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Abstract

The construction industry, a cornerstone of global economic and social progress, is under
increasing pressure to adopt sustainable practices due to its significant environmental
footprint. Industrial hemp (Cannabis sativa L.) has gained attention as a renewable material
for building applications, offering potential reductions in greenhouse gas emissions and
resource consumption. However, its broader sustainability performance remains
underexplored. This study develops a comprehensive Life Cycle Sustainability Assessment
(LCSA) framework to evaluate the environmental, economic, and social implications of hemp-
based building materials in Australia. The framework integrates environmental life cycle
assessment, life cycle costing, and social life cycle assessment based on ISO 14040-44
standards. Using a participatory approach, 19 indicators were identified relevant for the
sustainability assessment of hemp-based materials through consultation with 30 stakeholders
across the construction, hemp industries, and academia. By addressing critical gaps in
methodology, this study provides a robust tool for stakeholders to optimise the sustainability
performance of hemp-based building materials and advance net-zero construction practices.
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1. Introduction

The construction industry is a cornerstone of modern development, shaping infrastructure,
housing, and economic progress [1]. Globally, the sector accounts for approximately 10% of gross
domestic product (GDP) and provides employment to over 100 million individuals [2]. However, its
social and economic benefits have come at a significant cost to the environment. The construction
sector is one of the largest contributors to greenhouse gas (GHG) emissions, responsible for 37% of
global emissions [3], and its operations aggravate challenges such as plastic pollution [4], resource
depletion and waste generation [5]. As the global demand for infrastructure and housing rises, there
is a pressing need to transition towards sustainable building materials that mitigate environmental
impact while improving economic and social performance throughout the building’s life cycle.

Industrial hemp (Cannabis sativa L.) has emerged as a potential alternative for conventional
materials that are energy and resource-intensive. Largely due to its rapid growth, high carbon
sequestration capacity, mechanical and thermal properties, this material is highly suitable for non-
structural building applications [6]. Hemp-based materials can be utilised in different building
applications, such as insulation, fibre-reinforced panels, and particleboards. These alternative
materials offer advantages over conventional substitutes in terms of thermal efficiency, carbon
footprint, and recyclability [7, 8]. Most of the environmental life cycle assessment (ELCA) studies
have confirmed that the hemp-based composites generally exhibit lower life cycle GHG emissions
compared to traditional materials such as polyisocyanurate boards, wood wool boards [9] and
gypsum plasterboards [10]. However, sustainability research on hemp-based materials has primarily
focused on environmental impacts, with limited emphasis on the broader sustainability profile,
including economic and social considerations [11]. This limitation has led to significant research gaps,
particularly in assessing the market-competitiveness of hemp-based materials in large-scale
applications and their impact on labour markets and health and safety standards [12].

In the case of Australia, the construction sector presents unique sustainability challenges. It
accounts for 18% of national GHG emissions [13], consumes approximately 25% of the country’s
total materials [14] and generates over 38% of landfill waste [15]. The country’s per capita material
footprint is among the highest in the world, four times the global average, placing a significant
pressure on natural resources and landfill infrastructure. Simultaneously, the Australian hemp
industry is expanding, presenting opportunities for locally sourced, low-carbon feedstocks for
material production [16, 17]. Although research has supported the use of hemp-based materials to
mitigate life cycle GHG emissions in buildings, comprehensive assessments of its economic viability
and social acceptance within the Australian market are limited [10].

Efforts to integrate economic performance indicators into sustainability assessments could
potentially address some of these gaps. Rivas Aybar, John [18] used an eco-efficiency framework to
compare the environmental and economic performance of non-structural hemp-based boards with
gypsum plasterboards. The study found that the use of electricity generated from the photovoltaic
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panels can enhance the eco-efficiency of hemp-based materials in Australia. Whilst this study
provided valuable insights into the cost-effectiveness of hemp products, it did not fully incorporate
the life cycle costing (LCC) methodology to assess long-term financial viability of these novel
materials. Furthermore, studies evaluating the economic sustainability of hemp-based composites
ignored the impact of market dynamics, supply chain constraints, and financial incentives that could
either facilitate or hinder large-scale adoption [9, 19, 20].

Social sustainability, a critical yet often neglected component of sustainability assessments,
remains one of the most underexplored aspects of hemp-based materials [12]. Unlike ELCA and LCC,
which have established methodologies for quantifying environmental and economic impacts, social
life cycle assessment (SLCA) is still evolving and lacks standardised indicators suitable for assessing
the impacts of building materials across the whole life cycle [21]. Key social considerations such as
job creation, occupational health and safety, fair labour practices, and community acceptance have
been minimally addressed in existing literature [22]. The studies on hemp value chains have
highlighted the potential for rural economic development and employment generation, particularly
in agricultural and processing sectors [2]. However, the extent to which hemp-based materials
contribute to social sustainability metrics, particularly in regions with emerging hemp industries
such as Australia, remains largely unknown [23].

A comprehensive sustainability assessment necessitates methodologies that can quantify and
compare the triple bottom line (TBL) of sustainability, encompassing environmental, economic, and
social aspects, of different products that serve the same purpose [24]. The life cycle sustainability
assessment (LCSA) provides a holistic framework for assessing and comparing the TBL performance
of alternative products across their life cycle to identify hotspots and determine strategies to
improve sustainability outcomes. This requires careful selection of location and product-specific TBL
performance indicators [25, 26].

The LCSA framework was deemed essential to achieve a significant transition towards
sustainability in the built environment, however, its use is still scarce in this realm [2]. In Australia,
Janjua, Sarker [25] integrated multicriteria assessment techniques involving a thorough literature
review as well as the expert surveys at the local level to determine the Australian-based TBL
indicators for assessing sustainability performance of residential buildings. However, it is important
to note that while these indicators offered a robust framework for evaluating residential buildings,
they may not be directly applicable to other aspects on the construction arena [26]. To ensure the
relevance and accuracy of sustainability assessments for hemp-based materials, a products and
region-specific approach is needed, incorporating indicators tailored to Australia’s TBL conditions.

Considering the research gaps mentioned in the previous paragraphs, this study aims to develop
a tailored LCSA framework specifically for evaluating hemp-based building materials in Australia.
The central research question guiding this study was whether a region-specific LCSA framework can
effectively assess the TBL performance of hemp-based building materials and how the results of the
LCSA analysis compare hemp-based materials with conventional alternatives available in Australia.
It is important to note that the TBL performance of same materials varies across regions due to
differences in socio-economic conditions, geography, climate, and resource utilisation [25].

To address these complexities, the study engaged key industry stakeholders based in Australia.
These participants contributed to the selection and validation of product- and location-specific TBL
indicators, ensuring that the analysis captured sector- and region-specific concerns [27]. Given the
diversity of perspectives and interests among stakeholders, a multicriteria analysis based on a

Page 3/35



Adv Environ Eng Res 2025; 6(1), d0i:10.21926/aeer.2501014

participatory approach was employed [24, 28]. This methodology represents an innovative aspect
of the research, as it is the first of its kind specifically designed for hemp-based building materials
within an LCSA framework.

This LCSA framework used the ELCA, LCC, and SLCA tools to estimate the region-specific
indicators of environmental, economic, and social bottom lines of sustainability, respectively [21].
The LCSA results were integrated into a sustainability performance score for material, enabling
direct comparisons with conventional alternatives. This approach supports policymakers,
manufacturers, and construction professionals in assessing building materials and identifying
opportunities for improvement. The broader objective was to develop a sustainability assessment
tool that facilitates industry adoption of better alternatives, ensuring decision-makers in the
construction sector have access to reliable data for informed material selection.

2. Theoretical Framework for the Development of the Life Cycle Sustainability Assessment for
Hemp-Based Building Materials

The theorical framework for the development of the LCSA for hemp-based building materials in
Australia was based on the methodology proposed by Kloepffer [29] and enhanced by UNEP/SETAC
[21]. The UNEP/SETAC taskforce published the procedure for integrating the three life cycle
assessment tools into an overarching LCSA framework as follows [29]:

LCSA =ELCA+ LCC + SLCA (D

This LCSA formulation enables a system perspective where these tools are executed separately
to assess the TBL performance of a product [30]. Each of these three methodologies follows four
steps: definition of the goal and scope; life cycle inventory analysis (LCl); life cycle impact
assessment (LCIA); and, life cycle interpretation [31, 32] as shown in Figure 1. These four stages will
be detailed be in Section 3. ELCA, SLCA and LCC calculates environmental, social and economic
indicators of sustainability and then the LCSA framework enables the integration of these TBL
indicators into one single sustainability score for each product or specification.

1. Goal and Scope Definition 4. Interpretation

Purpose of the Study

- Functional Unit - Determination of Minimum and
- System Boundary D Threshold Values for each TBL
Indicators for comparing with the

ELCA

U l T estimated TBL values

- Calculation of Sustainability
2. Inventory Analysis Performance Gaps

LCSA - Data Collection
* Gap = Estimated value - Threshold Value

m m l T - Identification of Hotspots

LCA

3. Impact Assessment - Conclusions and Recommendations
- Selection of TBL Indicators for Sustainable Solutions

Estimation of TBL Impacts

A 4

A

Figure 1 Life cycle sustainability assessment framework, adapted from ISO [31], ISO [32],
UNEP/SETAC [21] and Biswas and John [24].
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2.1 Environmental Life Cycle Assessment

The ELCA is a systematic framework for quantifying the inflows and outflows of a product system
that contribute to environmental impacts [33]. International standards recommend a
comprehensive set of impact categories to assess the environmental performance of buildings,
including global warming, acidification, eutrophication, ozone depletion, land use, water use, and
biodiversity [34]. ELCA provides valuable insights that enable decision-makers to take informed
actions to mitigate these impacts [35].

2.2 Life Cycle Cost

The LCCis considered the economic counterpart of ELCA and represents the economic dimension
of LCSA [21, 36]. Traditionally, LCC has been employed to calculate and compare the life cycle costs
of different product alternatives, based on manufacturing, utilisation, maintenance, and end-of-life
costs. However, integrating additional economic indicators allows for a more comprehensive
assessment within LCSA. A wide range of indicators are available to LCSA practitioners for assessing
economic aspects beyond costs, ideally from both a system-wide and end-user perspectives [33].
Commonly used impact categories in recent LCC-based studies include profitability, productivity,
innovation, stability, customer value, and autonomy [37].

2.3 Social Life Cycle Assessment

The SLCA aims to comprehensively assess impacts of a product on human welfare throughout its
life cycle [38]. This methodology assists decision-makers in identifying strategies offering the most
favourable social outcomes for stakeholders in the supply chain including for workers, suppliers,
consumers, and society as a whole [39]. Unlike ELCA and LCC, which primarily rely on quantitative
data, SLCA actively involves stakeholders across a product’s life cycle to obtain qualitative feedback
[33]. While ELCA and LCC have well-established methodologies for quantifying environmental and
economic impacts, SLCA is still evolving and lacks standardised indicators for assessing the social
impacts of building materials across their life cycle [21].

2.4 Life Cycle Sustainability Assessment

The LCSA framework required the selection of region- and product-specific environmental,
economic and social performance indicators, which were estimated using the ELCA, LCC and SLCA,
respectively. The methodology used for the selection of TBL indicators consisted of five steps
including literature review for primarily selecting the indicators, followed by the selection of
respondents who were interviewed to validate, weight and aggregate these indicators [24]. The
indicators selected followed a hierarchical structure with LCSA at the first level of the hierarchy
(Figure 2). The second level consisted of the sustainability objectives, where each objective was
divided into head performance indicators (HPI). Each HPI was the aggregation of key performance
indicators (KPIs) which constituted the lowest level of the hierarchy.
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LCSA
[ |
15t Level: Sustainability Evaluation ELCA LCC SLCA
2" Level: Sustainability Objectives Environmental Economic Social
31 Level: Head Performance Indicators E-1,E-2,., E-n Ec-1, Ec-2,..., Ec-n S-1,8-2,.., S-n
4" Level: Key Performance Indicators E-1.1.,E-1.2,...,E-n.m Ec-1.1., Ec-1.2,..., Ec-n.m S-1.1,,8-1.2,...,S-n.m

Figure 2 Hierarchical structure of the LCSA framework, adapted from Biswas and John
[24].

3. Framework for the Life Cycle Sustainability Assessment of Hemp-Based Building Materials
3.1 Goal and Scope Definition

The goal of the study was to build a region-specific LCSA model for hemp-based building material
production. The LCSA framework aimed to evaluate the TBL implications of producing these
emerging building materials in Australia. The functional unit was determined based on the primary
function of the product under study, mechanical strength for the case of these non-structural
building products. Accordingly, the functional unit was specified as 1 MPa equivalent of mechanical
strength of hemp-based material. The system boundary included all production stages (cradle-to-
gate), as follows:

e Pre-farm: Production of agricultural inputs and the transportation of these inputs to the farm.

e On-farm: Agricultural machinery operation and transportation of hemp stalks from the farm

to the processing plant.

e Post-farm: Indoor transportation of raw materials, mechanical process of the stalks, binder

production, blending, and pressing.

3.2 Life Cycle Inventory Analysis

In LCSA, the LCl is the quantification of elementary flows and conditions of the product system
with respect to the functional unit and system boundary [30, 40]. Elementary flows refer to the
assessment of inputs, such as materials and energy, and outputs, including emissions to air, water,
or land. The conditions include economic and social aspects, e.g. production costs, local
employment, and worker rights.

Data sources for the inventory analysis of hem-based boards production included primary and
secondary data. Primary data for ELCA, LCC and SLCA was collected through direct quantitative and
gualitative measurements. Secondary data was obtained from public and commercial databases
such as the Australian National Life Cycle Inventory Database (AusLCl) for environmental aspects
and regional statistical databases for the economic and social aspects.

Page 6/35



Adv Environ Eng Res 2025; 6(1), d0i:10.21926/aeer.2501014
3.3 Life Cycle Impact Assessment

Using the LCI data, the LCIA aims to calculate and evaluate the magnitude of TBL impacts of the
product system. This required the previous selection of TBL indicators relevant to the product and
region under investigation [41]. As mentioned above, this framework followed the five-step
methodology described by Biswas and John [24] for ascertaining the TBL indicators for a particular
product (Figure 3). Each step is described in the following sections.

STEP 1 STEP 2 STEP 3 STEP 4 STEP 5
Prelimina Questionnaire Final selection
Hnary . Survey Participant of indicators
selection of design and - .
. development selection and calculation
indicators development - N
of their weights
. . . Design of Definition of Basgd_ on th,e
Literature Questionnaire . . participants
) questionnaire- relevant
review development feedback,
based survey stakeholder for -
validation, and
the study L
weighting

Figure 3 Development of relevant TBL indicators. Adapted from Biswas and John [24].
3.3.1 Step 1. Preliminary Selection of Indicators

The preliminary selection of KPIs and HPIs was made through literature review, which consisted
of comprehensive analysis of existing local and overseas literature on environmental, economic and
social impacts of the production of hemp-based materials. Table 1 presents the preliminary list of
18 KPIs which were classified under six HPIs. The description of each KPI has been explained in the
following section.
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Table 1 Preliminary selection of TBL KPIs for the assessment of hemp-based materials.

Sustainability objectives Head performance indicator (HPI)

Key performance indicator (KPI)

E Environmental E-1
E-2
E-3

Ec Economic Ec-1

S Social S-1
S-2

Ecosystem

Human health

Resources

Producer perspective

Community
Workers

E-1.1
E-1.2
E-1.3
E-1.4
E-1.5
E-1.6
E-2.1
E-2.2
E-3.1
E-3.2
E-3.3
Ec-1.1
Ec-1.2
Ec-1.3
Ec-1.4
S-1.1
S-2.1
S-2.2

Global warming
Acidification
Eutrophication

Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity

Human toxicity

Ozone layer depletion
Energy consumption

Land use

Water use

Investment

Profit margin

Carbon offset

Production cost

Job creation & employment
Health & safety/Production
Health & safety/Processing
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E. Environmental objective:
E-1. Ecosystem

E-1.1. Global warming: As mentioned above, infrastructure activity plays a critical role in
global warming accounting for over one third of worldwide GHG emissions [3]. The use of
carbon-intensive materials i.e., cement, steel, and aluminium, contributes to a large share
of these emissions. Additionally, agricultural production, which is the first stage for
producing hemp-based materials, is responsible for 10 to 14% of total global GHG
emissions [42]. Global warming accelerates the intensity and frequency of extreme events,
such as surface and underwater heatwaves, floods, droughts, storms, and wildfires. This
indicator has been the most studied in the existing literature [43-45]. As recommended by
the Best Practice Guide for Life Cycle Impact Assessment (LCIA) in Australia [46], the unit
of measurement for this indicator is kilograms (kg) of CO.-equivalents (eq) per MPa of
hemp-based building material.
E-1.2. Acidification: Nitrogen (N) is a vital nutrient for plant growth [47]. The human
population, with a clear upward trend, has led to the growing use of N fertilisers to increase
agricultural production. Microbial activity of agricultural soils account for a large
proportion of global nitrous oxide (N,O) releases to the atmosphere which is one of the
major stressors to acidification [47]. In Australia, the agricultural sector releases around 80%
of N0 emissions [48]. Acidification poses a burden to freshwater and marine biodiversity,
mainly coral reefs and associated ecosystems, and to the ability of oceans to act as a natural
sink of GHG [49]. Acid deposition also has corrosive effects on buildings, monuments, and
historical artifacts. Acidification is expressed in kg SO2-eq per MPa of hemp-based material
[46].
E-1.3. Eutrophication: Along with N, another important nutrient for crop development is
phosphorus (P) [50]. Growing stress on agricultural productivity has resulted in the rapid
increase of P on the environment leading to eutrophication [51]. Eutrophication refers to
the existence of excessive input of nutrients in freshwater and marine systems [52]. When
nutrients such as P and N are excessively added to water systems, they lead to proliferation
of algae and aquatic weeds. The potential consequences of eutrophication are unpleasant
odours or taste, biodiversity loss, and the production of chemical compounds toxic to
mammals, including humans that affected trough the food chain. Eutrophication is
measured in kg phosphate (POa)-eq. per MPa of material [46].
E-1.4, E-1.5 and E-1.6. Terrestrial, freshwater and marine ecotoxicity: Agricultural inputs,
mainly pesticides, can contain substances that have potential impact on non-human
species [53]. Various pesticides are persistent in the environment and can have negative
consequences on non-target organisms. For instance, insecticide usage has been found to
be the main driver for global pollinator decline, affecting biodiversity and ecosystem
services [54]. Agricultural inputs can impact aquatic and terrestrial ecosystems, therefore,

ecotoxicity usually covers freshwater ecotoxicity, marine ecotoxicity, and terrestrial
ecotoxicity [55]. Terrestrial, freshwater and marine ecotoxicity is accounted in kg 1.4-
dichlorobenzene (DCB)-eq. per MPa.

E-2. Human health
E-2.1. Human toxicity: Chemical or organic agricultural inputs, mostly pesticides, can
contain substances that have the potential to harm human health [53]. These substances
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are usually distinguished between carcinogens and non-carcinogens [56]. In Australia, the
average pesticide use has increased twofold since 1990, rising from under 0.4 kg/ha on
average to more than 1.0 kg/ha in 2016 [57]. Some pesticides can be persistent and
bioaccumulate in non-target organisms, including humans, especially considering that a
significant amount of the applied chemicals are not uptake by the crop and remain in the
environment [54]. Human toxicity is measured in kg 1.4-dichlorobenzene (DCB)-eq. per
MPa.
E-2.2. Ozone layer depletion: In addition to contribute to global warming, N;O is also a
potent ozone layer depleting compound [58]. The stratospheric ozone layer prevent
ultraviolet (UV) radiation from the sun entering the atmosphere [49]. Its thinning has well-
known adverse effects on human health and ecosystems. This indicator is expressed by
kilograms of chlorofluorocarbon-11 (CFC11)-eq. per MPa [46].

E-3. Resources
E-3.1. Energy consumption: Buildings and construction account for over 40% of energy
consumption [59]. Non-renewable energy sources such as fossil fuels cause higher
environmental impacts compared to renewable sources like wind, hydro or solar.
Furthermore, fossil fuels are rapidly reaching their biophysical limit. Australia’s situation is
concern as the energy generation is dominated by non-renewables resources [60]. Energy
consumption is measured in megajoules (MJ) per MPa.
E-3.2. Land use: Agricultural land covers 37% of the global ice-free terrestrial area [61],
making it the world’s largest land use [62]. Agricultural expansion and intensification is a
major driver of land use changes, which can accelerate biodiversity loss and environmental
changes [49]. Furthermore, the conversion of natural ecosystems to croplands is the
dominant global cause of biodiversity loss [63]. In Australia, farming activities accounts for
over 50% of the nation’s landmass use and it is expected to expand further [57]. In addition,
Australia is considered as one of the hotspot regions in the world, where high biodiversity
will be most threatened by agriculture by 2030 [64]. The land use indicator measures the
use of land area for a certain period of time [65]. It is measured in ha. a. (hectare per year)
per MPa.
E-3.3. Water use: Agricultural production constitutes the largest proportion of Australia’s
water use, with industrial and residential activities often representing the second and third
most significant demand, respectively [66]. As a predominantly arid country, Australia faces
extreme water stress [67]. Water use contributes to water scarcity and pollution, which
poses a major threat to human and natural systems. The water use indicator accounts for
the amount of water extracted from the environment by anthropic activities [68]. It is
measured based on m3-H,0 per MPa.

Ec. Economic objective:

Ec-1. Producer perspective
Ec-1.1. Investment: Investment measures the deployment of capital towards the
production of hemp-based building materials, which is expected to generate a financial
return over time. Investment is critical to ensure the long-term financial sustainability of a
company [69]. Hemp-based materials have been manufactured and marketed for
thousands of years; however, the modern hemp industry presents various investment
challenges including limited market access, understanding of the hemp agronomy,
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uncertainties associated with the regulation, and the cost-competitiveness of hemp
relative to other potential feedstocks [70, 71]. Investment is measured in AUD per MPa of
hemp-based material per year.

Ec-1.2. Profit margin: Profit margin is a widely used financial metric that indicates the
profitability of a company [72]. Reported as a percentage, it shows the share of a
company’s sales revenue retained as profit after deducting capital and operational costs.
This indicator is measured and reported as a percentage.

Ec-1.3. Carbon offset: Carbon offset refers to the amount of atmospheric carbon
sequestered in hemp biomass during plant growth, subtracted by the COeq released
throughout its life cycle [73]. The carbon sequestration of hemp can be estimated based
on dry weight yield [74], whereas the life cycle CO,eq emissions can be estimated through
the ELCA approach [10]. The carbon offset from hemp farming is expected to gain official
recognition by the government as Australian Carbon Credit Unit (ACCU) [75]. One ACCU
represents one tonne of COeq offset that would have otherwise been released into the
atmosphere. The economic value of ACCUs fluctuates based on supply and demand in the
carbon market. This indicator is expressed in terms of AUD per MPa of hemp-based
material.

Ec-1.4. Production costs: Gaining insight into the cost structure of new materials is essential

for making informed decisions that align affordability, productivity, and sustainability goals
in construction projects [76]. Considering these factors is critical to encourage adoption of
hemp-based materials without compromising construction efficiency. The production costs
of hemp-based materials will be determined using the LCC tool according to ISO 15686-
5:2017. The measurement of this indicator is expressed in terms of AUD per MPa of hemp-
based material.
S. Social objective:
S.1. Community
S-1.1. Job creation an employment: The Australian hemp industry, although in its early

stages, is rapidly expanding, potentially boosting employment in this emerging sector
throughout its entire supply chain including pre-farm, on-farm and post-farm stages [11,
17]. Employment is crucial for individual well-being, economic stability, and improve the
living standard, fostering physical and mental health and social interactions [77]. Job
creation and employment is estimated by totalling the full-time equivalent (FTE) roles over
a year.
S.2. Workers

S-2.1. Health and safety/Production: Work health and safety (WHS) requirements in
Australia aim to prevent injuries in the workplace, particularly in high-risk sectors like

agriculture, where working alone or in remote areas increases WHS risks [78]. Herbicide
use in industrial hemp production poses health risks to farmers labour, such as
neurotoxicity, allergies, and respiratory issues [12]. Hemp pollen can also trigger allergic
skin reactions and asthma-like symptoms [79]. This indicator is reported as the incidence
rate (serious claims per employees) per year at the hemp farming facilities.

S-2.2. Health and safety/Processing: At hemp processing facilities, workers face exposure
to diverse biologically active hemp dusts, encompassing organic and inorganic elements

like plant particles, virus, bacteria, mycotoxins, pollen, insects, and compost [79]. This
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exposure can result in severe health issues, including respiratory problems. The labour-
intensive nature of hemp processing contributes to musculoskeletal disorders, with risks
heightened by factors like improper posture, noise, and unsafe working environments [12].
This indicator is calculated by taking the incidence rate (serious claims per employees) over
a year at the hemp processing facilities.

3.3.2 Step 2. Questionnaire Design and Development

It was accepted that the literature review selected TBL KPI that were indicative of current thought
and analysis of environmental, economic and social impacts of the production of hemp-based
materials but may not necessarily reflect the full and true costs of those impacts. Alternative models
of indicator selection were then considered including an additional stakeholder and expert survey’
based weighting of the indicator set. This extended analysis was deemed necessary in order to
highlight the increasingly dynamic nature of TBL indicator development globally and the increasingly
important role of future focused stakeholder leadership and expert advice in this sustainability
transition. Increasing levels of global development of mandatory sustainability reporting are
suggesting a new ethic is emerging that is demanding more accountability, in particular in relation
to future focused environmental and social impact assessment [80]. This paper use of hemp
stakeholders and sustainability experts to validate, provide feedback and weight a revised TBL KPI
set that was focused on more important sustainability metrics than just those metrics particularly
relevant to hemp production is an effort to reflect these increasing pressures on sustainability
assessment on this analysis.

The main tool used to collect the hemp stakeholders and sustainability experts’ views was an
anonymous questionnaire-based survey. This type of survey has proven advantageous due to
perceived anonymity, which fosters unbiased responses [2]. The survey structure was divided into
the following sections:

i. Introduction: This section outlined the research objectives, funding sources, investigators,
target demographic, and anticipated outcomes. Prior to proceeding to the following parts,
participant consent was mandatory. Participants were also requested to write down their
location to verify if they were based in Australia.

ii. Preliminary indicators: This part contained closed and open-answer questions. The closed
ended questions were designed to determine whether the preliminary KPIs were relevant for
the participants and, if so, their level of importance had to be answered. The open-ended
questions were designed to allow participants to briefly explain the reasons why they
considered the KPI as not relevant.

iii. Additional indicators: Like the previous section, this contained closed and open-ended
guestions as it the participants to suggest additional KPIs and their level of importance.

Prior to launching the survey, the questionnaire was tested by two researchers from the
Sustainable Engineering Group (SEG) at Curtin University. Feedback was gathered on the
applicability of the questions, structure of the survey, and its capacity for producing meaningful
outcomes. The feedback was used to revise and improve the questionnaire.
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3.3.3 Step 3. Online Survey Development

Google Forms was selected as the online survey distribution platform because was cost-effective
and had the ability to reach a diverse groups of audience [25, 41]. The responses collected via
Google Forms were easily viewed online and exported to MS Excel.

3.3.4 Step 4. Participant Selection

The objective of the participatory approach was to consider and build consensus among a broad
range of stakeholders with different perspectives [27]. Stakeholder participation in the selection,
weighting, and aggregation of TBL indicators was important for increasing the reliability and
acceptability of the LCSA outcomes [81]. Hence, the choice of stakeholders was crucial in the process
of building the LCSA framework for hemp-based building materials [24].

The choice of participants was based on the stakeholder theory in which stakeholders are defined
as individuals that can affect, or be affected by, the industry’s activities [82]. Potential participants
were further subjected to the evaluation of the stakeholder’s attributes: power, legitimacy and/or
urgency [83]. Accordingly, the following were considered as potential participants for this research:

e Individuals who can impact the production of hemp-based boards.

e Individuals who are impacted by the production of hemp-based boards.

e Individuals who support the production of hemp-based boards.

e |Individuals who have a legitimate moral or legal claim on the production of hemp-based

boards.

e |Individuals who are considered experts on sustainability.

Aligned with these criteria, three different stakeholder categories were selected: i) construction
industry; ii) hemp industry; and, iii) government and academia, in Australia. The choice of Australia-
based stakeholders made the LCSA framework regionally relevant to address the sustainability
challenges with hemp-based materials produced in this country. Table 2 shows the examples of the
three stakeholder categories.

Table 2 Stakeholder categories.

N Categories Examples
Project managers
1 Construction industry Investors

Sustainability consultants
Seed producers

2 Hemp industry Farmers
Workers
Extensionists

3 Government & academia Hemp researchers
Sustainability researchers

The online survey took place between March 2023 and January 2024, following ethics approval
(N HRE2023-0053) obtained from Curtin University’s Research Office. The research aimed to obtain
ten responses from each stakeholder category to maintain a balance between categories. Initially,
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60 potential participants (20 from each stakeholder group) were invited via email and social media
platforms for professionals (LinkedIn). The invitations contained the details about the main
investigators, funders, university affiliation, objectives, survey timeframe (two months), and
participant anonymity.

From the initial list of 60 potential participants, 49 individuals agreed to participate. From these
individuals, 30 (ten from each category) were requested to complete the survey. If a chosen
participant failed to respond within the specified timeframe, another participant from the same
category was approached. This process continued until ten participants from each category
completed the survey.

3.3.5 Step 5. Final Selection of Indicators and Calculation of their Weights

Final Selection of Indicators. The survey responses were downloaded into an MS Excel
spreadsheet and were divided into two sections: a. preliminary list of indicators and b. additional

indicators.

Preliminary List of Indicators. The responses related to the relevance of the preliminary list of
indicators are presented in Table 3. All preliminary selected KPIs were considered relevant by more
than 75% of the participants.

Table 3 Survey responses on the relevance of the preliminary list of KPIs.

Relevance Responses
No % Yes %

HPI Code KPI Code KPI

E-1 E-1.1 Global warming 4 13% 26 87%
E-1.2 Acidification 6 20% 24 80%
E-1.3 Eutrophication 5 17% 25 83%
E-1.4 Terrestrial ecotoxicity 2 7% 28 93%
E-1.5 Freshwater ecotoxicity 2 7% 28 93%
E-1.6 Marine ecotoxicity 2 7% 28 93%
E-2 E-2.1 Human toxicity 1 3% 29 97%
E-2.2 Ozone layer depletion 4 13% 26 87%
E-3 E-3.1 Energy consumption 2 7% 28 93%
E-3.2 Land use 1 3% 29 97%
E-3.3 Water use 3 10% 27 90%
Ec-1 Ec-1.1 Investment 4 13% 26 87%
Ec-1.2 Profit margin 0 0% 30 100%
Ec-1.3 Carbon offset 2 7% 28 93%
Ec-1.4 Production costs 4 13% 26 87%
S-1 S-1.1 Job creation & employment 2 7% 28 93%
S-2 S-2.1 Health & safety/Production 3  10% 27 90%
S-2.2 Health & safety/Processing 1 3% 29 97%

Additional Indicators. Twenty-six participants suggested a total of 45 additional indicators.
However, most of the participants did not suggest measurable indicators, instead, they provided a
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description. Therefore, the NVivo qualitative analysis software was used to code and categorise
these descriptive responses into actual TBL indicators. Before uploading responses into NVivo, these
were revised to address any orthographic errors and to maintain uniformity of the language. For
example, ‘CO;" was renamed as ‘carbon dioxide’ across all responses.

Figure 4 presents the word cloud of the most frequent 50 words found in the responses. The five
most prevalent words were carbon (17 occurrences), soil (16), sequestrated (8), health (6), and
biodiversity (4).

domestic biodegradability )
breeding manufacture commodity

clean hiiman binders S2VINgs
uman
waste ' hempcrete

. , biodiversity customers
animals Y|EId

b compaction

benchtops DIOMASS car ,On Organic ajergy
availability @energy SOlI health cost poison

germination fibre asthma

residual S€QUEStrated = _; cimate

bacteria chemical market b!OChar Water
operational biological INPULS  gicease

capitals

composite depletion

Figure 4 Word cloud for the most frequent 50 words found on open answers related to
additional indicators.

Both deductive and inductive line-by-line coding methods were employed to code the 45 open
responses using the NVivo software. From these, 22 answers were discarded due to the following
reasons:

e Five answers were suggestions or comments instead of new indicators.

e Seven indicators overlapped with three preliminary KPIs i.e., global warming, energy

consumption, and carbon offset.

e Seven answers suggested indicators beyond the scope of this research (e.g. markets, use and

end-of-life).

The remaining 23 answers were categorised into nine new KPls, which were further grouped into
three HPIs as shown in Table 4.

Table 4 Additional HPIs and KPIs and the number of participants that suggested them.

Sustainability objective Environmental Social

HPI Soil health Ecosystem Happiness
Soil organic carbon 7 Biodiversity 4 Happiness 3
Soil compaction 2
Soil rotation

KPI Soil remediation
Soil properties
Soil biodiversity
Soil practices

R P, NNDN
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The following criterion were used to finalise the selection of indicators [41]:

e The preliminary indicator was considered ‘relevant’ by more than 50% of respondents (215).

e The new indicator was proposed by more than 25% of participants (>7).

As mentioned above, the preliminary list of indicators was considered relevant by more than 50%
of the participants. Therefore, all primarily selected indicators were included in the final list. In the
case of additional indicators, only soil organic carbon was suggested by more than 25% of
respondents. Consequently, it was included in the final list of KPIs under the HPI soil health and the
environmental objective of sustainability (E). A brief description of these indicators is as follows:

E-4: Soil Health. Soil health encompasses the ecological balance and soil functionality,
reflecting its ability to support a diverse and productive ecosystem [84]. As an indicator, it
requires evaluating physical, chemical, and biological properties to determine their response
to soil use and management [85].

E-4.1. Soil Organic Carbon. This property is recognised as the most important indicator of soil
health because it presents the availability of soil organic matter, vital for plant growth via
nutrient cycling, water conservation, and by providing soil structural stability [86]. The unit of
measurement for soil organic carbon is kg of CO.eq per MPa of hemp-based building material.

In summary, 19 KPIs were selected to conduct a comprehensive LCSA for hemp-based materials

in Australia. The distribution of TBL indicators is as follows:

e Environmental: global warming, acidification, eutrophication, terrestrial ecotoxicity,
freshwater ecotoxicity, marine ecotoxicity, human toxicity, ozone layer depletion, energy
consumption, land use, water use, and soil organic carbon.

e Economic: investment, profit margin, carbon offset, and production costs.

e Social: job creation and employment, health and safety/production, and health and
safety/processing.

The environmental, economic and social indicators were calculated using the ELCA, LCC and SLCA

tools, respectively.

Calculation of Weights. The weights of each KPI, HPI and sustainability objective represented
their significance in terms of sustainability performance of hemp-based materials. These weights
were determined based on the survey responses in terms of the level of importance of the KPls
(Table 5). This assessment was conducted using a 4-point Likert-type scale where 1 = somewhat
important, 2 = moderately important, 3 =important and 4 = very important.
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Table 5 Survey responses on the importance of the final list of KPIs.

Importance
KPI Code KPI
Somewhat Important Moderately Important Important Very Important

E-1.1 Global warming 1 2 10 13
E-1.2 Acidification 4 3 9 8
E-1.3 Eutrophication 4 5 9 7
E-1.4 Terrestrial ecotoxicity 4 5 9 10
E-1.5 Freshwater ecotoxicity 4 5 9 10
E-1.6 Marine ecotoxicity 4 5 9 10
E-2.1 Human toxicity 6 4 7 12
E-2.2 Ozone layer depletion 7 5 9 5
E-3.1 Energy consumption 3 5 7 13
E-3.2 Land use 2 6 11 10
E-3.3 Water use 2 1 8 16
E-4.1 Soil organic carbon 0 0 3 4
Ec-1.1 Investment 0 2 13 11
Ec-1.2 Profit margin 1 3 11 15
Ec-1.3 Carbon offset 1 5 5 17
Ec-1.4 Production costs 0 6 7 13
S-1.1 Job creation & employment 1 4 10 13
S-2.1 Health & safety/Production 1 2 11 13
S-2.2 Health & safety/Processing 1 4 7 17
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The total point value of each impact category was calculated using Equation (2).

Wk=nk1*1+nk2*2++nk3*3+nk4*4‘ (2)
where:
Wi = total point value of the KPI k,
k = KPI “k”,

nkz = number of ‘somewhat important’ responses for KPI k,
nk2 = number of ‘moderately important’ responses for KPI k,
nkz = number of ‘important’ responses for KPI k,
nks = number of ‘very important’ responses for KPI k.
The total weight for the total number of KPIs has been calculated using Equation (3).

19
Wiotal = ~ Wi (3)

i=1
where:
Wiotar = total weight for the 19 KPlIs,
k=1,2,3,.. 19KPIs.
The weight for each KPIl was calculated using Equation (4).

Wi

Wy, =
k
Wtotal

(4)

where:
W’k = weight for KPI k.

The weights of KPIs under each HPI were added to calculate the weight of the respective HPI.
Likewise, the weights of HPIs were used to calculate the respective sustainability objectives. Table
6 presents the weights for the 19 KPIs, seven HPIs and the three TBL objectives.
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Table 6 Weights of the final list of 19 KPIs, HPIs and the TBL objectives.

KPI KPI weight HPI HPI weight TBL TBL weight
E-1.1 Global warming 0.0561 E-1 Ecosystem 0.3019 E Environmental 0.5839
E-1.2  Acidification 0.0445

E-1.3  Eutrophication 0.0445

E-1.4 Terrestrial ecotoxicity 0.0523

E-1.5 Freshwater ecotoxicity 0.0523

E-1.6 Marine ecotoxicity 0.0523

E-2.1 Human toxicity 0.0535 E-2 Human health 0.0948

E-2.2  Ozone layer depletion 0.0413

E-3.1 Energy consumption 0.0555 E-3  Resources 0.1710

E-3.2 Landuse 0.0561

E-3.3  Water use 0.0594

E-4.1  Soil carbon 0.0161 E-4  Soil health 0.0161

Ec-1.1 Investment 0.0561 Ec-1 Producer perspective 0.2361 Ec Economic 0.2361
Ec-1.2 Profit margin 0.0645

Ec-1.3 Carbon offset 0.0606

Ec-1.4 Production costs 0.0548

S-1.1  Job creation & employment 0.0587 S-1  Community 0.0587 S  Social 0.1800
S-2.1  Health & safety/Production 0.0581 S-2  Workers 0.1213

S-2.2  Health & safety/Processing  0.0632

Total 1.0000 1.0000 1.0000
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3.4 Life Cycle Interpretation

There are a range of ways for interpreting LCSA outcomes [2]. In most cases ELCA, LCC, and SLCA
results can be suitably presented through the use of graphs [87]. Commonly employed graphics in
LCSA studies include radar charts, sustainability score dashboards, sustainability crowns, and
sustainability triangles. Among these graphs, radar charts are particularly effective in displaying the
performance of each TBL KPI without aggregation [88]. Moreover, the integration of threshold
values and ELCA, LCC and SLCA results (expressed in KPI values) in radar charts can facilitate the
identification of KPIs requiring improvement, also known as hotspots [25].

In the context of LCSA, the threshold value represents the best achievable performance whereas
the minimum value is the worst performance for a specific KPI [24]. For instance, if the threshold
value and minimum value for global warming (E-1.1) in the production of hemp-based boards in
Australia are 0.001 kg CO.,eq/MPa and 0.032 kg CO,eq/MPa and, respectively, any measured KPI
value within this range indicates acceptable performance. The difference between the threshold
value and the measured KPI value represents the gap to achieve the ideal target for that KPI, higher
gaps indicate hotspots [24]. In the case of global warming, lower measured values signify better
performance. Conversely, for other KPIs such as investment (Ec-1.1), profit margin (Ec-1.2), carbon
offset (Ec-1.3), and job creation and employment (S-1.1), higher values represent better
performance.

The life cycle interpretation stage of the LCSA framework of hemp-based boards was based on
sustainability gap analysis and its visualisation in radar charts. This can aid in decision-making
processes for identifying the hotspots throughout the life cycle of the product and finding mitigation
strategies to improve its sustainability performance.

3.4.1 Determination of Minimum and Threshold Values

The selection of minimum and threshold values for the 19 TBL KPIs was primarily based on the
sustainability data from existing studies on hemp-based building materials in Australia. Additional
surrogate data were sourced from sustainability reports by governmental bodies such as Safe Work
Australia, as well as environmental product declarations (EPDs), financial, and annual reports from
manufacturers of similar non-structural boards in Australia, particularly wood-based panels and
gypsum plasterboards [89]. Table 7 presents the minimum and threshold values assigned to each
KPI.

Table 7 Minimum and threshold values for KPIs of non-structural hemp-based boards in

Australia.
KPI Unit Minimum value Threshold value
E-1.1 Global warming kg CO2eq/MPa 3.19E-02 1.03E-03
E-1.2  Acidification kg SO,eq/MPa 2.85E-04 2.60E-05
E-1.3  Eutrophication kg POseq/MPa 1.87E-04 1.57E-05
E-1.4 Terrestrial ecotoxicity kg 1,4-DB eq/MPa 3.77E-04 3.17E-05
E-1.5 Freshwater ecotoxicity kg 1,4-DB eq/MPa 6.92E-03 8.70E-04
E-1.6 Marine ecotoxicity kg 1,4-DB eq/MPa 8.88E+00 5.09E+00
E-2.1  Human toxicity kg 1,4-DB eq/MPa 5.75E-03 4.99E-05
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E-2.2
E-3.1
E-3.2
E-3.3
E-4.1
Ec-1.1
Ec-1.2
Ec-1.3
Ec-1.4
S-1.1
S-2.1
S-2.2

Ozone layer depletion kg CFC-11 eq/MPa 2.37E-08 1.97E-10
Energy consumption MJ/MPa 1.48E-07 9.00E-08
Land use ha per annum/MPa 6.24E-08 3.14E-10
Water use m3 H,0/MPa 2.17E-03 6.59E-09
Soil organic carbon kg CO,eq/MPa 8.37E-04 1.16E-06
Investment AUD/MPa 0 4.80E-04
Profit margin % 10 17.5
Carbon offset AUD/MPa 4.00E-04 7.00E-04
Production cost AUD/MPa 8.42E-02 7.79E-02
Job creation & employment FTE per annum 7.4 8.6
Health & safety/Production Serious claim/employee 2.02E-02 1.79E-02
Health & safety/Processing  Serious claim/employee 1.81E-02 1.56E-02

Environmental Minimum _and Threshold Values. An increasing number of EPDs for building

materials, including non-structural boards, are being published in Australia. Many of these EPDs

were

available online through EPD Australasia, which provides independently verified EPDs for

businesses in Australia and New Zealand [90]. The EPDs for non-structural boards available [91, 92]

were

reviewed to obtain a range of environmental KPI values, with the worst and best values for

each KPI assigned as the minimum and threshold value, respectively.

Economic Minimum and Threshold Values.

Ec-1.1. Investment. The largest manufacturers of non-structural boards in Australia are CSR,
Knauf Gypsum, and Etex Australia Pty Limited, with market shares of 32.1%, 25.8%, and 24.6%,
respectively [93]. The investment from these companies have ranged between 0 to 32 million
AUD per year during the last five years [94-96]. Considering that Australia produces around
one million tonnes of non-structural boards annually [97] which is equivalent to
approximately 65 billion of MPa of bending strength [18], the minimum and threshold value
were set at 0 and 0.00048 AUD/MPa of hemp-based material, respectively.

Ec-1.2. Profit Margin. The annual profit margin of the board industry in Australia has ranged
from 10% to 17.5% over the past five years [93]. These figures were used as the minimum and
threshold value, respectively.

Ec-1.3. Carbon Offset. In Australia, the carbon emissions from the production of non-structural
boards are around 0.00862 kg CO.eq/MPa [90], whereas the carbon emissions of hemp-based
boards can range from - 4.53E-03 kg CO,eq/MPa to - 1.20E-02 kg CO.eq/MPa [18]. Therefore,
the potential reduction in COzeq emissions by replacing traditional boards with hemp-based
boards can vary from 0.0132 kg COzeq/MPa to 0.0206 kg CO.eq/MPa. Considering that the
current price of one ACCU fluctuates between 30.5 and 32.0 AUD [98], the minimum value
has been established as 0.0004 AUD/MPa and the threshold value as 0.0007 AUD/MPa.
Ec-1.4. Production Cost. The production cost of the volume required to achieve a bending
strength of 1 MPa of hemp-based board can fluctuate between 0.0779 and 0.0842 AUD in
Australia [18]. Therefore, these figures were used as the threshold value and minimum value
respectively.
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Social Minimum and Threshold Values.
S-1.1. Job Creation and Employment. The average number of full-time employees (FTE) per
enterprise in the board industry in Australia has ranged between 7.4 and 8.6 over the past five
years [93]. These figures were used as the minimum and threshold value, respectively.
S-2.1. Health and Safety/Production. In Australia, the incidence rate have ranged from 17.9 to
20.2 serious claims per thousand employees over the last five years in the agricultural sector
[78], equating to 0.0179 and 0.0202 serious claims per employee. These incidence rates were
used as the threshold value and minimum value, respectively, for the health and safety
indicator at the production of hemp.
S-2.1. Health and Safety/Processing. The incidence rate in the manufacturing sector in
Australia have ranged from 15.6 to 18.1 serious claims per thousand employees over the last
five years [78], equating to 0.0156 and 0.018 serious claims per employee. These incidence
rates were used as the threshold value and minimum value, respectively.

3.4.2 Calculation of Sustainability Performance Gaps

Gaps of KPIs. The gap for a specific KPl was defined as the difference between the threshold value
and the measured value of the KPI [24]. Larger gaps indicated hotspots meaning that the
implementation of sustainability strategies is required to reach the threshold value. The gap for
each KPI is calculated using Equation (5).

Gapk = tvy — hbk (5)

where:

k =KPI “k”,

Gapi = gap of k,

tvk = threshold value of k,

hbi = hemp-based board value of k.

To present ELCA, LCC and SLCA results in a radar chart and identify hotspots, KPI gaps were
converted into a 5-point Likert scale using Equation (6). On this scale, 0 indicated the minimum value,
and 5 represented the threshold value or best sustainability performance [24]. Gap values below -
2.5 highlighted hotspots needing urgent improvement to achieve desired sustainability levels (i.e.,
5).

. mink - hbk
Gapk = m -5 (6)
5

where:
Gapk = gap of k expressed into a 5-point Likert scale,
mink = minimum value of k.

Performance Gaps of KPls. Equation (7) is applied to calculate the performance gap of a specific
KPI [24].

WGapy, = Gapy, * W, (7
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where:
WGapi = weighted or performance gap of k,
W’k = weight of k.

Performance Gaps of HPIs. According to the hierarchical structure of the LCSA framework, the
performance gap of each HPI is the average value of the performance gaps of the corresponding
KPIs (Equation 8).

Z{I=1 WaGapy_p,
Wy

Gapp, = (8)

where:

h =HPI “h”,

H=1,2,3,.., HKPIsunder HPI h,

Gapn = performance gap of h,

WGapk-r = performance gap of KPl “k” under HPI h,
W’n = weight of h.

Performance Gaps of TBL Objectives. The performance of each sustainability objective i.e.,
environmental, economic and social, is the average value of the performance gaps of the HPIs under
the corresponding objective (Equation 9).

9)

where:

t = sustainability objective “t”,

T=1,2,3, .., THPIs under sustainability objective t,

Gap: = performance gap of t,

Gapn-: = performance gap of HPI “h” under sustainability objective t.

Sustainability Score. The sustainability score of the product system is the average value of the
gaps of the sustainability objectives (Equation 10). A score lower than - 2.5 indicates that the
product requires significant improvement to achieve the ideal sustainability target [24]. In such
cases, a comprehensive gap analysis of the entire hierarchical structure is necessary to identify
which objectives, HPIs, and KPIs need enhancement.

c= Gapg + Gapg. + Gaps

3 (10)

where:

SC = sustainability score,

Gapr = performance gap for the environmental performance,
Gapec = performance gap for the economic performance,
Gaps = performance gap for the social performance.
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4. Test of the Life Cycle Sustainability Assessment Framework for Hemp-Based Boards

To test the applicability of the LCSA model, both real and hypothetical data were used in the
ELCA, LCC, SLCA conducted to calculate the environmental, economic, and social KPls. Some
environmental and economic KPIs values were sourced from Rivas Aybar, John [18], which used the
ELCA tool to estimate KPIs of hemp-based boards. Hypothetical values were used for the economic
and social KPIs applying the LCC and SLCA, respectively.

4.1 Life Cycle Interpretation

The performance gaps for KPIs, HPIs, TBL objectives, and the sustainability score, were measured
on a 5-point Likert Scale (Table 8). These values were calculated following the procedure explained
in section 3.4.2, using Equations (5) to (10).
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Table 8 The Performance gaps for each KPI, HPI, TBL objectives and the sustainability score expressed in a 5-point Likert scale.

Performance
Performance Performance .
Gap TBL Gap Sustainability
KPI Gap HPI Gap L
KPI Objective TBL Score
KPI HPI o
Objective
E-1.1 Global warming 0.00 o0.00 E-1 Ecosystem -2.22 E Environmental -2.25 -1.83
E-1.2  Acidification -1.61 -0.08
E-1.3  Eutrophication -2.35 -0.12
E-1.4  Terrestrial ecotoxicity -1.92 -0.12
E-1.5 Freshwater ecotoxicity -1.10 -0.07
E-1.6  Marine ecotoxicity -4.77 -0.29
E-2.1 Human toxicity -4.33 -0.25 E-2 Human Health -3.60
E-2.2  Ozone layer depletion -1.76 -0.09
E-3.1 Energy consumption -1.64 -0.11 E-3  Resources -2.80
E-3.2 Land use -4.19 -0.26
E-3.3  Water use -1.65 -0.11
E-4.1  Soil organic carbon -0.23 -0.01 E-4  Soil Health -0.39
Ec-1.1 Investment -4.85 -0.23 Ec-1 -2.38 Ec Economic -2.38
Ec-1.2 Profit margin -3.81 -0.18 )
Producer Perspective
Ec-1.3 Carbon offset -1.80 -0.12
Ec-1.4 Production costs -3.46 -0.02
S-1.1  Job creation & employment -1.64 -0.06 S-1  Community -1.10 S  Social -0.86
S-2.1  Health & Safety/Production -0.95 -0.06 S-2 Workers -0.63

S-2.2  Health & Safety/Processing -0.38 -0.02
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4.1.1 Sustainability Score and Performance Gaps of TBL Objectives

The sustainability score for the production of hemp-based boards in Australia has been estimated
to be -1.83. This score indicates that the product is 1.83 points less than the maximum value on the
Likert scale (Figure 5). The analysis reveals that the economic objective, with a performance gap of
-2.38, needs the most attention to improve the sustainability performance (Table 8). The
environmental objective follows with a performance gap of -2.25. Among the three sustainability
dimensions, the social perspective with a gap of -0.86 requires less immediate attention compared
to the economic and environmental dimensions.

Environmental
0.00
-2.25
-1.00
-2.00

-0.86 -2.38
Social Economic

Figure 5 Performance gaps of environmental, social and economic objectives.
4.1.2 Performance Gaps of HPIs and KPls

The reason the economic and environmental objectives exhibited the higher performance gaps
is that the HPIs of human health (E-2), resources (E-3), and producer perspective (Ec-1) have the
largest gaps of -3.60, -2.80 and -2.38, respectively (Figure 6a). Under these HPIs, the largest gaps
were found in the KPIs investment (Ec-1.1), marine ecotoxicity (E-1.6) and human toxicity (E-2.1)
(Figure 6b). The poor sustainability performance in these KPIs can be attributed to several factors.

Page 26/35



Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

E-1. .
E([:)osystem S-2.1 . E-1.3
-1 S-11 E-14
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Ec-14 E-1.5
Ec-1.3 E-1.6
S-1. E-3.
Community Resources Ec-12 E-2 1
Ec-1. . - -
Prozucer E-4. Soil Ec-1.1 E-2.2
P . Health E-4.1 E-3.1
erspective E-3.3 E-3.2
(a) (b)

Figure 6 (a). Performance gap of each HPI and Figure 5(b). Performance gap of each KPI
(E-1.1 Global warming; E-1.2 Acidification; E-1.3 Eutrophication; E-1.4 Terrestrial
ecotoxicity; E-1.5 Freshwater ecotoxicity; E-1.6 Marine ecotoxicity; E-2.1 Human toxicity;
E-2.2 Ozone layer depletion; E-3.1 Energy consumption; E-3.2 Land use; E-3.3 Water use;
E-4.1 Soil organic carbon; Ec-1.1 Investment; Ec-1.2 Profit margin; Ec-1.3 Carbon offset;
Ec-1.4 Production costs; S-1.1 Job creation & employment; S-2.1 Health &
Safety/Production; and, S-2.2 Health & Safety/Processing).

For instance, producing and processing hemp-based materials require substantial investment for
specific agricultural machinery, processing, and manufacturing facilities [12, 99]. It could be also
because of the fact that hemp growers might face challenges in making hemp economically
competitive compared to other crops [70]. Similarly, the firms aiming to maximise profits by using
hemp to produce building products must ensure that the hemp remains cost-competitive against
other materials, such as minerals or wood-based products. These factors can adversely affect the
KPIs investment and must be addressed to achieve desired sustainability outcomes.

On the environmental dimension, the challenges associated with hemp-based products primarily
arise from the pre-farm and on-farm stages [100]. The use of fertilisers, herbicides, and potentially
pesticides increases the marine and human toxicity impact resulting on a higher gap for these KPls
[9, 101]. Therefore, environmentally friendly alternatives to conventional agricultural inputs must
be considered and assessed to ensure that environmental improvements do not compromise
economic or social performance.

5. Implications and Limitations of the Life Cycle Sustainability Assessment Framework

The proposed LCSA framework for assessing the sustainability performance of hemp-based
boards in Australia was tested using a set of real and hypothetical data. The data was used to ELCA,
LCC and SLCA to calculate environmental, economic and social KPIs previously selected for a
mechanical strength of 1 MPa of hemp-based material and a system boundary from ‘cradle to gate’.
The participatory approach used to select, validate and weight TBL KPIs aimed to determine product
and region-specific indicators.
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The use of gap analysis and radar charts facilitated the interpretation of ELCA, LCC and SLCA
results, enabling the determination of the overall sustainability score and the identification of
hotspots. Moreover, the use of radar charts provided a user-friendly visualisation tool that can be
directly applied by both general public and LCSA practitioners, allowing them to easily identify
individual HPIs or KPIs requiring improvement to enhance the overall sustainability performance of
the product system.

Nevertheless, it is important to recognise the fact that the system boundary of this LCSA was
limited to the production stage which consisted of pre-farm, on-farm, and post-farm phases. Hemp-
based materials are novel in Australia, hence, the information on the use and end-of-life phases, as
well as the perspectives of retailers and end-users, is scarce. There is limited data regarding the
environmental, economic, and social aspects of hemp production and hemp-based materials
production [11]. To address this data gap, surrogate information from more established traditional
construction materials with similar technical performance was used. Therefore, it is recommended
that as the availability of sustainability data of hemp-based materials in Australia increases, future
studies could gradually consider other life cycle stages. Similarly, the threshold values should be
updated with new data.

6. Conclusions

The research introduces a novel LCSA framework for assessing the production of hemp-based
building materials in Australia. The significance of this research lies in its novel approach for
assessing hemp-based composites through a holistic sustainability lens. Unlike previous studies that
have primarily focused on individual aspects such as environmental impacts, this research integrates
all three dimensions of sustainability, environmental, economic, and social into one sustainability
score for a comparative assessment to facilitate the decision-making process and to provide a
comprehensive framework for evaluating the broader implications of these novel materials in the
construction sector.

The LCSA framework was based on the following formulation: LCSA = ELCA + LCC + SLCA and
consisted of four steps: goal and scope definition, life cycle inventory analysis, life cycle impact
assessment, and life cycle interpretation. The functional unit was based on the technical
performance of the hemp-based building material, which was the mechanical strength of 1 MPa.
The system boundary included all production stages: pre-farm, on-farm, and post-farm. The
methodology involved a literature review and a participatory approach to select and weight region-
and product-specific environmental, economic, and social KPIs estimated by using ELCA, LCC and
SLCA, respectively. The participatory approach consisted of an online-based survey to gather the
perspectives of 30 participants representing three major stakeholder categories: construction
industry, hemp industry, and government and academia, in Australia. All preliminary selected KPls
were considered relevant by more than 75% of the participants. Ten participants from each
stakeholder category selected and weighted 19 sustainability KPIs consisting of 12 environmental
KPIs, four economic KPls, and three social KPIs which were categorised under seven HPIs under the
three sustainability objectives. This participatory approach ensured that the selected sustainability
indicators were both regionally relevant and industry specific.

For the interpretation and visualisation of the ELCA, LCC and SLCA results and to identify the KPls
and HPIs representing hotspots, the framework used radar charts and gap analysis. Finally, the
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applicability of the LCSA was tested using a set of real and hypothetical data for assessing and
comparing sustainability performance of hemp-based boards. The test of the framework
demonstrated its effectiveness in presenting LCSA outcomes and identifying hotspots. The
framework provided a tool for communicating LCSA results to the relevant stakeholders and LCSA
practitioners, assisting them in the decision-making processes for improving the sustainability
outcomes of the production of hemp-based low-carbon materials.

Future research should include other life cycle stages, such as use and end-of-life, and
incorporating market and user perspectives to the comprehensive environmental, economic and
social conclusions on hemp-based materials in Australia.

Acknowledgments

The authors extend their sincere appreciation to John Muir from Agrifutures, Richard Evans from
MIRRECO®, and Robert Edkins from the Food, Fibre, and Land International (FFLI) Group for their
insightful contributions to this paper. These individuals have been pioneers in advancing the
Australian hemp sector. The authors would like to thank all participants of the survey from
Agrifutures, the Australian Hemp Council, Full Circle Design Services, DPIRD, Agriculture Victoria,
Northern Territory Government, Government of South Australia, Melbourne University, Sydney
University, Murdoch University, The University of Western Australia, and Southern Cross University.
The authors also wish to acknowledge Andrew Mckee for his invaluable proofreading assistance.
Your contributions have been essential to the success of this research.

Author Contributions

Conceptualisation, Daniela Rivas Aybar, Wahidul Biswas and Michele John; writing, Daniela Rivas
Aybar; data collection Daniela Rivas Aybar, review and editing, Wahidul Biswas and Michele John;
supervision, Wahidul Biswas and Michele John; funding acquisition, Wahidul Biswas and Michele
John.

Competing Interests
The authors have declared that no competing interests exist.
References

1. ScruccaF, Ingrao C, Barberio G, Matarazzo A, Lagioia G. On the role of sustainable buildings in
achieving the 2030 UN sustainable development goals. Environ Impact Assess Rev. 2023; 100:
107069.

2. Backes JG, Traverso M. Application of life cycle sustainability assessment in the construction
sector: A systematic literature review. Processes. 2021; 9: 1248,

3. United Nations Environment Programme. Building materials and the climate: Constructing a
new future [Internet]. Nairobi, Kenya: United Nations Environment Programme; 2023. Available
from: https://www.unep.org/resources/report/building-materials-and-climate-
constructing-new-future.

4. Prasittisopin L, Ferdous W, Kamchoom V. Microplastics in construction and built environment.
Dev Built Environ. 2023; 15: 100188.

Page 29/35


https://www.unep.org/resources/report/building-materials-and-climate-constructing-new-future
https://www.unep.org/resources/report/building-materials-and-climate-constructing-new-future

Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Biswas WK, Zhang X, Matters C, Maboud M. Techno-eco-efficiency assessment of using recycled
steel fibre in concrete. Sustainability. 2024; 16: 3717.

Yadav M, Agarwal M. Biobased building materials for sustainable future: An overview. Mater
Today Proc. 2021; 43: 2895-2902.

Mubhit IB, Omairey EL, Pashakolaie VG. A holistic sustainability overview of hemp as building and
highway construction materials. Build Environ. 2024; 256: 111470.

Zvirgzds K, Kirilovs E, Kukle S, Gross U. Production of particleboard using various particle size
hemp shives as filler. Materials. 2022; 15: 886.

Dickson T, Pavia S. Energy performance, environmental impact and cost of a range of insulation
materials. Renew Sustain Energy Rev. 2021; 140: 110752.

Rivas-Aybar D, John M, Biswas W. Environmental life cycle assessment of a novel hemp-based
building material. Materials. 2023; 16: 7208.

Rivas-Aybar D, John M, Biswas W. Can the hemp industry improve the sustainability
performance of the Australian construction sector? Buildings. 2023; 13: 1504.

Kaur G, Kander R. The sustainability of industrial hemp: A literature review of its economic,
environmental, and social sustainability. Sustainability. 2023; 15: 6457.

Yu M, Wiedmann T, Crawford R, Tait C. The carbon footprint of Australia's construction sector.
Procedia Eng. 2017; 180: 211-220.

Soonsawad N, Martinez RM, Schandl H. Material demand, and environmental and climate
implications of Australia's building stock: Current status and outlook to 2060. Resour Conserv
Recycl. 2022; 180: 106143.

Pickin J, Wardle C, O’Farrell K, Stovell L, Nyunt P, Guazzo S, et al. National Waste Report 2022
[Internet]. Canberra, Australia: Department of Climate Change, Energy, the Environment and
Water; 2022. Available from:
https://www.dcceew.gov.au/sites/default/files/documents/national-waste-report-2022.pdf.
Christopher P, Aye L, Nematollahi N, Ngo T. Assessing the opportunity for producing hemp-
based insulation in the Australian market. Electron J Struct Eng. 2024; 24: 23-25.

Jefferies S. Australian industrial hemp strategic RD&E plan (2022-2027) [Internet]. Kingston,
Australian: Rural Industries Research and Development Corporation; 2022. Available from:
https://agrifutures.com.au/product/australian-industrial-hemp-strategic-rde-plan/.

Rivas Aybar DM, John M, Biswas W. Enhancing eco-efficiency in hemp-based construction
boards: Environmental and economic strategies for sustainability. Australas J Environ Manage.
2024; 31: 339-361.

Schulte M, Lewandowski I, Pude R, Wagner M. Comparative life cycle assessment of bio-based
insulation materials: Environmental and economic performances. Glob Change Biol Bioenergy.
2021; 13: 979-998.

Budhathoki R, Maraseni T, Apan A. Enviro-economic and feasibility analysis of industrial hemp
value chain: A systematic literature review. Glob Change Biol Bioenergy. 2024; 16: e13141.
Ciroth A, Finkbeiner M, Traverso M, Hildenbrand J, Kloepffer W, Mazijn B, et al. Towards a life
cycle sustainability assessment: Making informed choices on products [Internet]. United
Nations Environment Programme (UNEP), Sustainable Consumption and Production Branch,
Paris (France), Nairobi (Kenya), Society of Environmental Toxicology and Chemistry (SETAC);
2011. Available from: https://www.osti.gov/etdeweb/biblio/21539143.

Page 30/35


https://www.dcceew.gov.au/sites/default/files/documents/national-waste-report-2022.pdf
https://agrifutures.com.au/product/australian-industrial-hemp-strategic-rde-plan/
https://www.osti.gov/etdeweb/biblio/21539143

Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tokede OO, Rodgers G, Waschl B, Salter J, Ashraf M. Harmonising life cycle sustainability
thinking in material substitution for buildings. Resour Conserv Recycl. 2022; 185: 106468.
Kumar IM, Mazhar MS, Nawaz S. Potential of establishing industrial hemp value chains in
Northern Australia. Electron J Struct Eng. 2024; 24: 17-22.

Biswas WK, John M. Engineering for sustainable development: Theory and practice. Hoboken,
NJ: John Wiley & Sons; 2022.

Janjua SY, Sarker PK, Biswas WK. Development of triple bottom line indicators for life cycle
sustainability assessment of residential bulidings. J Environ Manage. 2020; 264: 110476.
Hoque N, Biswas W, Mazhar I, Howard |. LCSA framework for assessing sustainability of
alternative fuels for transport sector. Chem Eng Trans. 2019; 72: 103-108.

Mathe S. Integrating participatory approaches into social life cycle assessment: The SLCA
participatory approach. Int J Life Cycle Assess. 2014; 19: 1506-1514.

Kalbar PP, Das D. Advancing life cycle sustainability assessment using multiple criteria decision
making. In: Life cycle sustainability assessment for decision-making. Amsterdam, The
Netherlands: Elsevier; 2020. pp. 205-224.

Klopffer W. Life cycle sustainability assessment of products: (With comments by Helias A. Udo
de Haes, p. 95). Int J Life Cycle Assess. 2008; 13: 89-95.

Valdivia S, Backes JG, Traverso M, Sonnemann G, Cucurachi S, Guinée JB, et al. Principles for the
application of life cycle sustainability assessment. Int J Life Cycle Assess. 2021; 26: 1900-1905.
International Organization for Standardization. Environmental management: Life cycle
assessment: Principles and framework. Geneva, Switzerland: International Organization for
Standardization; 2006.

International Organization for Standardization. ISO 14044: 2006. Environmental management -
life cycle assessment - requirements and guidelines. Geneva, Switzerland: International
Organization for Standardization; 2006.

Larsen VG, Tollin N, Sattrup PA, Birkved M, Holmboe T. What are the challenges in assessing
circular economy for the built environment? A literature review on integrating LCA, LCC and S-
LCA in life cycle sustainability assessment, LCSA. J Build Eng. 2022; 50: 104203.

CEN. CEN/TR 17005: 2016. Sustainability of construction works - Additional environmental
impact categories and indicators - Background information and possibilities - Evaluation of the
possibility of adding environmental impact categories and related indicators and calculation
methods for the assessment of the environmental performance of buildings [Internet]. Newark,
DE: CEN; 2016. Available from: https://standards.iteh.ai/catalog/standards/cen/0b9283e6-
4a62-4298-2220-2e45bd0801cb/cen-tr-17005-
20167srsltid=AfmB0O006c18LGHEXeSDOtfuFIWVHhmdWY2YrbZ4IvU5hnrcgsI61PULT.
Pryshlakivsky J, Searcy C. Life cycle assessment as a decision-making tool: Practitioner and
managerial considerations. J Clean Prod. 2021; 309: 127344.

Klopffer W. Life-cycle based methods for sustainable product development. Int J Life Cycle
Assess. 2003; 8: 157-159.

Arulnathan V, Heidari MD, Doyon M, Li EP, Pelletier N. Economic indicators for life cycle

sustainability assessment: Going beyond life cycle costing. Sustainability. 2022; 15: 13.
Tokede O, Traverso M. Implementing the guidelines for social life cycle assessment: Past,
present, and future. Int J Life Cycle Assess. 2020; 25: 1910-1929.

Page 31/35


https://standards.iteh.ai/catalog/standards/cen/0b9283e6-4a62-4298-a220-2e45bd0801cb/cen-tr-17005-2016?srsltid=AfmBOoo6c18LGHEXeSD0tfuFlWVHhmdWY2YrbZ4IvU5hnrcqsl61PULT
https://standards.iteh.ai/catalog/standards/cen/0b9283e6-4a62-4298-a220-2e45bd0801cb/cen-tr-17005-2016?srsltid=AfmBOoo6c18LGHEXeSD0tfuFlWVHhmdWY2YrbZ4IvU5hnrcqsl61PULT
https://standards.iteh.ai/catalog/standards/cen/0b9283e6-4a62-4298-a220-2e45bd0801cb/cen-tr-17005-2016?srsltid=AfmBOoo6c18LGHEXeSD0tfuFlWVHhmdWY2YrbZ4IvU5hnrcqsl61PULT

Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Huertas-Valdivia |, Ferrari AM, Settembre-Blundo D, Garcia-Muifia FE. Social life-cycle
assessment: A review by bibliometric analysis. Sustainability. 2020; 12: 6211.

Valdivia S, Ugaya CM, Hildenbrand J, Traverso M, Mazijn B, Sonnemann G. A UNEP/SETAC
approach towards a life cycle sustainability assessment-our contribution to Rio+ 20. Int J Life
Cycle Assess. 2013; 18: 1673-1685.

Lim Cl, Biswas WK. Development of triple bottom line indicators for sustainability assessment
framework of Malaysian palm oil industry. Clean Technol Environ Policy. 2018; 20: 539-560.
Mbow C, Rosenzweig C, Barioni LG, Benton TG, Herrero M, Krishnapillai M, et al. Food security.
In: Climate change and land: An IPCC special report on climate change, desertification, land
degradation, sustainable land management, food security, and greenhouse gas fluxes in
terrestrial ecosystems. Cambridge, UK: Cambridge University Press; 2019. pp. 439-550.
Mouton L, Allacker K, Réck M. Bio-based building material solutions for environmental benefits
over conventional construction products-life cycle assessment of regenerative design strategies
(1/2). Energy Build. 2023; 282: 112767.

Haik R, Meir IA, Peled A. Lime hemp concrete with unfired binders vs. conventional building
materials: A comparative assessment of energy requirements and CO; emissions. Energies.
2023; 16: 708.

Essaghouri L, Mao R, Li X. Environmental benefits of using hempcrete walls in residential
construction: An LCA-based comparative case study in Morocco. Environ Impact Assess Rev.
2023; 100: 107085.

Renouf MA, Grant T, Sevenster M, Logie J, Ridoutt B, Ximenes F, et al. Best practice guide for
life cycle impact assessment (LCIA) in Australia [Internet]. Australian Life Cycle Assessment
Society; 2015. Available from:

https://auslci.com.au/Documents/Best Practice Guide V2 Draft for Consultation.pdf.
Barton L, Kiese R, Gatter D, Butterbach-Bahl KL, Buck R, Hinz C, et al. Nitrous oxide emissions
from a cropped soil in a semi-arid climate. Glob Change Biol. 2008; 14: 177-192.

Department of Primary Industries and Regional Development. Reducing nitrous oxide emissions
from agricultural soils of Western Australia [Internet]. Department of Primary Industries and
Regional Development; 2021. Available from: https://www.agric.wa.gov.au/climate-
change/reducing-nitrous-oxide-emissions-agricultural-soils-western-australia.

Rockstrom J, Steffen W, Noone K, Persson A, Chapin Il FS, Lambin E, et al. Planetary boundaries:
Exploring the safe operating space for humanity. Ecol Soc. 2009; 14. Available from:
https://www.jstor.org/stable/26268316.

Malhotra H, Vandana, Sharma S, Pandey R. Phosphorus nutrition: Plant growth in response to
deficiency and excess. In: Plant nutrients and abiotic stress tolerance. Singapore: Springer; 2018.
pp. 171-190.

Ringeval B, Nowak B, Nesme T, Delmas M, Pellerin S. Contribution of anthropogenic phosphorus
to agricultural soil fertility and food production. Global Biogeochem Cycles. 2014; 28: 743-756.
Norris GA. Impact characterization in the tool for the reduction and assessment of chemical and
other environmental impacts: Methods for acidification, eutrophication, and ozone formation.
JInd Ecol. 2002; 6: 79-101.

Alhashim R, Deepa R, Anandhi A. Environmental impact assessment of agricultural production
using LCA: A review. Climate. 2021; 9: 164.

Page 32/35


https://auslci.com.au/Documents/Best_Practice_Guide_V2_Draft_for_Consultation.pdf
https://www.agric.wa.gov.au/climate-change/reducing-nitrous-oxide-emissions-agricultural-soils-western-australia
https://www.agric.wa.gov.au/climate-change/reducing-nitrous-oxide-emissions-agricultural-soils-western-australia
https://www.jstor.org/stable/26268316

Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Hu K, Barbieri MV, Lépez-Garcia E, Postigo C, Lopez de Alda M, Caminal G, et al. Fungal
degradation of selected medium to highly polar pesticides by Trametes versicolor: Kinetics,
biodegradation pathways, and ecotoxicity of treated waters. Anal Bioanal Chem. 2022; 414:
439-449.

Kiessé TS, Ventura A, van Der Werf HM, Cazacliu B, Idir R. Introducing economic actors and their
possibilities for action in LCA using sensitivity analysis: Application to hemp-based insulation
products for building applications. J Clean Prod. 2017; 142: 3905-3916.

Hertwich EG, Mateles SF, Pease WS, McKone TE. Human toxicity potentials for life-cycle
assessment and toxics release inventory risk screening. Environ Toxicol Chem. 2001; 20: 928-
939.

Navarro J, Hadjikakou M, Ridoutt B, Parry H, Bryan BA. Pesticide toxicity hazard of agriculture:
Regional and commodity hotspots in Australia. Environ Sci Technol. 2021; 55: 1290-1300.
Shen H, Shiratori Y, Ohta S, Masuda Y, Isobe K, Senoo K. Mitigating N,O emissions from
agricultural soils with fungivorous mites. ISME J. 2021; 15: 2427-2439.

Fan Y, Fang C. GHG emissions and energy consumption of residential buildings-A systematic
review and meta-analysis. Environ Monit Assess. 2023; 195: 885.

Li HX, Edwards DJ, Hosseini MR, Costin GP. A review on renewable energy transition in Australia:
An updated depiction. J Clean Prod. 2020; 242: 118475.

Smith P, Martino D, Cai Z, Gwary D, Janzen H, Kumar P, et al. Greenhouse gas mitigation in
agriculture. Philos Trans R Soc Lond B Biol Sci. 2008; 363: 789-813.

Dudley N, Alexander S. Agriculture and biodiversity: A review. Biodiversity. 2017; 18: 45-49.
Winter L, Lehmann A, Finogenova N, Finkbeiner M. Including biodiversity in life cycle
assessment-state of the art, gaps and research needs. Environ Impact Assess Rev. 2017; 67: 88-
100.

Zabel F, Delzeit R, Schneider JM, Seppelt R, Mauser W, Vaclavik T. Global impacts of future
cropland expansion and intensification on agricultural markets and biodiversity. Nat Commun.
2019; 10: 2844.

Huijbregts MA, Steinmann ZJ, Elshout PM, Stam G, Verones F, Vieira MD, et al. ReCiPe 2016: A
harmonized life cycle impact assessment method at midpoint and endpoint level report I:
Characterization. Bilthoven, The Netherlands: National Institute for Public Health and the
Environment; 2016; RIVM Report 2016-0104.

Tarig MA, Damnics RR, Rajabi Z, Shahid ML, Muttil N. Identification of major inefficient water
consumption areas considering water consumption, efficiencies, and footprints in Australia.
Appl Sci. 2020; 10: 6156.

Greenland S, Levin E, Dalrymple JF, O’'Mahony B. Sustainable innovation adoption barriers:
Water sustainability, food production and drip irrigation in Australia. Soc Respons. 2019; 15:
727-741.

Gerbens-Leenes W, Berger M, Allan JA. Water footprint and life cycle assessment: The
complementary strengths of analyzing global freshwater appropriation and resulting local
impacts. Water. 2021; 13: 803.

Gotze U, Northcott D, Schuster P. Investment appraisal. Methods and models. Berlin,
Heidelberg: Springer; 2008.

Mark TB, Will S. Economic issues and perspectives for industrial hemp. In: Industrial hemp as a
modern commodity crop. Hoboken, NJ: John Wiley & Sons, Inc.; 2019. pp. 107-118.

Page 33/35



Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kumar 1V, Telfer D. Developing a northern Australia industrial hemp value chain. Kingston,
Australia: AgriFutures Australia Publication; 2022.

Nariswari TN, Nugraha NM. Profit growth: Impact of net profit margin, gross profit margin and
total assets turnover. Int J Finan Bank Stud. 2020; 9: 87-96.

Arehart JH, Nelson WS, Srubar Il WV. On the theoretical carbon storage and carbon
sequestration potential of hempcrete. J Clean Prod. 2020; 266: 121846.

Vosper J. The Role of Industrial Hemp in Carbon Farming [Internet]. GoodEarth Resources PTY
Ltd.; 2023; ABN 79 124 022 859. Available from: https://www.caribontrade.com/the-role-of-
industrial-hemp-in-carbon-farming/.

White RE. The role of soil carbon sequestration as a climate change mitigation strategy: An
Australian case study. Soil Syst. 2022; 6: 46.

Adebowale 0J, Agumba JN. Sustainable building materials utilization in the construction sector
and the implications on labour productivity. J Eng Des Technol. 2023. doi: 10.1108/JEDT-04-
2023-0164.

Australian Human Rights Commission. Willing to work: National inquiry into employment
discrimination against older Australians and Australians with disability [Internet]. Sydney,
Australia: Australian Human Rights Commission; 2016. Available from:
https://humanrights.gov.au/sites/default/files/2016 Willing%20t0%20Work%20Report%20ea
sy%20read%20summary.pdf.

Safe Work Australia. Key Work Health and Safety Statistics Australia [Internet]. Canberra,
Australia: Safe Work Australia; 2024. Available from:
https://data.safeworkaustralia.gov.au/sites/default/files/2024-
09/Final%20-%20Key%20WHS%20Stats%202024 18%20Sep.pdf.

Davidson M, Reed S, Oosthuizen J, O’'Donnell G, Gaur P, Cross M, et al. Occupational health and
safety in cannabis production: An Australian perspective. Int J Occup Environ Health. 2018; 24:
75-85.

Zaharia RM, Zaharia R. Triple bottom line. In: The Palgrave handbook of corporate social
responsibility. Cham: Palgrave Macmillan; 2021. pp. 75-101.

De Luca Al, lofrida N, Leskinen P, Stillitano T, Falcone G, Strano A, et al. Life cycle tools combined
with multi-criteria and participatory methods for agricultural sustainability: Insights from a
systematic and critical review. Sci Total Environ. 2017; 595: 352-370.

Freeman RE. Strategic management: A stakeholder approach. New York, NY: Harpercollins
College Div Publisher; 1984.

Mitchell RK, Agle BR, Wood DJ. Toward a theory of stakeholder identification and salience:
Defining the principle of who and what really counts. Acad Manage Rev. 1997; 22: 853-886.
Griffiths BS, Faber J, Bloem J. Applying soil health indicators to encourage sustainable soil use:
The transition from scientific study to practical application. Sustainability. 2018; 10: 3021.
Allen DE, Singh BP, Dalal RC. Soil health indicators under climate change: A review of current
knowledge. In: Soil health and climate change. Berlin, Heidelberg: Springer; 2011. pp. 25-45.
Kopittke PM, Berhe AA, Carrillo Y, Cavagnaro TR, Chen D, Chen QL, et al. Ensuring planetary
survival: The centrality of organic carbon in balancing the multifunctional nature of soils. Crit
Rev Environ Sci Technol. 2022; 52: 4308-4324.

Alejandrino C, Mercante |, Bovea MD. Life cycle sustainability assessment: Lessons learned from
case studies. Environ Impact Assess Rev. 2021; 87: 106517.

Page 34/35


https://www.caribontrade.com/the-role-of-industrial-hemp-in-carbon-farming/
https://www.caribontrade.com/the-role-of-industrial-hemp-in-carbon-farming/
https://humanrights.gov.au/sites/default/files/2016_Willing%20to%20Work%20Report%20easy%20read%20summary.pdf
https://humanrights.gov.au/sites/default/files/2016_Willing%20to%20Work%20Report%20easy%20read%20summary.pdf
https://data.safeworkaustralia.gov.au/sites/default/files/2024-09/Final%20-%20Key%20WHS%20Stats%202024_18%20Sep.pdf
https://data.safeworkaustralia.gov.au/sites/default/files/2024-09/Final%20-%20Key%20WHS%20Stats%202024_18%20Sep.pdf

Adv Environ Eng Res 2025; 6(1), doi:10.21926/aeer.2501014

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Wulf C, Werker J, Ball C, Zapp P, Kuckshinrichs W. Review of sustainability assessment
approaches based on life cycles. Sustainability. 2019; 11: 5717.

Shen Z, Tiruta-Barna L, Hamelin L. From hemp grown on carbon-vulnerable lands to long-lasting
bio-based products: Uncovering trade-offs between overall environmental impacts,
sequestration in soil, and dynamic influences on global temperature. Sci Total Environ. 2022;
846: 157331.

EPD Australia. 2024 Environmental Product Declaration [Internet]. Australia: EPD Australia;
2024. Available from: https://api.environdec.com/api/v1/EPDLibrary/Files/70592ab4-6606-
442b-a3aa-08dce48c3bee/Data.

Etex. Siniat plasterboard environmental product declaration [Internet]. Matraville, New South
Wales: Etex Australia Pty Ltd.; 2023. Available from:
https://media.siniat.com/pd49166/original/-1889520955/sp07445-etex-siniat-plasterboard-
280623.pdf.

Winstone Wallboards. Environmental Product Declaration for GIB® Plasterboard [Internet].
Auckland, New Zealand: Winstone Wallboards; 2023. Available from:
https://www.gib.co.nz/assets/Uploads/GIB-EPD-Brochure-072023.pdf.

IBISWorld. Plaster Product Manufacturing in Australia - Market Size (2008-2031) [Internet].
Melbourne, Australia: IBISWorld; 2023. Available from:
https://www.ibisworld.com/australia/market-size/plaster-product-manufacturing/214/.

CSR. Annual meetings and reports [Internet]. NSW, Australia: CSR; 2024. Available from:
https://www.csr.com.au/investors-and-news/annual-meetings-and-reports.

Knauf. Annual Review [Internet]. Iphofen, Germany: Knauf; 2024. Available from:
https://knauf.com/en-TH/knauf-insulation/sustainability/annual-reviews.

Etex. Annual Reports [Internet]. Australia: Etex; 2024. Available from:
https://www.etexgroup.com/en/investors/annual-reports/.

Regyp. Plasterboard Recycling in Australia [Internet]. Tugun, Australia: Regyp; 2012. Available
from: https://regyp.com.au/plasterboard-recycling/.

Clean Energy Regulator. Quarterly Carbon Market Report June Quarter 2023 [Internet].
Canberra, Australia: Clean Energy Regulator; 2024. Available from:
https://cer.gov.au/markets/reports-and-data/quarterly-carbon-market-reports/quarterly-
carbon-market-report-june-quarter-2023/australian-carbon-credit-units-accus.

Mark T, Shepherd J, Olson D, Snell W, Proper S, Thornsbury S. Economic viability of industrial
hemp in the United States: A review of state pilot programs [Internet]. Washington, D.C.: United
States Department of Agriculture; 2020. Available from:
https://ageconsearch.umn.edu/record/302486/?v=pdf.

100.Ingrao C, Giudice AL, Bacenetti J, Tricase C, Dotelli G, Fiala M, et al. Energy and environmental

assessment of industrial hemp for building applications: A review. Renew Sustain Energy Rev.
2015; 51: 29-42.

101.Di Capua SE, Paolotti L, Moretti E, Rocchi L, Boggia A. Evaluation of the environmental

sustainability of hemp as a building material, through life cycle assessment. Environ Clim
Technol. 2021; 25: 1215-1228.

Page 35/35


https://api.environdec.com/api/v1/EPDLibrary/Files/70592ab4-6606-442b-a3aa-08dce48c3bee/Data
https://api.environdec.com/api/v1/EPDLibrary/Files/70592ab4-6606-442b-a3aa-08dce48c3bee/Data
https://media.siniat.com/pd49166/original/-1889520955/sp07445-etex-siniat-plasterboard-280623.pdf
https://media.siniat.com/pd49166/original/-1889520955/sp07445-etex-siniat-plasterboard-280623.pdf
https://www.gib.co.nz/assets/Uploads/GIB-EPD-Brochure-072023.pdf
https://www.ibisworld.com/australia/market-size/plaster-product-manufacturing/214/
https://www.csr.com.au/investors-and-news/annual-meetings-and-reports
https://knauf.com/en-TH/knauf-insulation/sustainability/annual-reviews
https://www.etexgroup.com/en/investors/annual-reports/
https://regyp.com.au/plasterboard-recycling/
https://cer.gov.au/markets/reports-and-data/quarterly-carbon-market-reports/quarterly-carbon-market-report-june-quarter-2023/australian-carbon-credit-units-accus
https://cer.gov.au/markets/reports-and-data/quarterly-carbon-market-reports/quarterly-carbon-market-report-june-quarter-2023/australian-carbon-credit-units-accus
https://ageconsearch.umn.edu/record/302486/?v=pdf

