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Abstract: This paper reports a life cycle assessment undertaken to assess the
environmental impact of a range of biosolid reuse options selected by the Kaikōura
community. The reuse options were identified as: vermiculture and open-air composting;
mixture with biochar; direct land application to disturbed sites for forestry using native tree
species; and application to exotic forestry plantations or pastoral farmland. The aim of the
study was to calculate the possible environmental impacts of the reuse options so the
information can be used in a community dialogue process where the fate of the biosolids is
decided upon. All reuse options showed improved environmental performance relative to
landfilling. The direct application to land options showed the least environmental impact
and the composting options had the most environmental impact. This is the first time this
approach has been applied to biosolids management in New Zealand, and whilst there
are limitations, the approach should be encouraged in other communities because it
increases the engagement of the community with waste management decision-making
and the environment.
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1. Introduction
Kaikōura is a small relatively remote community on the South Island of New Zealand with a strong
commitment to protecting the environment and working towards sustainability for their community
and visitors. The Kaikōura District Council’s wastewater treatment plant serves a permanent
population of approximately 3,500 and a tourist population of up to one million visitors per year.
Sewage sludge was dredged from Kaikōura’s oxidation ponds six years ago (the first dredging for
25 years) and about 1,500 tons have been stockpiled. The community and council are tasked with
deciding the most appropriate way of managing the stabilized sewage sludge (biosolids) before the
current stockpiling consent runs out in 2016. Biosolids are carbon-rich and contain valuable nutrients
and can reduce dependence on artificial fertilizers [1,2]. However, biosolids can contain a range of
micro-contaminants such as heavy metals, pathogens and pharmaceuticals and personal care products [3].
Therefore, this biosolid waste stream is both a potential source of soil improvement and pollution.
The study reported here is an additional study allied to the publicly funded research program called
the Biowastes Programme. The Biowastes Programme has been developed to better understand the
environmental risks and benefits that can arise from applying biowastes to land with a
multi-disciplinary team from research institutes, universities, Iwi (largest social unit in Māori culture)
and local businesses. The main biowaste that the program has been focusing on is biosolids, and the
principal focus is case-study research combining biophysical science with social research involving
community, rūnanga (representative Māori assembly) and government regulators. Environmental and
biophysical research has been undertaken to characterize the Kaikōura biosolids to provide
stakeholders with information for their decision-making. Following an initial hui (a social assembly in
a Māori community) and interviews with key stakeholders, a second community engagement hui was
held with key stakeholders to select reuse options for the stockpiled biosolids and provide insights into
community views on contaminants; this was held at the Takahanga marae (a marae is a sacred place
that serves religious and social purposes in Polynesian societies) in Kaikōura, February 2011. After
presentation of science results, a facilitated workshop session was held to enable key stakeholders and
regulators to discuss a number of feasible options for their biosolids. A total of 19 options were
presented to the community; further stabilization (six options); land application (five options);
rehabilitation of land (four options); and resource recovery (four options). Participants were asked to
discuss the environmental positives and negatives, social and cultural positives and negatives,
economics and feasibility of each of the options. Community stakeholders at this hui identified a
number of reuse options that were realistically available to the community, these were:
 Open air composting: a facility at the Innovative Waste Kaikōura site will be constructed.
This will compost a biosolids garden green waste mixture; the resulting compost will be made
available for sale to the community.
 Vermi-composting: where a vermi-composting facility is made and the biosolids and garden
green waste are passed through the digestive tract of worms in containers. This produces
relatively high quality compost and byproducts (i.e. worm juice and worms) that will be sold.
 Mixture with Biochar: the biosolids are mixed with a biochar material made from forest waste
residues using slow-pyrolysis technology and made available for land application.
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 Farm Application: the biosolids are applied directly to pastoral farmland, albeit ensuring that
the biosolids remain outside of the human food chain.
 Forest Application: using existing forestry machinery, biosolids are applied to Radiata pine
(Pinus radiata L.) plantation forests. The biosolids can be included as a soil amendment in the
establishment of the stand.
 Land Rehabilitation: as part of the reclamation of marginal land biosolids are applied as soil
amendment in order to promote vigorous plant growth of native tree species.
Making decisions on complex systems is particularly challenging, but there are numerous ways to
simplify the process. One way to reconcile a large quantity of complex environmental data for
processes and systems is via life cycle assessment. The life cycle assessment framework can help
establish a quantitative description of the impact of a product or service [4] and it has been used to aid
decision-making for a range of scenarios. Accordingly, life cycle assessment has been applied
extensively to decisions pertaining to waste management e.g., [5–8]. In particular, there have been a
number of studies that have addressed biosolids waste management e.g., [9–11].
However, no study to date has investigated biosolids reuse management in New Zealand where
community dialogue has been included in the decision-making. Therefore, this study aims to calculate
the environmental impact of the six identified biosolids reuse options using a life cycle assessment
approach and a community dialogue mechanism. This information will be used in the final community
hui to contribute to the decision making about the reuse options available.
2. Materials and Methods
This study has been conducted in accordance with the principles and framework detailed in the ISO
standards on life cycle assessment [12,13]. The goal of the study was to assess the potential
environmental impacts for the biosolid reuse options preferred by the Kaikōura community. The
functional unit is the treatment of one ton of the stockpiled Kaikōura biosolids. This assessment
extends from the biosolids, as they are stockpiled now, to the end of life associated with the various
reuse options. Accordingly, the system boundaries extend from the extraction of raw materials to their
eventual disposal.
A community hui involving the district council, tangata whenua (“people of the land”) and
community group representatives was held in the Takahanga marae in Kaikōura in December 2011.
Here we explained the environmental impacts quantified by this life cycle assessment study
(see Table 1 for the impact categories used). Then each stakeholder was given ten votes numbered one
to ten that they could allocate to each of the impact categories to represent how important the different
environmental impacts were to the Kaikōura community regarding the biosolids reuse options. It was
explained that the numerical value of the vote was proportional to the importance. The votes were
subsequently used to generate weightings for each of the impact categories so they could be
aggregated. Details of the environmental impacts and the reason for their inclusion are detailed in
Table 1. In addition to the voting, stakeholders were encouraged to record the reasons for their vote
and discuss their opinions about the different environmental impact and how or why they were or were
not relevant to their community on this issue.
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For the life cycle inventory, the landfill process that was used to draw relative impact assessments
was from the Ecoinvent database [14]. The bulk density of the biosolids was measured and found to be
approximately 500 kg/m3, and green waste was assumed to be 200 kg/m3 and for both composting
options they were combined in equal amounts. All truck transportation steps were assumed to have
been using a 25–30 t payload Euro 3 Truck [15] that is 50% utilized. A number of machines are
necessary for the reuse processes and their efficiency is dependent on the workload. It was calculated
that the loader used 1.3 kg diesel/t biosolids processed, the shredder 0.0018 kg diesel/kg biosolids, the
mixer 0.0014 kg diesel/kg biosolids. The storage of worm juice was calculated as requiring
54 kWh/t/day [16,17]. The production of polyethylene (PE) film, polyvinyl chloride (PVC) and
repacking process were from the Ecoinvent database [14]. The direct gaseous emissions from
vermiculture and open-air composting were from experimental studies [18,19]. The chemical
composition of leachate from open-air composting was from [20] and it assumed that 80% of the
leachate was reused and all of the leachate from vermiculture compositing was reused. The process
operations of the biochar mixture were adapted from Ibarrola et al., [21] and Hammond et al., [22] to
suit New Zealand conditions. It was assumed that open-air composting took 60 days and the
vermi-composting 21 days. In all land application options it was assumed that 0.5% of the mineral
nitrogen was lost as dinitrogen monoxide [23] and the percentage chemicals were assumed to be lost
via leaching when directly applied to land was calculated using a range of studies [1,24–28]. The
emissions and resources used for the land filling process were from the Ecoinvent database [14]. The
electricity mix for New Zealand was from the GaBi database [29] and the diesel mix for New Zealand
was from prior work by Scion [30]. The infrastructure for all the reuse options was assumed to last for
21 years, in accordance with the assumptions made in the Ecoinvent database for similar facilities [14].
The chemical composition of the Kaikōura biosolids was from a range of chemical analysis studies of
the biosolids [31,32]. The displaced fertilizer from the biosolids reuse options was calculated using a
range of studies depending on the reuse options investigated [18,20,33–36].
The data was compiled and modeled using the software GaBi4.4 [29]. The weightings were applied
to the environmental impact categories using Equation 1 to develop the final environmental impact
score of the different reuse options.
(1)

Equation 1: The equation used to calculate the overall score for the reuse options. Where: RU = the
normalized impact of the reuse option, L = the normalized impact of landfilling option, W = weighting
factor, and n = environmental impact category.
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Table 1. The impact categories investigated in this study, their description and the reason for their inclusion in this study.
Impact category
Global Warming Potential

Acidification Potential
Eutrophication Potential

Ozone Layer Depletion
Potential
Volumetric water use
Land occupation

Freshwater Ecotoxicity
Potential
Marine Aquatic
Ecotoxicity Potential
Human Toxicity Potential
Terrestrial Ecotoxicity
Potential

Description
Reason for inclusion
The potential radiative forcing of greenhouse gas Global warming potential was included because climate change is a
chemicals in a steady state atmosphere [37].
significant issue for all communities and Kaikōura has an EarthCheck
status—which includes a carbon footprint assessment.
+
The propensity of a chemical to contribute H ions to a Acidification potential is included because the biosolids management
medium.
is potentially a source of this sort of pollution.
The potential nutrification of watercourses [38].
Eutrophication potential is included because the biosolids are
potentially
a
significant
source
of
this
sort
of
pollution—depending on how they are treated.
The change in stratospheric ozone column in a steady Ozone layer depletion was used because New Zealand already has a
state [38].
high Ultra-Violet index, it would be prudent to choose a technology
that does not exacerbate this.
A simple accounting approach to the appropriation of Water is essential to New Zealand economy and there are several
water [39].
cultural connotations of water use.
The occupation of land where the land is classified and Land use is important on the east coast of the South Island because of
characterized according to a Hemeroby coefficient [38].
the cultural significance to Iwi and economic opportunities associated
with land-based activities.
The potential toxic effects of a chemical on freshwater Freshwater toxicity is included because the biosolids may be a
ecosystems using the UNEP-SETEC USEtox model particular source of toxic compounds and the reuse option evaluations
[40].
need to take this into consideration.
The toxic effect on saltwater ecosystems and species Marine ecotoxocity is included because whale watching and marine
[38].
tourism are significant sources of revenue for the Kaikōura
community.
The potential toxic effects of a chemical on human Human toxicity is essential to quantify because there is a permanent
wellbeing using the UNEP-SETEC USEtox model [40].
population in the Kaikōura region.
The toxic effect on land based ecosystems and Terrestrial toxicity needs to be included because the biosolids and
species [38].
reuse options may be a source of toxic compounds.
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The most up-to-date and complete impact assessment methods were chosen for each of the impact
categories and these are specified in Table 1. Each impact category is characterized by a particular
chemical or concept. Global Warming Potential is converted to carbon dioxide equivalents
(kg CO2-eq), Ozone Depletion Potential to the refrigerant R11 (kg R11-eq), Eutrophication Potential is
measured in phosphate equivalents (kg PO43−eq), Acidification Potential to sulfur dioxide equivalents
(kg SO2-eq), Marine and Terrestrial Ecotoxicity Potential to dichlorobenzene (kg DCB-eq), Human
Toxicity Potential is measured by the number of cases of illness, Freshwater Toxicity Potential by the
Potential Affected Fraction per unit volume and time (PAF.m3.day), volume of Water Use is calculated
to weight (kg), and the Land Use is the area used per unit time (m2.yr-eq).
Normalization was undertaken to remove the effect of aggregating values with different units. The
normalization data was obtained from the Gabi4.4 database and corresponds to Organization for
Economic Co-operation and Development data. Except for the water use which was calculated by dividing
the daily water use of New Zealand [41] by the population [42]; the data used is detailed in Table 2.
Table 2. The normalization data used for the impact categories included in this study.
Impact Category
Global Warming Potential
Ozone Depletion Potential
Eutrophication Potential
Acidification Potential
Marine Toxicity Potential
Terrestrial Toxicity Potential
Human Toxicity Potential
Freshwater Toxicity Potential
Water Use
Land Use

Normalization data
5.26 × 10−14
9.60 × 10−9
1.42 × 10−11
9.59 × 10−12
8.12 × 10−15
1.62 × 10−12
0.28 × 101
8.33 × 10−13
1.88 × 101
2.86 × 10−4

Units
kg CO2-eq
kg R11-eq
kg PO43-eq
kg SO2-eq
kg DCB-eq
kg DCB-eq
cases
PAF.m3
kg
m2.yr-eq

3. Results and Discussion
The ranking votes produced in the December 2011 hui produced some interesting results (Figure 1).
A key output is that global warming was ranked the least important environmental impact and that
water use, land use and water quality received the majority of the votes (Figure 1).
The stakeholders recorded despondency about environmental issues such as global warming and
ozone depletion because these issues require a concerted and consistent international effort that has
hitherto been absent. Consequently, they felt the most pertinent issues for the Kaikōura community
were the ones they could do something constructive about. Therefore land use, water use and water
quality metrics scored the most important (Figure 1). Given that the main industries in Kaikōura
involve farming or marine tourism, this is understandable. However, climate and water are inextricably
linked and perhaps this approach does not make that explicitly clear. Given the diversity of
stakeholders that attended the hui in December, it would be expected that the opinions on the
importance of the environmental impact categories would be diverse. However, we found an
unexpected degree of consistency in the recorded opinions of the different impact categories—as
indicated by the standard error of the mean bars (Figure 1).
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Figure 1. The environmental impact category weightings developed from the panel voting
hui (error bars are the standard error of the mean). 10 = most important, 1 = least important.

The use of weighting is contentious in life cycle assessment and it has stimulated a substantial
number of journal papers e.g., [43–47]. Finnveden et al., [48] conclude that there is no definitive way
to weight in life cycle assessment and all methods suffer at least two shortfalls. Firstly, you cannot
determine if the weighting approach accurately reflects the decision makers’ values at that particular
point in time, and secondly, any weighting method may conceal crucial assumptions. During this study
we found that there can be significant discrepancy in the general public’s understanding of
environmental problems and the complexity therein. A key future objective would be to evaluate a
range of weighting procedures via a sensitivity analysis—but this is out of the scope of this particular
study. Weighting is particularly suitable for biosolids management decision making because the
impact of each management options extends beyond a single environmental consequence and the
overall impacts are disparate (Table 3). Resulting in a wealth of complicated and technical information,
which viewed without aggregation may result in weighting by stealth. The integration of the Kaikōura
community preferences regarding environmental impact into the analysis was a key feature of this
work, and the feedback received during the hui was that this was an empowering process that gave the
community more ownership and understanding of the analysis.
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Table 3. Environmental impact scores for each of the biosolid reuse options and landfilling.

Impact Category

Unit

Landfill

Global Warming
Ozone Depletion
Eutrophication
Acidification
Marine Ecotoxicity
Terrestrial Ecotoxicity
Human Toxicity
Freshwater Toxicity
Water Use
Land Use

kg CO2-eq
kg R11-eq
kg PO43−eq
kg SO2-eq
kg DCB-eq
kg DCB-eq
cases
PAF.m3.day
kg
m2.yr-eq

7.00 × 102
3.38 × 10−6
0.76 × 101
2.98 × 10−1
9.38 × 105
0.15 × 101
7.32 × 10−10
6.08 × 10−2
31.3 × 101
2.60 × 10−4

Open Air
VermiComposting Composting
3.06 × 103
7.26 × 10−6
2.26 × 10−1
7.20 × 10−1
2.56 × 104
1.19 × 10−1
1.99 × 10−9
2.13 × 10−1
0.48 × 101
5.92 × 10−1

2.03 × 103
7.80 × 10−7
4.42 × 102
3.09 × 10−1
2.05 × 104
1.24 × 10−2
7.59 × 10−10
5.48 × 10−2
0.22 × 101
4.23 × 10−1

Mixture
with
Biochar
3.15 × 102
5.40 × 10−7
2.21 × 102
1.60 × 10−1
1.33 × 104
6.11 × 10−3
3.92 × 10−11
3.57 × 10−2
0.15 × 101
1.53 × 10−2

Pastoral
Farmland
2.85 × 102
1.72 × 10−7
0.10 × 101
0.32 × 101
6.87 × 102
3.56 × 10−1
7.16 × 10−10
9.59 × 10−1
5.31 × 10−1
6.38 × 10−6

Exotic
Land
Forest
Rehabilitation
Application
8.64 × 101
8.65 × 101
2.03 × 10−7
2.25 × 10−7
4.60 × 10−1
4.60 × 10−1
−2
6.60 × 10
6.68 × 10−2
3.30 × 102
2.45 × 102
1.73 × 10−1
1.74 × 10−1
8.95 × 10−12
1.64 × 10−11
−2
1.45 × 10
1.49 × 10−2
6.23 × 10−1
6.23 × 10−1
8.16 × 10−8
1.70 × 10−7
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The data detailed in Table 3 corresponds to the environmental footprints calculated for the life cycle
assessment metrics in this study. The footprints exhibit a disparate and complex trend between metrics
and reuse options. Because the findings of other studies are heavily influenced by system boundaries,
assumptions and underlying data, it is difficult to draw comparisons. However the trend exhibited
between the options is intuitively understandable. For example, global warming potential shows a
higher footprint for the composting options than the direct land application options. This is because of
the gaseous emissions, materials and transportation necessary for the production of compost [18].
Similarly, land use is significantly more for the composting options than the direct land applications
because of the infrastructure associated with the composting facilities. Water use and eutrophication is
higher for the composting facilities because of the associated wastewater treatment necessary to treat
the leachate. Conversely the freshwater and human toxicity metrics are higher for the direct to land
application options because the biosolids are ostensibly unprocessed.
The data was combined to a single figure using Equation 1, and the overall scores reveal an
interesting trend. As depicted in Figure 2, all the reuse options were found to have a lower
environmental score than landfilling the biosolids. This is largely because the reuse options avoid the
production of fertilizers and pollution and resource use associated with landfills. The options that
involve the direct application to land are the most environmentally benign. However there is a
relatively small difference in aggregated environmental impact between these options. What difference
there is can be attributable to the use of heavy machinery and resources involved in incorporating the
biosolids in forest soils; compared to a simple tractor-drawn spreader used for pastoral land application.
Figure 2. The aggregated environmental index for each of the reuse options presented
relative to landfilling the waste, which would have an aggregated environmental impact
score of 1.
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The composting and the mixture with biochar options exhibit an increased aggregated
environmental impact compared with the direct land application options. This is because of the
associated infrastructure and facilitated environmental emissions associated with these options. Open
air composting was calculated as having a substantially larger environmental impact than all the other
investigated options. This is because of the time taken to produce compost using an open air system
and the fact that the production of a leachate may be harmful to sensitive ecosystems.
There are many areas where this research could be improved. Notably, better information is needed
for weighting, impact characterization, normalization and process data. In particular, the
characterization of toxicity of pharmaceutical products residuals and the displaced fertilizer products
requires more experimental data to support the assumptions made in this assessment. The decision
making capability of this approach could be improved substantially if site specific impact assessments
were included in the life cycle assessment. The characterization factors were taken from literature
sources. Consequently, the characterization of pollution may not be appropriate for the Kaikōura
domain. Important characteristics such as the buffering capacity of soils or the sensitivity of local flora
and fauna to the pollutants are not accounted for. These factors could vary by several orders of
magnitude—thus potentially rendering this analysis redundant. Therefore, linking the applied
toxicological, soil science, and atmospheric chemistry research with an engineering-based quantitative
assessment of future biosolids reuse options is recommended; although it should be noted that this
demands extensive research. Moreover, a quantitative approach to the social, cultural and economic
aspects of the reuse options will serve to provide useful information. It is well documented that Māori
have an alternative way of looking at the management and appropriation of resources e.g., [49,50] and
this is not currently accommodated in the life cycle assessment framework.
The dissemination of the information revealed during the course of this study, and allied studies,
was a key step in the research program. The pros and cons for each option detailing the economic,
environmental and social impact for each option has been presented to the Kaikōura community during
a hui. However this process presupposes that only one option can be adopted and the Kaikōura
community is obliged to manage their biosolid waste in isolation of other communities. Rural
communities across the South Island of New Zealand are faced with similar challenges and a
collaborative approach to biosolids management may reveal new opportunities and options. The
options that involve significant infrastructure may become more environmentally benign due to a
potential increase in throughput i.e. due to an economy of scale.
4. Conclusion and Future Recommendations
Making decisions that concern complex systems such as the natural environment is difficult and a
quantitative approach can clarify the issues, especially for non-technical stakeholders. The results of
this study suggest that the direct land application options have a relatively benign environmental
impact compared to the options that involve significant infrastructure or reprocessing. This is likely to
be symptomatic of the chemical composition of Kaikōura’s biosolids and the total amount of biosolids
to be processed considering the infrastructure necessary for the reuse options that involve reprocessing.
Consequently, the findings of this study may not transpose to other regions, communities or times.
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The community engagement aspect was a particular success and we advocate this approach with
other communities on similar issues. Notably there was an acceptance of the life cycle assessment
methodology by the Kaikōura community despite knowledge of its limitations. Moreover, the decision
making capacity associated with life cycle assessment will be improved if the aforementioned
limitations are addressed.
There has been reluctance from district councils in New Zealand to engage with communities on
waste management decision making, but we have found that community engagement is a positive
process that may reduce the risk associated with local council waste management decisions. However a
key risk associated with this approach is that the overall assessment of options presupposes that a
single reuse option will be favored, and that Kaikōura has to deal with their biosolids on their own.
Perhaps a combination of options or a collaborative approach to biosolids management may serve the
Kaikōura community best, and thus this warrants significant further investigation.
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