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Abstract
Will paper recycling reduce the environmental impact of the European pulp and paper sector?
If so, is maximal paper recycling the best policy to optimize the life cycle of the pulp and paper sector? We explore these questions using an approach that combines materials accounting
methods and optimization techniques. Environmental impact data are inputs for a linear programming network flow model to find optimal configurations for the sector. These configurations
consist of a mix of different pulping technologies, a geographical distribution of pulp and paper
production, and a level of recycling consistent with the lowest environmental impacts. We use
the model to analyse scenarios with different recycling strategies. Recycling offers a reduction
in environmental impact in regions with a high population and a large production of paper and
board products. Regions with a large production of graphic products should focus on cleaner
virgin pulp production with energy recovery. We conclude that relocation of paper production
also offers a reduction in environmental impact. However, the severe effects on the economy
make this policy less attractive than a combination of recycling, cleaner pulp production and
energy recovery.
Keywords: environmental policy, pulp and paper, life cycle, optimization, recycling.

1 Introduction
Due to its nature and size, the European pulp and paper sector has considerable potential to
cause environmental damage. Impacts of different types arise at different stages of the life cycle:
forest management, pulp production, pulp bleaching, paper production, consumption, waste
management and transportation. The principal direct environmental impacts of the sector
are associated with its consumption of raw materials, including virgin energy resources, and
its emissions to air, water, and land. In Europe, waste paper comprises about 35% of total
household waste volume (Virtanen and Nilsson, 1993). There is also a major induced impact on
forest ecosystems arising from the demand for pulpwood. These impacts contribute to a wide
range of environmental and human health problems of local, regional and global significance.
Policies are being implemented at European (EU) and national levels to promote particular
measures in the pulp and paper sector even though there is no scientific consensus on their
environmental impacts. This is a typical example of policy making being ahead of scientific
knowledge, with all its potential consequences. Policy measures include alternative silviculture practices. pulping and bleaching processes, means of waste disposal. product specifications
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and recycling levels. These measures have implications for the geography of production, firm
profitability, and industrial and trading performance.
Because of their high potential impact, policy measures must be consensual, transparent, consistent as well as efficient. For this, an assessment methodology is needed that satisfies these same
criteria. Such a methodology would permit more systematic policy making based upon a comprehensive assessment of the potential environmental improvements given available technologies
and prospective new technologies in the future.
Most existing analytical approaches (e.g. Virtanen and Nilsson (1993) and Jerkeman (1993))
start with a proposed policy instrument and identify environmental (and occasionally trade and
industrial) implications. Obviously, the potential value of such an analysis depends upon the
quality of an exogenously specified scenario.
By contrast, our approach starts with the policy goal in order to co-ordinate policy actions. The
modelling approach combines materials accounting methods and optimization techniques. We
use these to define feasible configurations for the pulp and paper sector and to search for those
with the lowest environmental impacts. In the case of the pulp and paper sector, an optimal
configuration would consist of a mix of different pulping technologies, a geographical distribution
of pulp and paper production, and a level of recycling consistent with the lowest environmental
impacts.
In Section 2 we discuss environmental policy making in the European pulp and paper sector and
pose some basic research questions. Section 3 outlines the modelling approach and covers data
sources, underlying assumptions and constraints. We describe the life cycle optimization model
in Section 4. In Section 5 we define five scenarios for recycling policies and give the results with
respect to environmental impacts, market shares, etc. Section 6 concludes with a summary of
the main results and their implications for policy making.

2 Environmental policy and the pulp and paper sector
Environmental concern over the sector has until recently been focused on emissions to air and
water from pulping, bleaching, and paper making processes. A combination of policy instruments
(mostly emission ceilings) has reduced emissions to air and water from pulp and paper mills
substantially. Nowadays, concern is mostly for the sector's effect on forest ecosystems and its
generation of solid waste. Environmental policy is shifting accordingly.
Waste management methods comprise recycling, energy recovery, and landfill disposal. There
is a tendency to favor recycling above the other methods. The ELT Member States agreed in
1993 that the environmental validity of each method should be based on scientific evidence
(Club de Bruxelles, 1994). In practice, the Member States have their own preference towards
instruments. For instance, regulatory instruments, like mandated waste paper recycling, are
favored in Germany. However, such 'command-and-control' type of instruments may easily lock
out better future alternatives and may even 'require the impossible' by mandating technically
non-feasible recycling levels. The French Eco-Emballages scheme, on the other hand, appears to
move away from the single minded focus on recycling. Its principal objective is energy recovery
from used materials through incineration.
Environmental policies are also vulnerable to manipulation to achieve (national) industry and
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trade policy objectives or to shift environmental problems from one place or type to another.
Since different activities and places involved in the life cycle of pulp and paper products are
linked, actions to reduce environmental impacts in one place may have serious implications for
activities that occur elsewhere. A very high imposed percentage of recycling, which helps reduce
Western Europe's solid waste problem, would adversely affect the Nordic industry. Scandinavia
would be unable to generate sufficient recycled paper by recovery from its relatively low population. The only solution would be to import waste paper, which would generate an environmental
impact of its own, particularly from the energy used for transportation. Forests (a renewable resource) would remain untouched and cause problems of their own (Udo de Haes, 1994). France,
Spain, the UK and other countries have had to face considerable flows of untreated paper at
very low prices from Germany, where high recycling standards were decreed without the necessary treatment capacity. Such mishaps could lead EU Member States to adopt protectionist
measures.
Policy choices should be rational and consistent. A scientific basis for preferring one technology
over another can be found in an explicit evaluation system. Apart from evaluation, optimization
is necessary to search for efficient and robust policies. The possibility of different environmental
optima based on some set of assumptions, implies that policy makers should search for robust
development pathways for the sector through time.
Our methodology of combining an explicit evaluation system with an optimization model to
search for optimal life cycle configurations addresses the following basic questions of policy
analysis.
• By how much can environmental performance be improved in the short and longer term ?
• What product life cycle and sectoral configurations will minimize the overall environmental
impact of the sector ?
• What kinds of policy measures would be most effective in reducing environmental impacts
in the short term and the longer term ?
• What do the different configurations imply for the aggregate materials balances of the
sector, for individual countries, and for trade ?

3 Methodology of Life Cycle Optimization
The overall model combines a linear programming network flow model of the European pulp
and paper sector with a system for building an environmental index for each process in the
flow model. It provides a tool for tracking flows of materials through the life cycle from one
place or process to another. The environmental index combines objective information about the
environmentally-relevant characteristics of the different processes with a subjective evaluation
of the relative importance of different types of environmental damage. This index can then be
used as a coefficient to build the objective function for the linear programming model.
The output of the model is a life cycle configuration with its corresponding environmental
impacts. The configuration entails a pattern of production, consumption, waste management,
and transportation. The flows imply the geography and the technologies of the sector including
levels of raw materials demand, production, and international trade.
3

To test the methodology, we have specifically focused on fiber recycling, since this allows us to
reduce the scale of the modelling task while addressing the concerns identified above. Changes
in recycling rates only affect some flows and processes. We can ignore the environmental impacts
of manufacturing paper and board products since they are essentially unaffected by the fiber
furnish. However, the location of paper mills does affect the environmental impact of transportation. Processes upstream of pulp production – forestry, lumbering, wood transportation
– are subsumed within the process of virgin pulp production. The unit processes considered in
the model are therefore virgin pulp production and bleaching, paper production, fiber recovery
and recycling, incineration with energy recovery, and transportation between these processes.

3.1 Evaluation system for environmental performance
The first step in the evaluation system is to develop an eco-balance for each relevant process
based upon an inventory of environmentally-relevant inputs (e.g. scrap paper) and outputs
(e.g. emissions). This includes direct inputs and outputs and those incurred upstream of the
considered process during the production of intermediates and their pre-cursors. All these
environmental impacts are assigned to the process of concern. For the purpose of our model,
we define four virgin pulp types (bleached sulphate, unbleached sulphate, bleached sulphite
and bleached thermo-mechanical pulp (TMP)). These four types represent the main pulping
techniques. Several bleaching technologies are possible: chlorine, chlorine-dioxide, oxygen, and
peroxide. In principle, the environmental impact of every combination of technologies can be
evaluated in an eco-balance. Also, any changes in technology can be represented in this inventory
phase by adapting the relevant eco-balance. Our eco-balances for virgin pulp and transportation
are based on BUWAL (1991) and for recycling and incineration on Virtanen and Nilsson (1993).
The second step is to prepare an eco-profile from the eco-balances. The significance of the different inputs and outputs depends upon their contributions to environmental damage. There
are several schemes for categorising environmental problem types and evaluating contributions
(e.g. CSG, 1992 and SETAC, 1993). The Centre of Environmental Science at Leiden University provides a scoring matrix which indicates the relative contribution of different emissions to
several categories of problems (CLM, 1992). Seven of these are relevant to the pulp and paper
sector: global warming, human toxicity, ecotoxicity, photochemical oxidation, acidification, nutrification, and solid waste. The eco-profile for each process consists of the effect scores for these
problems, expressed in a damage potential per unit product (CLM, 1992). For example, global
warming is expressed in GWPs (global warming potentials, whereas acidification is expressed in
APs (acidification potentials). Table 1 gives the ecoprofiles for the selected processes.
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Table 1: Eco-profiles in the paper and pulp sector
Process
Global Human
Ecowarming toxicity toxicity
(for 1000 metric tons)
Pulp/sulphate/b1.
140
11
0.0008
Pulp/sulphate/unbl.
59
9
0.0003
Pu1p/sulphite/b1.
496
26
0.001
Pulp/TMP/bl.
887
11
0.0005
Recycled pulp
296
3
0
Incineration
-1319
-11
0
Transport/truck
0.07
0.003
0
Transport/ship
0.03
0.0004
0

Photo.
oxydation

Acidification

Nutrification

Solid
waste

1.4
1.3
4.1
1.4
0.04
-0.2
0.0004
0.00004

4.5
3.1
8.5
4.9
2.2
-8.4
0.001
0.0002

0.7
0.4
2.4
0.3
0.4
-0.1
0.0001
0

61
40
61
70
76
32
0
0

These scores are normalised by dividing them by a reference level. This normalisation is necessary to make the effect scores comparable. A popular reference level is the effect score for a
large region (e.g. Europe or the world) during one year. However, good data are not always
available. For example, the estimation for the world's effect score on global warming is rather
reliable, but for other problems, data still have to be gathered. In this study, we use the effect
score of the largest contributor as a reference level. So, the process with the largest contribution
to e.g. acidification gets a normalised effect score of 100 for acidification. Table 2 gives the
normalized ecoprofiles in the pulp and paper sector.
Table 2: Normalized eco-profiles in the paper and pulp sector
Process
Global Human
EcoPhoto.
warming toxicity toxicity oxydation
(for 1000 metric tons)
Pulp/sulphate/hi.
16
42
79
35
Pulp/sulphate/unbl.
7
33
32
31
Pulp/sulphite/bl.
56
100
100
100
Pulp/TMP/bl.
100
43
52
35
Recycled pulp
33
11
0
1
Incineration
-149
-43
0
-6
Transport/truck
0.008
0.01
0
0.01
Transport/ship
0.004
0.002
0
0.001

Acidification

Nutrification

Solid
waste

53
36
100
58
26
-99
0.02
0.003

31
17
100
13
19
-5
0.005
0

81
52
80
92
100
42
0
0

A final step is to assign weights to the different kinds of problems to reflect their relative
importance to society. In our base runs, we ascribed equal importance to the problems. For
each process, the average of normalized effect scores provides an overall environmental index.
Table 3 presents the indices.
Table 3:

Environmental indices for the pulp and paper sector
Process
Index
(for 1000 metric tons)
Pulp/sulphate/b1.
48.147
Pulp/sulphate/unbl.
29.744
Pulp/sulphite/bl.
90.909
Pulp/TMP/bl.
56.104
Recycled pulp
27.079
Incineration
-37.025
Transport/truck
0.0078
Transport/ship
0.0013
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3.2 Life Cycle Optimization
The model includes six regions within Europe – Scandinavia (Finland, Sweden), Germany,
France, UK, Italy, and Iberia (Portugal and Spain). These regions account for more than
80% of Europe's virgin pulp and paper production and consumption (Table 4).
Table 4: Virgin pulp and paper production and consumption in 1990
Region
Virgin pulp
Paper
prod.
%
cons.
%
%
cons.
prod.
(in 1000 metric tons)
Scandinavia 11,682
(37) 14,901
(41) 17,381
(28)
3,560
Germany
2,233
(7)
5,428
(15) 11,873
(19) 14,643
France
2,203
(7)
3,621
(10)
7,049
(11)
8,760
UK
595
(2)
2,176
(6)
5,056
(8)
9,743
Italy
(2)
2,551
(9)
7,014
591
(7)
5,582
Iberia
2,868
(9)
1,740
(5)
4,225
(7)
5,091
Others
11,498
(36)
5,629
(16) 11,062
(18) 10,935
Europe
31,670 (100) 36,046 (100) 62,228 (100) 59,746
Source: OECD (1993)

%

(6)
(25)
(15)
(16)
(12)
(8)
(18)
(100)

Table 4 also shows that Europe has a net import of about 14% of virgin pulp and a net export
of about 4% of paper. The model assumes that all virgin pulp import is from North America
(Canada and USA). The net export of paper has no influence on the system as we consider it.
We assume that the environmental impacts of the individual technologies are the same in each
region, i.e. the environmental index for the different virgin pulp types applies to all six European
regions.
Basically, there are two general product groups for which paper and board are used: graphic
products (newsprint 14%, printing quality paper 36%), and paper and board products (liner 12%,
fluting 9%, boxboard 9%, household 5% and others 15%).
The objective of the flow model is to find the sectoral configuration that minimizes overall
environmental impact given feasibility conditions and policy scenarios. The decision variables
include the level of recycling and energy recovery, production of virgin pulp by type, and transportation flows. By implication, these specify the technological and geographical configuration
of the sector.
A feasible configuration is defined by:
• a fixed paper production and consumption pattern in Europe. We assume that paper production and consumption are fixed at their current levels in each region (OECD, 1993).
This implies that total pulp demand (virgin pulp plus recycled pulp) and waste paper
supply are fixed. In section 5.3 we relax this assumption and allow for relocation of paper
production.
• capacity bounds for virgin pulp making (OECD, 1993). The capacities for total virgin pulp
production are assigned to the four pulping techniques in accordance with the production
of pulp in a region. For example, the capacity for sulphate bleaching in Germany is zero
since Germany uses mainly mechanical pulping techniques.
• fiber furnish conditions. We assume a fixed balance of virgin pulps for each paper type.

With increasing recycling, recycled pulp displaces virgin pulp of different types proportionally and up to a fixed maximal recycled pulp level that differs among the paper types. The
furnish profile for these paper types is slightly different between Scandinavia and Central
Europe (Table 5).
Table 5a: Furnish shares in Central Europe
Pulp type
Newsprint Printing Liner
Sulphate bl
0.12
0.43
0
Sulphate unbl.
0
0
1
Sulphite bl.
0.11
0.03
0
TMP bl.
0.21
0.85
0
Additives
0
0
0.25
Source: Virtanen and Nilsson (1993)

Fluting
0
1
0
0
0

Boxboard
0.66
0.16
0.18
0
0

Household
0.54
0
0.13
0.33
0

Others
0.77
0
0.19
0.04
0

Table 5b: Furnish shares in Scandinavia
Pulp type
Newsprint Printing Liner
Sulphate bl.
0.10
0.44
0
Sulphate pnbl.
0
0
1
Sulphite bl.
0.01
0.11
0
TMP bl.
0.89
0.20
0
Additives
0.25
0
0
Source: Virtanen and Nilsson (1993)

Fluting
0
1
0
0
0

Boxboard
0.56
0.14
0
0.3
0

Household
0.63
0
0.07
0.30
0

Others
0.60
0
0.07
0.33
0

In addition to pulp, varying amounts of different additives are used for paper and board
manufacturing. However, their relative mass is very small in comparison with fibers except
for printing-quality papers, for which they are currently estimated to have a furnish share
of about 25%. Following Virtanen and Nilsson (1993), 900 kg pulp is needed for 1000 kg
of paper.
• a maximum recycled pulp recovery potential. Overall recycled pulp use is limited by the
coefficients for collection rate and fiber recovery yield. Collected waste paper not used
for recycling is assumed to be incinerated. The maximum share of recycled pulp in paper
products depends on the quality conditions (printing paper can only have 50% recycled
pulp) and also on the collection rate of paper. The highest possible collection rate is 90%
(Virtanen and Nilsson, 1994). However, for household and 'other' types the collection rate
is at most 50%. About 24% of the printing papers are books that have a long lifetime. Also
18% of the category 'others' has a long lifetime. Household paper is disposed of through
sewage for 50% (toilet paper, tissues), so only 50% of this paper is available for collection.
A large amount of potential waste paper for recycling is lost because of the inordinate
costs of separating it from other household waste.
• flow balances. There are flow balances for virgin pulp, recycled pulp, paper and board
products and waste paper requiring production plus import to equal consumption plus
export. We assume that recycled pulp is not transported between regions, since it is
immediately used in the paper making process. If a region has a high demand for recycled
pulp, it can import waste paper.

7

4 The network flow model
Figure 1 gives a graphical representation of the life cycle optimization for Scandinavia. Virgin
pulp can be produced or bought to be used for consumption or export. Each paper type needs
a specific furnish of pulp types. Recycled pulp can only be used in the paper making process
if it is available in the region itself. Waste paper will be disposed of in the region itself, or
used for the making of recycled pulp within Europe. Each region will decide on a level of virgin
pulp production, paper production, and paper recycling that is consistent with minimizing
environmental impact of the life cycle as a whole.
Figure 1 about here
The optimization can be represented by a network flow model. Section 4.1 introduces the
notation, Section 4.2 the mathematical formulation.
4.1 Notation
Decision variables are in capitals, exogenous variables (fixed in advance) and other parameters
(coefficients) are in small letters.
Indices:
i,j,k E I = indices for the six regions
V
index for the four virgin pulp types
index for the seven paper types
pEP
vE

The set I+ := I U NA relates to the OECD-Europe regions plus the main virgin pulp exporting
region North America.
Decision variables:
V Pi, :
VTii,
VD;,,
RPi:
RDi:
PTijp :
WTii :
WIi:
W
:
W Di :
Aip

Virgin pulp Production of type v in region i
Virgin pulp Transport of type v, from region i to region j
Virgin pulp Demand in region i of type v
Recycled pulp Production in region i
Recycled pulp Demand in region i
Paper Transport of paper type p, from region i to region j
Waste paper Transport, from region i to region j
Waste paper Incinerated in region i
Waste paper 'Production' for recycling in region i
Waste paper Demand for recycling in region i
Share of recycled pulp in furnish of paper type p in region i

Exogenous variables:
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vsi:
PPip
pd ip :
wsi:
Peip

virgin pulp wood supply in region i
paper production of paper type p in region i
paper demand for paper type p in region i
waste paper supply for recycling or incineration in region
paper export from region i to non-EU countries
paper import from non-EU countries to region i

Other parameters:
ev iy:

environmental impact of virgin pulp production of type v in region i
er,
: environmental impact of recycled pulp production in region i
: environmental impact of incineration of waste paper in region i
eii
: environmental impact of transport from region i to region j
p p:
total share of pulp in the inputs of paper type p (yield of paper from pulp)
p vp
: furnish rate of virgin pulp type v wrt to total virgin pulp share in paper product p
A r4 " : maximum share of recycled pulp in the furnish of paper type p
Op
long-term consumption rate for paper type p
a
: sewage rate of waste paper originating from paper type p
: collection rate of waste paper originating from paper type p in region i
w: estimated fiber yield of waste paper
Waste paper supply for either recycling or incineration in region i is defined as follows:
wsi

E ( 1 — bp )(1 — ap ) x 'yip x pclip
PEP

4.2 Mathematical formulation
min E E ev i ,VPip

E

eriRPi

lE/

iEl+ vEV

iEI

E E et ij E vTijv + EE
vEV

iEI + jE/

(1)

> eii WIi +

etii(E PTiip WTij)

jE/ jEI

PEP

s.t. E V Pi, < vsi

(2)

Vi E /±

vEV

E VTij v + V Rip = VDi t, E
=  .7€1 +k

Vj E /,v E V (3)

 ier

V

=

(4)

Vj E /

= RDi

Ept,p ( 1 — A ip) x p p x ppip

Vi E

V

E V (5)

pEP

E A ip x pp x ppip

RD i

Vi E

(6)

Vi E ,p E P

(7)

pEP

A ip <

Apm"

Pijp

E PTiip PPip = P diP+ E

j el

ws i =

Vj E I, p E P (8)

k€1,k j

WIi+WPi

E WT.; +
zEl,i  j

PTikp pep

wD, + E
kEl,k  j
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WTjk

Vi E /

(9)

VJ E I

(10)

--, u.) X W Di

Vi E I

(11)

The objective (1) is to minimize environmental impacts of virgin pulp production (both in
Europe and North America), recycled pulp production, waste paper incineration, and transport.
Constraints (2) are the capacity constraints for wood pulp. Constraints (3) and (4) define
flow conditions for virgin pulp and recycled pulp. Constraints (5) define the allowable share
of virgin pulp in order to satisfy quality conditions for paper types. Constraints (6) define the
allowable share of recycled pulp in order to satisfy quality conditions for paper types. Constraints
(7) represent the natural bound on the share of recycled pulp in the overall furnish of paper
products. Constraints (8) define flow conditions for paper. Constraints (9) define the destination
of collected waste paper to be either incineration or recycling. Constraints (10) define flow
conditions for waste paper. Constraints (11) consider the yield from waste paper for recycled
pulp.

5 Results
Five scenarios are used to address the policy questions in section 2. The first scenario describes
the current situation with 1990 recycled pulp shares. In the second scenario regions are free
to set their own recycled pulp share in order to minimize environmental impacts. The third
scenario investigates the consequences of mandating policies of individual regions, whereas the
fourth and fifth scenario deal with mandating policies for Europe as a whole.
These five scenarios are analysed in three different situations: (i) the current situation with fixed
paper production locations and partial energy recovery (Section 5.1), (ii) an advanced situation
with full energy recovery and fixed paper production locations (Section 5.2), and (iii) an utopian
situation with full energy recovery and where paper production can be relocated among Europe
(Section 5.3). In the first situation (Section 5.1), it is not technically possible to use all collected
waste paper for energy recovery. Virtanen and Nilsson (1993) estimate that 26% of the collected
waste paper can be incinerated. The remaining 74% is stored somehow. We assume that this
storage does not induce extra environmental impacts. This combination of incineration and
storage leads to a change in the environmental index for incineration to -9.626 (i.e. 26% of the
value mentioned in Table 3). Note that in the last situation (Section 5.3) the network flow model
becomes non-linear if production quantities are variable. The variable 'paper production' (pAp)
is multiplied with the variable 'recycled pulp share' (A, p ) in constraints (5) and (6). In order to
keep the model linear, recycled pulp share is set at a chosen value Aip and the paper production
is allowed to vary.
A short description of the five scenarios follows:
1. (CUR) CURRENT SITUATION
In this scenario we fix the recycled pulp share of each paper product at the level of 1990
as found in Nilsson and Virtanen (1993). The average recycled pulp share over Europe
is close to 30% but differs over the paper products, i.e. 25% for newspaper (except for
Scandinavia where it is negligible), 7% for printing paper, 70% for liner and fluting (except for Scandinavia: 5%), 47% for boxboard, 64% for household paper and 28% for the
remaining paper products. Collected waste paper not used for recycling can be used for
energy recovery.
10

2. (FREE) NO MANDATORY RECYCLED PULP SHARES
All regions are free to change their recycled pulp share for the paper products they produce, in order to find a paper and pulp configuration for OECD-Europe with a minimum
environmental impact.
3. (GER) 100% RECYCLED PULP SHARE IN GERMANY
Although recycling targets in Germany are already high (51%), there are plans to increase
them further by the year 1996. All paper products, used in Germany, should contain 100%
waste paper, except for graphic products (40%).
In order to model this scenario, we add a group of 0-1 variables to the model:
{

11IP=

1 if paper type p produced in region i satisfies the legislation of region j
0 otherwise

The following two sets of constraints are added to allow region i to supply region j with
paper type p:
PTiip < psi Yiip
Yijp <

E I,p E P (12)

Aip + (1 — A37)

Vi, j

E

I,pE P (13)

with
Psi

Amin
.77)

paper supply in region i
mandated recycled pulp share for paper type p consumed in region j.

4. (E TJ60) MANDATORY RECYCLED PULP SHARE OF 60% ON EU LEVEL
Suppose that the EU parliament decides that all paper and board products have to contain
60% recycled pulp if technically possible. (This percentage is consistently used in EU
directives (Club de Bruxelles, 1994)). Since graphic products can only have a 50% recycled
pulp share, due to thickness requirements, the mandated level is 30%.
5. (EU100) SCENARIO ON EU LEVEL
The German plans applied to all European regions.

5.1 Fixed Production/Partial Recovery
The results of the five scenarios are summarized in Figures 2 and 3. Figure 2 gives the environmental impact of the optimal life cycles in each scenario, together with the contribution of the
four unit processes to this environmental impact. Figure 3 shows the regions' contribution to
the supply of virgin pulp and recycled pulp.
Figure 2 about here

Figure 3 about here

In the scenario (CUR), virgin pulp production is the largest contributor to the environmental
impact. Since recycled pulp use is only in a starting phase, there is also a large amount of
11

paper that is incinerated or stored. About 70% of the pulp production consists of virgin pulp.
Scandinavia is the most important supplier of virgin pulp.
If we allow all regions to have a recycled pulp share that leads to an environmentally optimal
life cycle configuration for Europe (FREE), the total environmental impact can be reduced
by 18.4% compared to the current situation (CUR). This improvement is achieved by using
more recycled pulp in all regions. The use of recycled pulp is doubled compared to the current
situation. Scandinavia, Germany, and Iberia reduce their virgin pulp production significantly.
Scandinavia keeps its number one position in the virgin pulp market since it has the cleanest
mix of virgin pulp producing technologies. The larger use of recycled pulp results in waste paper
transport from Germany and France to Scandinavia. The Nordic population cannot generate
sufficient waste paper for recycling.
This result justifies the current policy emphasis on recycling, given the technological capacity
limits on energy recovery. The environmental gain from energy recovery is still insufficient to
offset the difference between the environmental impacts of virgin and recycled pulp production.
The German plan of full recycling (GER) leads to a small increase in environmental impact of
1.2% compared to (FREE) but performs still 17.5% better than (CUR). Recycled pulp production is now the main contributor to the environmental impact. More waste paper transport is
necessary. Germany and Scandinavia profit from the regulation. France looses market share on
the recycled pulp market.
A mandated pulp share of 60% (EU60) over Europe results in an increase of total environmental
impact of 11.7% compared to (FREE). Only 47% of the pulp production consists of recycled
pulp. This is due to the relative low recycled pulp share (30%) for newspaper and printing
paper. These two paper types represent 50% of the paper market. In the (FREE) scenario the
recycled pulp share in newspaper and printing paper is 50% in all regions.
A mandatory fiber share as in (EU100) has a lower environmental impact than (EU60). The
total environmental impact increases by 6% compared to (FREE). This result can be explained
by the higher recycled pulp share in newsprint and printing paper. All regions except Iberia
export waste paper to Scandinavia.
For each feasible solution, the contribution to the seven individual environmental problems can
be calculated by multiplying the amount of production, recycling, incineration and transportation by the numbers in Table 1. Table 6 gives the total ecoprofiles for the five scenarios. The
minimum impact for each environmental problem is given in bold character.
Table 6:

Ecoprofiles of the pulp and paper sector for the five scenarios
Global
Human
Eco
Phot.
AcidiNutriwarming
toxicity toxicity oxydation
fication fication
(CUR)
10,365,542
423,111
165,129
29,482
18
59,917
(FREE)
12,678,654 291,384
9
32,887 140,483 23,232
(GER)
14,286,998
292,178
7
30,636
148,318
23,604
(EU60)
11,663,709
356,275
13
46,011
153,222
26,739
(EU100)
16,523,440
299,482
7
29,687
157,429
24,498

Solid
waste
2,897,964

2,925,128
2,963,890
2,930,341
3,065,359

Finding the best life cycle for all seven environmental problems requires optimizing over seven
goals. Of course, there is no guarantee that a solution exists with an overall best performance. In
our approach, the average of all contributions is used to minimize. This may result in a solution
that has minimum impact for some of the problems but not for all. The (CUR) scenario has the
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lowest contribution to global warming and the solid waste problem. (FREE) performs the best
for human toxicity, acidification and nutrification. For the remaining two problems, ecotoxicity
and photochemical oxydation, the (EU100) scenario has the lowest contribution.
Although our approach has the drawback of a one-dimensional optimization, the results show
that the (FREE) scenario performs better than the (CUR) scenario for all problems except
global warming and solid waste. The latter is a consequence of the assumption in this section
that only 26% of the potential energy recovery can be used.
Summarizing, given that energy recovery is only partly available, a policy toward more recycling
is attractive. The environmental performance of the (FREE) scenario is optimal, using the onedimensional environmental index as performance measure. The paper and pulp configuration
that results from the (FREE) scenario also performs better than the (CUR) scenario for five
out of seven environmental problems, with improvements varying from 15 to 50%. Mandated
recycled pulp shares or self-protecting policies do restrict the possibilities to obtain the best
environmental performance. Life cycles with mandated recycled pulp shares perform worse
than life cycles. with region-dependent policies. Both scenario (GER) and (EU60) have a worse
performance than the other scenarios.

5.2 Fixed production/Full recovery
For each scenario with a fixed recycled pulp share the optimal configuration does not change
when the incineration coefficient is altered from 26% to 100%. Obviously, the environmental
performance of each configuration changes. For (FREE) and (GER) full energy recovery results
in a different optimal life cycle configuration. Table 7 shows the change in environmental impacts.
Table 7: Environmental impacts with and without storage
Scenarios Fixed production Fixed production Change
Partial recovery
Full recovery
(%)
(CUR)
1,884,916
1,300,109
-31
(FREE)
1,538,052
1,202,608
-22
(GER)
1,555,760
1,246,646
-20
(REU60)
1,718,607
1,354,047
-21
(RE100)
1,632,776
1,614,299
-1
The environmental impact of the current situation decreases with 31%. This means that the
extension of technology and capacity for energy recovery will yield a high improvement in environmental performance without any changes in recycled pulp policy. The model results justify
the increasing focus on energy recovery in regions like France and the UK.
In the (FREE) scenario, the market share for recycled pulp decreases from 61% to 31%. The
possibility of energy recovery outweighs the environmental advantage of recycled pulp over virgin
pulp.
This result confirms the growing consensus among researchers that the virtues of recycling, in
particular of glass and paper, are not always clear-cut in the long term. They depend largely
upon the possibilities for alternatives such as energy recovery by burning paper. Scandinavia
produces no recycled pulp, but has 65% of the virgin pulp production which is still 45% of total
pulp production. Virgin pulp production shifts partly from sulphite bleached to TMP bleached
which is much cleaner.
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For (GER) the market share for recycled pulp decreases to 36%. Scandinavia still produces no
recycled pulp but looses 4% market share in the total pulp production compared to (FREE). The
German market share of total pulp increases from 13% in (FREE) to 22% in this scenario. It
is therefore not surprising that some countries protest against individual legislation that differs
from the general policy in Europe.
5.3 Relocation of paper production/Full Recovery
For each of the five scenarios the recycled pulp shares, A 2p , are set at their optimal values in
the Fixed Production/Full Recovery situation (Section 5.2). With these values, the relocation
of paper production is considered.
Table 8 compares the environmental impacts of the life cycle configurations for each scenario,
with and without relocation.
Table 8: Changes in environmental impacts
Scenarios Fixed production/ Relocation/
Full recovery
Full recovery
1,241,237
(CUR)
1,300,109
(FREE)
1,202,608
1,152,167
(GER)
1,246,646
1,192,788
(EU60)
1,354,037
1,277,481
(EU 100)
1,614,299
1,485,245

Change
(%)
-4.5
-4.2
-4.3
-5.7
-8.0

Relocation gives a reduction of environmental impact between 4 and 8% compared to fixed paper
production. It has a large impact on the paper market and transport flows. Table 9 shows the
new market shares for paper production.
Table 9: Market shares of paper production before and after relocation (in%)
before relocation
after relocation
(CUR) (FREE) (GER) (EU60) (EU100)
Scandinavia
38
31
29
15
10
34
Germany
12
16
30
23
29
28
17
France
14
15
17
15
10
16
10
13
14
11
19
UK
14
Italy
11
12
14
14
11
9
Iberia
8
10
10
10
10
For scenarios (CUR) and (FREE) paper production is relocated from Germany to Scandinavia,
mainly liner, fluting, boxboard and the category 'others'. In these scenarios, the demand for
virgin pulp in paper and board products is quite high. Since Scandinavia has the largest virgin
pulp capacity and the cleanest mix of virgin pulp producing technologies, paper production shifts
towards Scandinavia. In scenario (GER), about 50% of the production of newspaper shifts from
Scandinavia towards Germany, the UK, and Italy. Market share also shifts from France to
Germany. Scandinavia has to share its first position in the paper production industry with
Germany. For scenarios (EU60) and (EU100) the market share for Scandinavia is substantially
reduced whereas Germany, France, and the UK benefit from this shift. Due to the high recycled
pulp share in these scenarios, it is better to relocate paper production to those regions with a high
waste paper recovery potential. This means that paper production shifts towards regions with
a high paper consumption. Especially (EU100) illustrates this phenomenon; the configuration
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of paper production converges to the configuration of paper consumption (see Table 4).
Relocation of paper production reduces transportation (in ton-km). For (CUR), (FREE) and
(GER) reductions of 11-20% are obtained whereas for (EU60) and (EU100) the reductions are
42% and 70% respectively.
Summarizing, recycling offers rapid improvement in environmental performance in the short
term, i.e. when there is not enough capacity or technology for full energy recovery. When
energy recovery capacity is available, the suggested recycled pulp share is much lower and very
close to current recycled pulp shares.
In Weaver et al. (1995), we also discuss the sensitivity of the optimal configurations to the
environmental indices of primary and secondary pulping, and to changes in the scoring and
weighing systems used to compare the different forms of environmental impacts. The results
appear to be very robust with respect to the scoring and weighing systems.

6 Conclusions
The European pulp and paper sector can reduce its contribution to environmental damage in
different ways, such as more recycling, energy recovery and cleaner pulping and bleaching. It is
not obvious that one method outperforms others in the long term although policy makers already
implement and promote specific measures towards more recycling. We show in this article that
an explicit evaluation methodology is needed before consistent environmental policies can be
defined. With a network flow model as developed, we can derive environmental policies that are
defendable and predictable, and we can explore the potential for reducing the environmental
impact of a sector.
Both the evaluation methodology and the network flow model are oversimplified in many respects. The eco-balance data on unit processes are probably insufficiently precise for realistic
analysis. Especially the assumption that the environmental impact of a process does not depend
on the country where it takes place disregards differences in technological skills. The network
model assumes no changes in paper consumption. Moreover, the impact of changing market
prices for paper, pulp and waste paper on the market shares for pulp is not included.
Nonetheless, our immediate aim has been to demonstrate the feasibility and potential of this
approach. This aim is not prejudiced by the limitations. It is still possible to demonstrate the
kinds of policy implications that we can achieve with this approach.
• Single minded focus on recycling is myopic.

A high level of recycling will deliver short-term environmental impact reductions as long
as full energy recovery is not available. Investment in technology and capacity for energy
recovery has a large potential for environmental impact reductions, without disturbing
international trade relations. Apart from energy recovery, a higher level of recycling in
those regions with a large supply of waste paper gives a further improvement of the environmental impact of the sector.
• Command and control instruments limit environmental impact reductions.

We demonstrate that policies such as regulated levels of recycled pulp are less efficient
than flexible policies. The potential for environmental impact reduction is reduced by
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regulation. Regions with a large production of high-quality graphic papers should be able
to focus on cleaner virgin pulp production.
• Policies on paper recycling have major international trade implications.
A high recycling level can easily lead to transport of waste paper from regions with a
high population to Scandinavia. The dominant place of Scandinavian virgin pulp will be
replaced by recycled pulp produced in Germany or France. This will have high impacts
on forestry (renewable resource).
• National legislation can easily result in protectionist actions.
National mandated levels of recycling have a large impact on market shares of other regions.
National legislation also lead to an increase in total transportation flows.
• Relocation of the paper industry has major economic implications.
A reduction of environmental impact of 4-8% is possible with relocation. However, the
paper production configuration changes considerably and converges to the configuration
of paper consumption as the recycling level increases.
Although our first results are encouraging, a lot of research remains to be done to assure a
reliable support towards policy making. Future research in this area may focus e.g. on the
effects of prices for paper and pulp on the market shares for virgin pulp and recycled pulp, or
on the impact of new and cleaner pulping and bleaching techniques which are currently in a
laboratory phase. It became very clear in Section 5.2 that improving the possibilities for energy
recovery is also a priority issue.
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