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Abstract. A system dynamics model for assessing the greenhouse gas (GHG) emissions from
forestry and forest land is presented in the paper. The model is based on the IPCC guidelines for
national GHG inventories and includes the main elements of the forestry sector, i.e. changes in
the living biomass, dead organic matter and soils. The developed model allows simulating various
policies and measures implemented and decisions made, and their impact on change in the GHG
emissions. Various scenarios of potential development in the medium-term planning were
simulated till 2030 to assess their impact on the GHG emissions. It is found that the most
sustainable option would be use of wood processing waste for production of e.g. wood chips or
some added-value products. The case of Latvia is selected for simulations, as forests compose
about 52% of the country’s area. Nevertheless, by changing specific parametric values the model
can be adapted and applied for estimation and analysis of GHG emissions from forestry in other
countries, as well.
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INTRODUCTION
Latvia is the fourth most forested country in Europe. About 52% of the country’s
total area is covered by forests, which is 3.5 million hectares (State Forest service). Over
the last century, Latvian forest areas have nearly doubled – in 1923, the forest area
accounted for only 27% of the country’s territory. The forest area continues to increase,
though on a slower rate (Forest sector in Latvia). The forest areas have increased mainly
due to the natural and artificial afforestation of agricultural land (State Forest service).
Usually, the naturally afforested land contains generally more inferior stands.
An indicator characterizing the increasing forest resources in Latvia is the fact that
the annual increase in wood stock is triple of the increase of the forest areas (State Forest
service). Thus, it can be stated that the forest land increases as a result of targeted forestry
activities. Over the last decade, the annual amount of round wood extracted has been
around 12 million m3 (State Forest service). The amount is smaller than the natural
increment, thus the Latvian forestry can be considered as sustainable.
The forestry sector is directly associated with the greenhouse gas (GHG) emissions
that are released and removed simultaneously. Latvia is one of the few countries where
more emissions are removed than emitted (LNIR, 2014). This is due to the comparatively
large forest areas and living forest biomass that is able to remove emissions released by
other sectors (agriculture, energy, industry, waste management etc.). However, in recent

464

years the emission amount removed has a tendency to decrease. In 2012, the net GHG
emissions from the forestry sector were equal to -13,099 Gg CO2 eq. (LNIR, 2014) being
practically the lowest level since 1990. The reason for that is the increase in forest felling.
As a result not only the capacity of the living biomass is reduced, but the amount of
forest processing waste is increased. Therefore, it is important to assess the possibilities
for increased emission removals or at least balancing them at the current level.
The Intergovernmental Panel on Climate Change (IPCC) has established a
methodology for estimating GHG emissions from various sectors, including forestry
(IPCC, 2006). The IPCC guidelines facilitate making an inventory of the GHG emissions
generated in the past. However, the forecasting options are limited, especially when an
effect of various decisions, measures and policy instruments on GHG emission dynamics
has to be assessed. Thereof, the aim of this paper is to present an alternative tool for
estimating the forestry’s GHG emissions. The tool is developed by using the system
dynamics (SD) method that allows capturing the relationship between cause and effect
of a complex dynamic system as the forestry is (Dace et al., 2014). In addition, the aim
of the study was to test the possibilities to limit the increase in the net GHG emissions
of the forestry sector.
SD was developed by Jay Forrester in 1950’s (Forrester, 1958) and has, since then,
been applied to a diverse set problems (Sterman, 2000), e.g. collection of waste portable
batteries (Blumberga et.al., 2015), development of a low-carbon strategy (Blumberga
et.al., 2014), switching to renewable energy sources (Romagnoli et.al., 2014), etc. To
our knowledge, the studies where SD has been applied to assess forestry’s GHG
emissions are scarce. Machado et.al. (Machado et al., 2013) have used SD to evaluate
the growth and carbon stock of eucalyptus forests in Brazil. They have considered the
four main flows, i.e. land use, wood stock, carbon stock and forest land increase. In
addition SD has not been used to evaluate an impact on emissions from land use, landuse change and forestry (LULUCF). Though, other types of models have been created.
E.g. CBM-CFS3 (Carbon Budget Model of the Canadian Forest Sector) has been
developed based on the IPCC methodology to assess carbon dynamics in forestry and
land-use change in Canada (Kurtz et al., 2009). Thus, we believe, that the SD model built
in this study is a unique tool that can be adapted to other countries similar to Latvia, as
the structure of the system remains, and only specific parametric values have to be
changed.
METHODOLOGY
A SD model was developed based on the IPCC guidelines for national GHG
inventories (IPCC, 2006). Thus, a static linear methodology for assessing national GHG
emissions was combined with dynamic modeling of non-linear complex systems
provided by SD. The model was built in two separate major blocks, i.e. agriculture and
forestry (see Fig.1). GHG emissions from the processes of livestock enteric
fermentation, manure management and soil cultivation were simulated in the agricultural
sub-model. Whereas, modeling of the GHG emissions from the forestry sector included
emission removals by the living biomass (various tree species) and emissions from
decomposition of dead organic matter and organic and mineral soils.
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Figure 1. Logical framework of the methodology applied.

In SD, stock-and-flow diagrams are used to build the structure of the studied realworld system. That allows capturing the essential activities and accumulations of the
system, as the drivers of activity are represented as information-feedback processes
(Buch et al., 2008). The system’s performance is determined by the system’s structure
which, on its turn, is created by the feedbacks.
In our study, Powersim Studio 8 software environment was used to develop the
model. Numeric values of certain quantitative parameters were estimated from the
historic statistical data bases on GDP, prices, land stocks, agricultural and forestry
products etc. In addition, interviews with experts were used to assess accuracy of the
processes and future developments simulated. In the model, all the information reflects
the situation in Latvia. Nevertheless, many of the case-specific numeric parameter values
may be changed to represent the situation in some other country, as the structure of the
model is similar in many countries.
In our model, the emissions were simulated for the time period from 2005 until
2030. That allowed us to compare the simulation results with the historical observed
tendency (back-casting) and to analyze the future development under various policy
decisions. It has to be noted, that the aim of SD modeling is to present the trend of
dynamic behavior of the real system, not to give projection of exact values (Sterman,
2000). Thus, the focus is on relationships rather than on the precision of the simulated
parametric values.
Agriculture is directly associated with climate change issues on environmental,
economic and social dimensions. Agricultural activities emit greenhouse gases that, on
their turn, influence the agricultural productivity. The GHG emissions in the agricultural
sector arise from livestock farms as a result of processes of livestock enteric fermentation
and management and storage of manure. Emissions arise also from cultivation and
fertilization of agricultural soils. Agricultural sector is problematic with respect to GHG
emissions, as within the sector options for GHG emission abatement are limited. Hence,
the most efficient option is to limit agricultural activities themselves. Obviously,
abandoning the idea of streaming towards increased agricultural productivity is not a
solution, and mechanisms mitigating the negative environmental impacts (GHG
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emissions) have to be found. Conversely, forests work as removers of the GHG
emissions from the atmosphere. As 52% of the area of Latvia is covered by forests (State
Forest service), all of the local agricultural emissions, theoretically, are removed. Still,
in the last decades, intense felling has been carried, thus steadily reducing the amount of
emissions removed. In addition, wood waste is created. Gradual decomposition of the
wood waste and litter, wood burning, and also forest soils generate emissions. All these
interactions are simulated with the developed model.
The model (see Fig. 2) simulates the dynamics of the forest area of each tree species
and how it is split in young forest stand, mature forest and clearings. Also, the wood
stock, its increment, as well as wood mortality and decomposition are simulated. In
addition, the model simulates the amount of above- and below-ground wood waste
generated. Thus, the results for forest land’s GHG emissions and removals are estimated.
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Figure 2. Stock-and-flow diagram of the wood stock and waste model.

The simulation is started in 2005. Thereof, the initial state of each stock in the
model corresponds to the value reported in statistical databases for 2005. Then, the flows
are defined. For each tree species, a certain amount of time necessary to grow and reach
the felling age. Yet, felling largely depend on the market price of the particular wood
species, as that determines the interest in cutting and selling the wood. Hence, the felling
rate is determined as:
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where: rfi – felling rate of species i, ha yr-1; AFi – forest area of species i, ha;
e = 2.718 – the base of the natural logarithm (Euler number); α – coefficient that
determines the steepness of the curve of share of wood species as a function of the market
price; Pi – market price of wood of species i, EUR m-3; Pn – market price of wood,
EUR m-3; Tfi – time to reach the felling age, yr; n – wood species (pine, spruce, birch,
oak, ash, black alder, grey alder, aspen and other species).
Knowing the average amount of wood cut per hectare and multiplying it with the
felling rate rf, the stock felling rate is determined. The wood stock accumulates the
difference between the stock increment rate flowing in and the stock felling rate and
wood mortality rate flowing out of the stock (see Eq.2).

Si = ò (rii - rsfi - rmi )(t ) × dt + Si¢

(2)

where: Si – stock of wood species i, m3; rii – increment rate of species i, m3 yr-1; rsfi –
stock felling rate of species i, ha yr-1; rmi – wood mortality rate of species i, m3 yr-1;
S’i – initial stock of wood species i, m3.
The estimated S, ri and rsf are used to calculate the annual carbon stock and carbon
increment in living biomass and carbon loss from forest processing according to the
IPCC guidelines for national GHG inventories (IPCC, 2006). The calculated parameters
are then used to estimate removals of GHG emissions.
rsf is also used to assess the wood waste generated by cutting the trees. It is assumed
that 80% of wood wastes are left in forests. 5% of the wastes left in forests are burned.
Whereas, the remaining part decays during a 20 year period. The annual carbon stock in
forest litter is estimated assuming that the decomposition rate is 0.1% yr-1 (Berg, 2000).
The resulting values are used to calculate the emissions from forests.
The emissions and removals from forests are affected not only by the processes
happening in the forest, but also by the total area of land available for forests. Since
1990s, the area of forest land has been steadily increasing in Latvia (Forest sector in
Latvia). The main reason for that was the overgrowth of agricultural land, as a result of
its abandoning. Since implementation of the support payments for management of
agricultural land (single area payments, direct payments and complementary national
direct payments), the abandoning and overgrowth has descended, thus reducing the
increase rate of the forest land area. In the model, the transition from agricultural to forest
land was simulated by building two stocks – the stock of agricultural land and the stock
of forest land (see Fig. 3). Agricultural land becomes the forest land when bush and trees
reach 5 m height and occupy 20% of the area considering the crown projection (The Law
on Forests). In addition, it is considered that 20 years are necessary to change the landuse type (IPCC, 2006). Moreover, there is an indicated maximum area that can be taken
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by forests. It is assumed that the indicated area equals the sum of forest land area and
30% of the agricultural land area that was registered in 2005. Thus, the area of forests in
Latvia cannot exceed 3,566,328 ha. The rate of transition is calculated as follows:

rt = IF ( Lmax
> LF ), THEN ( LA × (1 - Fm ) To ), ELSE (0)
F

(3)

where: rt – transition rate from agricultural land to forest land, ha yr-1; Lmax
– indicated
F
maximum area of forest land, ha; LF – area of forest land, ha; LA – area of agricultural
land, ha; Fm – fraction of managed agricultural land; To – time necessary for agricultural
land to overgrow and become the forest land, yr.
Fraction of Managed
agricultural land

Time to overgrow
Indicated max
forest land

Forest land

Agricultural land
Transition rate

Figure 3. Stock-and-flow diagram of the overgrowth of agricultural land.

The parametric values used in the model are shown in Tables 1 and 2 (only
parameters not indicated in the IPPC guidelines (IPCC, 2006) are shown).
In order to assess the dynamics of the GHG emissions and removals from forest
land, several scenarios were developed. First, the base scenario (reference scenario) was
developed to observe the potential dynamics of the system provided that the forestry and
agricultural sectors will continue to develop following the historically observed
tendency. Then, based on the results of the base scenario, various decisions and measures
were tested to assess their impact on net GHG emission rates from the forest land.
In scenario I, an option of increased use of the above-ground (crown) biomass waste
for production of wood chips is assessed. Currently, only small amount of forest
processing wastes are used for wood chips’ production. This is due to the high production
costs and low market price. The wood processing wastes frequently are polluted with
impurities (e.g. sand) which determines their low quality. Most of the wood chips
produced in Latvia are exported, and demand exists only for high-quality wood chips.
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Table 1. Wood species-specific parametric values of the model
Value
Parameter

Unit

Pine

Spruce

Birch

Aspen

Black
alder

Grey
alder

Oak

Ash

Other

Source

Average increment

m3 ha-1 yr-1

8.3

11.7

7.8

10.4

9.9

8.9

5.7

5.7

12.0

LNIR, 2014

Average periodic mortality

m3 ha-1 yr-1

2.4

3.3

2.3

3.1

2.6

0.8

4.6

4.6

1.2

LNIR, 2014

Wood density

t m-3

0.38

0.36

0.47

0.40

0.41

0.41

0.41

0.41 0.41

LNIR, 2014

Time to grow

yr

40

40

20

20

20

10

40

40

20

The Law on Forests

Time to reach felling age

yr

70

41

31

21

51

51

61

41

41

117.7

Greenery mass

kg m

78.0

-

-

-

-

-

-

-

The Law on Forests
Daugavietis et. at.,
2012, Stibe, 1976

Initial wood stock

m3 106

248.1 88.82

159.1

23.9

15.0

31.1

2.2

3.7

1.2

State Forest service

Initial dead wood amount

m3 106

2.65

2.24

0.64

0.46

0.25

0.11

0.19 0.09

State Forest service

-3

2.21

Initial young forest stand area ha 103

118.0 273.3

98.2

25.5

5.9

7.6

0.7

5.8

0.9

State Forest service

Initial forest area

ha 103

928.4 242.0

733.6

75.1

68.6

182.2

9.3

12.5 5.8

State Forest service

Initial clearings area

ha 103

11.12 9.46

11.26

4.75

0.76

5.98

0.04

0.12 0.0

State Forest service

Table 2. Other parametric values of the model
Parameter

Unit

Value

Source

Technologically obtainable fraction of above-ground biomass

%

70

Adamovics et al., 2009

Technologically obtainable fraction of below-ground biomass

%

60

Adamovics et al., 2009

Average litter decomposition rate

% da-1

0.1

Berg, 2000

Initial agricultural land area

ha 106

2.45

CSB, 2015

Initial forest land area

ha 106

2.82

CSB, 2015

Indicated max forest land

ha 106

3.56

State Forest service

It is assumed that only 70% of the wood processing waste in clearings can be used for
production purposes, as 30% are considered as the technological loss (Adamovics et al., 2009).
However, should there be favorable conditions (e.g. increased demand) allowing economically
feasible realization the technologically available crown biomass, the wood processing waste
would be cut considerably. Thus, the emissions from the decay of the dead organic matter would
be reduced. That forms the base for the scenario I.
In scenario II, a situation where also below-ground biomass wastes (stumps) are used is
assessed. Technologically it is possible to extract up to 60% of the below-ground biomass
(Adamovics et al., 2009). So far, in Latvia, utilization of the stumps for production of wood chips
has not been practiced, as more easily collectable wood has been available. Still, stumps are
valuable and hitherto undervalued resource. It should be noted that a specific extraction
technology has to be applied (Silava, 2008). Besides, the stump extraction is allowed only in
certain types of forests.
Another option to reduce the wood processing wastes is to use the greenery (needles and
small branches) of conifers for manufacturing products. In Latvia, the greenery in small amounts
is used for production of needle extract (Pollution permit, 2010). Yet, before also high-quality
forage has been produced. In the recent years, use of the greenery for production of insulation
materials has been intensely studied (Muizniece et al., 2015). In the last case, a large

amount of the material would be required. Thereof, collection and use of the greenery
(considering the technological loss of 30%) is simulated in scenario III.
In scenario IV, the dynamics in GHG emissions is assessed assuming that policy
instruments are implemented and changes in legislation are made that limit forest felling
by 20%. E.g. introduction of felling quota could serve as such an instrument. As a result,
emissions generated during decomposition of wood waste would decrease (as there
would be less waste). Moreover, removal of GHG emissions would increase as the wood
stock would not be depleted on such a rate as before. Introduction of the instrument
would allow slowing the rate of stock felling to prevent the stock reduction to a critical
level and endangering biodiversity.
Similarly, an influence of introducing a tax on wood felling is assessed in scenario
V. The tax would increase the wood price, thus decreasing the demand for wood. That
would allow reduction of amount of wood processing waste and preservation of the
living biomass that removes emissions. It is simulated that the prices increase by 20% as
a result of tax introduction.
Changes in transition rate from agricultural land to forest land are simulated in
scenario VI. In the National Development Plan of Latvia for 2014–2020 (NDP, 2012),
an ambitious target for management of agricultural land is set, i.e. a more intensive,
though sustainable use of each hectare of the agricultural land. According to the Plan,
95% of the agricultural land should be managed by 2020. In 2013, 85% of the
agricultural land was managed. Thus, it is planned to decrease the area of land left
unmanaged and overgrown with bush and natural forest. As a result, the increase rate of
forest land area will lower, biodiversity will decrease, and the amount of GHG emissions
from agricultural activity will rise. Therefore, it is necessary to assess how emissions
from forest land would change upon realization of the target set in the Plan.
In the model, implementation of the simulated decisions and measures is started
from 2016. An exception is the intensification of management of the agricultural land
that should have been started in 2014, already.

471

RESULTS AND DISCUSSION
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The results of the base scenario show that, in the forest sector, a tendency exists for
emissions to increase and removals – to decrease (see Fig. 4). This is in agreement with
the emission tendency reported in the Latvia’s National Inventory Report (LNIR) (LNIR,
2014). However, the numerical values differ. The results depend on the choice of the
database used for parameter definition, as large discrepancy exists in the data of various
national databases. In addition, the choice of methodology for estimating some of the
parameters might differ, thus creating the difference in the results. This is in agreement
with findings of the leading forestry researchers in Latvia that conclude that diverse
results are obtained when different emission calculation methods are applied
(Silava, 2012).

Removals

Emissions

Net

Figure 4. Results of the GHG emissions and removals in base scenario.

The results indicate that the net GHG emissions will increase as a result of the
existing forestry practice (see Fig. 4). In fact, in 2030, the net GHG emissions will
double. It forces reconsidering the future balance of the total national GHG emissions.
Latvia has had a unique situation where all emissions generated in agricultural, energy,
industrial etc. sectors were removed by the living biomass of forests. The obtained results
make us conclude, that this privilege might change in the near future. Furthermore,
continuation of the felling rates of the last decade will have a long-term effect, as the
time necessary for trees to grow and reach the felling age takes 40 to 120 years depending
on species.
The results of simulating the developed scenarios demonstrate that the largest
impact on net GHG emissions would be caused by the scenario IV – considerable
reduction in felling (see Fig. 5). That would cause a sharp decrease (by 34% in 2016 and
53.8% in 2030) in the net GHG emissions. As a result, in 2030, the net emissions would
be 5,678 Gg CO2 eq. less as compared to the base scenario. While the emission reduction
is significant, the measure is questionable with respect to the damage caused to the
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forestry and wood processing industries. Reducing the felling and forest processing rates
would considerably reduce the number of working places and decrease the national
income from the forestry, wood processing and export of wood resources. Thus,
implementation of such a limiting policy instrument would be possible only in case of
proving that the gain of GHG emission reduction is larger than the economic and social
loss of the industry.
Also, the results of the scenario V where an introduction of a tax was simulated
demonstrate the reduced net GHG emissions. Though the emissions would decrease by
5.2% or 549 Gg CO2 eq. the benefits should be evaluated against the impact caused on
the forestry and wood processing industries. In addition, the usefulness of such an
instrument should be evaluated, as the reduction in GHG emissions would be
comparatively small.
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Figure 5. Results of the effects of various measures on the net GHG emission dynamics, 2012–
2030.

The results of the scenarios IV and V are not reached by direct decrease of the
forestry emissions, but reduction of the amount of wood processed that allows preserving
the stock of the living biomass removing the emissions. The stock of living biomass has
a larger impact on the total emission balance compared to the forest processing waste
(see Fig. 6). The stock of stem lost in the forest processing is calculated as an immediate
source of emissions, while wood processing waste left in forest would decay in a longer
time, thus constantly generating small amounts of emissions. Thereof, instruments
oriented towards decrease in felling rates should be implemented to achieve greater
effect on the net GHG emission reduction. Still, introduction of measures reducing GHG
emitted directly from the forestry sector should be considered.
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Figure 6. Results of the effects of various measures on the GHG emission dynamics, 2012–2030.

Scenarios I, II and III differed with the fraction of biomass waste used in production
of products (wood chips). In scenario II, use of all technologically extractable waste was
considered. Whereas, the use of the crown biomass waste only was simulated in
scenario I. That way, in 2030, the emissions would be by 7.4% and 17.3% smaller in
scenarios I and II, respectively, as compared to the base scenario. The least impact on
GHG emission reduction would be achieved in the case of scenario III, where greenery
of conifers solely would be used. In 2030, that would create emission reduction by
125 Gg CO2 eq. or 1.5% as compared to the base scenario. While the effect on GHG
emission reduction seems minor, use of conifers’ greenery for manufacture of products
would increase the social and economic benefits from forestry. In addition, an added
value would be created for the forest processing waste turning them into a valuable
resource. Moreover, use of wood processing waste would provide an option of using
local renewable resources to meet the local and foreign market demand.
Reaching the target of increased fraction of the managed agricultural land will
impact the forest land’s emissions insignificantly (scenario VI). Comparing to the base
scenario the net GHG emissions would be increased by 2.7% or 280 Gg CO2 eq. Scenario
VI is the only scenario among the simulated in our study that causes the net emissions
to rise. That means that in order to reduce the emissions in the forestry sector the
management of forest land and resources has to be well-considered and sustainable.
Especially because options for increasing the area of forest land seem to be limited in
the future.
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CONCLUSIONS
A system dynamics model was developed to assess the GHG emissions from the
forestry sector in Latvia. The results of the base scenario demonstrated that a tendency
exists for emissions to increase and removals – to decrease. The results have confirmed
that the consequence of the existing forestry practice will be an increase in the net GHG
emissions that, in 2030, will reach double of the level of 2005.
Several measures that might affect the future emission generation were tested. It
was found that considerable reduction (by 20%) in forest felling would reduce the net
GHG emissions significantly. Yet, the implementation of such an instrument should be
evaluated more thoroughly with respect to the negative economic and social effects
arising from reduced activity in forestry and wood processing industries. To avoid the
negative impacts on the industry, other measures that focus on the use of wood
processing waste were evaluated. The results showed that it would help reducing the
emissions caused by decomposition of the waste left in forests. In addition, by producing
e.g. wood chips or some added-value products (as insulation materials from conifers’
greenery) the forest resources would be used in a more efficient way thus providing
economic and social benefits. Moreover, emission reduction in other sectors would be
achieved, e.g. in energy sector by replacing the fossil fuels for wood chips.
Simulating an increase in the fraction of managed agricultural land indicated that
in the future the options for increase in area of the forest land will be limited. Therefore,
management of forest land and resources should be sustainable and well-considered to
maintain the ability of negative net GHG emissions.
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