ordinary truck: 

 Rejecting to Ic, 

 collecting cardboard to 

recycling,  

 collecting plastic to 

recycling. 

Transport by truck and trailer: 

 Slag and stabilized ash to 

Lf, 

 Moist ash to Lf, 

 Reject cardboard to Ic/Lf,

 Reject plastic to Ic/Lf. 

Air emission, 

Water emission, 

Distance route, 

Oil consumption.  

Assumed distance data 

Informal 

collection 

Grouping of collected 

recyclable materials 

Amount of recyclable 

materials based on group. 

Assumed data 

Landfill  Degradation of organic, 

inorganic, and metal in: 

 Household waste landfill 

from waste sources, 

 Sludge landfill from 

recycling plant, 

Air emission on ST, 

Air emission on RT, 

Water emission on ST, 

Water emission on RT, 

Oil consumption, 

Air emission of trucks. 

Swedish data 
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 Ash landfill from 

incineration, 

 Slag landfill from 

incineration. 

Water purification 

Incineration Wrapping and sorting, 

Slag and raw gas formation, 

Air pollution control 

Air emission, 

Energy consumption, 

Energy production. 

Wrapping of all incoming 

solid waste, 

Swedish data. 

Anaerobic 

digestion 

Pretreatment, 

Digestion, 

Biogas storage, 

Sludge drying 

Amount of sludge to 

spreading, 

Biogas production, 

Energy consumption, 

Amount of rejected 

materials. 

Swedish data 

Composting VS biological degradation in 

windrow composting 

Air emission, 

Energy consumption, 

Amount of compost to 

spreading, 

Amount of rejected 

materials. 

Swedish data 

Cardboard 

recycling 

Production of new cardboard 

from cardboard waste. 

Energy consumption, 

Amount of rejected 

materials, 

Amount of virgin cardboard 

substituted,  

Water emission, 

Air emission, 

Amount of sludge produced.

Swedish data 

Plastic 

recycling 

HDPE granules production Energy consumption, 

Amount of rejected 

materials, 

Amount of HDPE granules, 

Air emission, 

Water emission, 

Amount of sludge produced.

Swedish data 

Biogas 

utilization 

Purification of biogas to 

vehicle gas, 

Gas consumption in busses 

Biogas produced, 

Air emission. 

All biogas is used for 

fueling busses, 

Swedish data 

Transport and 

spreading 

Transporting and spreading 

residues from composting and 

anaerobic digestion, 

Calculation of area of 

spreading required 

Air emission, 

Oil consumption, 

Area required for spreading 

Available land and distance 

to spreading area, 

Assumed data 

Arable land Utilization of spread organic Air emission, Swedish data 
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materials by plants Water emission, 

Soil emission 

Untreated 

waste 

Degradation of waste in 

uncontrolled dumping site 

Air emission on ST, 

Air emission on RT, 

Water emission on ST, 

Water emission on RT,  

Soil emission on ST, 

Soil emission on RT 

Assumed data 

Upstream and 

compensatory 

systems 

External process of electricity 

and district heating generation, 

nitrogen and phosphorus 

production, cardboard and 

plastic production, and biogas 

generation 

External energy, 

Consumption and 

environmental impact 

Indonesian mix power for 

electricity generation, other 

wise Swedish data 

 
The summaries of the simplified Excel model on both core system and external system are 

presented in Table 4.4 and Table 4.5. 
 
Table 4.4 Emissions of core system in the simplified Excel Model 
Category Submodel Lf2015 Lf+Ic+Cp2015 Ic+Ad2015 

Cardboard/Plastic 

transport 

5.67E+5 2.29E+6 2.29E+6 

Recycling 4.90E+6 6.17E+6 6.17E+6 

Collection 1.46E+6 2.99E+7 2.99E+7 

Landfill 1.72E+9 1.43E+9 3.10E+6 

Untreated 1.03E+9 5.13E+8 5.13E+8 

Composting --- 8.89E+6 --- 

Incineration --- 7.15E+7 3.08E+8 

Biogas Utilization --- --- 7.52E+5 

Global Warming 

(kg CO 2  equivalent) 

Sum 2.76E+9 2.06E+9 8.63E+8 

Cardboard/Plastic 

transport 

1.06E+4 4.27E+4 4.27E+4 

Recycling 6.81E+3 8.58E+3 8.58E+3 

Collection 3.34E+5 3.98E+5 3.98E+5 

Landfill 2.12E+5 1.64E+5 1.62E+4 

Untreated 7.03E+4 1.47E+4 1.47E+4 

Composting --- 9.74E+5 --- 

Incineration --- 1.60E+5 6.90E+5 

Biogas Utilization --- --- 3.91E+4 

Acidification 

(kg SO 2  equivalent) 

Sum 6.34E+5 1.78E+6 1.21E+6 

Cardboard/Plastic 

transport 

7.98E+4 3.22E+5 3.22E+5 Eutrophication 

Air and water 

Recycling 5.37E+5 6.10E+5 6.10E+5 



 23

Collection 2.60E+6 3.32E+6 3.32E+6 

Landfill 1.84E+7 1.60E+7 7.47E+5 

Untreated 6.51E+7 3.21E+7 3.21E+7 

Composting --- 8.52E+6 --- 

Incineration --- 1.11E+6 5.85E+6 

Biogas Utilization --- --- 3.38E+5 

(kg NO 2  equivalent) 

Sum 8.67E+7 6.20E+7 4.33E+7 

Cardboard/Plastic 

transport 

1.11E-1 8.35E+2 8.35E+2 

Recycling 0 0 0 

Collection 5.56E+4 7.45E+3 7.45E+3 

Landfill 8.98E+5 6.70E+5 8.86E+2 

Untreated 4.74E+5 2.41E+5 2.41E+5 

Composting --- 1.74E+3 --- 

Incineration --- 5.80E+3 3.68E+4 

Biogas Utilization --- --- 6.14E+3 

Photo-oxidant VOC 

(kg ethylene equivalent) 

Sum 1.43E+6 9.26E+5 2.93E+5 

 
 
Table 4.5 External system in the simplified Excel model 
Product/service  Lf2015 Lf+Ic+Cp2015 Ic+Ad2015 

Heating To compensate 6.67E+9 MJ 3.30E+9 MJ 0 MJ 

 GWP 5.95E+8 4.61E+8 0 

 Acidification 9.17E+5 7.07E+5 0 

 Eutrophication 4.33E+6 3.34E+6 0 

 Photo-oxidant 

VOC 

1.45E+5 1.12E+5 0 

Petrol To compensate 8.19E+8 MJ 8.19E+8 MJ 0 MJ 

 GWP 6.50E+7 6.67E+7 0 

 Acidification 4.76E+5 4.79E+5 0 

 Eutrophication 3.71E+6 3.73E+6 0 

 Photo-oxidant 

VOC 

3.79E+4 3.90E+4 0 

Fertilizer To compensate 1.15E+6 kg 0 kg 1.15E+6 kg 

 GWP 5.50E+6 0 2.00E+4 

 Acidification 3.28E+4 0 5.20E+2 

 Eutrophication 1.46E+5 0 7.80E+2 

 Photo-oxidant 

VOC 

2.10E+2 0 0 

Plastic To compensate 2.66E+6 kg 0 kg 0 kg 

 GWP 1.10E+7 0 0 

 Acidification 7.29E+4 0 0 

 Eutrophication 3.57E+5 0 0 
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 Photo-oxidant 

VOC 

2.98E+4 0 0 

Cardboard To compensate 6.70E+6 kg 0 kg 0 kg 

 GWP 5.00E+6 0 0 

 Acidification 2.22E+4 0 0 

 Eutrophication 2.49E+5 0 0 

 Photo-oxidant 

VOC 

1.00E+3 0 0 

Upstream 

electricity 

Consumed 4.76E+8MJ 3.55E+8MJ 1.02E+8MJ 

 GWP 3.30E+8 2.85E+8 1.15E+8 

 Acidification 6.18E+5 5.28E+5 2.13E+5 

 Eutrophication 2.60E+6 2.22E+6 8.98E+5 

 Photo-oxidant 

VOC 

5.28E+4 4.58E+4 1.82E+4 

 

4.6 Base case results 

 The results are presented as environmental impacts of Core system and Total system from 
Figure 4.2 to Figure 4.9. In each figure, both the results from ORWARE for Jakarta model and 
results from the simplified Excel model are shown. For instance, “Lf Excel” represents the value 
from the simplified mode, while “Lf ORWARE” means the number is from ORWARE for Jakarta. 
 

 Results of Core system from the simplified model and ORWARE model: 
 

GWP 100 years, core system
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Figure 4.2 Global Warming 100 years Core systems 
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Acidification, core system
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Figure 4.3 Acidification Core systems 
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Figure 4.4 Eutrophication Core systems 
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Photo-oxidant VOC, core system
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Figure 4.5 Photo-oxidant Core systems 
 
 
 
 
 
 

 Results of Total system from simplified Excel model and ORWARE model: 

GWP 100 years, total system
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Figure 4.6 Global Warming 100 years Total systems 
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Acidification, total system
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Figure 4.7 Acidification Total systems 
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Figure 4.8 Eutrophication Total systems 
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Photo-oxidant VOC, total system
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Figure 4.9 Photo-oxidant Total systems 
 

4.7 Results differences 

 Most of the results from the simplified model are within 10% variation of the original 
ORWARE for Jakarta results. The differences originate from the simplifications and assumptions, 
which are listed in Table 4.6.  

For “Residue spreading” and transportation (TT1-TT4) submodels, the reason to be excluded 
in the simplified model is that their contribution to both the core system and total system is small 
(less than 1% except for the Acidification category). One exception is that in Acidification 
category, the differences between simplified model and ORWARE for Jakarta model are more than 
1%. This is especially obvious in Ic+Ad 2015 scenario, as the environmental impact of Residue 
Spreading excluded in the simplified model, which is 3.17E+5 kg SO2 equivalent, is not negligible 
when compared with the total Acidification impact of Ic+Ad 2015 scenario core system, which is 
1.66E+6 kg SO2 equivalent. However, the environmental impacts from Lf 2015 and Lf+Ic+Cp 
2015 scenarios in Acidification are no more than 5%, which is still not large. 

For additives, tire weared, inert substance, and “Soil” submodel, their environmental impacts 
are not calculated in the current version of ORWARE for Jakarta model. Their existence gives the 
end users an impression of the material consumed and procedure presented in the core system. 
Maybe in the future editions, the environmental impacts from those substances and submodels will 
be counted, thus a more precise environmental diagram can be presented. 
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Table 4.6 Simplifications, assumptions and their contributions to the results 
Significance to results Simplification and assumption 

GWP Acidification Eutrophication Photo-oxidant 

Additive added in Cardboard 

recycling is not counted 

No data available1  No data available1 No data available1 No data available1

Tire weared in transportation is 

not counted 

No data available1 No data available1 No data available1 No data available1

Ciculation in “Anaerobic 

Digestion” is not implemented 

(see 4.4.6) 

No data available1 No data available1 No data available1 No data available1

“Reject to Ic”, TT1, TT2, TT3, 

TT4 are excluded (See 4.4.2) 

Lf: 2.55E+6 

Lf+Ic+Cp: 3.03E+6 

Ic+Ad: 3.51E+6 

Lf: 4.76E+4 

Lf+Ic+Cp:5.66E+4

Ic+Ad: 6.56E+4 

Lf: 3.59E+5 

Lf+Ic+Cp: 4.27E+5 

Ic+Ad: 4.95E+5 

Lf: 0.92E+3 

Lf+Ic+Cp: 

1.09E+3 

Ic+Ad: 1.26E+3 

Additive consumption in 

Incineration is not counted 

No data available1 No data available1 No data available1 No data available1

Oil consumption by trucks in 

“Landfill” is not counted 

No data available1 No data available1 No data available1 No data available1

“Soil” submodel is excluded No data available1 No data available1 No data available1 No data available1

Inert substances in Compost are 

ignored  

No data available1 No data available1 No data available1 No data available1

“Residue Spreading” submodel 

is excluded  

Lf: 0 

Lf+Ic+Cp: 4.27E+6 

Ic+Ad: 2.99E+6 

Lf: 0 

Lf+Ic+Cp: 

2.74E+4 

Ic+Ad: 3.17E+5 

Lf: 0 

Lf+Ic+Cp: 2.34E+5 

Ic+Ad: 2.77E+6 

Lf: 0 

Lf+Ic+Cp: 

0.10E+3 

Ic+Ad: 0.08E+3 

Note: 1. The corresponding environmental impacts are not calculated in ORWARE for Jakarta model.   
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5. UNCERTAINTY AND SENSITIVITY 

ANALYSIS 

5.1 Heisenberg’s theory 

In 1927, Heisenberg published his article entitled “Ueber den anschaulichen Inhalt der 
quantentheoretischen Kinematik und Mechanik". A partial translation of this title is: "On the 
anschaulich content of quantum theoretical kinematics and mechanics”. In the article, he stated 
that one can not assign with full precision values for certain pairs of observable variables, 
including the position and momentum, of a single particle at the same time. It furthermore 
precisely quantified the imprecision by providing a lower bound for the product of the standard 
deviations of the measurement.  

Although Heisenberg’s statement is specific to quantum theory, the theory is true for every 
scientific model. There are always elements of interferences when making an observation. Thus, 
the act of observation perturbs what we are measuring. Some systems may be particularly 
sensitive to these perturbations (Wainwright and Mulligan, 2004).  

In ORWARE model, uncertainty mainly comes from the input parameters (inaccurate data, 
lack of knowledge, lack of monitoring methods), and the model structure (model assumptions and 
simplifications). For parameter uncertainties, the data gathered from a monitoring program have 
uncertainties bounded, which can be estimated by sampling many times.  

The sensitivity analysis defines model output to changes in its input parameters. Sensitivity 
analysis acts as a check on the model logic and the robustness of the simulation and defines the 
importance of model parameters and thus the effort which must be invested in data acquisition for 
different parameters (Wainwright and Mulligan, 2004).  
 

5.2 Monte Carlo method 

The Monte Carlo method is a numerical method to solve mathematical problems by replacing 
point estimates with random variables. The generally accepted birthday of Monte Carlo method is 
1949, when the article entitled “The Monte Carlo method” by Metropolis and Ulam was published. 
The name “Monte Carlo” is derived from the city in the Principality of Monaco famous for its 
casinos, a gambling game.  
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5.2.1 Problems can be solved by Monte Carlo method 
The method enables simulation of any process whose development is influenced by random 

factors. For many mathematical problems involving no chance, the method enables us to 
artificially construct a probabilistic model, making possible the solution of the problems (Sobol, 
1994).  
 

5.2.2. The mathematic scheme of the Monte Carlo method 
Suppose that it is needed to calculate the probability distributions for some model results. Let 

us try to find a random variable δ with Mathematical Expectation Mδ = m, and the variance of δ is 

Dδ = 2b . Here the value of m and b are what need to know. 

Consider n independent random variables δ1, δ2,….., δn with distributions identical to that of 
δ. If N is sufficiently large, then it follows from the central limit theorem that the distribution of 
the sum 

ρ=δ1+δ2+….+ δn                                                       (5.1) 

will be approximately Normal, with μ= nm, α= nb . According to the rule of “three sigmas” 

(Sobol, 1994) we can get: 

 997.0}n3bnm3{ ≈+<<− ρnbnmP                                  (5.2) 

If we divide the inequality within the parentheses by n, we obtain an equivalent inequality, whose 
probability remains the same: 

     997.0}n3bm3{ ≈+<<−
nn

nbmP ρ                                (5.3) 

We can rewrite the last expression in a somewhat different form: 

 997.0}31{
1

≈<−∑
= n

bm
n

P
n

j
jδ                                               (5.4) 

This is an extremely important relation for the Monte Carlo method, giving us both the method for 
calculating m and the error estimate.  

Here selecting one value of each of the variables δ1, δ2,…, δn is equivalent to selecting n 
values of δ, since all these variables have identical distributions. 

From equation 5.4 it is obvious that the arithmetic mean of these values will be 

approximately equal to m. In all likelihood, the error of this approximation does not exceed 
n
b3

 

and approaches zero as n increases.  
Generally the method runs the model independently for a large number of times. In each 

simulation input parameters are automatically generated based on the means and standard 
deviations of those parameters. The results are aggregated together to form the final distributional 
result.  
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5.3 Simulation Procedures 

Crystal Ball Standard Edition is the tool developed by Decisioneering to conduct a Monte 
Carlo simulation on models built on spreadsheets. The tool automatically calculates thousands of 
different “what if” cases, saving the inputs and results of each calculation as individual scenarios.  

Figure 5.1 presents the procedures needed for an uncertainty and sensitivity analysis. For the 
step “Selection of essential factors”, approaches such as “expert consultation”, “cut-off” or “bench 
marking” can be applied. The “cut-off” or “bench marking” approach (Assefa, 2004) can be 
carried out as follows:  

a. For each impact category, identify the system (core system or external system) that 
contributes more than a certain cut-off percentage, say 60%, of the total impact in 
each scenario. 

b. For the dominant part, identify the substances that contribute more than a certain 
cut-off percentage, say 33%, of the impact in question. 

c. Identify the input data variables behind the formation of the emitted substances.  
The essential factors can be characterized into two categories: variables with extensively available 
data for assigning probability distributions, and variables for which limited information is 
available on which expert judgment can be used.  
 The Monte Carlo simulation, which should run at least 10,000 times, will output probability 
distribution chart, mean value, standard deviation, maximum and minimum value for every model 
output (results). Furthermore, the sensitivity analysis should be conducted for every model output 
variables to check the contribution of each input parameters to the variance of the final result.  
 

5.4 Expert judgment and consultation  

The most important step for a Monte Carlo simulation is to determine an appropriate 
distribution representing the likely hood for each essential parameter. This would be difficult for 
some of the parameters as extra data are required. In such a case the use of expert judgment is 
indispensable in paving the road for application of Monte Carlo simulation.  
The expert judgment is important in avoiding the overshadowing of the LCA results by additional 
unnecessary jargons making result interpretation difficult (Heijungs and Huijbregts, 2004). The 
task of expert includes determining whether uncertainty analysis is required; identifying the input 
variables to include; and determining the type of probability distributions and the values of 
statistical parameters to use to characterize the input parameters. 
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Figure 5.1 Procedures of LCA uncertainty and sensitivity assessment (Sonnemann et al, 2003) 

5.5 Assigning probability distributions to input 

parameters 

Independent input parameters should be chosen to assign probability distributions. There are 
a large set of independent input parameters defined in the model. As the study focuses on the 
uncertainty of waste compositions, the two-dimension vector hhAllWasteTsAna which represents 
the relative proportions of each compound in every waste fraction is chosen as it is the only 
parameter that can directly affect the waste compositions. Waste source submodels use this vector 
to form the generated waste values in each scenario. For instance, hhOrgWasteSH is gained by 
multiplying the weight of waste generated by small houses, the fraction of organic waste, the first 
column of hhAllWasteTsAna and a constant called hhOrgWasteTsPart. Hence the product of the 
first column of hhAllWasteTsAna and hhOrgWasteTsPart is a one-dimension vector which 
represents the proportions of each compound in small house organic waste.  
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 As a result, numbers in hhAllWasteTsAna should be assigned with probability distributions 
before simulation. Global Warming is the most interesting impact indicator of this study, so the 
source parameters chosen are related to carbon, methane and nitrogen.  
 There are tow kinds of distributions that can be assigned with hhAllWasteTsAna--- Normal 
distribution and Lognormal distribution. Normal distribution describes the uncertainties of large 
samples which are stochastic events and symmetrically distributed around the mean (Sonnemann 
et al, 2003). Lognormal distributions describes the distributions of samples whose logarithm is of 
Normal distribution. It is appropriate if a large set of numbers has to be represented and no 
negative value is allowed (Sonnemann et al, 2003). In this study, as one of the objectives is to 
demonstrate how the uncertainty analysis affects the traditional LCA results, the variations 
assigned to input parameters should be large enough to make the variations of result variables 
overlapped. If an input parameter are of Normal distribution in this study, the samples for it will 
have negative values once the standard deviation is more than 10% of the mean value. In this case 
the variation of LCA results will be too little to be noticed. Hence the Lognormal distributions is 
chosen and the variation of every input parameter is set so that the  
standard deviation=0.6*mean,                                                  (5.5) 
in which the constant coefficient 0.6 is proved to be large enough to affect the traditional LCA 
results. 

Table 5.1 lists those parameters.  
 

Table 5.1 Probability distributions for input parameters 
Parameter name Point-estimation Mean Standard deviation Distribution type 

C-lignin, Organic household 2.90E-2 2.90E-2 1.74E-2 lognormal 

C-latt, Organic household 9.70E-2 9.70E-2 75.82E-2 lognormal 

C-fat, Organic household 1.35E-1 1.35E-1 8.1E-2 lognormal  

C-protein, Organic household 6.60E-2 6.60E-2 3.96E-2 lognormal 

N-tot, Organic household 2.00E-2 2.00E-2 1.20E-2 lognormal 

C-cellulose, Organic household 1.07E-1 1.07E-1 6.42E-2 lognormal 

C-lignin, Burnable 1.60E-1 1.60E-1 9.6E-2 lognormal 

N-tot, Burnable 2.00E-3 2.00E-3 1.20E-3 lognormal 

C-cellulose, Burnable  3.40E-1 3.40E-1 2.04E-1 lognormal 

N-tot, Diapers 1.30E-2 1.30E-2 7.8E-3 lognormal 

C-cellulose, Diapers 2.10E-1 2.10E-1 1.26E-1 lognormal 

N-tot, Rubber 8.70E-2 8.70E-2 5.22E-2 lognormal 

C-lignin, Dry paper 3.30E-2 3.30E-2 1.96E-2 lognormal 

N-tot, Dry paper 2.80E-3 2.80E-3 1.68E-3 lognormal 

C-cellulose, Dry paper 3.10E-1 3.10E-1 1.86E-1 lognormal  

C-lignin, Cardboard 5.90E-2 5.90E-2 3.54E-2 lognormal 

N-tot, Cardboard 2.60E-3 2.60E-3 1.56E-3 lognormal 

C-cellulose, Cardboard 3.40E-1 3.40E-1 2.04E-1 lognormal 

N-tot, Plastic 3.00E-3 3.00E-3 1.80E-3 lognormal 

C-lignin, Laminate 3.60E-2 3.60E-2 2.16E-2 lognormal 

N-tot, Laminate 3.00E-3 3.00E-3 1.80E-3 lognormal 
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C-cellulose, Laminate 2.00E-1 2.00E-1 1.20E-1 lognormal 

C-lignin, Organic business 2.60E-2 2.60E-2 1.56E-2 lognormal 

C-latt, Organic business 8.30E-2 8.30E-2 4.98E-2 lognormal 

C-fat, Organic business 1.82E-1 1.82E-1 1.09E-1 lognormal 

C-protein, Organic business 6.80E-2 6.80E-2 4.08E-2 lognormal 

N-tot, Organic business 2.20E-2 2.20E-2 1.32E-2 lognormal 

C-cellulose, Organic business 9.30E-2 9.30E-2 5.58E-2 lognormal 

 

5.6 Simulation and results 

Once the distributions of all essential input parameter have been defined, as well as which 
output variables which are interested, Monte Carlo simulation can be run as much as 10,000 times. 
Define the number of trials to run and the stop conditions as in Figure 5.2 to start the simulation.  
 The simulation results are all stored temporarily in memory. Then sensitivity analysis for 
every output variables should be defined as in Figure 5.3. Finally choose “Create report…” in the 
“Analysis” menu bar to save all the simulation results into an Excel file.    

 
 
 

 
Figure 5.2 Define simulation options 
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Figure 5.3 Define sensitivity chart for one output variable 

 
The results from Crystal Ball simulation can not be used directly into uncertainty analysis. 

Instead, they have to be transferred into a more useful mathematic indicator--- confidence interval. 
If a variable obeys Lognormal distribution, its Probability Density Function (pdf) is: 

πθ

θ
δ

2

2/])ln([ 2

x
epdf

x −
−

=                                                       (5.6) 

And the Mean μ  is: 

)
2

exp(
2θδμ +=                                                        (5.7) 

Standard Deviation σ : 

)2exp(]1)[exp( 222 θδθσ +−=                                          (5.8) 

In order to calculate the confidence interval for a lognormal variable, two intermediate  

results called Geometric mean ( gμ ) and Geometric deviation ( gσ ) have to be get: 

)exp(δμ =g                                                            (5.9) 

)exp(θσ =g                                                           (5.10) 

Then the confidence interval of 68% is:  
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                                                          (5.11) 

 The confidence interval of 95% is:  
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g
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μ

                                                        (5.12) 
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5.6.1 Uncertainty Results 
 The results of Crystal Ball simulation are presented as figures and values. The values include 
Mean, Median, Standard Deviation, Variance, Skewness, Kurtosis, Coefficient of Variability, 
Minimum, Maximum, Range, and Mean Standard Error.  
 The Functional Units are variables which depend on the input parameters. As those 
parameters varies in the uncertainty simulation, Functional Units change at the same time. 
Probability distributions for Functional Units can be obtained, as shown in Figure 5.4-5.10 and 
Table 5.2. This differentiates with the traditional LCA projects that Functional Units are constants. 

As the input parameters have lognormal distributions, the output variables such as Functional 
Units and Global Warming potential for 2015 scenarios should also obey lognormal distributions 
as the model is linear.  
 All the functional units vary around the mean values except the Phosphorous is unaltered. It 
is reasonable as the input parameters chosen to assign distributions are all related to carbon and 
nitrogen. They are not related to phosphorous at all.  
 

 

Figure 5.4 Monte Carlo simulation result of district heating generated 
 

 

Figure 5.5 Monte Carlo simulation result of electricity generated 
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Figure 5.6 Monte Carlo simulation result of Nitrogen produced 
 
 

 

Figure 5.7 Monte Carlo simulation result of Phosphorous produced 
 
 

 

Figure 5.8 Monte Carlo simulation result of equivalent petrol produced 
 



 40

 

Figure 5.9 Monte Carlo simulation result of cardboard produced 
 
 

 

Figure 5.10 Monte Carlo simulation result of plastic produced 
 
 
Table 5.2 Probability distributions of Functional Units 
Functional Unit μ1 α2  δ3 θ4 Confidence Interval (95%) 

District Heating 6.67E+9 1.16E+9 6.57E+9 1.19 [4,56E+9, 9.28E+9] 

Electricity 1.88E+9 3.28E+8 1.85E+9 1.19 [1.31E+9, 2.62E+9] 

Nitrogen 9.28E+5 2.85E+5 8.87E+5 1.35 [4.87E+5, 1.61E+6] 

Phosphorous 2.16E+5 --- --- --- --- 

Petrol 8.17E+8 2.48E+8 7.82E+8 1.35 [4.32E+8, 1.42E+9] 

Cardboard 3.25E+7 1.54E+7 2.94E+7 1.57 [1.19E+7, 7.22E+7] 

Plastic 4.18E+7 2.04E+7 3.76E+7 1.59 [1.49E+7, 9.47E+7] 

Note: 1: lognormal mean 
2: lognormal standard deviation 
3: geometric mean 
4: geometric standard deviation 
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 In figure 5.11, the probability distributions of GWP core system Lf2015 is expressed. In 
X-axis it is possible to observe the kg of equivalent CO2 emissions for fulfilling the Functional 
Units. The Y-axis shows the probability of each value of the life cycle emissions. The lognormal 
mean is 2.76E+09 kg CO2 equivalent and the Standard Deviation is 2.50E+08. Thus it is not 
difficult to get the corresponding geometric mean, which is 2.75E+09, and the geometric standard 
deviation of 1.095. On the basis of 95% confidence level the Confidence Interval is from 
2.29E+09 to 3.29E+09.  
 Results in Figure 5.12-5.16 show distributions of for GWP total system Landfill 2015, GWP 
core system Lf+Ic+Cp2015, GWP total system Lf+Ic+Cp2015, GWP core system Ic+Ad2015, 
GWP total system Ic+Ad2015. The means, standard deviations, geometric means and geometric 
standard deviations are listed in Table 5.3. 
 

 

Figure 5.11 Monte Carlo simulation result GWP core system for Lf2015 scenario 
 
 

 

Figure 5.12 Monte Carlo simulation result GWP total system for Lf2015 scenario 
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Figure 5.13 Monte Carlo simulation result GWP core system for Lf+Ic+Cp2015 scenario 
 
 

 

Figure 5.14 Monte Carlo simulation result GWP total system for Lf+Ic+Cp2015 scenario 
 
 

 

Figure 5.15 Monte Carlo simulation result GWP core system for Ic+Ad2015 scenario 
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Figure 5.16 Monte Carlo simulation result GWP total system for Ic+Ad2015 scenario 
 
 
 

Table 5.3 Probability distributions of Global Warming potentials 
Variable μ1  α2 δ3 θ4 Confidence Interval (95%) 

GWP core system, Lf2015 2.76E+9 2.50E+8 2.74E+9 1.095 [2.29E+9, 3.29E+9] 

GWP total system, Lf2015 3.77E+9 2.50E+8 3.76E+9 1.068 [3.29E+9, 4.29E+9] 

GWP core system, Lf+Ic+Cp2015 2.06E+9 1.76E+8 2.05E+9 1.089 [1.73E+9, 2.43E+9] 

GWP total system, Lf+Ic+Cp2015 2.87E+9 1.44E+8 2.87E+9 1.051 [2.59E+9, 3.17E+9] 

GWP core system, Ic+Ad2015 8.58E+8 1.42E+8 8.46E+8 1.179 [6.09E+8, 1.18E+9] 

GWP total system, Ic+Ad2015 9.81E+8 1.42E+8 9.71E+8 1.155 [7.28E+8, 1.29E+9] 

Note: 1. lognormal mean 
2. lognormal standard deviation 
3. geometric mean 
4. geometric standard deviation 
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Figure 5.17 GWP core system results with confidence interval of 95% 
 

GWP 100 years total system
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Figure 5.18 GWP total system results with confidence interval of 95% 
 
The variations of Global Warming potential for the three scenarios are drawn as Figure 5.17-5.18. 
It is clear that for both the Core System and Total System, Ic+Ad2015 is the best alternative as its 
maximum value is less than the minimum value of Lf+Ic+Cp2015 scenario. However, for Lf2015 
and Lf+Ic+Cp2015 scenarios, there is overlapping of uncertainty bands for Core System, while for 
the Total System, although the confidential intervals do not overlap, the maximum value of 
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Lf+Ic+Cp is very close to the minimum value of Lf scenario. So which alternative is better is not 
easy to say. It can only be concluded that for most of the cases, Lf+Ic+Cp2015 is better than 
Lf2015 scenario. Hence the detected uncertainty makes the results of Core System different with 
the traditional base case LCA results.  
 

5.6.2 Sensitivity results 
 Once the uncertainty simulation has been done, the sensitivity report is also formed based on 
the simulation data. Figure 5.19-5.24 illuminate that the organic household waste has the most 
important influence than waste from other sources. This is because the household waste, 
especially the small house waste, which takes up 1.07E+9 kg/year, is much more than any other 
waste fraction, and organic waste is the largest fraction in household waste. 
 The influences of waste fractions such as dry paper, cardboard, and plastic are negligible, 
which are less than 1 percent. Most of them are separated and recycled in Recycling plants so the 
environmental impacts they cause for both the Core and Total system are not high. 
 In Lf2015 scenario (Figure 5.19 and 5.20), for both core system and total system, C-fat in 
organic household waste is the most important parameter (48.3% and 40.3% respectively). The 
order of importance for C-kolyd.latt in organic household waste (13.9% and 12.4%), 
C-kolh.cellulose in burnable waste (13.8% and 22.8%), C-fat in organic business waste (7.0% and 
6.1%) and C-kolh.cellulosa in organic household waste (5.4% and ) is different in core system and 
total system.  

In Lf+Ic+Cp2015 (Figure 5.21 and 5.22), C-fat in organic household waste (41.1% and 
38.4% respectively), C-kolh.cellulose in burnable waste (25.9% and 27.1%), C-kolh.latt in organic 
waste (14.5% and 14.0%) are the most three significant parameters. Other parameters in organic 
waste fraction play less important role but are still influential. 

In Ic+Ad2015 scenario (Figure 5.23 and 5.24), the results for core system and total system is 
very similar. C-fat in organic waste contributes 52.6% for both the core and total systems, while 
C-kolh.latt in organic household waste contributes to 15.2% and C-kolh.cellulosa in burnable 
waste contributes to 14.3%. The reason is that the external system for Ic+Ad2015 includes fewer 
compensatory processes than other two scenarios, so its external system affects the results in a less 
degree. 
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Figure 5.19 Sensitivity analysis results for GWP core system, Lf2015 scenario 

 
 

 
Figure 5.20 Sensitivity analysis results for GWP total system, Lf2015 scenario 
 
 .  
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Figure 5.21 Sensitivity analysis results for GWP core system, Lf+Ic+Cp2015 scenario 

 
 

 
Figure 5.22 Sensitivity analysis results for GWP total system, Lf+Ic+Cp2015 scenario 
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Figure 5.23 Sensitivity analysis results for GWP core system, Ic+Ad2015 scenario 

 
 

 
Figure 5.24 Sensitivity analysis results for GWP total system, Ic+Ad2015 scenario 
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6. DISCUSSION AND CONCLUSION 

 The Ic+Ad2015 scenario emits the least CO2 equivalent air emission for both the Core 
System and Total System. It is possible to observe that, in most of the cases, Lf+Ic+Cp2015 is 
better than Lf2015 scenario. But with uncertainties assumed in our study, the Lf+Ic+Cp2015 
scenario may cause a higher environmental impacts than Lf2015 in the Core System, although the 
possibility is small. Further researches could focus on the probability in which Lf+Ic+Cp2015 is 
environmentally harmful than Lf2015 scenario through a mathematic analysis.  
 From the sensitivity analysis it is clear that the dominant fraction is organic waste, which 
should be regarded as the key factor for an effective management of municipal solid waste. It is 
because of the large quantity of organic waste generated per year in Jakarta. It implies the 
establishment of Anaerobic Digestion and Composting plants, which deal with organic waste in a 
good way, may reduce environmental impacts effectively. It is also suggested that more treatment 
alternatives for organic waste, especially the biological treatment, should be assessed in a 
systematic approach.     
 From sensitivity analysis, it is demonstrated that waste from household and business sites 
takes most part of environmental impacts. The ORWARE model also shows that untreated waste 
places one of the large impacts on the environment. In such a case, increasing the collection ratio 
for household and business sites should be very helpful for less environmental impacts and risks 
as less untreated waste will be open dumped.  
 This study only assesses the uncertainties in Global Warming potential. The uncertainty 
analysis for other environmental indicators such as Acidification, Eutrophication, and 
Photo-oxidant can be carried out in the same way. The simplified Excel model, which is the basis 
for this study, introduces new model structure uncertainties. So the final results may be a little 
different to the uncertainties in ORWARE for Jakarta model. But it is believed that the difference 
should not be large as the most significant parts in both models are similar. Another alternative is 
to implement the uncertainty and sensitivity in MATLAB thus no transformation is needed. 
However, this requires the large modification of model as the basic concept is changed.  
 The Functional Units, which are constants in traditional LCA projects, are transformed from 
point data to probability distributions when uncertainties are involved in. This complicates the 
analysis of the final results. To make things simple and clear, one solution is to run a preliminary 
uncertainty simulation, in which the confidence intervals of all the functional units are obtained. 
Then the value of every functional unit will be redefined so that a number which is larger to the 
maximum value of the corresponding confidence interval is assigned. As the functional units have 
been changed, the external systems for all the scenarios in the study have to be modified to fulfill 
the functional units. Finally, the uncertainty simulation should be run in the second time and then 
all the confidence intervals for LCA results are calculated. In such a way the functional units can 
be constants during the second simulation, which is the same as in a traditional LCA project.  
 Mostly, monitoring programs are required to be set up to solve the difficulties for gathering 
data which is necessary for a uncertainty analysis. Due to the limitation of capital and time, it is 
important to identify for which input parameters the monitoring programs should be built. It will 
be beneficial to conduct a preliminary sensitivity simulation, in which all the input parameters 
interested are assigned with the same distribution. It means all the input parameters should be of 
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Normal or Lognormal distribution and obey standard deviation=some_constant*mean. Depending 
on the results of preliminary sensitivity analysis, the most significant parameters can be identified 
thus the corresponding monitoring programs could be established.  
 There are advantages and disadvantages for the two modeling tool --- Matlab and Excel. 
Matlab is “structure-oriented”, which means the modeling tool presents the structure of the system 
being modeled to the model-developers and end-users directly, the actual values of the data being 
calculated is hidden behind the screen. On the other hand, Excel provides a view of the numbers 
of all the variables in the model, so when the model is being checked, the structure of the system 
can not be identified quickly and clearly. As a result, Matlab is suitable for large complex systems 
while Excel is a light-weight tool which can model small and simple systems. The ORWARE for 
Jakarta model is a bit large and complicated to be modeled in Excel. The simplified Excel-based 
model built for this study has more than 20,000 lines in total, which makes debugging quite hard.   

ORWARE in Matlab lacks a good user interface which may prevent it to be more widely used 
commercially. A model can have several bugs or errors when it is first built up. To find and fix the 
bugs, it has to be run under various cases. If the model can not be easily accepted by business 
companies, there might be no enough test cases to discover the problems. Another important 
benefit to put ORWARE into commercial area is that those companies, with the purpose of 
facilitating their work, would like to extend the model further to fit for their own business. In such 
a case, ORWARE will have a lot of offspring application models and can be regarded as a more 
great powerful decision tool. 
 In the future, uncertainty analysis may be a necessary part for all the LCA projects. In order 
to achieve it, more studies on this topic are needed. By conducting LCA projects with uncertainty 
analysis, the monitoring programs which are currently absent could be built up and the relevant 
data can be obtained. It will be considerable to set up a database for LCA projects with uncertainty 
analysis once the number of this kind of projects is large enough. Only from this approach the 
methodology of Life Cycle Analysis will be more helpful for decision makers.  
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APPENDIX. Uncertainty simulation results  

1. Lf 2015 core system 

 Global Warming 

 
Mean  2.76E+09
Standard Deviation 2.50E+08
Skewness  1.09
 
 
 

 Acidification 

 
Mean  6.33E+05
Standard Deviation 8.60E+04
Skewness  1.67
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 Eutrophication 

 
Mean  8.66E+07
Standard Deviation 3.02E+07
Skewness  1.63

 
 
 
 

 Photo-oxidant VOC 

 
Mean  1.43E+06
Standard Deviation 7.13E+04
Skewness  1.09

 
 
 
 



 53

2. Lf 2015 total system 

 Global Warming 

 
Mean  3.77E+09
Standard Deviation 2.50E+08
Skewness  1.09

 
 
 
 

 Acidification  

 
Mean  2.77E+06
Standard Deviation 8.60E+04
Skewness  1.67
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 Eutrophication 

 
Mean  9.80E+07
Standard Deviation 3.02E+07
Skewness  1.63

 
 
 
 

 Photo-oxidant VOC 

 
Mean  1.69E+06
Standard Deviation 7.13E+04
Skewness  1.09
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3. Lf+Ic+Cp 2015 core system 

 Global Warming 

 
Mean  2.06E+09
Standard Deviation 1.76E+08
Skewness  1.11

 
 
 
 

 Acidification 

 
Mean  1.77E+06
Standard Deviation 8.35E+05
Skewness  1.64
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 Eutrophication 

 
Mean  6.18E+07
Standard Deviation 2.35E+07
Skewness  1.70

 
 
 
 

 Photo-oxidant VOC 

 
Mean  8.85E+05
Standard Deviation 6.59E+04
Skewness  1.21
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4. Lf+Ic+Cp 2015 total system 

 Global Warming 

 
Mean  2.87E+09
Standard Deviation 1.44E+08
Skewness  1.12

 
 
 
 

 Acidification 

 
Mean  3.50E+06
Standard Deviation 8.36E+05
Skewness  1.64
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 Eutrophication 

 
Mean  7.11E+07
Standard Deviation 2.35E+07
Skewness  1.70

 
 
 
 

 Photo-oxidant VOC 

 
Mean  1.04E+06
Standard Deviation 6.08E+04
Skewness  1.25
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5. Ic+Ad 2015 core system 

 Global Warming 

 
Mean  8.58E+08
Standard Deviation 1.42E+08
Skewness  1.21

 
 
 
 

 Acidification 

 
Mean  1.30E+06
Standard Deviation 1.15E+05
Skewness  1.08
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 Eutrophication 

 
 
Mean  4.38E+07
Standard Deviation 1.29E+07
Skewness  1.70

 
 
 
 

 Photo-oxidant VOC 

 
Mean  2.93E+05
Standard Deviation 6.71E+04
Skewness  1.21

 
 
 
 
 



 61

6. Ic+Ad 2015 total system 

 Global Warming 

 
Mean  9.81E+08
Standard Deviation 1.42E+08
Skewness  1.21

 
 
 
 

 Acidification 

 
Mean  1.54E+06
Standard Deviation 1.15E+05
Skewness  1.08
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 Eutrophication 

 
Mean  4.48E+07
Standard Deviation 1.29E+07
Skewness  1.70

 
 
 
 

 Photo-oxidant 

 
Mean  3.20E+05
Standard Deviation 6.71E+04
Skewness  1.21
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