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Abstract Life cycle assessment (LCA) was used to com-

pare the impacts of two adhesive systems used for medium

density fiberboard. Adhesives made from a theoretical pro-

tein–lignin-composite and petrochemical feedstocks were

investigated. The inventory data was obtained from pub-

lished literature, site investigations and laboratory scale

experiments. Ecoindicator 99, a single score sustainability

impact assessment method was applied. Our calculations

reveal that the bioadhesive composed only of bio-based

ingredients has a 22 % lower life cycle impact than the

adhesive from petrochemical origin. The principal impact on

both petrochemical and bioadhesive manufacture comes

from the use of local mineral resources and the bioadhesive

shows a considerable decrease (39 %) in environmental

impact scores compared to the petrochemical adhesive.

Underlying issues in LCA methodology are discussed in

relation to potential contribution to the value proposition and

ingredient selection for emerging bioadhesives.

Keywords Life cycle assessment � Bioadhesive � Urea

formaldehyde resin � Medium density fiberboard

Introduction

There is an increasing consumer desire for materials that are

environmentally and socially benign. Traditional adhesives

are derived from co-products that come from petroleum

processing. Globally there is anxiety about non-renewable

resource depletion and environmental impact. Indeed to

address public concerns over the increasing rate of resource

consumption and waste production, policy makers have

encouraged recycling and reuse strategies, to reduce the

demand for raw materials and decrease the quantity of waste

going into landfills. However, these strategies have also

been criticized because of their possible contribution to

other types of impacts or parts of the value chain, which,

while less obvious, are no less important. To meaningfully

calculate the holistic impact of a product or service the life

cycle assessment (LCA) framework can be used.

Life cycle assessment is a methodology that can be used to

calculate the environmental effects of a product or service

from the production of the constituent materials to their

eventual disposal [1]. Using the LCA framework a number of

studies have revealed that so-called green technologies such

as paints [2] have inferior environmental performance

compared to petrochemical systems (e.g. [3–6]). The appli-

cation of LCA is increasing, particularly in ‘‘green building’’

tools and assessment mechanisms as well as use for envi-

ronmental product declarations [7, 8]. Consequently LCA-

metrics may contribute to development of new technologies

and products that aim to use green building assessment

mechanisms as a vehicle to market their products.

As a result of the green building assessments and other

market forces LCA is increasingly used in marketing,

policy evaluation and design considerations—ecodesign.

The existence of outdated standards or no standards is

recognized as a market constraint for novel bio-based

materials [9]. Accordingly, LCA can become a focal point

for integrated product development initiatives. However,

before this can happen, prospective studies that highlight

and resolve methodological issues are needed.
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Medium-density fiberboard (MDF) is an engineered

wood product that is made by deconstructing hardwood or

softwood residuals into wood fibers, and combining these

with wax and a resin binder derived from petrochemical

refining. This mixture is then formed into panelboards by

applying heat and pressure. Principally MDF is used in

residential constructions in a similar way to particleboard

or plywood—but there are crucial physical and environ-

mental differences in its use; including adhesives used and

structural requirements. A totally bio-based adhesive pro-

vides a non-petrochemical approach to adhesive design

and MDF manufacture as well as avoiding the use of

formaldehyde, a contentious issue for panelboard emis-

sions. Consequently there is an opportunity to use the

emerging green building mechanisms to increase the

marketability of wood panel products such as MDF and in

particular those made using bio-based adhesives. However

bioadhesives are not currently widely used because the

technologies and products are in their infancy. Conse-

quently the market is immature, consisting of untried

products and poor penetration of bioadhesive options at the

manufacturing level.

The aim of the current paper is to use LCA to quantify

the various pollution and resource use data associated with

the full life cycle of MDF made with petrochemical

adhesive (urea formaldehyde resin) and that of a bio-based

adhesive (lignin–protein composite) from industrially

available plant-based ingredients. The purpose is to com-

pare two functionally equivalent MDF products that use

bio- or petro-chemical adhesives in order to evaluate the

potential benefits associated with one product over another

and risks associated with this type of analysis. This

research—whilst only an evaluative study, will be of

interest to LCA specialists, designers, policymakers and

adhesive and wood composite researchers.

Methods

This study was conducted according to the recommenda-

tions of the International Standards Organization—ISO

14044:2006 environmental management life cycle assess-

ment requirements and guidelines [10]. The mass balance

for each individual stage was first prepared using Microsoft

Excel, before inputting the data for processing by the

Gabi4.4 software purchased from PE International. The

adhesive ingredients are those typically used in urea

formaldehyde resin synthesis or probable bioadhesive

components having demonstrated application in bio-based

adhesive systems. Namely lignin, proteins, tannins and

starches [11, 12] with the theoretical bio-based adhesive

composition formulated to provide equivalent adhesive

performance in MDF as the urea formaldehyde resin [13].

Functional Unit and System Boundary

In comparative studies, it is essential that the systems be

compared using equivalent functions. In the present study,

the functional unit was defined as one square meter of

MDF. It is assumed that the thickness of the MDF board is

17 mm and the total weight is 11.6 kg/m2. The inventory

of raw materials is expressed relative to this functional unit

and it takes into account the extraction of natural resources:

polyethylene from crude oil, cardboard from trees grown

and processed in New Zealand. In addition, the transpor-

tation and processing of the raw materials, the manufac-

turing of the packages, and the recycling rate after

consumption, and the final end of life destination and

disposal, are considered—as depicted in Fig. 1.

The life cycle stages evaluated in this study ostensibly

includes the use stage i.e. it is modelled that the use stage

does not require any input of materials. The capital

equipment costs and minor materials such as packaging,

limestone, surfactants, etc. were also excluded from the life

cycle inventory as were the effects of mechanical failures

and maintenance.

Life Cycle Inventory

Background Data

The emissions and resource use for electricity production

uses the energy panorama detailed in the New Zealand

energy data file [14] and corresponding unit processes from

EcoInvent [15]. The life cycle inventory for crude oil

refining was based on prior studies on the Marsden Point

facility, New Zealand [16].

To get comprehensive results transportation was inclu-

ded within the analyzed system’s boundaries. This is

because of the long distances over which several of the raw

materials need to be transported. The transport distances of

both raw materials and waste, in this study, were calculated

based on the average distances between each supplier,

transportation hub and the manufacturing or waste treat-

ment plants studied. The most significant transport dis-

tances are detailed in Table 1.

The data for shipping fuel, bilge oil and from fuel use in

the United States and Brazil were collected from the

EcoInvent Database [15], and the tailpipe emissions profile

from all trucking legs is assumed to correspond to a

‘EURO 3’ vehicle [17].

Forestry Production

The inputs for forestry production have been detailed

elsewhere [18, 19] so won’t be repeated here. These data

represent average life cycle inventory information for
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plantation-grown Pinus radiata L. production in New

Zealand.

Manufacturing Systems

Several manufacturing systems are modelled in this study,

some of which are detailed in Fig. 1. The Kraft pulping

operational data was provided courtesy of a current New

Zealand operation (Tom Clark personal communication).

Kraft pulping was modelled as a chemo-mechanical sul-

phite Kraft pulping operation. This consists of breaking

down the wood into fibers, celluloses and hemi-celluloses

using a combination of mechanical attrition and chemical

degradation.

The MDF production data corresponds to average fig-

ures from a survey of MDF board manufacturers in

Australia and New Zealand [20]. For the purposes of this

exercise it was assumed that the facility is centrally located

in Taupo in the Central North Island of New Zealand. The

operations and outputs between plants vary so the data is

normalized across the modelled manufacturing systems.

The amount of liquefied petroleum gas used is 0.025 l/m2,

natural gas 0.085 GJ/m2, electricity 0.017 MWh/m2 and

solid waste is 0.08 kg/m2. The average adhesive loading

was modelled as 10 % of the gross mass of the fiberboard

(1.16 kg/m2) and the amount of wax was estimated as

0.7 % of the MDF fiber contribution (0.08 kg/m2). Direct

emissions of particulates, formaldehyde, total VOCs, water

vapour; NOx, SOx and carbon monoxide are included.

The petrochemical urea formaldehyde resin and wax

manufacture is modelled using data from EcoInvent [15]

and it is assumed that the adhesive is produced using co-
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Fig. 1 The system boundary of this study—note there is commonality across the two adhesive manufacturing systems so these are not mutually

exclusive
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products from the Marsden Point (a ‘middle distillate’)

refinery and transported accordingly. The resources used

for the operations of the Marsden Point refinery site are

from published data [21]. Various feedstocks from around

the world are processed by the Marsden Point site;

approximately 45 % is crude oil from the Middle East,

35 % is crude oil from the Far East, 13 % is condensate

from the Taranaki gas fields and 8 % are ‘‘residues’’ [22].

The chemical inventory of crude petroleum extraction was

calculated using unit processes from EcoInvent that detail

emissions from on- and off-shore rig operations [23]. The

proportion of on- and off-shore rigs was estimated using

West [24]. The annual output of each oil field was used to

calculate their relative contribution and the distance

between extraction site and Marsden Point was calculated

using the online tool www.searates.com [25]. The energy

for transmission comes from the New Zealand national grid

and the energy demand for overland reticulation is

0.0612 MJ/tkm from DeLuchi [26]. Crude oil from the

overseas wells is modelled as being transported by oil

tankers using a process from the EcoInvent database [15].

The distances are summarized in Table 1.

The theoretical bioadhesive constituents and places of

origin are detailed in Table 2. The bioadhesive formula-

tions are all water-based and involve heating the mixture at

70–90 �C for up to 2 h, similar to petrochemical adhesives.

Because no bioadhesive facility exists in New Zealand, for

the purposes of this exercise it was modelled that urea

formaldehyde resin and the bioadhesive are manufactured

in New Zealand’s largest refinery—Marsden Point.

Shown in Table 2 are representative contributions and

sourcing point of a bio-based adhesive in the later stages of

development at Scion [13]. Corn Protein is modelled as

originating as a by-product from corn to poly(lactic acid)

processing and accordingly a process from NatureWorks

[27] is used and modified to correspond with the likely yield

of ‘Corn Protein’ (1.4 9 10-4 % of biomass processed).

Caustic soda and acetic acid used processes from EcoInvent

[15]. Lignin is modelled as being produced in New Zealand

and extracted from a Kraft sulphite pulping operation. Soy

protein and tannin were modelled using processes from

EcoInvent [15] that correspond to Soy production and pro-

cessing, roundwood production in Brazil and a generic

organic chemical manufacturing process, respectively.

Disposal

The inventories presented in this paper also include the

distribution of the MDF products and their final disposal.

Table 2 Constituents of an indicative protein–lignin bioadhesive

modeled in this study

Bioadhesive

component

Theoretical

contribution (%)

Place of

origin

Corn protein 5 USA

Lignin 5 NZ

Caustic soda 7 NZ

Acetic acid 4 NZ

Tannin 1 Brazil

Soy protein 19 USA

Water 59 NZ

Table 1 The key transportation steps, modes and distances

Step Method? Distance

(km)

Crude oil transport

’’Far Easta’’—Marsden Point Transoceanic

ship

9,372#

’’Middle Eastb’’—Marsden Point Transoceanic

ship

15,538#

Gas condensates

New Plymouth—Marsden Point Reticulated

pipeline

496$

Petrochemical adhesives

Materials for petrochemical processing

in Marsden Point

Rail 52?

Truck 165?

Bioadhesives

Soy Protein—to Marsden Point Rail 500*

Corn Protein—to Marsden Point Ship 10,492#

Truck 150*

Lignin—to MDF plant Truck 63$

Caustic soda and acidifying

chemicals—to Marsden Point

Truck 50*

Tannin—to Marsden Point Truck 300*

Ship 13,259#

Forestry production

Forest gate to MDF plant Truck 160*

Bio- and petro-chemical adhesive to MDF plant

Marsden Point—Taupo Truck 416$

MDF to Australia

Trans-Tasman Ocean trip Shipping 3,152#

Australian Domestic Freight Rail 650*

To retailer Truck 50*

MDF to landfill

Construction to landfill Truck 160*

Landfill Hauler 25*

* The data is from an assumption, ? data from EcoInvent, # from

Searates.com, $ from Google
a The Far East being: Australia, Brunei, China, India, Indonesia,

Japan, Malaysia, Burma, Philippines, Taiwan, Thailand
b The Middle East being: Abu Dhabi, Dubai, Egypt, Iran, Iraq, Jor-

dan, Kuwait, Oman, Pakistan, Qatar, Saudi Arabia, Syria, Yemen, for

both regions and the distance is adjusted depend on the output of

crude oil from that area
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Furthermore, the final destinations of the residues and the

recycling processing practices have been taken into

account. The scenario where the MDF product is sent

straight to landfill uses a process for landfill disposal of

inert construction waste called ‘‘Landfill for inert matter

(Construction waste)’’ from EcoInvent [15].

Allocation Procedures

A common problem in LCA studies is the allocation

impacts from processes that produce multiple products. In

this study forestry production, crude oil refining, polymer

production, chemical manufacturing, agricultural produc-

tion and feedstock processing are multifunctional produc-

tion systems. A partitioning method based on the mass of

the products and co-products is used throughout the cal-

culations except in the refinery which uses an allocation

procedure based on energy [1, 28].

Impact Assessment and Interpretation

Impact assessment is a technical, quantitative, and quali-

tative process to characterize and assess the effects of the

environmental burdens identified in the inventory [29].

Impact assessment in LCA consists of the following three

steps: characterization, normalization and weighting [30].

Damage-oriented impact assessment methodology has

received attention in recent years [31, 32]. This approach

provides not only a characterization of impacts, but also the

capacity to integrate data into a single score. A single score

is desirable because of the multiple and disparate impacts

of products and the relative complexity this introduces into

decision making. Conflating data using a structured

weighting system makes decision making easier.

In the present study the Ecoindicator 99 method was

used for the impact assessment step, because it is a dam-

age-oriented and endpoint approach that uses areas of

Table 3 The damage

categories, the underlying mid-

point impact categories modeled

in Ecoindicator 99, with

abbreviation and units, the

normalization factors and the

relative weights (using the

‘Hierarchist’ perspective)

Damage categories Impact category Damage unit Normalization Weight (%)

Human health Carcinogens (CA) DALY 2 9 103 40

Respiratory organics (RO) DALY 6.8 9 10-5

Respiratory inorganics (RI) DALY 1.1 9 102

Climate change (CC) DALY 2.4 9 103

Ozone (OZ) DALY 2.2 9 10-4

Radiation (RA) DALY 2.7 9 10-5

Ecosystem quality Eco-toxicity (ET) PDF 9 m2 8.1 9 102 40

Acidification/Eutrophication (AE) PDF 9 m2 3.8 9 102

Land use (LU) PDF 9 m2 4 9 103

Resources Fossil fuels (FF) Surplus MJ 8.3 9 103 20

Minerals (MI) Surplus MJ 1.5 9 102

Fig. 2 Bioadhesive and

petrochemical adhesive

midpoint impact results
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concern (damage categories) to demarcate what causes

damage in these areas. Ecoindicator 99 was chosen over

other endpoint indicators because the mid point impact

categories closely align with those suggested for the Aus-

tralia and New Zealand green building schemes. The

Ecoindicator 99 method considers three damage categories:

human health (disability adjusted life years—DALYs),

ecosystem quality (potentially disappeared of affected

fraction—PDF, on a given area during a given time period)

and depletion of resources (surplus energy for future

extraction—MJ). The results are integrated to one indicator

using standardized weighting for the Asia Pacific region

from Gabi4.4 to keep the step transparent. Table 3 shows

the three damage categories and the concomitant impact

categories modelled in Ecoindicator 99.

Results and Discussion

The result of the comparison between MDF using bio- and

petro-chemical adhesives is reported in Fig. 2. The length

of the columns corresponds to the magnitude of the impact;

likewise a negative value corresponds to an avoided

impact. In general the impact trend exhibited by the bio-

adhesive follows that of the petrochemical one. For most of

the impact categories where a substantial environmental

impact score is calculated the bioadhesive scores lower

(9–39 %) than the petrochemical adhesive (Fig. 2) except

for land use where the bioadhesive is calculated to use

significantly more land than a petrochemical adhesive.

Notably the fossil fuel and climate change metrics are

lower for the bioadhesive (by 39 and 9 % respectively).

This is because the bioadhesives use less crude oil in their

production and there are less transportation emissions

associated with their production. Climate change and fossil

fuel preservation are key political issues and therefore this

is a significant finding.

Given the fact that the bioadhesives have a significant

portion of the constituents from biological feedstocks, one

could expect there to be a more significant difference

between the overall land use between petrochemical- and

bio-based adhesives. However the total contribution of the

adhesive to the functional unit is 1.16 kg and of this over

50 % are from manufacturing systems or water (see

Table 2). That combined with the relative productivity of

New Zealand’s forestry systems and the land pressure

exerted by western cultures (which is the reason why

there is a high normalization value for land use—see

Table 3) means that despite the overall contribution of

Land Use being significant moderated data is presented in

Fig. 2.

Several impact categories barely register or show sig-

nificant differences between the adhesives. The negligible

impacts due to radiation are understandable because there

are no nuclear facilities in New Zealand or Australia

(despite Australia holding a sizable portion of the known

global uranium deposits). Ecotoxicity on the other hand

exhibits a trend showing a slightly increased ecotoxic

profile for petrochemical adhesives compared with bioad-

hesives. Closer inspection revealed the urea formaldehyde

resin production as a source of pollution characterized as

ecotoxic using the Ecoindicator 99 impact assessment

method. The use of different impact assessment methods

will result in a variation in the overall impact of the two

assessed adhesive value chains. Currently there is no single

or ubiquitous impact assessment method and thus adding

another level of uncertainty when interpreting LCA results

[33] which may pose a risk when incorporating LCA in

government policy development. For example the ozone

impact category results may be a function of using aggre-

gated database values for the underlying agricultural pro-

cess; suggesting that further investigation into the

production processes, particularly the underlying feedstock

data, is necessary before comparative assertions are dis-

closed to the public.

In order to compare the overall environmental impacts

of the two adhesives, each mid-point impact category was

integrated into a single score for the damage assessment

using the normalization and weighting specified in Table 3.

The results for the comparison of the life cycle environ-

mental impacts for the two types of adhesives in the present

study are illustrated in Fig. 3.

The depletion of resources is 40 % larger for the pet-

rochemical adhesive than the bioadhesive. On the other

hand the impact on ecosystem quality is 59 % more in the

bioadhesive than the petrochemical adhesive. This is a

function of the constituents of the bioadhesive originating

from biological feedstock and the associated ecosystem

degradation arising from that, whereas the petrochemical

adhesive uses an extracted crude oil feedstock.

Fig. 3 Life cycle environmental impacts comparison
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Overall the petrochemical adhesive has a higher impact

(2.2 Pt) than the bioadhesive (1.7 Pt)—a difference of

22 %. There have not been any other comparisons between

petrochemical and bioadhesives to draw comparisons with

and this is a constraint when interpreting LCA results.

There have been several studies comparing biopolymers

with petrochemical materials that have illustrated an

improved overall environmental performance when using

the novel bio-based materials (e.g. [34–37]), but equally

there have been several studies illustrating worse envi-

ronmental performance of functionally equivalent bio-

based materials (e.g. [3–6]).

Given the high-percentage raw materials for both types

of adhesives, it can be concluded from this study, that LCA

can be useful for making a gross evaluation and compari-

sons between adhesives. However LCA is still in the early

stages of development in New Zealand compared to other

OECD regions. To date, there has been no LCA research on

adhesives in New Zealand and therefore this study repre-

sents a first. The lack of a domestic LCA data/database

means that an uncertainty analysis is limited—but neces-

sary step for the correct interpretation of LCA outputs.

Whilst the EcoInvent dataset corresponds to a different

region, the background data e.g. electricity production, is

specific to New Zealand and the modelled manufacturing

systems were derived from site visits.

Adopting a ‘cradle to grave’ perspective means that not

only direct and indirect inputs to production are included in

the calculations, but also the future downstream uses and

final disposal of the products is analyzed. In this study, the

disposal of both types of MDF product was assumed to be

landfill disposal, which is currently the actual disposal sit-

uation for low value timber products in Australia [38].

However the recycling rates of high value wood products

are relatively high in Australia. If recycling of MDF panels

becomes more commonplace then the life cycle environ-

mental impacts would decrease. A key advantage of the

bioadhesive MDF product is that toxic formaldehyde sub-

stances (which affect the respiratory inorganics impact

category) are not present and more recycling options—

including composting for food production are available.

From an environmental assessment perspective this would

avoid the production of fertilizers that could further reduce

the calculated overall environmental impact. However, a

scheme that composts construction and demolition waste

requires a significant amount of infrastructure and associ-

ated research and a hitherto absent degree of vertical inte-

gration in the supply chain is necessary. Nevertheless a

companion assessment that investigates the impact of such

end-of-life options coupled with an economic costing

warrants further investigation—particularly if more infor-

mation on the performance of bioadhesives in a composting

environment becomes available. A useful application of this

information is in emerging green building schemes such as

the US-led Leadership in Energy & Environmental Design.

In the majority of these schemes indoor air quality perfor-

mance is assessed alongside environmental performance—

potentially amplifying the benefits of using bioadhesives

compared to formaldehyde-based adhesives from petro-

chemical origin.

Another fundamental difficulty contributing to the

uncertainty of the results is the validity of the data used.

Whilst the data was obtained directly from producers,

domestic sources, or international standardized databases,

others are from open-source internet sites and, in several

cases, assumptions. In addition, in the present study, no

consideration has been taken of any potential changes to

manufacturing systems or health and safety implications.

Furthermore, no social or cost analysis was performed. A

comprehensive study would include these factors and rec-

oncile them in a way that supports decision making.

Conclusion

The application of the LCA framework to two types of

adhesives has made possible the comparison of their

environmental impacts using Ecoindicator 99. The results

show clearly that over the entire life cycle the petro-

chemical adhesive has a 22 % higher environmental impact

than the bioadhesive (Fig. 3). Although the underlying data

and methodology for this analysis is still nascent in New

Zealand and Australia this area is maturing rapidly and it is

likely that those methodological issues will be overcome.

The differences calculated in this study may help policy

makers and scientists to determine a policy regarding

sustainability criteria and ingredient selection for adhesives

manufacture as well as product and marketing benefits. If

climate change and fossil fuel resource conservation is the

primary governmental goal then bioadhesives are an option

that warrants further investigation. In general however, this

study has shown that using LCA to evaluate raw material

usage in adhesive manufacture is possible and useful when

making a gross evaluation and comparison. If metrics that

pertain to sustainability performance are deemed to be

important then the findings in this and similar studies can

contribute to the value proposition of bioadhesives.
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