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1 Introduction

1.1 Background

Forests, most broadly defined as large land areas dominated by trees, are
“the dominant terrestrial ecosystem on Earth”, accounting for 80% of the
total plant biomass and a habitat for the majority of species on the Earth
[Pan et al., 2013].

Not surprisingly, forestry, silviculture, and the use of wood have a long history
intertwined with the history and development of the human race. Wood has
been an integral for developing the craftsmanship of modern humans, and
wooden tools dating back as far as 400 000 years ago have been discovered
[Radkau, 2012].

The modern forest industry grew spurred by a developing world and new
raw material requirements. The Finnish forest industry, started in the 16th
century, grew out of an increasing need to control the use of forests, as well
as their preservation [Tasanen, 2004]. Our client organisation, UPM, has its
roots in multiple different forest industry companies dating back to the 18th
century [UPM, 2019].

Today, the forest industry is mainly divided into two parts, the mechani-
cal and chemical forest industries [forest.fi]. The mechanical forest industry
includes products made directly from wood, whereas the chemical forest in-
dustry refers to products (pulp and paper) made using wood raw materials
and chemicals.

The forest industry and its products are becoming increasingly interesting
due to their possible impact on climate change. The “warming of the climate
system is unequivocal” and “unprecedented”, with the impact of agriculture,
forestry and other land use (AFOLU) being a significant source of emissions.
In 2010 24% of greenhouse gases released came from AFOLU [Pachauri et al.,
2014].

The forest industry, and its products’ impact on climate change, can be
viewed both directly and indirectly. Although forestry’s direct impact is sig-
nificant and it has been said that in forestry the “most cost-effective [climate
change] mitigation options are afforestation, sustainable forest management
and reducing deforestation” [Pachauri et al., 2014]; forestry and the forest
industry can have also positive impact indirectly through substitution. This
is when forest industry products are used instead of products made by fossil
fuels or other greenhouse gas (GHG) intensive materials.
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In order to compare the climate change effects of different industries and
products, one has to look at the whole life cycle of a specific product: from
raw materials and production, to its use and possible recycling, then finally
to its disposal as waste. To assess the climate change impact of such a life
cycle, one can calculate the total CO2 emissions (or CO2-equivalent (CO2-
eq) emissions, i.e. the amount of CO2 “emission[s] that would cause the
same integrated radiative forcing, over a given time horizon, as an emitted
amount of a greenhouse gas (GHG) or a mixture of GHGs” [Pachauri et al.,
2014], where radiative forcing (RF) is used to quantify the strength of climate
change drivers).

1.2 Motivation

This project addresses the world’s biggest problem at the moment - re-
source mismanagement (United Nations, European Union [2019b], Allen
et al. [2019]). The substitution effect, as the central aspect of this project,
has massive potential to rectify this mismanagement, as a mass of studies
shows, (Leskinen et al. [2018], Ruuska [2013], Hillman et al. [2015]).

Although the scope of this project does not allow the opportunity to fully
delve into cross-disciplinary areas (such as recycling policy, forest manage-
ment, public behaviour, fuel usage and more) it highlights the interconnec-
tions to be developed further in the future by the respective experts in these
fields. An example of these interconnections “the paper, glass, metals, plas-
tic, and organic material Stanford recycled in 2016 saved a total of about
70,481 million BTUs of energy; enough energy to power nearly 613 homes
for one year. Or said another way, conserved 12,131 barrels of oil or 567,3014
gallons of gasoline.” [Stanford]. These related disciplines ultimately deter-
mine the extreme points of our model, as well as being where the theoretical
knowledge gained in this project will come into fruition.

To develop coordinated policies between disciplinary areas, all parties need
to understand the entire process, which is where this project aim to have the
greatest impact - education. This way a forest owner can make an educated
choice as to whether their forest is better left standing or being part of the
forest industry. The public misinformation or prejudice is very prevalent in
resource management with different schools of thought. The main theme
investigated is the difference between viewing the forest as simply a carbon
sink - or whether to use it as a material source with no waste [UPM, b],
[Bastin et al., 2019]. This emphasises the fact that we don’t just need to
research the substitute effect itself, but teach other people about the powerful
changes that could happen if they change their role in this system.
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1.3 Objectives

UPM is one of the biggest operators in the Finnish forest industry [Metsäteol-
lisuus, 2019]. Forests are massive carbon stocks and understanding the cli-
mate effects of forestry, or any other industry for that matter, is now more
important than ever. The objective of this project is to use system dynamics
to model the carbon cycle in forestry. More specifically, the idea is to model
the entire Finnish forest industry and biological Finnish forests (apposed to
political forests). This is done by developing an interactive tool to help us
understand what kind of effects different features, parameters and products
have on the net impact of carbon emissions.

There are plenty of open questions related to forestry and the carbon cycle:
To what extent is using forests more efficient than conserving them? What
is the net impact of different actions? In which cases are forest based prod-
ucts better than their substitutions? These are only a few examples of the
motivating questions behind this project.

Another objective is to educate UPM - to improve conceptual understanding
and support the sustainable aims of the company. As mentioned before, the
model will be interactive, with the possibility to compare different products
and scenarios. The interactivity and visual figures of the model support the
educational aspect of the project. The target audience for the model is a
layman or a UPM worker.

2 Literature Review

Due to the broad scope for this project, the literature review was an impor-
tant re–scoping process. The main bodies of literature to investigate were;
system dynamics, educational tools and forest literature.

2.1 System Dynamics

System dynamics (SD) is a way of investigating the relationships within com-
plex and dynamic systems, by following a substance as it goes through a set of
processes [Senge, 1990]. SD is used to model the behaviour of these systems
through its feedback processes, i.e. positive and negative feedback loops,
different relationships (e.g. flows) and elements of complexity (e.g. stocks,
delays) Sterman [2001]. The systems are usually depicted with visual tools,
that package the important information into a clear layout. The standard
example of this is using a stock and flow diagram, with arrows representing
flows and blocks representing stocks (see Figure 2). The visual aspects make
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dynamic models easier to interpret over time than a spreadsheet calculation.
Dynamic modeling also gives the opportunity to investigate co–dependencies,
which spreadsheets cannot work with [Yearworth, 2014].

Figure 2: Example of a Stock and Flow Diagram

“System dynamics offers a consistent and rigorous problem–solving frame-
work for identifying the scope of the problem, eliciting participant views
about problem causes and system connections and identifying policy levers.”
[Stave, 2002]. Due to this SD, as a mathematical basis, has allowed for it-
erative development; so that our scope has been refined over the process. It
gave the opportunity to add detail as we saw fit, but to also have a complete,
if simplified, overall picture relatively early in the project.

2.2 Education

SD is a valuable educational tool as it introduces the user to an entire system,
giving a complete understanding of a process from cradle to cradle, or grave
(depending on the recycling possibilities of the product) [McDonough and
Braungart, 2010]. However, this system view has to be coupled with user
interaction to give an experimental learning experience from each stage of
the system and a deep understanding of the dependencies between processes.
Stave [2002]’s paper “Using System Dynamics to Improve Public Participa-
tion in Environmental Decisions” highlights how an individual’s theory, from
members of the public aiming to improve the air quality in Las Vegas Nevada,
could be tested without diverging the topic of the meetings as the model will
always concentrate on the discussed area. It also helped people understand
their different roles in the system [p144].

The advantages of any mathematical model should be accessed via a suitable
user interface to make it a proper educational tool. There are many carbon
dioxide calculators open to the public, namely; Hiilijalanjalkilaskuri [Uni-
versity of Helsinki, 2019], the American Environmental Protection Agency
United States Environmental Protection Agency (EPA), etc. However, these
and many other calculators with a strong scientific basis are based on an
Excel format which is hard to understand and not intuitive. “Autokalku-
laattori” [Suomen ilmastopaneeli and Suomen ympäristökeskus SYKE, 2019]
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– although having thorough references and the ability to change all of the
parameters – strikes the balance between being an expert and beginner by
first using the tool with the basic settings, but giving the option to expand
the parameter options. This gives versatility as well as makes it easy to use
for the user.

2.3 Forests and Environment

Forestry, the forest industry, and the use of the industry’s products make up a
complicated dynamic system; therefore SD is well–suited for modeling them.
Due to their ability to model complex systems, SD methods have already
been successfully used to model the climate change impacts of forests (e.g.
Härkönen et al. [2019]; Bonan et al. [2003]; Machado et al. [2015]) as well
as for carbon footprint modelling of different products and processes (e.g.
Trappey et al. [2012]; Shrestha et al. [2012]) and for climate policy makers
(Fiddaman [2007]). SD methods are especially well–suited for modelling
processes and supporting decision–making in matters which are complicated
and important such as environmental decisions (e.g. Stave [2002]).

Machado et al. [2015] developed a model for monitoring and evaluating forest
growth with SD and quantifying wood stocks and sequestered carbon. They
found that by shortening the harvest cycles suitably, it is possible to obtain
a gain of up to 21.0% in the sequestered CO2 stock in forests. Coulston et al.
[2015] used land use and forest inventory data to estimate how forest carbon
dynamics have changed in the southeastern United States. They found that
net decreases in forest carbon stocks caused by cutting were offset by forest
growth. In addition, estimated carbon stock changes indicated slowing of
carbon accumulation with anticipated forest aging.

3 Model Building & Data

3.1 Model Description

To facilitate the development of our model, we have had regular meetings
with our client UPM. Right from the start, it has been clear that the project
goals should be developed together with the model, and therefore there can
be no definitive requirements on the model or answers to many questions.
Thus we have worked iteratively, with each version giving more insights for
the client and allowing them, and us, to come up with new interesting ideas
and define a clearer direction for the project.
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The basic structure of our model is illustrated in Figure 3. The left-hand
side describes forest products, and the right-hand side their substitutes. The
arrows represent transmissions of carbon along the process. The substitute
products are not directly a part of the carbon cycle in forestry, but they are
taken into account whenever the product demand is not fulfilled with only
forest products.

Figure 3: The basic model structure and procession of carbon.

In the model, forests function both as carbon sinks (e.g. via forest growth)
and sources (e.g. via respiration). Forests are felled when there is demand for
forest products, and the carbon stored in trees is transferred to the products.
Manufacturing these products cause exogenous CO2 emissions. Manufac-
tured products can later be used to fulfill the demand by recycling, which
also causes exogenous CO2 emissions. If not recycled, the products become
waste, and the carbon in them is eventually released back to the atmosphere
by burning. The process is similar for the substitute products, but their
material sources do not function as carbon sinks nor sources.

3.2 Data Collection

For the data collection for this model, we have consulted a broad range
of sources to achieve a thorough understanding of the many subsystems in
material production and recovery; this has given us information about the
processes to be included in the model.
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To produce a complete set of data and a successful model we focused on the
forest industry in Finland as detailed information is available from Luonnon-
varakeskus [2019], Metsäteollisuus and UPM [a]. This meant we could also
assume the waste processing and material recovery scenarios are consistent
with the Finnish systems; which also includes a substantial amount of open
data. This process of modelling the Finnish situation meant we could not
consider exportation of the products made in Finland causing, a discrepancy
between Finnish production and consumption, which are considered equal
for this model. This allowed the system to not be over-complicated with
world wide recycling rates and end landscapes for each product and country.

The future production was computed with linear and nonlinear (exponential)
regression with the sum of squares method (for formulas see Appendix A.3).
This was performed on historic data (from Luonnonvarakeskus [2019] and
Fastmarkets RISI) ranging from 65 to 15 years in length. The predictions
were made using up to 80% of the earlier data (depending on the size of the
data-set). Later points were used as validation of the trends confirmed with
the root mean square error method, where smaller values are confirmation of
the models prediction. These methods provide statistically significant trends
for the next 100 years, which work as an educational baseline.

Scaling has been used on the paper functions to increase the harvest to
the levels recorded by Luonnonvarakeskus [2019] – around 80 million meters
cubed, including natural losses. All types of paper have been scaled as this
will account for pulp products not included in our model, including pulp
itself. The predictions of paper production and demand is therefore higher
than would be expected, accounting for the use of pulp in used in other
products other than paper, but under the paper label. This limits the model
in terms of accurate market forecasts, but does provide a scientific basis and
inclusion of an increased demand, production rate and consumption rate
which will occur and could interact with the possible production of forest
products.

Life-cycle CO2 emissions have been calculated for the stages of a prod-
uct’s life, which are considered as parameters in our model (growing of
trees, manufacture and recycling). UPM data is used for the forest prod-
ucts. The substitution products are calculated from contrasting international
databases (Phyllis2 [2020], Plastics Europe, United States Environmental
Protection Agency (EPA)), companies and other comparison studies. When
other sources are used the priority was given to UPM, Finnish research, Euro-
pean research, product databases and finally world research; particularly IEA
(International Energy Agency) and EPA (Environment Protection Agency –
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United States Environmental Protection Agency (EPA)), respectively. See
the complete set of data and sources in the Appendix A.4. Values from these
international data sets are also included in many material comparison studies
(Hillman et al. [2015], Ruuska [2013]) and mean averages are usually taken
to balance out the more extreme sources. To keep the emissions as consistent
as possible the electricity CO2 emissions coefficient given by UPM open data
was used at all times. This number represents the Finnish grid. When we en-
countered both energy consumption and CO2 emissions for a process, energy
values were used. However, when energy consumed was not given, all data
was gathered for verification of the data. Another form of validation was our
UPM mentors working with us to provide us with sensible end landscapes
and predictions.

Some subsystems could not be included due to a lack of complete data sets.
One of these is that recycled items do not necessarily recycle back into the
same product. In terms of paper the fibres get shorter each time they are
reprocessed meaning they must downgrade each time they are recycled [Tech-
nical Association of the Pulp & Paper Industry Inc., 2001].

3.3 Assumptions

Model building can be very complicated and to create a viable model – and
avoid an overly complicated one – we made some assumptions and simpli-
fications. This was done after doing research and discussing what are the
most relevant things in the model and what kind of things can be simplified.

As mentioned in the previous chapters, the model represents Finland and
Finnish forestry. Due to the lack of precise data and to not exceed the extent
of this project, the model uses aggregate numbers such that all Finnish forests
are considered as a single homogeneous forest. This means that different tree
species, locations, densities and ages are not taken into account, in other
words we assume that they are the same everywhere. For the same reasons,
these factors are not taken into account when modeling the forest growth,
apart from growth which is assumed to be a function of average age of forest.
This is discussed more closely in Section 3.4.1.

When substitutions are made, we assume that the demand is first met by the
forest products until the harvesting limit. The rest of the demand should be
filled by the substitute products, which are assumed to come from an infinite
source. In other words, there is not limit to the amount of products that can
be made from the substitute material.

The values for the recycling shares are mean averages of Finnish recycling
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data from 2018 [Tilastokeskus, 2018]. The recycling options are categorized
into material recovery, energy use and incineration of waste. As a simplifi-
cation, no landfill is taken into account and thus the amount of waste going
into landfill and other disposal is included in the incineration of waste. As
the data set used for analysing recycling shares does not specify the meaning
of material recovery, it has been assumed that material recovery implies that
each product becomes the same kind of product in the recycling process,
which is a simplification for everything aside from aluminium and glass. In
a perfect model, other materials would downgrade when recycled.

The consumer recycling rate used in the model is 100% – this means that
the economy is entirely circular and no consumer error is taken into account.
The EU within the “The European Green Deal” road-map has set a target in
which EU will reach a resource efficient nearing circular economy and net zero
emissions by 2050 [European Union, 2020]. This, however, also depends on
material recovery rates. Although we have assumed that consumer rates will
be 100%, the material recycling efficiency is assumed to stay at the current
rate, as this would involve predicting technological advances in the next 100
years which is simply not possible with our expertise. This means the model
returns a lower limit for plastics and paper recycling.

We are not considering the dynamics of economy. Producing, as illustrated
above, has been transformed by a factor into demand. This is a reasonable
assumption for the more temporary products e.g. paper, packaging and bio-
fuel. For the more permanent products (plywood and sawn goods) we assume
that the products being produced match the older products that are going
to waste handling. A specific example is that the amount of new plywood
put into a building will match the old plywood that is being replaced.

The model assumptions, values and equations have been set after doing re-
search and analysis of plenty of data sources. Using several data sources is
good for verifying and validating the model. On the other hand, some of
the data is company data which may not be objective. Therefore the model
should be used only for educational purposes, not as a scientific tool.

3.4 Model Building

The model was built in MATLAB’s Simulink, since it is suitable for simu-
lating dynamic systems and previously familiar to us. The approach for this
project was iterative not just in terms of modelling, but also in determining
what new data parameters need to be added to the model. This continu-
ous process of incremental data analysis gives the model a strong theoretical
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basis as we always refer and respond to the relevant literature.

The general process followed is indicated below

1. Carbon cycle from the atmosphere to forest, production of forest prod-
ucts, recycling, waste handling and back to the atmosphere

2. Defining a few products

3. Experimenting dynamic product demands

4. Adding simple recycling (material recovery)

5. Adding substitutions

6. Experimenting forest growth dynamics

7. Adding more realistic recycling with material and energy recovery and
incineration

8. Adding more and realistic products

9. Adding more realistic two-phase production, with solid wood and pulp
production

10. Adding dynamic demand predictions based on fitted functions

11. Building a graphical user interface (concurrent with many of the phases
above)

12. Validation and Sensitivity Analysis, bug fixing, final touches

Figures 9 to 13 in Appendix A.1 show the development process of the Simulink
model. Many of the changes are of course more detailed within the specific
subsystems. The final and full model is shown in Appendix A.1 in Figure 14,
and Figures 15 to 26 show the subsystems of this full model.

This building process was presented to UPM during each meeting we had
and went mainly to plan. The only general points to raise in the making of
the model were the appearance of “algebraic loops”, i.e. “circular references”
(e.g. supply of forest derived products determines the demand of substitute
and forest derived products, which then determine the supply of them, etc.).
Simulink has ways of automatically solving these algebraic loops, but to
compile a standalone executable simulation, which was our goal, we had to
introduce new dynamics in order to break these loops. This was done by
adding “transport delays” to the model to add a slight delay so processes
that influenced and interacted with each other didn’t happen at the same
time. These algebraic loops do not cause big problems to the results and
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transport delay blocks were added to keep the model continuous, with delays
of 0.1 time units (years), which is a small delay compared to the dynamics of
the model (demands changing on an annual basis), so they did not influence
the results unduly, and in fact made the model even more realistic (since
recycling of products can be assumed to happen only after they have been
produced).

Having said this these algebraic loops were avoided if possible. This meant
that when, during testing, we discovered that the recycling of substitute prod-
ucts was not accounted for in the demands of the forest this was not fixed.
This leads production to be slightly over-estimated for substitute products
with high recycling rates – e.g. aluminium. This only causes small discrep-
ancies in the results as the amount of aluminum in the system is relatively
low and stays stable after the initial production, due to the high recycling
rate (99.9%).

Where possible the model was validated with historical data [Luonnonva-
rakeskus, 2019]. However, details were sometimes overlooked, for example
the forest age structure. Although it would have been possible to develop
this into the model, there is little information available to validate the model.
This is a good example of how the data we gathered had real scoping prop-
erties even during the model development.

3.4.1 Forest Growth Dynamics

There exist many growth functions that have been used to model growths
of trees and forest stands as a function of age (see e.g. [Zeide, 1993] and
[Burkhart and Tomé, 2012]). In our model, we are adapting the so called
Gompertz function

g(t) = ae−be
−ct

, (1)

where g(t) is the wood volume per hectare of forest stand at time t; a is an
asymptotic parameter corresponding to the maximum volume per hectare,
and b and c describe growth rates. When modelling large forests that can
be harvested, age structures of forests can change and the same age does
not necessarily correspond to the same volume. Hence, instead of using the
Gompertz function (1) as such, we are using its derivative

g′(t) = abce−be
−ct−ct. (2)
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Thus, we assume that the yearly volume growths per hectare are the same
for forests of the same average age. The Gompertz function was chosen
because it has already been used to model forest growth in system dynamics
[Machado et al., 2015], and seemed to fit our data well.

We used data from Luonnonvarakeskus [2019] for the annual growths per
hectare and to calculate the average ages of Finnish forests. This data is
shown in Table 1. The Gompertz function was fitted to the age-growth data
in MATLAB using the lsqcurvefit()–function, which uses the least-squares
method to estimate the function parameters b and c. The value for parameter
a was chosen based on the statement by Pukkala [2017], according to which
the wood volume in Finnish forests could be at least tripled compared to
the current volume. According to Luonnonvarakeskus [2019], the volume of
timber in Finnish forestlands and the area of forestlands were 2409 (mill. m3)
and 20.276 (mill. ha), respectively, in 2014-2018. Thus, a ≈ 3·2409/20.276 ≈
356 (m3/ha).

Table 1: Average ages and annual growths of Finnish forests [Luonnonvarakeskus,
2019]

Timespan
Average Age
(years)

Growth
(m3/ha/year)

1964-1970 73.82 2.9
1971-1976 70.33 2.9
1977-1984 67.79 3.4
1986-1994 65.94 3.8
1996-2003 64.59 4.2
2004-2008 62.01 4.9
2009-2013 61.66 5.1
2014-2018 61.49 5.2

As the interval of the estimated average ages [61.49, 73.2] is quite small in
respect of the shape of the Gompertz function, we used leave-one-out-cross-
validation (LOOCV) to test the robustness of the fit. That is, in addition
to fitting the Gompertz function to all the data points, we left each of the
data points away one at a time, and fitted the function to these subsets of
the data. The data points and all the fitted curves are plotted in Figure 4.
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Figure 4: Data points and curves of the fitted functions (2).

The estimated values are b ≈ 19.3 and c ≈ 0.0698 when using all the data
points. We can see that leaving individual data points out does not affect
the curves drastically, especially with values close to the most recent aver-
age age of approximately 61.5 years. The biggest difference happens with
the largest growths. The greatest total growth according to the fitted curve
would be approximately 9 m3/ha/year · 20.276 · 106 ha ≈ 180 mill. m3/year.
According to Mäntyranta [2016], the annual growth of Finnish forests could
be 150 mill. m3, so we assume that there is no need for the greatest theo-
retical growth to be more than 180 mill. m3/year. Thus, the function fitted
using all the data points is considered satisfactory for our model.

In the model, the forest can be harvested either by thinning or final felling.
Only the latter has an effect on the average forest age, and the default value
for final felling is 22% of total harvesting. These are based on our meetings
with the client. In addition to final felling, the natural loss of forests can
decrease the average age. Because we do not know the precise age structures
of the forests being harvested or lost, we simply assume that x% of final
felling and natural loss from the total forest volume decreases the average
age by x%. This might be a strong assumption, hence we run the simulations
with different final felling percentages to see the effect of forest age on the
results.
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4 Results

The default values used in the model are shown in Table 2. Where necessary
the values are further referenced in the appendix.

Table 2: Default Values for the Simulation

Variable Value Reference

Simulation Time 60 years UPM Advice
Harvesting Limit 3.42% Luonnonvarakeskus [2019]
Predicted Demand Functions See Appendix A.3 Luonnonvarakeskus [2019]
Sawn Wooda 11330000 m3 Luonnonvarakeskus [2019]
Plywood 1090000 m3 Luonnonvarakeskus [2019]
Packaging Paper Substituted by LDPE 24000000 tonnes Fastmarkets RISI, Scaled by 20
Packaging Paper Substituted by HDPE 24000000 tonnes Fastmarkets RISI, Scaled by 20
Packaging Paper Substituted by Glass 24000000 tonnes Fastmarkets RISI, Scaled by 20
Packaging Paper Substituted by Aluminium 24000000 tonnes Fastmarkets RISI, Scaled by 20
Graphic Paper 90760000 tonnes Fastmarkets RISI, Scaled by 20
Tissue Paper 3240000 tonnes Fastmarkets RISI, Scaled by 20

a Values for woods and papers are initial demands.

4.1 With Default Final Felling

The simulations were run using the sustainable harvesting limit as in Table 2
and with the harvesting limit being 0%, which would mean that there is no
forestry and only substitute products are used. As a result, Finnish forest
volume, atmospheric CO2, annual drain (i.e. total harvesting and natural loss
of forest), average age of the forest and total energy generated by burning
the waste were plotted.

The results of the simulations when using the default final felling percentage
of 22% are shown in Figure 5.
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Figure 5: Results of the simulations when using the default final felling percent-
age.

We can see from Figure 5 that the forest gets older which causes the for-
est growth to decrease according to the growth function in Figure 4. The
forest volume decreases until the sustainable harvesting limit is achieved af-
ter approximately 30 years. This does not seem realistic, as according to
Luonnonvarakeskus [2019] the Finnish forest volume, annual harvesting and
annual growth have been increasing during the last decades while the average
age has been decreasing. Even though the 22% final felling might be close to
the real value, it seems to make the results unrealistic in this model. Thus,
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to test the sensitivity of the model, the same simulations will be run with
larger final fellings as well.

4.2 With Larger Final Fellings

The same simulations were run using the final felling percentages of 50%
and 80% to see how the age of the forest affects the results. These percent-
ages were chosen arbitrarily. The plots from these simulations are shown in
Figures 6 and 7, respectively.

Figure 6: Results of the simulations when final felling is 50% of total harvesting.
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Figure 7: Results of the simulations when final felling is 80% of total harvesting.

Figures 6 and 7 indicate that larger final felling percentages make the forest
younger on average, as they should. Younger forests grow more making the
forest volume bigger, and thus the harvesting limit is not achieved and the
demand can be fulfilled with forest products.
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5 Discussion

5.1 Scenario Analysis

5.1.1 Growth and Carbon Sequestering

By leaving the forest to grow i.e. making all products from their respective
substitutes, more CO2 emissions are released into the atmosphere. Forest
products have lower life-cycle costs compared to the other materials in this
study, further contributing to the effect of forest products releasing less emis-
sions. This is in accordance with Pachauri et al. [2014], who stated that
forestry and forest industry can have a positive impact on climate indirectly
through substitution. After 60 years the atmospheric CO2 released by sub-
stitute manufacture is around 4 times higher than the amount released with
a sustainable harvesting rate. This is true across all final felling percentages.
The annual drain is also consistently and significantly higher when forest
products are produced, as without forest products the drain consists only of
natural loss. Although the forest is able to grow more and thus sequester
more CO2 if forest products are not used (Figures 5 and 6), this does not
make up for the difference in the life-cycle costs of the products produced.
This effect is intermixed with the age of the forest.

By managing forests we are lowering the age, and therefore keeping the trees
within the optimal sequestering age; where they absorb the most amount
of CO2. We see in Figures 5-7 that by harvesting forests, such that the
age remains lower, the forest volume can increase more and thus forests can
sequester more CO2. This is in accordance with the papers by Machado et al.
[2015] and Coulston et al. [2015] that stated suitable harvesting and younger
forest age indicate better carbon accumulation, as described in Section 2.3.
To keep the age of the forest lower, we should harvest it - a result agreed
within greater literature e.g. [Pachauri et al., 2014]. However, we should also
remember that to harvest for some forest products, such as sawn wood, the
trees have to reach a certain width, and therefore age, to be useful.

Although using forest products does appear to release less CO2 emissions
than using purely substitutes, we also observe that the demand cannot always
be fully supplied with only forest products. When using the larger final
felling percentages and the predicted demand for the next 60 years, we do
not need to use substitute products. This means that the forest is capable
of supplying the amount of raw materials needed to make these products,
without the need for substitute materials and without exceeding the current
sustainable harvesting limit. This could be due to the effect of the forest
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volume increasing more quickly with a smaller age; meaning there is more
forest to produce from. This could be a factor of our representation of the
forest growth. When the final felling is at the default level, the forest volume
starts to decrease slowly, with the annual drain changing dramatically around
the year 2050. This drop indicates that the production of forest products is
growing quicker than the forest growth. This utilisation rate of the forest
increasing over the growing rate agrees with other predictions of forest use
with future demand of biofuel [Seppälä et al., 2019], but overall research is
split on whether the future demand of the forests in Europe will increase over
the growing rate Agency [2018].

When looking at a smaller plot of land, for example the average privately
owned forest area: 30.5 hectares [Luonnonvarakeskus, 2019], we see the same
patterns simply scaled down. This is intuitive as nothing has changed in the
model apart from the number of trees.

Ultimately the suitable harvesting limit is also very sensitive as the difference
between these two situations (using forest products or only substitute prod-
ucts) is 3.42% of the volume harvested. This value is not only dictated by
CO2 levels, but biodiversity amongst other factors meaning it has not been
investigated in this study - it is enough to note the sensitivity.

5.1.2 Energy Generated

The energy generated from burning products is larger when considering the
substitute products rather than just forest products. This could be because
plastic products have a higher energy potential as well as a lower recycling
rate leading to more products being burnt for waste. The numbers are also
large due to the Finnish energy recovery rates from waste being so high
compared to plain incineration (see Appendix A.4).

The energy generated from the system in terms of the forest products with the
default settings matches the Luke historical data, i.e. 15,172 TWh produced
by Finland in 2019 [Luonnonvarakeskus, 2019]. The Luke value includes some
wood being directly put into energy, not only as energy produced by waste
of the process.

5.2 Usability

The GUI is quite intuitive, with switches, sliders and tabs to separate dif-
ferent sections, and boundaries to prevent the user from being able to set
the values dramatically out of our range. System dynamics works best close
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to the baseline, and limiting options in certain places makes it possible to
keep the user in a numerical domain for which there is more confidence. This
means that the results are more accurate in this region as the data, research
and our developments have been done in this area. In reality, systems tend
to adapt when we get closer to the limiting factors, which is something our
model does not take into account.

The GUI allows the user to change the simulation time, the harvesting limit
and final felling percentages, and the initial product demand values. In ad-
dition, the user can choose whether to use predicted future product demands
or constant products demands.

Running the simulation generates the results as separate plots, each of which
containing both the scenario where we use forest products within the sus-
tainable harvesting limit, and the scenario in which only substitute products
are used. As the two scenarios are plotted into the same graphs, it is easier
to compare which scenario seems better. As shown in Figure 8, the GUI
includes four tabs. The first three tabs include the plots, and the fourth one
includes summarized information about the model data and assumptions.

Figure 8: The graphical user interface.

As for the usability of the GUI, the interface has been designed as intuitive as
possible. In addition, the interactive parameters are chosen so that the results
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are interesting and realistic. However, there was no experimenting within test
users and hence, we did not get any constructive feedback for the GUI as we
originally planned. This was partly due to the unusual circumstances, later
discussed in detail.

6 Conclusions

6.1 Criticisms and Future Improvements

Ultimately the situational factor of the COVID-19 virus meant that some
university technology was not available, as well as the time lost by the com-
plications of remote working on our and UPM’s behalf. This means that the
limited resources we had for this project (as a 5 credit university course) be-
came slightly slimmer. Luckily, this had no large impact in the development
of the model, due to the very open brief, however further development could
have been made in any one of the areas mentioned in this section as well as
being able to test the application on a test group.

When making such a complex system into a mathematical model, many sim-
plifications and assumptions have to be made. In terms of our assumptions
some are more influential than others. After sensitivity analysis we can see
that the final felling and therefore age of the forest have a considerable effect
of the forest growth, meaning the addition of different forest structures could
have a noticeable effect on the above results. The demand or production can
also create discrepancies, because working with limited open data and not
considering all forest products mean that the demand rates had to be modi-
fied to fit a real world harvesting rate. Furthermore, there are challenges in
extrapolating data over 100 years.

Some features that could have given a greater picture of the entire problem
would be to make the system more symmetrical with more on the source for
every material in the system, not just the forest products. This could be
achieved by defining more subsystems/blocks such as differing manufacture
processes, material supply limits and separate transportation costs. Recy-
cling is another detailed system that could be expanded, including the re-
cycling of a product into a downgraded product, having different recycling
technologies and allowing efficiency to change over time. However, adding de-
tails to the model would move away from an educational tool into a scientific
one, which was not our objective.

The available data for this project is from wide ranging sources. These varied
sources give room for error and meant that some subsystems could simply
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not be included. Although it also permits constant validation of the data
we are gathering, it would be of interest to investigate how differently the
model behaves if we were to use a consistent data sources which are currently
behind pay walls or confidentiality certificates (e.g. a company’s own data or
the data from places like Ecoinvent [2019], Fastmarkets RISI, Suhonen and
Amberla).

Rather than using the production values and scaling, having demand data
and more products would have meant that our need to scale these production
values would be much lower. Although scaling is more often than not needed
in these studies, some of the scaling could be avoided.

Another nice feature to add in further iterations would be the ability to
change the fuel source for each process (i.e. biofuel powered manufacturing
and recycling). Currently the emissions used are from the average Finnish
electricity grid. However, what would happen if the make up of the grid
changed? What if processes became less fuel intensive in the future? Does
this favour certain materials over others as their manufacturing cost might
not make up for the CO2 released by their energy recovery at the end? And
would this energy recovered be needed? As we see, there are plenty of inter-
esting questions to be answered still.

In terms of the forest parameters we have only considered a generic tree
rather than taking species, and products from said species into account. An
interesting avenue would be to allow for different types of species and different
growing conditions, to be able to consider a worldwide view.

The worldwide view is important as ultimately CO2 emissions are not limited
to one country. Not only will imports and exports (in Finland’s case mainly
pulp) of various materials have a CO2 cost, the fuel make up of the man-
ufacture process will differ per country implying different emissions within
this. Infrastructure is also not equal in each country - recycling infrastruc-
ture is lacking in the developing world as well as in some European countries
[World Bank, 2019, European Environmental Agency, 2019]. Although this
is changing, with an “Africa Plastics Recycling Alliance” created by lead-
ing companies such as Nestle and Coca-Cola to make recycling accessible in
Sub-Saharan Africa [Diageo, Unilever, CocaCola, Nestle, 2019], the change
is neither quick nor universal.

In our model we have, in essence, assumed that the same amount that is
produced also goes to recycling each year. From the perspective of data
flows, this means that like there is no delay between production and recycling,
i.e. products get “instantly” recycled; products have no “lifetime”. This is
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based on the assumption that the amount produced is approximately the
same amount that is going to be destroyed that year and needs “replacing”,
i.e. we assume the waste is already the average age of the products and the
amount is equal to the amount produced. This is most likely roughly valid
for products with short lifetimes (paper or plastic bags etc.), but may be
unrealistic for products with a longer life span (e.g. construction materials)
which can store carbon for a significant period of time. This is a simplification
in our model, and an approach to remove this would be to add some kind of
stock of products where they are stored for their life span using some delays
(that must be product-specific) and only recycling the products when they
have come to the end of their lives. This would of course require us to find
the product-specific life spans or, for even more realism, find the average ages
for different uses, giving a distribution of life times for each product.

We did not have time to experiment with users of the user interface due to
time constraints. Had we had the opportunity, watching them interact with
the interface would have taught us if the vocabulary we have been using is
accurate and understandable. We would also have been able to verify if the
model acts in a way that a UPM expert would consider logical, or at least
as much as an educational tool can be, and in a way that a layman can
understand. We could have also developed extra features that would interest
the focus group.

6.2 Final Summary

Our simulation results show that the use of forest based products reduces
the amount of CO2 equivalent gases released to the atmosphere compared
to substitute materials. This happens due to the relatively low life cycle
emissions of the Finnish forest products as well as the forest having a younger
age, and therefore staying at optimal sequestering age.

The results are fairly consistent across the different final felling percentages
considered (see Section 4). However, the final felling percentage and therefore
age of the forest has the most pronounced effect in the system.

The future wood demand and the inclusion of more products would greatly
improve the accuracy of the model in terms of the production interacting
with the sustainable harvesting limit.

Generally and educationally we have a scientifically based model of how the
harvesting of the forest interacts with the levels of atmospheric CO2, which,
as with any model, could be improved with increased detail and the addition
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of more subsystems as well as the controls to define all of these values being
added to the user interface.
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A Appendix

A.1 Simulink Model

A.1.1 Simulink Model – intermediate steps

Figures 9 to 13 show the development process of the Simulink model during
the different development phases outlined in Section 3.4. The subsystems
are only shown as shadows inside their respective blocks, to save space they
are not shown in separate figures.
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Figure 10: Block diagram of the Simulink model after development phase 5 (see
Section 3.4).

GPP

demand_raw_wood
(m3)

respiration_and_losses
(t)

FOREST_stock
(m3)

raw_wood_to_production
(m3)

Need	of	CO2

FOREST

(m3)

(t)

(m3)

(m3)

Respiration	and	losses

Burning

Exogenous	CO2
(t)

CO2	to	GPP

ATMCO2_stock
(t)

CO2_to_GPP
(t)

ATMCO2

(t)

(t)

(t)

raw_wood_to_production
(m3)

demand_forest_products

recycled_to_production

demand_raw_wood
(m3)

production_exogenous_co2
(t)

production_to_consumption

FOREST_PRODUCTION

(m3)

(m3)

(t)

waste_in

waste_exogenous_co2
(t)

burning
(t)

FOREST_WASTE

(t)

(t)

Scope	(ATMCO2,	FOREST)

waste_in

recycling_exogenous_co2
(t)

to_waste

recyled

FOREST_RECYCLING

(t)

Exogenous	CO2

substitute_product_supply

forest_product_supply

demand_substitute_products

demand_forest_products

DEMAND

substitutes_to_consumption

substitutes_production_exogenous_co2
(t)

Production	emissions	per
produced	unit	of	substitute

product
recycled_substitiutes_to_production

demand_substitute_products

Net	demand	on
new	products

demand_substitute_products

recycled_substitiutes_to_production

substitutes_production_exogenous_co2
(t)

substitutes_to_consumption

SUBSTITUTE_PRODUCTION

(t)

waste_in

substitute_waste_exogenous_co2
(t)

substitute_burning
(t)

SUBSTITUTE_WASTE

(t)

(t)

waste_in

substitute_recycling_exogenous_co2
(t)

to_waste

recyled

SUBSTITUTE_RECYCLING

(t)

Waste	burning	CO2

Figure 11: Block diagram of the Simulink model after development phase 6 (see
Section 3.4).
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Figure 12: Block diagram of the Simulink model after development phase 7 (see
Section 3.4).
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Figure 13: Block diagram of the Simulink model after development phase 9 (see
Section 3.4).

A.1.2 Simulink Model – final model

Figure 14 shows the top level diagram of the final Simulink model. Figures 15
to 26 show each of the subsystems of the top level diagram.
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Figure 14: Top level block diagram of the final Simulink model.
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Figure 15: Block diagram of the Simulink model’s subsystem ATMCO2.

Figure 16: Block diagram of the Simulink model’s subsystem DEMAND.
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Figure 17: Block diagram of the Simulink model’s subsystem FOREST.
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Figure 18: Block diagram of the Simulink model’s subsystem FOR-
EST PRODUCTION.

Figure 19: Block diagram of the Simulink model’s subsystem FOR-
EST RECYCLING.
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Figure 20: Block diagram of the Simulink model’s subsystem FOREST WASTE.
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Figure 21: Block diagram of the Simulink model’s subsystem SUBSTI-
TUTE PRODUCTION.

Figure 22: Block diagram of the Simulink model’s subsystem SUBSTI-
TUTE RECYCLING.
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Figure 23: Block diagram of the Simulink model’s subsystem SUBSTI-
TUTE WASTE.

Figure 24: Block diagram of the Simulink model’s subsystem RECOV-
ERED ENERGY.
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Figure 25: Block diagram of the Simulink model’s subsubsystem GROWING
(inside FOREST).
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Figure 26: Block diagram of the Simulink model’s subsubsubsystem AGE (inside
GROWING, which is inside FOREST).

A.2 Substitutions

Substitutions are compared by finding the number of products that can be
made from the given unit (tonnes or m3) and then working out the CO2 cost
for making the same amount of products for substitution data. This means
that for 1 tonne of packaging paper we consider to be 2000 paper wraps,
giving 2000 plastic trays adding to 0.8 tonnes of LDPE.

Table 3: Comparison Products Weight Comparison

Material Unit in the System Number of Items
Comparison
Material

Number
of Items

Amount
of Material

Sawn Wood 1 m3 50 boards HDPE Plastic 50 boards 1 m3

Plywood 1 m3 50 boards HDPE Plastic 50 boards 1 m3

Packaging Paper 1 tonne 2000 paper wraps LDPE Plastic 0.8 tonnes
Packaging Paper 1 tonne 2000 paper wraps HDPE Plastic 0.9 tonnes
Packaging Paper 1 tonne 2000 1 litre Carton Glass Bottle 15 tonnes
Packaging Paper 1 tonne 2000 500ml Carton Aluminium Can 1.2 tonnes
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A.3 Demand Functions

Demand formulas used in the model. With t as time-step of the model
starting from t = 0, year = 2019.

Sawn Wood

d0
113300000

(58122.12544t) + d0

Plywood

d0
1090000

(14159.47179t) + d0

Packaging Paper

d0
4800000

(100800t) + d0

Graphic Paper

d0
4538000

(
9.2686 · 10259(2019 + t)−76.6235818 − 9.2686 · 10259 · 2019−76.6235818

)
+ d0

Tissue Paper

d0
162000

(
1.98 · 1041(2019 + t)−10.9158334 − 1.98 · 1041 · 2019−10.9158334

)
+ d0

A.4 Production Data Values and Sources

The numbers listed below are directly used in the model unless otherwise
stated.

In terms of the UPM data we received the Table 4 of 2019 values along with
the side-flow of consumption of saw-milling and plywood being 13,945,000
m3 (approximately half of the initial sawn lumber and plywood volume) and
the side-flow consumption of pulp giving 120,000t of tall oil, which is then
converted into 120,000t of bio-diesel. Plenty of these manufacturing values
are also available in UPM’s Environmental Certificates. Metsä Wood’s tissue
cost does not have an official value, but is certified by environmental certifica-
tions, therefore the certification upper bound was taken as the manufacturing
value (Nordic Ecolabelling [2011-2022], European Union [2019a]).

Because the construction of the production predictions was based on Luke
data [Luonnonvarakeskus, 2019], Plywood and Sawn Wood 2019 values are
109,000 m3 and 11,330,000 m3, which are similar to the data provided by
UPM.
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Table 4: Data from UPM for the year 2019

Product Harvested
Finnish
Wood, m3

Production
in Finland

Pulp Con-
sumption,
tonne

Bark (b)
or Lignin
(l) Loss

Manufacture
and Trans-
port kg CO2
per Unit of
Production

Recycling
Cost

Sawn
Lumber

25256000 12628000 (m3) 0 10 % (b) 31 0

Plywood 2634000 1317000 (m3) 0 10 % (b) 1667.75 0
Packaging
and Spe-
cialty

0 4800000 (t) 0.37 373.75 1050

Graphic
Paper

6439000 4538000 (t) 0.36 10 % (b) 373.75 1050

Tissue
Paper

0 162000 (t) 0.68 1100
(Metsä Wood)

0

Energy 7586000 15172000
(MWH)

0 0 0

Pulp Pro-
duced

26750000 8300000 (t) 0 23% (l) 366.67 0

Exported
Pulp

13497470 4177000 (t) 0 23% (l) 366.67 0

Biofuels 0 120000 (t) 0 740 0

Table 5: Recycling Data from Dahlbo et al. [2011] including transport and recy-
cling into a new product

Material Carbon Emissions

Paper 1.05 tonnes per tonne
Metal 0.13 tonnes per tonne
Glass 0.57 tonnes per tonne
Plastic 2.33 tonnes per tonne
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Table 6: Recycling Rates from Tilastokeskus [2018]

Material
Material
Recovery

Energy
Recovery

Incineration

Paper 0.929 0.071 0
Metal 0.999 0 0.001
Glass 0.887 0.112 0.001
Plastic 0.631 0.360 0.008

Table 7: Carbon and Energy Data from Phyllis2 [2020]

Name Name in System
Carbon Content,
wt%

Net Calorific
Value, MJ/kg

Diesel Oil (#1468) Diesel Oil 86.50 42.82
Biodiesel (#1509) Loses used for biofuel 51.41 23.86
Wood Birch + Maple (#68) Swan Lumber / Plywood 44.87 16.26
Paper, Mixed Office Paper, Pellet (#1509) Graphic Paper, tissue paper UPM Value Used 13.25
Paperboard (#2168) Packing Paper UPM Value Used 14.07
Bark (#1409) Loses Used For Fuel 41.01 18.71
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Table 8: Data used within and in validation of our model

Value Use Source
Type

Used or
Reference

URL

Plastic Lumber
1.600 kg CO2 per kg Plastic lumber production and drilling Used Company www.geosynthetica.com/carbon-footprint-hdpe-geomembranes/

1.478 kg CO2 per kg Plastic lumber production and drilling Used Company info.dordan.com/hs-fs/hub/194012/file-19954038-pdf/docs/environmental_tech_brief_hdpe.pdf

1.539 kg CO2 per kg Average Value Used By The Model
High Density Polythene (HDPE)

1.8 kg CO2 per kg HDPE Granulated including extraction Used European
Database

https://www.plasticseurope.org/en/resources/eco-profiles

1.5299111 kg CO2 per kg HDPE Virgin Packaging including extrac-
tion

Used American
Database

https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

0.493615005 kg CO2 per
kg

HDPE 100% Recycled Packaging includ-
ing extraction

Reference American
Database

https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

0.51704 kg CO2 per kg HDPE manufacturing process Used Research
Paper

https://www.researchgate.net/publication/257408797_Carbon_footprint_analysis_in_plastics_manufacturing

0.9615 kg CO2 per kg HDPE Virgin Average Value Used By The Model
0.4936 kg CO2 per kg HDPE Recycling Average Value

Low Density Polythene (LDPE)
1.87 kg CO2 per kg LDPE Granulated including drilling Used European

Database
https://www.plasticseurope.org/en/resources/eco-profiles

1.794184417 kg CO2 per
kg

LDPE Virgin Packaging including extrac-
tion

Used American
Database

https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

2.13 kg CO2 per kg LDPE Production Used VTT
Database

https://www.vttresearch.com/sites/default/files/pdf/technology/2013/T115.pdf

1.9314 kg CO2 per kg LDPE Virgin Average Value Used By The Model
Plastic

2.10 kg CO2 per kg Plastic Average Reference Research
Paper

https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf

1.30 kg CO2 per kg Recycled Plastic Average Reference Research
Paper

https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf

Aluminum
12 kg CO2 per kg Aluminium Virgin Used American

database
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

2.37 kg CO2 per kg Aluminium Recycled Reference American
Database

https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

7.10 kg CO2 per kg Aluminum Virgin to Sheet Reference European
Database

https://www.european-aluminium.eu/media/2052/european-aluminium-environmental-profile-report-2018-executive-summary.

pdf

11 kg CO2 per kg Aluminium Virgin Used Nordic
Study

https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf

0.4 kg CO2 per kg Aluminium Recycled Reference Nordic
Study

https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf

11.498 Aluminium Packaging Virgin Average Value Used By The Model
1.38 Aluminium Packaging Recycled Average Value

Glass
0.42 kg CO2 per kg Glass Packaging Virgin Used American

Database
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

0.3 kg CO2 per kg Glass Packaging Recycled Reference American
Database

https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_

materials.pdf

0.62 kg CO2 per kg Glass Bottle (469g) Used Study
0.59 kg CO2 per kg Glass Bottle (365g) Used Study
0.9 kg CO2 per kg Glass Virgin packaging Used Nordic

Study
https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf

0.92 kg CO2 per kg Glass packaging Used Austrian
Study

Wohner et al. [2019]

0.864 kg CO2 per kg Glass Packaging Virgin Average Value Used By The Model
0.30 kg CO2 per kg Glass Packaging Recycled Average Value
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www.geosynthetica.com/carbon-footprint-hdpe-geomembranes/
info.dordan.com/hs-fs/hub/194012/file-19954038-pdf/docs/environmental_tech_brief_hdpe.pdf
https://www.plasticseurope.org/en/resources/eco-profiles
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.researchgate.net/publication/257408797_Carbon_footprint_analysis_in_plastics_manufacturing
https://www.plasticseurope.org/en/resources/eco-profiles
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.vttresearch.com/sites/default/files/pdf/technology/2013/T115.pdf
https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf
https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.european-aluminium.eu/media/2052/european-aluminium-environmental-profile-report-2018-executive-summary.pdf
https://www.european-aluminium.eu/media/2052/european-aluminium-environmental-profile-report-2018-executive-summary.pdf
https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf
https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/warm_v14_containers_packaging_non-durable_goods_materials.pdf
https://norden.diva-portal.org/smash/get/diva2:839864/FULLTEXT03.pdf


Self Assessment

Overall our team worked effectively together, naturally dividing roles to dif-
ferent members and working on problems as they came up – such as a small
lapse in communication when the university transitioned into remote working
and team member illnesses. These roles did, however, prevent any of us from
developing a complete understanding of each aspect of the model and led us
to prioritise our areas and sometimes forget the other aspects of the model.
However, all worked consistently harder than the allotted credits, showing
there was no lack of effort.

The scope of the project remained fairly unchanged over the course of the
project. The final results reflect less on the substitution effect of a single
change, for example the difference between plywood and plastic lumber, but
the difference between total production and partial production of all forest
products against all substitution products.

As in the interim report there have been few encounters with the risks of this
project. Although most risks are present in our model to a certain degree; for
example some areas are complex, some are simplified, adding more complex
and consistent data would add to reliability and time has been lost due to
COVID-19; these risks are not present to a level where we would consider
the project to have failed on any of these counts.

In terms of time management and the schedule, there were no great prob-
lems, however not enough time was left for debugging and building the final
touches towards the end of the project. This meant that the project, al-
though completed before the deadline, took a lot of our time towards the
end. This was, in combination, due to a lot of errors associated with the
user interface, which took time away from other aspects of the project. For
a future projects we have learnt that more time should be given to the devel-
opment of the user interface; not necessarily due to the difficulty of the user
interface, but to insure that if there are initial problems these do not impact
the other aspects of the project. The earlier delays complicated later tasks
that depended on the previous ones.

We also experienced occasional set backs whilst waiting for UPM to respond,
meaning certain aspects of the model were developed without as much impact
as we would have liked, for example the final functionality of the user interface
as well as the processing of the wood into products. However, due to these
delays being after the COVID-19 outbreak they were understandable. The
open nature of our scope also meant that this did not have a great impact
in terms of the models final success, just in defining the details.
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Overall we have a reliable, realistic model for educational purposes, which
UPM were satisfied with and discussed further uses for during our last meet-
ing. In terms of a general understanding of the domain, the model captures
the overriding structures of the forest industry, in particular forest growth,
and suggests sensible substitutes where available. This is coupled with an
intuitive GUI allowing the user to input their own data to truly understand
the system better.

This project could always be improved on, as is the nature of system analysis;
there will always be another subsystem to add. However in terms of the
biggest improvements one would be to fix the demand so it considers both
the recycling of substitute and forest products, not just the forest products.
Although lifespans go beyond the scope of this project, both the demand and
lifespans of the project could be implemented together. Secondly, achieving
a realistic harvest without scaling, which could be achieved by adding more
products to account for more of the missing demand in our system. These
products could have been added had we more time at the end or noticed
this problem earlier. Time management is the third biggest problem we have
experienced due to differing commitments, the COVID-19 pandemic, illness,
as well as not accounting enough time to overcome the unexpected difficulties
involved with building the user interface and the sheer size of this topic. In
terms of the latter, we could have asked more expertise from the teaching
staff to find what their priorities and sources would have been. A lot of time
was spent researching every aspect of this problem and finding data, so being
given a few good studies could have also saved us time.
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