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Abstract

Background Aims and Scope. The pulp and paper (P&P) indus-
try is traditionally known to be a large contributor to environ-
mental pollution due its large consumptions of energy and chemi-
cals. Enzymatic processing, however, offers potential
opportunities for changing the industry towards more environ-
mentally friendly and efficient operations compared to the con-
ventional methods. The aims of the present study has been to
investigate whether the enzyme technology is a more environ-
mentally sound alternative than the conventional ways of pro-
ducing paper. The study addresses five enzyme applications by
quantitative means and discusses the environmental potential
of a range of other enzyme applications by qualitative means.

Methods. LCA is used as analytical tool and modelling is facili-
tated in SimaPro software. Foreground LCA data are produc-
tion/company specific and collected from P&P technology ser-
vice providers, specific P&P companies and P&P researchers.
The background data on energy systems, auxiliary chemicals,
etc. are primarily taken from the ecoinvent database.

Results. The study shows that fossil energy consumption and
potential environmental impacts (global warming, acidification,
nutrient enrichment, photochemical smog formation) induced
by enzyme production are low compared with the impacts that
they save when applied in bleach boosting, refining, pitch con-
trol, deinking, and stickies control.

Discussion. The general explanation is that small amounts of
enzyme provide the same function as large amounts of chemi-
cals and that enzymatic processes generally require less fossil
energy inputs than conventional processes. Data quality assess-
ments and sensitivity analyses indicate that this observation is
robust for all processes except deinking, although the results
are subject to uncertainty and much variation.

Conclusions and Recommendations. The environmental im-
provements that can be achieved by application of enzymatic
solutions in the P&P industry are promising. To get a greater
penetration of enzymatic solutions in the market and to harvest
the environmental advantages of biotechnological inventions, it
is recommended that enzymatic solutions should be given more
attention in, for instance, 'Best Available Technology' notes
within the framework of the European Directive on Integrated
Pollution Prevention and Control (IPPC).
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Introduction

Traditionally, the industrial use of biotechnology was mainly
confined to fermentation processes in the food and bever-
age industry and the pharmaceutical industry. Over the past
decades, however, biotechnology — including enzymatic pro-
cesses — has gained ground from chemical processes in manu-
facturing in a variety of industrial branches (Ullmann's 2003).
Being based on biological raw materials and biological pro-
cesses, biotechnology offers potential advantages over tra-
ditional chemical processes in terms of environmental im-
pacts and resource consumption. These potentials have been
widely discussed in a variety of studies, surveys and fore-
sights, one important commissioner being OECD.

In the mid 1990s, OECD reported on the role of biotechnol-
ogy in its capability to prevent, detect and remediate existing
pollution (OECD 1994). In a subsequent study (OECD 1998),
the focus changed from the perspective of removing pollut-
ants to the possibilities for reshaping industrial processes and
thus preventing pollution at the source. In the latest study
(OECD 2001), the focus finally shifted fully to the biotech
opportunities for more sustainable products and processes.

Other players have contributed to the environmental char-
acterisation of industrial biotechnology. EuropaBio (2003)
presents an overview to demonstrate the environmental as-
pects of biotechnology. The American Biotechnology In-
dustry Association (2004) builds on OECD (2001) and ex-
pands its findings, primarily in relation to the US industrial
sector, offering cases on pulp and paper (P&P), textiles,
plastic, chemicals, fuels and pharmaceuticals. A recent study
BREW (2006) focuses on the numerous opportunities pre-
sented by white biotechnology for the manufacture of or-
ganic bulk chemicals.

According to these studies, one of the most promising fields
of industrial biotechnology is enzymatic biotechnology, i.e.
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the application of enzymes in industrial processing. Enzymes
are biological catalysts with an enormous capacity to accel-
erate biochemical reactions and enable processes that would
otherwise not occur under given conditions (Berg et al. 2002).
Enzymes are produced industrially and used in a wide vari-
ety of industries, and due to their high specificity and effi-
ciency they are often superior to their conventional alterna-
tives in terms of raw material and fossil energy consumption
and in terms of yield and the quality of the final product
(Ullmann's 2003). All studies seem to agree that enzymatic
processing is environmentally preferable to conventional
processing, but a common characteristic is that most are
based on qualitative judgements.

One exception to this is a technology foresight study by
Jorgensen et al. (2006). This study reports a quantitative
screening of eleven enzyme applications, comparing the over-
all energy consumption of systems involving enzymatic pro-
cessing versus systems involving conventional chemical pro-
cessing and providing the same overall functionalities.
Furthermore, a limited number of individual LCAs on enzyme
applications have been reported in the literature, generally
supporting the environmental friendliness of the enzymatic
alternatives: phytase and xylanase applied in pig production
(Nielsen and Wenzel 2007, Nielsen et al. 2007b); laccase ap-
plied in bleaching in the P&P industry (Fu et al. 2005); pro-
tease/lipase applied in leather-making (Nielsen 2006); lipase
applied in production of skin care products (Thum and
Oxenbell 2006) and phospholipase applied in degumming
of soybean oil (Maria et al. 2007). The picture of the quan-
titative environmental characteristics of enzymatic process-
ing in industry presented in the literature up to now is thus
pieced together by relatively few enzyme applications.

Striving to establish a more exhaustive picture, a joint re-
search effort has been initiated by the Technical University
of Denmark and the enzyme producer Novozymes A/S com-
prising a number of master's and doctoral studies, and a
range of commercial projects. This paper builds on a master's
thesis by Skals and Krabek (2006) with the aim of system-
atically approaching an entire industrial branch, namely the
pulp and paper industry, to investigate the environmental
opportunities of enzymatic processing by quantitative means
where data are available and by qualitative means where
data are absent or incomplete.

1 Methods

The study addresses several present and potential enzyme
applications in the P&P industry. Five applications that have
been implemented in full-scale production or are at a ma-
ture pilot-scale stage are subjected to quantitative life cycle
assessments.

Environmental assessment is based on the method devel-
oped by Wenzel et al. (1997) although Eco-indicator 95 v.
2.03 impact assessment factors are used in the characterisa-
tion step. Modelling is performed in SimaPro 6.0.4

A range of other enzyme applications, mostly at a more ex-
perimental stage, are subjected to qualitative environmental
judgements. Full LCAs compare conventional and enzymatic
solutions providing the same function in the P&P industry
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and modelling refers to the changes that occur when enzy-
matic solutions displace conventional solutions. A marginal
and market-oriented approach is taken in the study, and
coproduct issues are handled by system expansion (Wenzel
1998, Weidema et al. 1999, Ekvall and Weidema 2004).

2 Scope

Functional unit. Quantitative environmental assessments
refer to one ton of pulp or one ton of paper depending on
the application. P&P processes with and without enzymes
have been adjusted to meet the same quality standards for
the final product (brightness, strength, etc.) and the consid-
ered enzymatic and non-enzymatic processes are considered
directly comparable.

Geographical, technological and temporal scope. The study
addresses modern P&P production in Northern Europe.
Capital investments required for implementation of the con-
sidered enzyme processes are generally small compared with
the savings and there are no long-term technical or economi-
cal bindings to the enzymatic processes. Consequently, the
time perspective of the assessment is now and the coming
few years, and the study addresses the changes that would
occur now and in the near future if pulp and paper produc-
ers switched from conventional to enzymatic technology.

Impact categories. Potential contributions to global warm-
ing, acidification, nutrient enrichment, photochemical smog
formation and use of fossil energy resources are addressed in
quantitative assessments. Stratospheric ozone degradation is
disregarded because it is considered insignificant in the system
under consideration. Toxicity is addressed by qualitative means
because the available data base is considered too incomplete
for quantitative estimations. Industrial production of enzymes
is to a large extent based on agricultural inputs (Nielsen et al.
2007a) and benefits achieved from energy and chemical sav-
ings may happen at the expense of agricultural land. Use of
agricultural land has therefore been included in the assess-
ment in terms of m2-year at the direct supplier acknowledging
that this is a simplification (Kleverpris et al. 2007) which ig-
nores the ultimate effects of agriculture (impacts on biodiversity
etc.). Water is not a significant issue in the considered appli-
cations and has not been given attention.

2.1 System description

The main processes in the P&P industry are shown in Fig. 1,
with indication of present and potential points of enzyme
addition. Applications that are subjected to full LCAs are
explained in Table 1. Information about changes induced
by enzyme application in each process is based on litera-
ture, enzyme product sheets, and dialogue with service pro-
viders and Scandinavian P&P factories.

(1) Bleaching of kraft pulp. Wood contains lignin, a sub-
stance that needs to be removed to make bright paper quali-
ties. The enzyme xylanase degrades xylans and opens up the
hemicellulose structure of the wood fibres. Used in the treat-
ment of kraft pulp, this facilitates the washing out of lignin
from the pulp and makes the pulp more susceptible to bleach-
ing chemicals in subsequent bleaching steps. The technique
is called 'bleach boosting' (Olsen 2004) and significantly
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Fig. 1: Main processes in the pulp and paper industry with indication of present and potential points of enzyme application (to the authors' best knowl-
edge). Enzyme applications highlighted in bold are subjected to full LCAs (seeTable 1), while others are subjected to qualitative judgements (Table 5).
Figures indicate where in the process the enzymes can be added

Table 1: Main characteristics of enzymes applied in various processes in the pulp and paper industry, and indication of changes in material and energy
consumptions when enzymatic solutions replace conventional solutions. All quantities refer to air-dried tons (ADT). Quantities marked with + are added
when enzymatic solutions replace conventional solutions (see left bar in Fig. 2), whereas quantities marked with minus are saved (right bar)

Process in P&P Enzyme characteristics Main changes induced by enzyme application
# Name Trade name Type Function in PP Compound Unit Quantity Ref.
1 Bleach Pulpzyme® HC | Xylanase Saves bleaching Pulpzyme HC kg - t pulp™ +0.75 1,2
boosting of chemicals by degrading NaOH (50%) kg -t pulp‘1 -9.6
kraft pulp xylans and enhancing ClO, kg - t pulp™ -3.7
lignin extraction
4 Refining of Novozym® 476 | Cellulase Saves energy by Novozym 476 kg - t pulp™ +0.69 1,3,4
TMP softening cellulose fibres Steam (wood) 2 kWh - t pulp™ +150
Electricity kWh - t pulp™ —160
5 Pitch control | Resinase® HT Lipase Saves downtime and Resinase HT kg - t paper™ +0.3 1,5,6
of TMP cleaning agents by Cleaning agent kg - t paper™ -0.07
hydrolysing pitch Talc kg - t paper™ -35
Steam (wood) kWh - t paper™ -23
Electricity kWh - t paper™ -11.4
8 Deinking Novozym® 342 [ Cellulase Saves conventional Novozym 342 kg - t pulp™ +0.55 1,7
deinking chemicals by ClO, kg - t pulp™ +0.68
degrading c_ellu!ose and Alun kg - t pulp™ +0.65
releasing ink NaOH (50%) kg -t pulp™ -8.56
NaHSO; kg - t pulp™ 2.6
Urea kg - t pulp™ -0.54
H202 (50%) kg - t pulp™ -3.7
Talc kg - t pulp™ -5.8
Retention aid kg - t pulp™ 1.1
9 Stickies Optimyze® Esterase Saves chemicals and Optimyze kg - t paper™ +0.018 6,8,9
control energy during downtime |  Solvent (unspec.) kg - t paper™ —-0.025
by hydrolysing PVAc Talc kg - t paper™ -1.5
Steam (fuel oil) kWh - t paper™ -20
Electricity kWh - t paper™ -9.8

@ Heat from the refiner is used elsewhere in the factory and reduced heat output from the refiner as a result of enzyme application is compensated for
by combusting wood chips.

References: 1: Novozymes (2001-2003), 2: Mathur et al. (2005), 3: Stora Enso AB (production data and estimates), 4: Pere et al. (2000), 5: Hata

et al. (1996), 6: Dalum Papir A/S (production estimates), 7: Dalum Papir A/S (production records), 8: Patrick (2004) and 9: Buckmann Laboratories

International Inc. (experience from application)
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reduces the need for bleaching chemicals. Use of enzymes in
this way can limit emissions of adsorbable organic halides
(AOX) from the bleaching process, and this has been a main
driver in the implementation of enzymes (Fu et al. 2005).

(4) Refining of thermo-mechanical pulp (TMP). Refining is a
mechanical process in which wood chips are separated into
free fibres. The process uses a large amount of electricity. The
enzyme cellulase acts on cellulose in the wood fibres and soft-
ens the wood chips so that the necessary refining time can be
shortened and electricity saved (Pere et al. 2000).

(5) Pitch control of TMP. Pitch deposits are a common prob-
lem in paper-making from TMP pulp because they lower the
quality of the paper and destabilise the operation of the paper
machine. Problems can be limited by seasoning the logs and
by adding talc. However, the enzyme lipase is able to degrade
the pitch, and enzymatic pitch control has gained acceptance
at mill scale due to large cost savings resulting from reduced
downtime (Chen et al. 2001 and Hata et al. 1996).

(8) Deinking. Ink on waste paper must be removed to pre-
pare the fibres for use in new products. Conventional deink-
ing requires large amounts of chemicals such as NaOH,
NaSO;, H,0,, etc. Cellulase acts on the cellulose of the fibres
and facilitates the loosening of the ink from the fibre. Applica-
tion of cellulose in the deinking process reduces the need for
chemicals in the deinking process (Tandon et al. 2005).

(9) Stickies control. Stickies are one of the major obstacles
in the manufacture of quality paper using recycled fibre
sources (Fitzhenry et al. 2000). Stickies are agglomerates of
glues with fibre bundles and other non-fibre material. Poly-
vinyl-acetate (PVAc) is a major sticky source. If the stickies
are not removed, they can cause holes and paper breaks, which
is costly because it leads to poor paper quality and machine
stops for cleaning. The conventional approach to removing
stickies is a combination of mechanical and chemical clean-
ing. An alternative method is to use the enzyme esterase, which
hydrolyses the PVAc and eliminates the problem. Saving of
costly downtime of the paper machine has been a driver for
esterase application in several mills (Patrick 2004).

3 Data Collection and Modelling

Data on enzymes are determined by modelling individual
enzyme products in accordance with Nielsen et al. (2007a),

although the marginal source of electricity has been switched
from natural gas to coal (Behnke 2006). Modelling of coal-
based electricity: ecoinvent (2005).

Data on used and saved chemicals and energy are derived
from ecoinvent (2005). NaHSO; has been simulated with
Na,SO,. Talc has been simulated with mausil. Allocation
related to NaOH production has been avoided by system
expansion as described in the following: NaOH is a coprod-
uct of the chlorine-alkali process (2NaCl +2H,0 < 2NaOH
+ Cl, + H,). Chlorine demand determines production, and a
reduced demand for NaOH induced by enzyme application
in the P&P industry does not therefore affect the chlorine-
alkali process, but rather the process that is displaced by the
additional NaOH on the market. NaOH and Na,CO; pro-
vide the same function (neutralisation) in several industries,
and a market survey suggests that production of 1.3 kg
Na,COj can be avoided per kg NaOH saved in the P&P
industry (see Wesnaes and Weidema 2006), which has been
applied in modelling. Modelling of Na,CO, is based on
ecoinvent (2005), although 100% of impact has been allo-
cated to Na,COj, because the marginal coproduct of CaCl,
is assumed to be wasted (Weidema 2003).

The dominant marginal source of electricity is assumed to
be coal in Northern Europe (Stem 2002, Behnke 2006), and
modelling of coal-based electricity refers to ecoinvent (2005).

The transportation of enzymes and chemicals from suppli-
ers to pulp and paper factories is assumed to be insignificant
within the considered geographical boundaries (see Fu et al.
2005) and has been ignored.

3.1 Data quality assessment

Enzyme production: Modelling is based on detailed and
updated information on raw material and energy consump-
tion as well as waste handling. Modelling includes at least
95% (W/W) of the ingredients applied in production, and
data on significant inputs are updated and representative.
The data quality is therefore considered to be good (Nielsen
et al. 2007a).

Assessment of the quality of data on displaced chemicals
and energy is based on evaluations provided in ecoinvent
(2005) plus evaluation of age and representativity in the
present context. The results are summarised in Table 2 to-

Table 2: Quality assessment of data on displaced chemicals and energy plus indication of significance in LCAs of enzymes applied in the considered P&P
processes. Good indicates that data are considered satisfactory in terms of representativity, age and completeness. e Contribution from the substance is

significant o Contribution is insignificant

Comp./utility Quality assessment 1 4 5 8 9
Bleach boost. Refining Pitch contr. Deinking Stick. contr.
NaOH Good . - o . -
CIO; Uncertain . - - . -
Talc Uncertain - - o o o
Alun Uncertain - - - o -
NaHSO3; Uncertain - - - . -
Urea Uncertain - - - . -
H>0» Good - - - . -
Retention aid Uncertain - - - . -
Electricity Good o? . . o2 .
Steam Good - . . - .

2 Indirectly via electricity consumption for CIO,

Int J LCA 13 (2) 2008
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gether with information about significance for the final out-
come of the study.

Table 2 shows that the assessment of the impacts of dis-
placed chemicals is based on good-quality data for refining,
pitch control and deinking, whereas uncertain data play a
significant role in bleach boosting and deinking.

4 Results and Discussion

The results of the quantitative environmental assessments
of enzyme application in bleach boosting, refining, pitch
control, deinking and stickies control are shown in Fig. 2.

Fig. 2 shows that fossil energy consumption and considered
environmental impacts induced by enzyme production are
generally small compared with saved impacts resulting from
avoided production of conventional chemicals and energy.
The general explanation is that small amounts of enzyme
provide the same function as large amounts of chemicals
and that enzymatic processes generally require less energy
inputs. The contribution of enzymes to nutrient enrichment
is generally relatively high compared with other impacts;
the reason for this is that enzyme production largely relies
on agricultural products (Nielsen et al. 2007a).
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Fig. 2: Indication of induced (white bars) and saved (black bars) environmental impact potentials and fossil energy consumptions when enzymes are
introduced in various processes in P&P production. Induced impacts and resource consumptions are due to enzyme production and production of
additional auxiliary agents applied in the enzymatic process. Saved impacts and energy consumptions are due to chemical, heat and electricity savings.
Different reference unit are applied for different processes in P&P production, and direct horizontal comparison of results should be avoided. Process

numbers refer to Fig. 1. Pulp and paper quantities: ADT
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Bleach boosting. Pulpzyme HC saves NaOH and ClO, in
the bleaching process. A relatively large amount of electric-
ity is used for producing ClO,, and this explains about 90%
of avoided energy consumption and contribution to global
warming. Avoided contribution to acidification is to some
extent also explained by avoided emissions of SO, during
the production of sulphuric acid used in ClO, production.
Pulpzyme HC is formulated in propylene glycol, and emis-
sion of volatile organic compounds (VOCs) during produc-
tion explains a relatively high contribution to photochemical
smog formation from enzyme production. Avoided contribu-
tion to toxicity from AOX resulting from reduced ClO, appli-
cation is an important environmental advantage of enzymatic
bleach boosting that has not been quantified here. Even though
data on ClO, are considered rather uncertain (see Table 2),
the observed advantage of enzyme application is considered
clear because the influence of ClO, is limited and the saved
impacts are well above induced impacts. Fu et al. (2005) found
that the application of enzymes (laccase) in the bleaching pro-
cess had a negative impact in terms of greenhouse gas emis-
sions and contributions to summer smog compared with the
conventional process. This outcome was explained by long-
distance air transport of a mediator that is required for the
laccase-based process. The present study addresses bleach
boosting with xylanase enzyme (a completely different
mechanism), which is independent of external mediator
supplementation. This explains the different outcomes of
the two studies and indicates that the xylanase-based bleach
boosting process considered in this study is environmentally
superior to the laccase-based process.

Refining. A small amount of Novozym 476 saves a consid-
erable amount of electricity in the secondary refiner and in
the reject refiner. Heat from the refiner is used elsewhere in
the factory, and reduced heat output from the refiner is com-
pensated for by combusting additional wood chips (which
would otherwise be wasted). Combustion of wood chips does
not add to fossil energy consumption and does not contrib-
ute to global warming, and this explains why the advan-
tages of enzyme application are greater for these two im-
pact categories than for acidification, nutrient enrichment
and photochemical smog formation.

Pitch control. Environmental gains achieved by Resinase HT
application in pitch control are primarily explained by fos-
sil energy saving. Chemical savings are of minor importance.
The application of propylene glycol as a formulation agent
explains a relatively large contribution to photochemical
smog formation from enzyme production, as explained for
Pulpzyme HC above.

Deinking. The application of Novozym 342 together with
small amounts of ClO, and alun in the deinking process
saves a considerable amount of other chemicals (see Table 1).
The environmental impacts induced by the enzyme and the
additional chemicals (particularly ClO,) are smaller than
saved impacts resulting from chemical savings, and overall
it seems that there is a net environmental advantage in en-
zyme application, even though the assessment is largely based
on uncertain data on chemical inputs (see Table 2). A con-
siderable amount of volatile organic compounds (VOCs) is
emitted during production of the retention aid, and saving

Int J LCA 13 (2) 2008

of retention aid explains the large advantage of the enzy-
matic solution in terms of photochemical smog formation.

Stickies control. A very small amount of Optimyze can re-
duce the frequency of production stops as a result of stickies
and thus save considerable amounts of electricity and steam
consumed in stopping and starting production equipment.
Environmental impacts induced by enzyme production are
very small compared with the avoided impacts from steam
and, particularly, electricity production, and this explains
the large environmental advantage of enzyme application.
Furthermore, solvent savings contribute to a reduced con-
tribution to photochemical smog formation because less
VOCs are emitted during production and use.

Land use. Industrial enzymes are to a large extent based on
agricultural crops and the environmental achievements ob-
served in Fig. 2 are at the expense of agricultural land be-
cause the savings are limited to fossil energy and inorganic
chemicals (see Table 1). The CO, reduction efficiency of the
considered enzyme applications is, however, high (Table 3)
compared with direct biomass-to-energy technologies (2 ton
CO,-ha-1-year! (bio-diesel as alternative to conventional die-
sel) to 23 ton CO,-ha-!-year-! (energy crop as alternative to
coal in electricity production), WTW 2006)), and the use of
agricultural land is considered environmentally efficient in
any of the considered cases.

5 Sensitivity Analyses

A large number of sensitivity analyses have been performed
in order to assess the significance of applied assumptions
and the robustness of the obtained results. The most impor-
tant outcomes are summarised below.

Electricity consumption plays an important role in enzyme
production (Nielsen et al. 2007a) and in all the applications
under consideration (see Table 2). It is assumed in the base
case that marginal electricity is based on coal, but it cannot
be excluded that natural gas plays a role in the marginal
mix or that natural gas will become the dominant marginal
supplier in the future. All enzyme applications have there-
fore been assessed with natural gas as the marginal source
of electricity. The results show that the environmental ad-
vantages of enzyme applications are reduced for bleach
boosting, refining, pitch control and stickies control (because
more electricity production is saved than induced in these

Table 3: Estimates of agricultural land use for producing enzymes for
processing one of ton pulp or paper plus CO, saving efficiency in terms of
avoided CO, emission in pulp and paper production per ha of agricultural
land applied for enzyme production. Process numbers refer to Fig. 1

Process in P&P Agricultural CO,-saving

land use efficiency
# e (m2year) (ton CO,-ha"-year™)
1 Bleach boosting of 0.31 1200

kraft pulp
4 Refining of TMP 0.54 2700
5 Pitch control of TMP 0.14 630
8 Deinking 0.22 290
9 Stickies control 0.013 11000
129
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cases), whereas it is increased for deinking (because electric-
ity production is mostly induced in this case). Overall, how-
ever, the considerable environmental advantage of enzymatic
processes observed in the base case remains clear.

Steam supply in refining. It has been assumed in the base
case that reduced output of heat from the refining process
as a result of enzyme application is compensated for by in-
creased steam production from wood chips. The extent of
energy recovery from refining and the source of marginal
heat supply can vary from factory to factory, and three sen-
sitivity analyses have been carried out: 1) no energy recov-
ery from refining and 2) compensatory heat based on a)
natural gas and b) fuel oil (instead of wood chips). Use of
natural gas/fuel oil instead of wood chips increases induced
fossil energy consumption and contributions to global warm-
ing considerably, but this is from a very low level and en-
zyme application remains a clear environmental advantage.
Heat recovery from the refining process reduces the advan-
tage of enzyme application, and the elimination of steam
recovery stresses the environmental advantage of enzyme
application.

Steam supply in stickies control. It has been assumed that
avoided steam is based on fuel oil, but other sources of heat
could also be relevant. A sensitivity assessment of heat sup-
ply shows that the use of enzyme is a clear environmental
advantage even if heat displacement is disregarded (avoided
heat = 0), confirming that enzyme application is environ-
mentally advantageous irrespective of the heat source.

Enzyme dosage depends on a range of conditions, and rec-
ommended dosages are always provided as quite broad
ranges (Novozymes 2001-2003). The base case of the study
has referred to the average of recommended dosages, and it
has been assessed how results would change if the higher
and lower end of the recommended dosages were applied.
As one might imagine, reducing enzyme dosage increases
the environmental advantage of enzyme application and vice
versa. However, enzyme usage remains a clear environmen-
tal advantage also in all high-enzyme-dosage scenarios.

The sequence of bleach boosting processes varies from fac-
tory to factory, and the effects of enzyme application have
been assessed in two additional bleach boosting scenarios
with varying process sequence and identical brightness re-
quirements. The effect on induced and saved environmental
impact is considerable, but enzyme application remains a
clear environmental advantage in any case.

NaOH is used in quite large quantities in bleach boosting
and deinking. Dealing with coproducts in chlorine/NaOH
production is a classic issue in LCA, and a sensitivity assess-
ment in which allocation is based on mass (ecoinvent 2005)
has been performed. The impact of mass-allocated NaOH
is generally somewhat greater than the impact of NaOH
modelled by system expansion (as in this study), and a change
from 'system-expanded NaOH' to 'mass-allocated NaOH'
stresses the environmental advantages of enzyme applica-
tion in the bleach boosting and deinking processes.

Transport has been ignored because it is considered insig-
nificant within the geographical framework under consider-
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ation. Sensitivity assessments have justified that, even in cases
where it is envisaged that enzymes are transported thou-
sands of kilometres and displaced chemicals are only trans-
ported for instance one hundred kilometres (truck, ecoinvent
20035), the environmental advantage of enzyme application
remains clear. The most sensitive environmental parameter
is photochemical smog formation, and the most sensitive
process is deinking because enzyme has a significant influ-
ence on chemical consumption in this process.

6 Qualitative Toxicity Assessment

Toxicity has not been included in the quantitative assess-
ment because details of the emissions of relevant substances
and the fate of these after emission in large parts of the sys-
tem are not known. However, processes that are considered
likely to contribute to toxicity have been assessed qualita-
tively, leading to the following judgements: For all applica-
tions except deinking, it is considered likely that enzyme
application considerably reduces the contribution to toxic-
ity because relatively small amounts of readily biodegrad-
able and low-toxic enzyme products arising from the low-
toxic biological production process and a range of low or
non-toxic raw materials replace relatively large amounts of
toxic chemicals (see Table 1) and save relatively large
amounts of energy (see Fig. 2). Enzymatic deinking also saves
considerable amounts of aggressive chemicals (NaOH,
NaHSO; and H,0, ), but since the process requires ClO,
and alun in addition to the enzyme (see Table 1), toxicity
cannot be assessed by the simple qualitative means above.

7 Conclusions

The present study shows that fossil energy consumption and
potential contribution to global warming, acidification, nu-
trient enrichment and photochemical smog formation in-
duced by enzyme production are low compared with the
impacts that they save when applied in bleach boosting, re-
fining, pitch control, deinking and stickies control. Qualita-
tive assessments indicate that toxicity induced by enzyme
application is low compared with saved toxicity as well, but
this has not been documented. Enzymes are to a large ex-
tent produced from agricultural products and fossil energy
savings and environmental improvements are at the expense
of land use. The considered enzyme applications are, how-
ever, efficient in terms of CO, avoidance per ha of agricul-
tural land applied compared with direct biomass-to-energy
technologies and agricultural land use is environmentally
efficient in any of the considered cases. Data quality assess-
ments and sensitivity analyses indicate that the above obser-
vation are robust for all processes except deinking, although
it is acknowledged that the results are subject to much varia-
tion and uncertainty. The assessment of enzyme application
in the deinking process relies on uncertain data and the re-
sults are considered less robust.

9 Recommendations and Perspectives

The relative environmental improvement potential of the five
enzyme applications with respect to global warming is esti-
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Table 4: Estimates of relative improvement potential in terms of avoided contribution to global warming from using enzymes in various processes in pulp
and paper industry. Contributions to global warming from reference products: ecoinvent (2005). Quantities of pulp and paper: ADT. Process numbers

refer to Fig. 1

Process in P&P Avoided contribution to Reference product Relative improvement
# Name global warming potential
1 Bleach boosting of 37 kg COz-eq - ton pulp™ One ton conventionally bleached pulp 7%

kraft pulp (inc. wood production etc.)
4 Refining of TMP 145 kg CO-eq - ton pulp™ One ton TMP (inc. wood prod. etc.) 22%
Pitch control of TMP 8.7 kg COz-eq - ton paper™ One ton paper from 100% TMP 0.7%
(inc. wood prod. etc.)
8 Deinking 6.4 kg COs-eq - ton pulp™ One ton recycled paper 0.4%
(inc. paper collection and sorting)
9 Stickies control 13 kg COs-eq - ton paper™ One ton recycled paper 0.8%
(inc. paper collection and sorting)

Table 5: Enzyme applications subjected to qualitative environmental assessments. Process numbers refer to Fig. 1

Process in pulp and paper industry Enzyme characteristics
# Name Type Function in P&P Ref.
2 Peroxide removal Catalase Increases lifetime of production equipment by 1
preventing corrosion (removal of H,O5)
Fibre modification Laccase, Cellulase Increases strength of the paper 2,3
Anionic trash control Pectinase Saves retention aids and energy for drainage by 4
degrading pectin
7 Starch removal Amylase Saves deinking chemicals by improving 5
deinking efficiency
10 Drainage improvement Cellulase, Hemicellulase Saves energy for drainage by improvement of 6
secondary fibres’ fibril structure
11 Starch preparation Amylase Preparation of starch for coating by starch modification 7
12 Slime control Protease Reduces biocide consumption by degrading bacteria's 8,9
link to surfaces of fibres

References: 1: Tong et al. (1999), 2: Lund and Felby (2001), 3: Kenealy and Jeffries (2003), 4: Ricard et al. (2004), 5: Pedersen et al. (2003),
6: unpublished note (Novozymes A/S), 7: Kearney (2003), 8: Haute (1999), 9: Simons et al. (2003)

mated in Table 4. Estimates are based on literature data on
pulp and paper production (ecoinvent 2005) and results on
global warming in Fig. 2. The results should only be seen as
quite rough indications (particularly for refining) because im-
pacts of pulp and paper production and effects of using en-
zymes depend on raw material basis, mill set-up etc. and are
subject to variation. Table 4 indicates large relative environ-
mental improvement potentials of enzyme use in bleaching
and refining of pulp and moderate relative improvement po-
tentials in deinking and pitch/stickies control. The explana-
tion is to some extent that reference products are different.

Enzymes can be used in a broad range of processes in the
P&P industry, and several are still under development, as
indicated in Fig. 1. Table 5 provides an overview of the en-
zyme functions that have not been included in the quantita-
tive environmental assessments in this study.

Table 5 shows that there is a considerable potential for fur-
ther implementation of enzymes in the P&P industry and
that many applications have a potential for environmental
improvement because they save production equipment, raw
materials, chemicals and/or fossil energy.

The penetration of enzymatic processes in the P&P indus-
try is still limited. The main drivers for the acceptance are

Int J LCA 13 (2) 2008

usually problems with compliance with governmental regu-
lations and downtime of pulp and paper machines that
cannot be resolved with conventional methods. The main
barriers for acceptance of enzymatic processes in the P&P
industry are that too few are playing a role in the promo-
tion of new technology, service providers being the most
important.

To achieve greater penetration of enzymatic solutions in the
market and to harvest the environmental advantages of bio-
technological inventions, it is important to create more
awareness of the potential of enzyme technology in the P&P
industry, for instance by integrating enzymatic production
methods in the relevant Best Available Technology (BAT)
notes within the framework of the European Directive on
Integrated Pollution Prevention and Control (IPPC) as ex-
perience of full-scale production increases.

Acknowledgements The authors are grateful to Cecilia Johansson
(Stora Enso AB), Ole Knudsen (Dalum Papir A/S), Flemming Madsen
(Dalum Papir A/S), David Chen (Buckman Laboratories International
Inc.), Kim S. Andersson (Novozymes A/S) and Pierre Cassland
(Novozymes A/S), who provided support through valuable discussions
and information on enzyme application in the P&P industry. The au-
thors are also grateful to Jesper Klaverpris (Technical University of
Denmark), who provided valuable input on environmental modelling.

131



Pulp and Paper Industry

LCA Case Studies

References

American Biotechnology Industry Organisation (2004): New biotech
tools for a cleaner environment — Industrial biotechnology for pol-
lution prevention, resource conservation, and cost reduction.
www.bio.org

Behnke K (2006): Memo on declaration of future electricity consump-
tion. Energinet (254317/3) (in Danish)

Berg JM, Tymoczko JL, Stryer L (2002): Biochemistry. Fifth edition.
W.H. Freeman and Company

BREW (2006): Medium and long-term opportunities and risks of the
biotechnological production of bulk chemicals from renewable
sources. European commission. DG Research

Chen S, Lin Y, Zhang Y, Wang XH, Yang JL (2001): Enzymatic pitch
control at Nanping Paper Mill. Tappi Journal (April)

ecoinvent (2005): The lifecycle inventory data v1.2. Swiss centre for
life cycle inventories. www.ecoinvent.com

Ekvall T and Weidema BP (2004): System boundaries and input data
in consequential life cycle inventory analysis. Int JLCA 9, 161-171

EuropaBio (2003): White biotechnology: Gateway to a more sustain-
able future. www.europabio.org

Fitzhenry JW, Hoekstra PM, Glover D (2000): Enzymatic stickies con-
trol in MOW, OCC and ONP furnishes. TAPPI pulping process
and product quality conference, pp 985-988

Fu GZ, Chan AW, Minns DE (20035): Preliminary assessment of the
environmental benefits of enzyme bleach boosting for pulp and
paper making. Int ] LCA 10, 136-142

Hata K, Matsukura M, Taneda H, Fujita Y (1996): Mill scale appli-
cation of enzymatic pitch control during paper production. In
Jeffries TW, Viikari L (eds), Enzymes for pulp and paper process-
ing. Oxford University Press

Haute E van (1999): Biodispersant and enzyme treatments. A new
approach to deposit control on paper machines. APPITA Annual
Conference, pp 575-579

Jorgensen MS, Andersen MM, Hansen A, Wenzel H, Pedersen TT,
Jorgensen U, Falch M, Rasmussen B, Olsen SI, Willum O (2006):
Green technology foresight about environmentally friendly prod-
ucts and materials — Challenges from nanotechnology, biotech-
nology and ICT. Danish Environmental Protection Agency. Work-
ing Report 34

Kenealy WR, Jeffries TW (2003): Enzyme processes for pulp and pa-
per: A review of recent developments — Increasing strength with
cellulases. American Chemical Society. ACS Symposium Series 845,
210-239

Kearny B (2003): Good housekeeping, proper preparations are key
to papermakers' efficient use of starch, Pulp & Paper. April fea-
ture: Wet end chemicals

Kloverpris J, Wenzel H, Nielsen PH (2007): Life cycle inventory mod-
elling of land use induced by crop consumption. Part 1: conceptual
analysis and methodological proposal. Int J LCA 13 (1) 13-21

Lund M, Felby C (2001): Wet strength improvement of unbleached
kraft pulp through laccase catalyzed oxidation. Enzyme and
Microb Technol 28, 760-765

Maria L De, Vind J, Oxenbell KM, Svendsen A, Patkar S (2007):
Phospholipases and their industrial applications — Mini review.
Appl Microbiol Biotechnol 74, 290-300

Mathur S, Kumar S and Rao NJ (2005): Xylanase prebleaching of
chemical pulps. IPPTA J 17, 35-47

Nielsen PH, Oxenboll KM, Wenzel H (2007a): Cradle to gate envi-
ronmental assessment of enzyme products produced in Denmark
by Novozymes A/S. Int J LCA 12 (6) 432-438

Nielsen PH, Dalgaard R, Korsbak A, Pettersson D (2007b): Environ-
mental assessment of digestibility improvement factors applied in
animal production: use of Ronozyme® WX CT xylanase in Dan-
ish pig production. Int J LCA 13 (1) 49-56

Nielsen PH, Wenzel H (2007): Environmental assessment of Rono-
zyme® P5000 ct phytase as an alternative to inorganic phosphate
supplementation to pig feed used in intensive pig production. Int J
LCA 12 (7) 514-520

132

Nielsen PH (2006): Environmental assessment of enzyme application
in the tanning industry. Leather International (August/September),
pp 18-24

Novozymes (2001-2003): Product sheets: Pulpzyme HC (2001-07746-
02), Novozym 476 (2001-07744-04), Novozym 342 (2002-36916-
01), Novozym 51032 (2002-05780-01) (~Optimyze), Resinase HT
(2003-21962-01)

OECD (1994): Biotechnology for a clean environment: Prevention,
detection, remediation. Organisation for Economic Co-operation
and Development

OECD (1998): Biotechnology for clean industrial products and pro-
cesses: Towards Industrial Sustainability. Organisation for Eco-
nomic Co-operation and Development

OECD (2001): The application of biotechnology to industrial
sustainability. Organisation for Economic Co-operation and De-
velopment

Olsen HS (2004): Enzymes at work. Novozymes. www.novozymes.com

Patrick K (2004): Enzyme technology improves efficiency, cost, safety
of stickies removal program. Paper Age (September), pp 22-25

Pedersen HH (2003): Enzymes in recycled paper processing. Confer-
ence on fibre raw materials, process and product optimisation by
fibre processing, 4-5 Feb. Oranjewoud, The Netherlands

Pere J, Siika-Aho M, Viikari L (2000): Biomechanical pulping with
enzymes: response of coarse mechanical pulp to enzymatic modi-
fication and secondary refining. Tappi J 83, 1-8

Ricard M, Reid I, Orccotoma J-A (2004): Pectinase reduces the cat-
ionic demand of peroxide-bleached TMP: A paper machine trial.
PAPTAC 90th annual meeting, pp A261-A270

Simons B, Santos CS, Maier M (2003): The value of deposit control.
Pulp and Paper International (October), 29-32

Skals PB, Krabek A (2006): Feasibility study of enzyme application
in pulp & paper industry. Master thesis. Department of Manu-
facturing Engineering and Management, Technical University of
Denmark

Stem (2002): Marginal electricity production and CO, emission in
Sweden. Statens Energimyndighet. ER 14:2002. www.stem.se (in
Swedish)

Tandon R, Thakur VV, Christy MH, Mathur RM, Kulkarni AG
(2005): Enzymatic deinking and alternate technology for quality
upgradation of mix office waste. IPPTA J, pp 51-55

Thum O, Oxenbell KM (2006): Biocatalysis: A sustainable process
for production of cosmetic ingredients. IFSCC Congress. Osaka,
Japan

Tong Z, Wada S, Yamagishi T, Hiroyasu I, Tatsumi K, Qing-xiang
Z (1999): Treatment of bleaching wastewater from pulp-paper
plants in China using enzymes and coagulants. J Environ Sci 11,
480-484

Ullmann's (2003): Ullmann's Encyclopedia of Industrial Chemistry:
Enzymes. Wiley-VCH Verlag GmbH & Co

Weidema (2003): Market information in life cycle assessment. Tech-
nical report. Environmental Project No. 863. Danish Environmen-
tal Protection Agency

Weidema BP, Frees N, Nielsen AM (1999): Marginal production tech-
nologies for lifecycle inventories. Int ] LCA 4, 48-56

Wenzel H (1998): Application dependency of LCA methodology —
Key variables and their mode of influencing the method. Int J LCA
3, 281-288

Wenzel H, Hauschild M, Alting L (1997): Environmental assessment
of products. Volume 1: Methodology, tools and case studies in
product development. Chapman and Hall

Wesnas M, Weidema BP (2006): Long-term market reactions to
changes in demand for NaOH. 2.-0 LCA consultants. www.lca.dk

WTW (2006): Well-to-wheels analysis of future automotive fuels and
powertrains in the European context. Well-to-wheels report. Joint
Research Centre (European commission), CONCAWE and
EUCAR. Version 2b

Received: March 14th, 2007
Accepted: October 31st, 2007
OnlineFirst: November 1st, 2007

Int J LCA 13 (2) 2008





