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Summary

LCA (Life Cycle Assessment) is an environmental evaluation technique that has expanded both in importance
and complexity sinceit wasintroduced in the early 90’s. At the core of it is the model over the technical
system and the calculations made onit, i.e. the Life Cycle Inventory Analysis (LCI). It isthusrelated to the
area of modelling and simulation. This report introduces basic concepts and recent research results derived
from that area, presented from an LCI point of view. It explains the models and cal culations performed in LCI
using the above concepts and nomenclature and gives some proposals on how to enhance and simplify the
process of creating models and performing simulationsin LCI.



Glossary

Algebraic loop: A function requiring its output as input

Closed loop: Any type of feedback to earlier partsin the causality chain

Experiment: An experiment is atest carried out on a system or model of a system
Inconsistent loop: Feedback that resultsin a mathematically over-specified problem
Model: Simplified (here mathematical) description of reality used for simulations
Optimisation: Finding the optimal point (max or min) evaluated by the target function by varying one or
more variables

Over -specified problem: A problem with more constraints (equations) than variables
Simulation: Experiment (cal culation) performed on a model

System: A clearly defined and limited part of reality to be studied

Under -specified problem: A problem with more variables than constraints (equations)
Well-posed problem: A problem (equation system) resulting in a square matrix
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1 Introduction

Thisisareport for the feasibility study to “Modelling and Simulation in LCA”. The objectives of the

feasibility study are to find how LCA relates to general modelling and simulation and to investigate other
engineering areas for usable concepts, techniques and possibly tools.

Nowadays no matter which engineering area one wants to explore, there is an abundance of knowledge
available. Modelling and simulation is avery wide engineering area of which the importance has increased
over the last few years. The reason is the rapid development of powerful computers to perform more
advanced types of simulations. Now it is possible to digitally simulate systems that were almost impossible to
deal with before. Besides, as the devel opment goes on even more complex systems can be calculated. Asa
result more research effort has been put on finding ways to perform the modelling to render amore flexible
model concerning both modularity and types of applicable simulations. These recent findings have been well
adopted in most of the related applied engineering areas, such as control theory, electrical circuit simulation
etc.

Modelling and simulation in LCI has not, however, made use of these recent findings yet, in spite of there
being agreat potential in doing so. That involves not only increasing the number of available evaluation
techniques, but also to learn and adapt nomenclature from related areas. Thiswill expand the usability,
understandability and general acceptance of LCA aswell as LCA in awider perspective. Another aspect is
that already available software systems may be used within the specific area of interest, which may result in
saving of effort.

The chapter “Important conceptsin simulation?’ gives a short definition of the most important terms used in
modelling and simulation. Nomenclature and methods that can be used within LCI are explained and
examined. The mathematical definitions and in-depth explanations are presented in appendix 1, “ Simulation
properties’. The next chapter, “ Simulation in LCI”, shows what this means in terms of LCI, the present most
common approach, and, in addition, how it could be extended to a more general one as part of future studies.
In appendix 2, “Survey and categorisation” some examples of usable cal cul ation techniques and software
tools are gathered and categorised.



2 Important concepts in simulation

Techniques for modelling and simulation are ol der than engineering. The very process of formulating
mathematical expressions and equations that describe reality into any form is an act of modelling. For
example, all mathematically formulated physical principles are models, since they are simplified descriptions
of the behaviour “real” physical world, and have the mere purpose of predicting the behaviour of that same
“real” physical world, i.e. by mapping a certain behaviour realm onto mathematical form. Nevertheless, thisis
not what is here meant by amodel. Instead a model is referred to as a well-defined description of a specific
system that is derived fromapplying physical laws and formulas (empirically well-tested models) or some

other understanding of the underlying phenomena. Thisis the meaning of the term modelling that is used
throughout this text.

Modelling is the art of building models that represent reality. Experiments are then performed on these

models to gain information about the behaviour of the underlying real system, asindicated in figure 2.1. A
model can be anything that explains how something behaves; it can be a mental model over the behaviour of a

certain person or averba model over how the world economy reacts. Thetype of models studied in this
report are all mathematical models, i.e. models that can be described in mathematical form and coded into
computer programs.
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Figure2.1. Modelling and simulation of real systems.

Four words are used in this text to describe the process of attaining information from reality and performing
calculationson it. They arerespectively System, Experiment, Model and Smulation. Even if they are
commonly used throughout the literature, they often cause misunderstandings since virtually every textbook
uses them in aslightly different connotation. The following explanationis denoted to clarify how they are
used in thistext. The nomenclature mostly complies with the one commonly used in system modelling and
control theory. It is not, however, intended to give an in-depth treatment of the subject. Those who need to
gain awider perspective are encouraged to read some introductory books on the subject of modelling and
simulation, e.g. [Cellier, 1991], [Bossel, 1994] or [Rosenberg, 1983].



2.1 System

Before amodel can be built we need to specify a number of things about the piece of reality we wish to study.
To start with the question of how far the system shall be extended, i.e. where to put the boundaries, is
relevant. It isamatter of the scope and the purpose of our interest in the system. Also what interactions with
the surroundings over the system boundaries we are interested in needs to be specified. Theresult isawell-
defined piece of the real world with awell-known interface. This piece is called asystem

A system can thus be defined as:
“A clearly defined and limited part of reality with defined interfaces that isto be studied”

With this definition a system can in turn be subdivided into any numbers of sub-systems, which all are true
systems in themselves. On the other hand, it can also be extended to in clude the whole universe. Regardless
of itssize, it is necessary to formulate what aspects of the system and from what point of view it isto be
evaluated. Even the simplest system, if such really exists, can be viewed from a practically unlimited number
of points of view. The purpose of the study, i.e. what we expect to get out of if, defines the main focus for the
system.

2.2 Experiment

Our interest in the piece of reality we defined as a system is that we want to exert it to input of some sort and
observe the reactions, or outputs generated. This test can be performed on either a system or amodel of the
system. A definition might then be:

“An experiment is atest carried out on a system or model of a system”

Sometimes experiments are carried out on real systems, i.e. in reality, for example when the behaviour of the
system is not known or istoo complex to imitate. It is usually, however, problematic toensure there are no
external influences that might disturb the test and induce unexpected and even falseresults. Another
disadvantage is that some experiments may not be available since they are too costly, too dangerous or the
time constants are too long to allow for the outputs to be observed. One of the most important advantages, on
thecontrary, isthevalidity of the system. The system isvalid for al types of experiments, regardiessthe
initial intention when the system was defined. The most usual types of experiments are though performed on
models of system. Experiments on models are called simulations.

2.3 Model

A real system is part of the ‘real’ physical world, which may be transformed into a simplified and, in our
context usable, form called amodel. This definition was formulated by Marvin Minsky [Minsky,1965]:

“A model (M) for asystem (S) and exp eriment (E) is anything to which E can be applied to answer
guestions about S’

Thisisavery broad formulation where the ability to denote something about the underlying systemisthe
important aspect. It can thus be anything from a general understanding of a situation to, which was common
before the computers emerged, afor the specific simulation purpose specially made electrical circuit. In this
context we will, however, continue with mathematical models, that is models that can be expressed in
mathematical form.

Since the model isasimplification of reality, it isnot valid for all types of experiments. An “experimental
frame” can then beemployed to link models and experiments in the proper way.



2.4 Simulation

A simulation issimilar to an experiment, except it is performed only on models. It means to perform any kind
of calculation with the data and structure provided by the model. This definition was coined by Korn and
Wait [Korn, 1978]:

“A simulation is an experiment performed on a model”



3 Simulation in LCI

In this chapter the current status and development on simulation in LCI is presented. It gives an indication
about what kind of models are used, described from the system analytical perspective developed so far in this
report. Then important simulation methods are mentioned and for the most important one, system
normalisation to the reference flow, an exampleis given. It will also deal with some special problems that
may occur when performing simulation in LCI.

Not much have been done in defining overlying simulation conceptsin LCI. The overlying concept states
how we chose to view the particular part of the world, or real systems, that we are interested in. It can be
regarded as ameta-model over our modelling. An overlying concept is the first step towards a definition of
both the model structure with its premises and the cal culations possible to perform. In “Nordic Guidelines on
Life Cycle Assessment” [Lindfors, 1995] a detailed descriptions of the stepsinvolved in performing an LCA
is described. It does not, however, give any information about data models or simulation procedures. The
“Environmental life cycle assessment of products, Guide” and “Environmental life cycle assessment of
products, Backgrounds” [Heijungs, 1992] also discuss the steps involved in detail. In addition it also propose
two methods for solving the flow chart to the reference flow. The SO 14041 recommendations [1SO 14041]
discuss the general workflow for an LCA, but does only treat the subject on ageneral level. It doesnot,
however, give any recommendations on how to calculate for a given problem. In the model area some
promising data structures for L Cl-data have been developed. Among them can be mentioned SPOLD
[SPOLD] and SPINE [SPINE].

In this chapter the SPINE data structure is used to exemplify LCA modelling and simulation. The reason is
thereis no other LCA data structure available that is both consistent and flexible. It is also important to state
what kind of data structure is used since it will give the premises for modelling using that particular structure.
In most cases the examples in the chapter conform to what is commonly used in the LCA area.

3.1 Goal and scope

The goal and scope definition provides the application, the depth and the subject of the study (from[Heijungs,
1992] pp. 17). It includes a definition of the system and its boundaries and discusses why the study is carried
out. Taking thisinto account it is clear that there is a close relation between the goal and scope and type of
simulation. It does not, however, formulate what kind of simulations to be done. In fact it is not even
mentioned that there might be several possibilities when it comesto simulation. The reason for thisis
probably that historically thereisonly one type of simulation that is performed: static solving of alinear
model.

3.2 Model

Since dynamic simulation is not common most models are static and hence time independent. The most
common type of model isthe one shown in figure 6.1. Thisis aflow-oriented model where the connections
between the gatesin ablock (in SPINE called activities), i.e. input and output terminal s, are described with
numbers. These given values are here denoted u for the inputs (inflows) and y for the outputs (outflows). The
superscript shows which block they belong to; in the case of figure 3.1, block a. The correspondingly
calculated values have an additional tilde.

Ga ua ya ya
—— a’ e

Figure 3.1. Static, linear and atomic or aggregated model building block used in LCI.



The given values can then be scaled linearly when the total model is evaluated. It is therefore useful to define
ascaling variable as:

In addition to building blocks the model also contains connections between flows, which are called Flow
Connectionsor ‘fc’. They can be used to connect inflows with outflows in the same or different blocks. In the
case of more than one connection to aflow the ratio for each connection can be specified, see figure 3.2. The
subscript‘ or’ denotes Outflow Ratio and ‘ir’ Inflow Ratio respectively.

1
fC|r Ulb Ulb

Figure 3.2. Flow connections between flows in amodel.

Thismodel isan a-causal formulation of alinear, static and norrequation formulated model. It means that no
order of calculation is expressed in the model.

The aggregated block, i.e. containing other blocks are treated in the same way, except that its given values
have to be cal cul ated.

3.3 Simulation

Since the normal LCI-model is static, the simulations discussed here are all for static solving. In LCl itis
called to normalise the system to the reference flow. The “Environmental life cycle assessment of products,
Backgrounds October 1992” [Heijungs, 1992] suggest two alternatives for this on page 52: the sequential
method and the matrix method. In the first method the chain of product demand is followed from the
functional unit and upwards until all processes are and flows are cal culated. One problem is that thereis no
easy way to solve the problem when there is a closed loop present. In the latter one, the matrix method, all
data contained in the process tree is formed into a matrix. Then all flows are solved simultaneous by inverting
the matrix. With thisapproach it is also possible to solve looped models. In this article Heijungs discuss
software implementation difficulties with an upcoming LCI problem, e.g. aloop, without re-considering the
interpretation of thisloop, in terms of the mathematical aspects of the goal and scope and the actual inventory
for the study. Such considerations and re-considerations are the aim of thiswork.

Aninteresting type of simulation performed in small scalein LCA isoptimisation. In particular multi-
objective optimisations have been successfully carried out on linear models using linear-programming (L P)
algorithm [Azapagic, 1999].

Another method presented hereisto solve the system for the amplification factors, F;, for the processes first
and then use these to calculate all flows. Doing so is a straightforward procedure where all equations given by
the model are summarised and put into amatrix that is solved by using Gauss-elimination. In the process only
the connected flows are evaluated. The reason is only to reduce computational complexity. Only the
connected flowswill contribute to the solution, the non-connected ones can be calculated using the activity
amplification factor later.



The governing equations can be divided into the following categories:

1. Referenceflow. Set the connected gate equal to the reference flow:
X =
U™ = Xg
2. Activity internal connections. For each connected gate, relateit to the amplification factor as:
YV =Ry
3. Flow connection mass balance. Formulate the mass balance equation for each flow connection node.

yix_ é. fc =0

4. Flow connection ratios. In case of any constraints on the ratios for flow connections, formulate arelation
for each node:

i, = f

After the above equations are put together and sorted the equation system can be solved for the amplification
factors. Then al flows are calculated by multiplying each of them with the amplification factor.

3.3.1 Loops

L oops are no problem, unless they are connected within one block, which could introduce an inconsistency to
the prablem, asin figure 3.3.

oD
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Figure 3.3. Inconsistent LCI flow model.

If the above equation system is evaluated we find that:
20F, = F,

Theonly solution isthetrivial one, F,=0. All other cases would lead to the impossible case 20=0. Thereisno
solution to this situation and the model needs to be reformulated. The inconsistency is detected when the
eguations are gathered as an over-specified problem. If the model is changed to the one in figure 3.4 it can
thus be solved, but only if the recycling rateis not fixed, but remained as avariable.
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Figure 3.4. Solvable LCI flow model.
3.4 Future perspectives

The chapter ends by giving general suggestions on what can be done to extend the simulation capabilitiesin
LCI and what kind of knowledge it would require.

Thework can be divided into two parts: Extend the model description abilities and extend the number of
available simulation for the model. Of course they are dependent of each other. Since the calculationsin the
simulation needs appropriate input data, the model has to contain them. The total dependency chain is shown
in figure 3.5.

Goal & Scope
Simulation Method

Input data
Data storage

Figure 3.5. Data persistence dependency.

Therefore the first step would be to agree on the types of simulations one want to be able to perform. Next the
requirements for the model can be found by evaluating the needs of these simulation types. Other
requirements may also be include, such as possibilities to express non-linear elements etc. After all
requirements are gathered one must agree on how to represent these in a mathematical and formalised way.
Thiswill lead to a syntactic definition for the model. Most possibly already available notations can be used, if
not completely so at least partly. Asindicated in appendix 1 the non-causal form is superior when it comes to
extendibility, modularity, and separation of model and sirrulation as well as simulation types possible to
perform.

The purpose of the project is to make use of knowledge of modelling and simulation from other engineering
areas within LCI. To accomplish this a deep knowledge in the theories behind modelling and simulation is
needed. Underlying concepts and ways of evaluating and structuring general modelling problems have to be
applied on the special problem domainsfoundin LCI. It is not the same as directly applying knowledge from
other areasonto LCI. Since all applied areas are already specific, making use of the modelling knowledge



directly would limit the usability of the results severely. Instead it isimportant to trace these specific
approaches back to the general concepts and apply these on the problem. The proper role of related areasisto
serve as idea generating examples of what can be done and as a source of inspiration. It can also provide
usable experiences on both general and specific problems related to modelling. The area of application is here
LCI. It isthe reason behind the study and why it is performed at all. It is, nevertheless, not where the major
effort needs to be put. The role of the LCI areaisto provide the inputs for the modelling and simulation
conceptualisation. Afterwards the result needs to be applied and interpreted in terms of LCI.



4 Conclusions

A number of techniques for performing an LCA have been investigated. They discuss the stepsinvolved in
performing an LCA into details. Just afew of these do, however, take the calculations performed in the
simulation phase of LCI into consideration. Without exception these only can be used for linear and static
problems, since no other element are allowed. LCI calculation can thus defined asto find a steady state
solution for alinear problem. No source has been found where an underlying theory for simulationin LCl is
presented.

From the large number of theories and methods available in other areas there is enough substance to provide a
foundation to ageneral approach to modelling and simulation in LCA. No direct applicable theory has been
found though. For the creation of such atheory recent important findingsin control theory, such as non-causal
models, can be applied. Additional structural information can without doubt be collected in the mathematical
methods listed. Such information will be valuable for checking the modelsfor logical/structural error in the
early design process.
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Appendix 1. Simulation properties

Here the theoretical part of simulation is described in more detail than in chapter 2 where the concepts were
presented.

In the following an example with a space rocket will be used to explain the introduced concepts and how they
relate to each other.

Example:
Consider asimulation of the vertical movement of a space rocket in different situations like starting from
planets, travelling in space, landing on planets etc. (From [Cellier, 1991, pp 24 and 81]).

The rocket introduced above ishere considered to be our system. We will, for simplicity, regard the rocket as
asingle piece, without any moving or detachable parts. Some literature suggests the specification of data
inputs and outputs, i.e. to identify some causeeffect chains in the system. This approach is avoided here for
reasons shown later. Instead we will identify the properties of interest or interface of the system. These
properties can later be used as either datainputs, i.e. means of influencing the system, or data outputs, i.e.
observations about the system depending on the type of experiment and settings. Observe that the notations
input and output are here used for the flow of information only to show how datatravelsin the system. In this
context these properties are the gravitation affecting the rocket (g) and the distance from the surface of the
planet to the centre of gravity of the rocket (x), asindicated in figure A1.1.

Now we have defined two important issues on our system:

1. System boundaries.
2. Interface of the system.

—— I

Figure A1.1. Example space rocket system with properties.

Al.1 Model types

There are two different main types of models: modelsin which signals are flowing and models in which,
mostly physical, entities are flowing. The term flow is here used in its abstract form; no “real” flows need to
be present. Instead it might be the weight force (mg) from a stone resting on the ground or an entropy flow
resulting from a heated radiator in a cold room. To a certain extent a physical flow can be described with a
single signal, so thereal difference between these models lies elsewhere. It is a matter of how much
information the model gives on how it is supposed to be calculated. In the first case the order in which the
calculations shall be carried out is explicitly given. It istherefore the flow of information that is represented in
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the, often visually shown, graph model. In the latter case no inherent order of calculation is given. In fact the
model does not give any information about calculations at al. Instead the flows represents a neutral
connections transferring any entity, physical or not. The arrows are in this case only used for convenience,
they make no difference on how the model is evaluated in a simulation.

Now anumber of model types are presented. For each model type the example system from above will be
modelled and advantages/disadvantages will be discussed shortly.

Example:

We will assume the case when our example rocket is starting from a planet and we want to know the current
distance from the planet as afunction of thrust and mass. The major physical law applied is Newton’slaw
F=ma, where positive F is the total force pushing the rocket from the planet, that isF=thrust—mg, mis the
momentary mass and a the momentary acceleration of the rocket, as shown in figure A1.2. Moreover the
gravity constant g is said to follow g= go/>¢.

A

/ e ——
Figure A1.2. Forces applied on the rocket in the example.

In the following the equality sign (=) is used to indicate equality between two expressions without necessarily
saying how to compute either of the two. The mere purposeisto state that they are equal. It does not suggest
in what order any variable in the expression might be calculated. The assignment sign (:=) isused when an
expression has to be calculated in a specific order. The variable to the left of the operator is calculated by
evaluating the right side of the expression. In this case no other possibilities exist.

A1.1.1 Block diagram

The block diagram is a signal-oriented model in the sense that information travels or flowsin agiven
direction only, denoted by the arrows. It is built from elements having pre-designated data inputs and outputs.
In the time domain the output vector y is calculated from the input vector u using atransfer function, in this
case g. For the frequency domain Y, U and G are used. The general visual representation is shown in figure
Al3.

U,u Y,y
—— G, gr—>e

Figure A1.3. Graphical block diagram representation.
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The output isthen calculated as:
y(t) = g(u(t))

Usually linear models are expressed using the Laplace-transform, i.e. in the frequency domain. In this case the
transformed variable, s, expresses the time varying properties of the model. When this type of representation
isused the in and out-signalsare normal ly scalars. Increased complexity of the model is expressed by
extending the number of blocks. Due to the Laplacetransform the cal culation of the output now becomes:

Y(8):=G(s)’U(s)

An advantage with this type of model is the ease of understandability. Since the model is agraph it can easily
be visualised, overviewed and understood. The model is also broken down into sub-models in a natural way
due to the graphical layout. Important is also the large number of available toolsin form of software to
support block diagram models. The major disadvantage is the inflexibility of the types of simulations possible
to perform on the model. It is amodel where the calculation causality, or order, has been built in. It requires
the modeller to decide on in what order the model shall be evaluated by the time of the design.

Example:
The law of Newton gives:

thrust - mg =thrust - rr920 =m
X

Now a simple block diagram describing the process can be constructed directly from the formula above.

Figure A1.4 shows one possible construction. The massisfor simplicity here taken to be constant, which of
course, isnot truein thereal case.

Thrust
Gravitational Net thrust
constant
i Erf;?tt;)[liind Acceleration Speed Distance
g Retracting force | l/st— P 1/s
constant "
>
T —
X2 |

Figure Al1.4.Block diagram over the rocket example.
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A1.1.2 State-space models

Thisisthe most commonly used formin control theory. It is aflexible way of describing both linear and non-

linear multi input and output systems. It isaso aform of signal oriented model where the cal cul ations take
pre-defined ways. The basic formis:

x = f(x,u,t)
y =9(x,u,t)

The x-vector is theinternal state vector, representing the “memory” of the model. The u-vector are the inputs
and y the outputs. In the linear caseit can be written as:

x = Ax+Bu
y =Cx+Du

A iscalled the system matrix, B the input vector and C the output vector.

The advantages are the compactness of the model description andin addition, thisis an well -accepted form
among control engineers. It is, however, not easy to understand the model by just examining the equation
formulation. Thisform offers amore general representation than the block diagram. Since the model is
formulated in terms of the derivativesit is somewhat more flexible for different kind of simulations.

Example:
The law of Newton is re-written in the form:

thrust +g_(2,
n X

Theinternal states are chosen as the distance from the planet, here called %, and the velocity, here called x,.
The statesspace model then becomes:

X =%
« :thrust_&

2 r XZ

Since thisis not alinear model it cannot be re-written in the somewhat more convenient way shown above.

Instead it is used to derive the calculations desired. The inputs are then the total thrust, thrust, and the total
mass, m. Output is the distance x;.

A1.1.3 Equations models

Thisis atype of model with less formal requirements. In short all the equations, or relations, are formulated
for apiece of or the entire model. It isin its theory based on equilibrium between variables and does not
implicate any particular sequence of calculation. Even though it seemsto be atrivial type of model it is very
powerful. The advantages are that it is often easier to state the governing equationsin a“raw” formthat is
closer to the physical law or phenomena behind the model. The total model is then built from many equations
stating the constraints. The mo st important advantage is the ability to omit any pre-defined sequence of
calculation, or calculation causality. The model can then be used for any type of simulation aslong asthe
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purpose behind building the model remains the same. On the other hand, the main disadvantage is the more
complicated treatment of the system equations needed to be able to perform simulations. Presently there are
not many existing toolsto handle thiskind of model formulation.

Example:

The equations behind the rocket example are now treated as expressions of equilibrium and are expressed in
the version closest to its original, physical formulation. We now only have to state one equation, which isfor
thetransversal movement:

rrgz(’:rra
X

thrust -

Al.2 Simulation types

Below some basic simulation methods are discussed.

A1.2.1 Static solving

Thisiswhat we normally mean by “solving the system’”. The model is evaluated for the steady-state case, i.e.
if the model contains derivativesthey are all set to zero. A static model can be evaluated directly. The reason
for evaluating a dynamic model statically isthat one wants to find the points of equilibrium, i.e. where the
model is stable and no signal changes value.

The most commonly used mathematical algorithm in static solving is Gauss elimination. Depending on the
form for the model, i.e. block diagram etc., different methods are used to gather and sort the equations
involved. These equations are describing connections within the model, such as physical laws and structural
dements, and all the constraints, such as different max mum and minimumvalues. They may also include
some input to the model. Now they are all sorted and categorised as equations or unknown variables. In the
case where the number of equations matches the number of variables the problem is said to be well posed and
can be solved. Thiswill give us a square system matrix. When the number of equationsislarger than the
number of variables the problem is overspecified. That is becausetoo many constraints have been put on the
problem. No exact solution can be found under these conditions, only an approximate one isreached. An
approximate solution will not exactly satisfy all the conditions or constraints put, but when calculated using
the least square method the nearest possible value for all variables are found. On the contrary, when the
number of variables is more than the number of equations the problem is under-specified. Thisis aresult
when we have not specified enough constraints on the problemto fix it to one solution only. Now any number
of solutions can be found that satisfies all the constraints. The solutions are said to occupy a space. The
number of dimensionsin this space of solutionsis calculated as the number of variables minus the number of
equations.

A1.2.2 Dynamic solving

Dynamic solving or dynamic simulation isto evaluate amodel and record its response over a period of time.
This only makes sense when the model includes any dynamic elements, resulting in different types of
derivativesin the equations. Before the actual dynamic simulation is started the model is sometimes solved
statically for a defined set of inputs. Such an evaluation will ensurethe initial state to be a state of equilibrium
for the set of inputs, i.e. set the rest of the variables accordingly. When the dynamic simulation starts, new
dynamic sets of inputs are then fed to the calculation that will make the model respond. Another case is when
theinitial stateisnot in equilibrium and the simulation aims at finding what will happen when the system is
released from such a state. No new inputs are fed to the cal culations and the responses will either, in case of
dissipative elements present, decrease until finally a point of static equilibrium isreached or, in case of no
dissipative elements present, stabilise at a certain frequency and amplitude.

Calculating the derivatives for the present state and integrating these over a step in time to reach the next state
usually performs the dynamic solving. Each step in time will produce a new set of variables, so the total

17




amount of dataisoften large. If the model contains derivativesthat change slowly over timei.e. long time
constants, the time step can be lengthened.

A1.2.3 Optimisation

Optimisation isto evaluate the model for a number of different inputs, or combinations of inputs, to find the
optimum case. To be ableto determine thisatarget function isformulated. The target function can be
anything from just a variable to a mathematical function calculated from a nunber of variables. In the
optimisation either a maximum or a minimum for the target function is found by changing the variables. Since
most variables cannot be extended infinitely some constraints are put for each involved variable. The target
function always eval uates to one number only, even if it can be calculated using many variables. The number
of variables can be more than one, in which case it is a multi-variabl e optimisation.

To perform an optimisation one needs an Under-specified problem, i.e. a problem where one or more
variables are allowed to vary and a (static) solution is still possible. Then a different optimisation method or
algorithm is used depending on the type of model. In the case of alinear model a Linear Programming (LP)
algorithm may be used while in non-linear case anon-linear programming (NLP). For the non-linear case it
can be difficult todetermine if the optimum found is aglobal one, i.e. an optimal point for the entire defined
interval and not only alocal one. Thisisthe main issue of the area Global Optimisation.

A1.3 Modelling techniques

The modelling technique is different depending how much and what one knows about the system. A well -
known system may be broken down in its structure and each part modelled using physical laws or other
mathematical forms. A less well known system may require sampling of the real behaviour and formulation
of an approximate mathematical form with very limited validity, a so-called identification. The former is
usually referred to asa“black box” model and the latter as a“white box” model. In between these extremes
there is a spectrum of different “gray box” models, depending of the degree of inductivity. [Karplus, 1976] It
is practical to describe the model differently mathematically depending on how much one knows about the
underlying phenomena. Even though all systems exist in the continuos time domain we can still have
discretion of part of the description when we do not know enough. Of course thiswill limit the possibilitiesto
perform sone sort of simulations on the model.

Al.4 Purpose

The purpose of the study isthe very first priority to carefully consider when to perform asimulation. It is
important because it will give shape of the premises and limitations for all stepsinvolved in the process.
Moreover, it isthe link between the model and the simulations performed on the model. In contrast to the
system, which represents a piece of reality and thusisvalid for all experiments, the model is created for a
certain purpose and acertain range of simulations. Outside this range the model isno longer valid. This
becomes very clear of the fact that amodel is asimplification of reality made in order to answer one or a set
of specific questions.

In the literature, e.g. [Cellier, 1991], it is often argued that the experiment, or in this case the simulation, is
connected to the model. They should therefore be treated together in a so-called system and experiment tuple.
Other sources suggest the introduction of anexperimental frame [Zeigler, 1976] to relate the model to a
specific set of simulations. The dependencies of these can be shown in asimplified form asin figure A1.5.
Here activities, i.e. active processes, are symbolised by diamonds and resulting passive documents by
rectangles. The activity “Simulation Method Creation” can be substituted for finding the right method, if such
amethod already exists. All activities are either directly or indirectly dependent on the purpose of the study. It
is obvious that some correlation between nodel and simulation method is needed. On the abstract level it is
the purpose of the study, but a more concrete and logical connection is needed for proper verification and
validation.
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Figure A1.5. Connections between activities involved in modelling and simul ation.

Example:

For our space rocket example we need to build a very general model, which will be valid for a number of
different simulations stated above, such as starting from planets, travelling in space, landing on planets etc.
Specifically we are interested in calculating the behaviour when starting and taking off from a planet. Thisis
the purpose of our study.

A1.5 Causality

Causality isacontroversial subject when discussing simulation and model building. Some people argue that
reality is causal and that it is a requirement to be able to perform simulations on it. Others claim that the
cornerstone in reality is energy storage and equilibrium [Levine, 1996, pp. 99-107]. A closer examination
shows that there are a number of different causalities [Stromberg, 1994, ch 1]. In addition to the physical
causality, or the causality of nature, there is also a computational causality that determinesthe calculation
order of the equations In thefirst caseit isthe inherent property of nature to react to stimuli that cause an
action. It isevident that the nature is following an action-reaction pattern. In this way most of the phenomena
of nature can be structured in action-reaction chains. These chains can then be connected to form large
structures that can be used to mimic the behaviour of complex systems. This kind of model works well for the
purposes they were developed for but isusually hard to re-use for other. The reason is they contain
information of how the model is to be used, which leads to a certain order of calculation. This order of
calculation is called computational causality. For acausal model a certain variable, or property, is calculated.
In case we want to investigate some other property, then we have to rebuild the model. In the case of large,
complex system it is not always easy to do so. If we, however, remove any assumptions on the calculation
order and only state the governing equations, it is possible to re-use the model for other purposes. These
models are called a-causal. Whatever the real truth is about causality in nature it can be readily shown that the
removal of causality from the model is beneficial in many ways. It will in addition make the model more
modular [Stromberg, 1994, sec 1.2]. The drawback isthat to be ableto make calculations, there hasto be a
calculation order. If it is not given explicitly in the model it has to be added later, either manually or
automatically.
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A1.6 Closed loops

Sometimes a closed loop can be a problem. Some statesit is always a problem, even impossible to solve. This
part gives some reflections of the nature of closed |oops.

A closed loop is some sort of feedback to “earlier parts” of asystem or model. The definition of an earlier part
differsdepending oniif itisareal system, causal or a-causal model, and so does the implications. In the case
of areal system it usually means some sort of recycling where something is looped back to earlier stagesin
the production line. Thisis no problem and poses no difficultiesin our real world. When amodel is build to
reflect loops it might, however, lead to inconsistencies. In some casesit is due to the modelling concept used,
i.e. the possibilities to describe the structure, and in other it is due to an erroneous model that does not reflect
thereal systemin the proper way.

For the causal model, where the calculation sequence is fixed, a closed loop means a mathematical feedback
to earlier stagesin the computational chain. If using only direct feed-through® components it means that the
input to calculate aresult is dependent of the result itself [Bossel, 1994, sec 3.1.3]. It isthen called an
algebraic loop. A simple exampleis shown in figure A1.6 below. Here the output, y, has become a function of
itsalf:

y=KLl*u- KI1*K2*y

For a model where the calculation order isfix, thisis aproblem. Such problems can be solved by iteration,
using in the case of MATLAB [MATLAB], a Newton-Raphson technique. Solved analytically we find that:

(1]

Y
Outport

K2
Figure A1.6. Algebraic loop using SIMULINK block diagram in MATLAB.

For the a-causal model aloop is like any other connections between two ports. It represents a constraint that
can be added to the list of governing equations. Aslong as the loop is not inconsistent it does not give any
problems.

Inconsistent loops occur when the simulation eguations have only trivial solutions; i.e. the only solutionisa
zero flow trough the circuit. Depending on the model concept it can arise for different structures.

L A direct feed-through component is a component that immediately in time calcul ates the result from the
input(s) and transfersit to its output(s). In other wordsiit is a static component without a memory.
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Appendix 2. Survey and categorisation

Many related engineering areas derive models of technical systems and use advanced cal cul ation methods on
them. Most of these are, however, specialised for a specific purpose and cannot directly be used within LCI.
On the other hand, both the outlines of the method and experiences from using it can be re-used. That happens
when one wants to transform and utilise them in another field, in this case LCI. Though up till now only few
of such efforts have been made.

Thisisagenera survey of present technology on physical flow modelling and calculation. It emerges from
the need to find a uniform way to describe and perform calculations on general physical, multi domain
systems within LCI. From the present vast number of techniques and approachesit can only present afew,
selected by their consistency with underlying physical principles and their generality. Thelist is by no means
complete and can be changed in the future. Even though the type of results, etc are also of interest, a solid
foundation for the theory is needed to make it re-usable and extendabl e within other areas.

In thefirst version all searches have been performed through Internet with public access tools, which makes
the number of computer application tools dominate. In order to make it complete a literature search needs to
be continued.

A2.1 Categorisation

The categorisation of techniques and toolsis based on what is described above. Since different areas, i.e.

methods and software tools, are different and thus different types of categorisation are needed, two separate
types are developed. In addition a short general description isgiven.

A2.1.1 Simulation Methods

Simulation methods are first categorised according to the purposes they can be used for. Such purposes may
include static solving, dynamic simulation etc. Also the used algorithm or algorithms are given, if itis
possible to retrieve these. Next the properties of the model are investigated. Thisincludes linearity, time and
space dependencies and causality in description.

Simulation Purpose Stationary solution, Dynamic simulation, Optimisation,
Comparison, Uncertainty analysis etc.
Algorithm Gauss elimination, Linear programming etc.
Model Linearity Linear — Non-linear
Time Constant — Discrete— Continuous
Space Constant — Discrete — Continuous
Causality Causal description— Non causal description

Table A2.1. Categorisation criteria for simulation methods.

A2.1.2 Simulation software

Simulation methods are categorised using the same criteria as methods and i n addition also some on

modelling approach and storage type. The modelling approach is divided into a spectrum from purely
inductive to purely deductive. The storage structure, or design, is considered as well as the media.
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Simulation Purpose Stationary solution, Dynamic simulation, Optimisation,
Comparison, Uncertainty analysis etc.
Algorithm Gauss elimination, Linear programming etc.
M odel Linearity Linear — Non-linear
Time Constant — Discrete— Continuous
Space Constant — Discrete— Continuous
Causality Causal description— Non causal description
Modelling Approach Inductive (Black Box)— Opaque (Gray Box) — Deductive
(White Box)
/0 Structure SPINE, SPOLD, MODEL ICA etc.
Media File, database, internet, intranet, organisation information

system, etc.

Table A2.2. Categorisation criteria for simulation software.

A2.2 Survey result

A2.21LCl-area

Simulation Methods

Heijungs, et a
Category
Simulation Purpose Stationary solution
Algorithm Gauss elimination
M odel Linearity Linear
Time Constant
Space Constant
Causality Non causal description
Description

Describes the technical system as a characteristic matrix, which defines all flows for the processes included
[Heijungs, 1998]. Only static functions describing non-aggregated systemsare allowed. The functional unitis

expressed as a net flow vector and the result, here called inventory vector, can be calculated by standard
matrix inversion. Parts of this approach come from economical models where it is used to calculate

production demand, whereas here in this context it istailored to fit in to LCI.
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Simulation software

LCIT 4.0
Category
Simulation Purpose Stationary solution
Algorithm Gauss elimination
M odel Linearity Linear
Time Constant
Space Constant
Causality Non causal description
Modelling Approach Inductive (Black Box)— Opague (Gray Box) — Deductive
(White Box) (All modelling approaches supported through
recursive definition)
1/0 Structure SPINE + additions for calculation
Media File (xfr datatransfer) and database (A ccess)
Description

State-of-the-art L Cl calculation software that deals with static, linear models. Can do all kind of loops, aslong
asthey are not inconsistent. Solves the given model statically under the constraints given [LCIi T].

A2.2.2 Related areas

Simulation Methods

Chemica Engineering
Process Flow-sheeting (Process Modelling)

Category
Simulation Purpose Stationary solution, Dynamic simulation
Algorithm Not given
M odel Linearity Non-linear
Time Continuous
Space Constant
Causality Causal description
Description

Developed for modelling and simulation of chemical reactionsin process plants. Uses flow sheets to describe
and visualise processes to be calculated and simulated, often dynamically. Requires afundamental knowledge
about the process to describe the underlying equations. The system under calculation isthen transferred to
mathematical form and the solution(s) calculated. The method is stringent in using physical constraints such
as mass balance, physical unit match etc. Normal output is static and dynamical behaviour. It is used not only
to provide answers to both dynamically changes such as start and stop of process plants, but also to estimate
the result of different changesin processes.

A number of software packages are available that performs both modelling and cal culation/simulation. The
Nimbus simulator [NIMBUS] and the ASCEND simulator [ASCEND 1V] are both targeted at process
modelling and simulation. Some attempts have been made to extend flow-sheeting to be used in biological
processes [Cytronix Ltd].
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Electrical Engineering

Energy Systems
Category
Simulation Purpose Dynamic simulation, Optimisation
Algorithm Non-Linear programming and more
M odel Linearity Non-linear
Time Continuous
Space Constant
Causality Causal description
Description

Used to model and calculate energy systems that can be described by materials and energy balances but where
the details of phase transition and chemical reactions can be left out. Both dynamical simulation and
optimisations can normally be performed [Sundberg, 1994]. Most models are restricted to using only energy
and material flows, even if the optimising function often is expressed in economical terms. The techniqueis
also used to model waste treatment [MIMES].

Electric Network Analysis

Category
Simulation Purpose Stationary solution, Dynamic simulation, Optimisation,
Comparison, Uncertainty analysis and more
Algorithm Not given
M odel Linearity Non-linear
Time Continuous
Space Constant
Causality Non causal description
Description

Classical method for electrical circuit calculation and simulation [Chua, 1975][Calahan, 1972]. Only
applicable to systems that can be expressed in terms of their electrical equivalents, i.e. different types of
voltage-current relations. Deals with static, dynamical and optimising computations. Also different sensitivity
studies, mostly in the case of temperature changes, can be performed. Major computer applicationsinclude
different types of SPICE [SPICEJ], even though alarge number of both other non-commercial [GNU] and
commercial [WWW Virtual Library, Electrical Engineering] alternatives exist.

Physical System Modelling (Control Systems)

Category
Simulation Purpose Stationary solution, Dynamic simulation, Optimisation,
Comparison, Uncertainty analysis etc.
Algorithm Not given
M odel Linearity Non-linear
Time Discrete — Continuous, depending on system
Space Discrete — Continuous, depending on system
Causality Both Causal descriptions and Non causal descriptions exist
Description

General method to model any kind of physical system [Rosenberg, 1983][Wellstrand, 1979]. Transfers the
problem directly to control systems mathematical descriptions, where the whole set of calculations available
in control system theory can be applied. Thisinclude dynamical simulation, steady state cal culation,
sensitivity analysis and in addition a vast number of description of the dynamic behaviour of the system under
study. Mostly used to simulate or sometimes emul ate systems together with a control device to study their
behaviour. Today alarge number of software tools has been devel oped for system control and signal
processing applications [SIMTECH].
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Multi Domain Analysis (Modelica)

Category
Simulation Purpose Stationary solution, Dynamic simulation, Optimisation,
Comparison, Uncertainty analysis etc.
Algorithm Not given
M odel Linearity Non-linear
Time Discrete — Continuous, depending on system
Space Usually Constant
Causality Non causal description
Description

First approach to describe multi-domain physical systems[MODELICA]. Modelicais a state-of-the-art
standardised external model representation devel oped to solve the interoperability problem amongst the large
variety of modelling and simulation environments available today. The board consists of alarge number of
leading research organisations, universities as well as commercial companies. Most probably more and more
simulation toolswill support this description in the future.

Computer Engineering - Mathematics

Graph Theory
Category
Cannot be categorised using the above scheme. Deal s with structures and combinationsin the structure.

Description

A method to analyse structures expressed in mathematical graphs, i.e. anumber of nodes connected with each
other to give a structure[Gross, 1999]. Traditionally used for evaluation of problemsin discrete mathematics
and combinatorics. The classical question to provide answersis “What is the shortest way between point x

and y, provided that each node must be visited only once?’ Also a number of other structural answers can be
found. One computer application has been found that supports experimenting with graphs and graph theory
related problems in an open and non complicated way [LINK].

Formal Methods
Category
Cannot be categorised using the above scheme. Deals with the logic of structures.

Description

A way to describe structuresin alogical manner [WWW Virtual Library, Formal Methods]. Used to verify
computer program, decision making chains, building construction checking, behaviour conformance checking
etc. It is constantly finding new areas of usage dueto its versatility. The output provides information about
logically consistency in different aspects. Mostly used computer tool is NP-Tool [NP-Tools].
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Simulation software

ASCEND
Category
Simulation Purpose Stationary solution, Dynamic simulation and Optimisation.
M ore modules can be connected.
Algorithm Slv, QRSIlv, LSODE, MINOS, LSSlv, Opt (SQP), CONOPT,
Make MPS etc. Depending on simulation.
Model Linearity Non-linear
Time Discrete — Continuous (ODE and DAE)
Space Discrete — Continuous
Causality Non causal object oriented description
Modelling Approach Inductive (Black Box)— Opaque (Gray Box) — Deductive
(White Box) (No restrictions)
1/0 Structure ASCEND IV
Media File
Description

The ASCEND simulator [ASCEND 1V] is an interactive, equation-based simulation application targeted at
process modelling and simulation. It has an open structure that allows any system that can be described by
differential and algebraic equations to be simulated. The open structure makesit possible to attain user
defined analyses, such as error propagation etc through user supported mathematical modules.

SPICE
Category
Simulation Purpose Stationary solution, Dynamic simulation, Sensitivity analysis
and Optimisation
Algorithm Not available
M odel Linearity Non-linear
Time Discrete — Continuous (Both available)
Space Constant
Causality Non causal description
Modelling Approach Deductive (White Box)
/0 Structure SPICE
Media File
Description

SPICE [SPICESJ] is ageneral-purpose analogue electrical circuit simulation program for nondinear dc, non-

linear transient, and linear ac analyses. Only electrical circuit elements are available. Other types of systems
need to be translated to their electrical counterpart to be modelled in SPICE.
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Dymola

Category
Simulation Purpose Stationary solution, Dynamic simulation
Algorithm DASSL, LSODE, DOPRI, DEABM etc.
M odel Linearity Non-linear
Time Discrete — Continuous (ODE and DAE) (Handles time- and
state events)
Space Constant
Causality Non causal object oriented description
Modelling Approach Inductive (Black Box)— Opague (Gray Box) — Deductive
(White Box) (No limitations)
1/0 Structure DYMOLA and MODELICA
Media File
Description

Dymola[DYMOLA] provides an object oriented modelling and simulation environment for model
construction, simulation and graphical representation. The models are described in a non-causal equation
oriented way. Object orientation enhances the modul arity of the models. The simulation module handles
ordinary differential equations (ODE) and differential-algebraic equations (DAE). It has avariety of
numerical integration methods: one-step, multi-step and extrapol ation methods. Mostly used for dynamical

simulation of large hybrid systems, such asreal time robot control, power plant simulation etc.
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