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o The composition of the residues varies between the hemp and medicinal 
cannabis industries; however, it is important to be consistent in a study of this 
size. Therefore, all findings are presented relative to the functional unit, 
described in Chapter 3. This limitation is also considered further in Chapter 4 
during the pyrolysis experiments. 

1.5 Thesis outline 
This thesis comprises seven chapters. Chapter 1 gives a general introduction to the context of 
the research along with the aims. Chapter 2 critically reviews the literature on the history, 
regulation, and laws of the global medicinal cannabis and hemp industries. It also discusses the 
life cycle of the cannabis plant from cultivation to production of medicinal cannabis and hemp 
products, and the background behind the LCA methodology. Chapter 3 describes the current 
and potential EoL treatments for residues in the medicinal cannabis and hemp industries. A 
consequential diagram and mass and energy balance are presented in this chapter. Chapter 4 
describes the methodology used for the pyrolysis EoL treatment experiments. It also presents 
and analyses the results of the pyrolysis experiments along with subsequent testing of the by-
products, biochar, and condensate in this chapter. Chapter 5 presents and analyses the results 
from the LCA modelling, including utilising the experimental results in a sensitivity analysis. 
Chapter 6 undertakes a preliminary economic, social, and cultural analysis of each EoL 
treatment, as well as investigates the regulations for the cannabis plant and carbon accounting 
in New Zealand. An overall comparison of the EoL treatments, incorporating the 
environmental impacts and preliminary economic, social, and cultural analysis results, 
concludes this chapter. Chapter 7 concludes this thesis with a summary of the results and 
comparisons of the EoL treatments, along with recommendations for future work and research. 
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foreground system is moved from its intended destination of composting, so the background 
system allows for the intended activity to be displaced. A similar method is used for the other 
EoL treatments, so that a comparison can be made through the addition and displacement of 
activities. This study does not include infrastructure creation such as buildings, equipment, or 
the creation of a mobile unit. It also does not include any activities occurring to the cannabis 
plants before the cannabis plant residues are collected such as cultivation, harvesting, or 
processing the plants to obtain the residues. 
 
In summary, the system boundary begins when the cannabis plant residues are collected and 
ends when it gets to its final destination of being destroyed and unusable. For the EoL 
treatments, this includes landfill (landfill), composting (compost land spread), anaerobic 
digestion (compost land spread and trade waste treated at wastewater plant), incineration (ash 
to landfill), pyrolysis (biochar land spread). 

3.1.3 Case study 

Zymbl Pharma Ltd (Zymbl) is a new medicinal cannabis company in the process of being set 
up in Rotorua. Zymbl anticipates that approximately 30 tons of cannabis plant residues will be 
produced by the facility each year, with an eight-week cultivation cycle for each crop. Several 
assumptions are made for this case study, including the maintenance and harvest timeframes. 
It is assumed that after the eight-week cultivation cycle, there is one week of harvest and waste 
processing to reset the facility for the next cultivation cycle to start. However, the time to 
process the residue is completely dependent on the EoL treatment method being used. It is also 
assumed that two weeks per year are left for unexpected maintenance and breakdowns in the 
facility; this leaves 50 weeks per year for cultivation/harvesting cycles. The 9-week 
cultivation/harvest cycle with 5 cycles/year gives approximately 6 tonnes of residue produced 
per cycle for this study. However, as discussed in the literature review the amount of cannabis 
plant waste is dependent on several factors such as cultivation method, growth styles, 
defoliation, and cultivar (Section 2.3.1). The cannabis plant residue for medicinal cannabis 
consists of leaves, stalks, and roots. 
 
In New Zealand, any cannabis plant residue is required to undergo EoL treatment on-site at the 
cultivation facility before being landfilled or composted (or any other further treatment). There 
are two options for the processing unit: it can either be stationary at the cultivation site, or the 
processing unit could be built inside a container and be mobile so that it can travel between 
different cannabis plant cultivation sites. The pros and cons of each option are set out in Table 
2.  
 
The mobile unit can process waste and from a business planning point of view, bring in revenue 
all year round. A stationary unit has reduced set-up time and no scheduling and waiting is 
required. For the landfill and composting treatments, fixed on-site at the cultivation facility is 
likely to be more suitable due to the small amount of equipment required for the operations. 
The residue can then be put into a dump truck for transport to either a landfill or composting 
facility. The composting EoL treatment assumes that when the residues arrive at the 
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Emission data for all processes in all treatments were supplied in the ecoinvent datasets, except 
for the carbon sequestered and the N2O suppressed in the pyrolysis treatment which were 
calculated using literature values.  
 
For transport, the truck size for transport in the EoL treatments is determined based on the 
available size within the ecoinvent database as well as the required size based on the mass and 
energy balance for one cycle. The available sizes of freight transport trucks are 3.5-7.5, 7.5-16, 
16-32, and >32 metric tons gross vehicle weight (GVW) and EURO6 emissions class. The 
GVW is the maximum total loaded weight allowed on the vehicle which can translate directly 
into the required mass to be transported by the vehicle. The EURO6 emissions class represents 
the legal emission standard requirement that the vehicle must meet (Appendix B). In the 
ecoinvent database, there are EURO1 through to EURO6 vehicles; however, transport vehicles 
are usually diesel based.  While the European Union made all sales of new vehicles mandatory 
to be EURO6 compliance in 2015 (Dow, 2022), New Zealand was much slower to change their 
emission standards compliance requirements. As of July 2022, New Zealand requires new and 
used vehicles to meet EURO5 and EURO4 standards, respectively, when entering the country 
(Metcalfe & Kuschel, 2022). According to Metcalfe and Kuschel (2022), the EURO6 standard 
was assessed in 2022 to estimate the air quality implications that would occur with its 
introduction between 2021 and 2050. However, the NZTA states that the EURO6 standard is 
mandatory for used vehicles when imported from Singapore; diesel vehicles first registered in 
Singapore on or after 1 January 2018, and petrol vehicles first registered in Singapore on or 
after 1 September 2017 (NZTA, 2022). For this study EURO6 vehicles will be used because 
New Zealand appears to be heading in that direction and there are many uncertainties if the 
vehicles are imports and if they are used or new. It should also be noted that the transport 
datasets used in this study are valid from 2009 through to the end of 2013 because since a 
EURO standard dataset is used, the emission data is unlikely to have changed since 2013 for 
New Zealand. 

3.2 Landfil ling 
Landfilling is the most common EoL treatment method for any waste due to its convenience, 
enabling large quantities to be disposed of fast and at a low cost. Figure 4 shows the flow 
diagram for the landfill EoL treatment. It was assumed that organic waste was already present 
in the background system and if the organic waste was not being used in this process, it would 
have been composted. The original fate of the organic waste (organic waste composting and 
soil application) therefore was deducted as it was no longer taking that route. Furthermore, in 
the process of organic waste composting and soil application, the nutrients in the organic waste 
would have been returned to the soil. Therefore, the production of synthetic fertiliser nutrients 
equivalent to that in organic waste needed to be modelled to replace the nutrients no longer 
contributing to soil quality. It should also be noted that the organic matter content of the soil 
was not modelled as it was assumed that a negligible contribution was made to maintaining the 
organic matter in the displaced system. 
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3.2.2 GaBi Model 

The landfill EoL treatment was broken into five sections: on-site activities (Appendix F.1, 
Figure 29), transport activities (Appendix F.1, Figure 30), off-site activities (Appendix F.1, 
Figure 31), organic waste composting and soil application (Appendix F.1, Figure 32), and 
synthetic fertiliser production (Appendix F.1, Figure 33). On-site processes consisted of 
shredding, mixing, and obtaining green waste and bleach. Off-site activities consisted of 
processes occurring after mixing on-site, i.e. transport and landfilling. Appendix F.1 describes 
the data decisions for this EoL treatment. 
 
To account for the consequential scenario, the addition and subtraction of processes were made 
and are shown in Figures 32 and 33 (Appendix F.1). The note in Figure 32 describes the 
assumed mass loss of 19.4% from the initial weight due to composting from Breitenbeck and 
Schellinger (2004). The ecoinvent database only has two fertiliser production datasets: NPK 
(26-15-15) and NPK (15-15-15). A nitrogen mass balance was used to find the amount of 
fertiliser required to displace the volume of organic waste compost in this scenario. According 
to Biala and Wynen (1998), green waste compost has a nutrient content of 1%dm N, 0.18%dm 
P, and 0.83%dm K. The NPK (26-15-15) fertiliser production process dataset was used as it 
was the closest to the green waste nutrient value ratios. Therefore, approximately 12.4 kg of 
fertiliser per functional unit was required (Appendix G.1). It was assumed that all fertiliser 
inputs were produced in Germany except for dolomite which was produced here in New 
Zealand. Therefore, all transport from Germany or the New Zealand manufacturer had to be 
modelled as well. All material transported over land would be transported in larger quantities 
than specifically required for this study. Therefore, a >32-ton GVW transport is required using 
an assumed 100km for each transportation leg. The emissions for each transportation leg are 
allocated amongst the different materials being transported in each load so that emissions per 
functional unit can be obtained. For sea transport, a container ship would be used to transport 
the material. While many fertiliser inputs do come from Europe, they also come from other 
locations; however, Germany was the assumed location for this study. 

3.3 Composting 
Composting the cannabis plant material uses a similar method to the landfill scenario, involving 
shredding and mixing as shown in Figure 6. As discussed earlier, organic waste is assumed to 
exist already and would have been composted if it was not used in this process. Therefore, only 
synthetic fertiliser with equivalent nutrients to cannabis plant waste that would be applied to 
soil, needs to be subtracted because the organic waste is still composted and applied to the soil 
in this system. 
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Due to the cannabis plant material having a moisture content of 71%, the AD technology that 
would work with such a feedstock is modern dry with a total solid (TS) content greater than or 
equal to 20% (Yi et al., 2014). The anaerobic digester is assumed to run as a single-stage batch 
reactor using the mesophilic method, allowing for the cannabis plant waste to be loaded 
simultaneously with all processes occurring sequentially (Meegoda et al., 2018). Figure 10 
shows the sensible heat flows of each stream which were calculated from the mass flows and 
assumed specific heat capacities of the cannabis plant material (Appendix D.3). Further 
information and testing is required to conclude the process parameters as many assumptions 
are made. 

Figure 10: Summary of mass and energy flows in the anaerobic digestion EoL treatment 

Note. Enthalpy was calculated at a baseline temperature of 20°C. See Table 24 (Appendix D.3) for a mass balance, 
Table 25 (Appendix D.3) for an energy balance, and Appendix E.3 for electricity consumption calculations. 

3.4.2 GaBi Model 

The anaerobic digestion (AD) EoL treatment was broken into five sections: on-site activities 
(Appendix F.3, Figure 38), transport activities (Appendix F.3, Figure 39), off-site activities 
(Appendix F.3, Figure 40), heat displaced (Appendix F.3, Figure 41), and synthetic fertiliser 
production (Appendix F.3, Figure 42). On-site activities consisted of shredding, AD, and 
pressing the digestate. The digestate solid phase was transported and composted in the transport 
activities and off-site activities, respectively. Appendix F.3 describes the dataset decisions 
made for this EoL treatment. 
 
The NPK (26-15-15) fertiliser production dataset was used to show the fertiliser production 
that would be displaced if the solid phase of digestate was composted and put back into the soil 
(Appendix F.3, Figure 42). From the belt filter press, 375.6 kg of solids per functional unit 
were produced. According to NNFCC (n.d.), digestate solids have an average nutrient content: 
0.325%db N, 0.085%db P, and 0.325%db K. The digestate solids have an 80% moisture 
content, therefore, 0.939 kg of fertiliser per functional unit was required (Appendix G.3). It 
was assumed that all fertiliser inputs were produced in Germany except for dolomite which 
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was produced in New Zealand. Therefore, all transport from Germany or the New Zealand 
manufacturer had to be modelled. It was assumed that large freight trucks would be required 
for all material transported over land. Therefore, a >32-ton GVW truck is required using an 
assumed 100km for each transport leg. The emissions for each transportation leg are allocated 
amongst the different materials being transported in each load so that emissions per functional 
unit can be obtained. For sea transport, a container ship was assumed to be the most appropriate. 
While many fertilisers do come from Europe, they also come from other locations; however, 
Germany was the assumed location for this study.  

3.5 Incineration  
Incineration is less documented but was still mentioned in Celitron (2019) as an EoL treatment 
method for cannabis plant material in the U.S. Figure 11 shows the flow diagram of the 
incineration EoL treatment. Since incineration is assumed to occur in a mobile unit for this 
study, the heat is unable to be captured. However, the potential heat captured could displace 
the use of natural gas on-site, therefore, it is investigated in the sensitivity analysis in Section 
5.2.3. 

Figure 11: Flow diagram of the incineration EoL treatment for cannabis plant residues 

 

3.5.1 Process description 

A garden chipper and industrial in-direct dryer are used to shred and dry the cannabis plant 
material before incineration, the resulting ash is then transported to a landfill. Incineration 
ensures that the cannabis plant material is unusable and unrecognisable (Celitron, 2019). 
Figures 12 and 13 show the mass and energy flow summaries for the start-up and operation of 
the incineration system. A one-hour start-up period uses a diesel burner to initially run some 
material through the dryer before assisting with the ignition of the incinerator (Figure 12). The 
cannabis plant material is dried to 20% moisture content before being conveyed into the 
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3.5.2 GaBi Model 

The incineration EoL treatment was broken into four sections, transport of the mobile site 
(Appendix F.4, Figure 43), on-site activities (Appendix F.4, Figure 44), transport activities 
(Appendix F.4, Figure 45), and off-site activities (Appendix F.4, Figure 46). The mobile unit 
is required to be transported on-site before EoL treatment occurs. On-site activities consist of 
shredding, drying and incineration. The ash is transported to a landfill in transport activities. 
Finally, off-site activities included the landfill of the ash. Appendix F.4 describes the dataset 
decisions for this EoL treatment. 

3.6 Pyrolysis 
There is little to no literature on the use of a pyrolysis system for the EoL treatment of cannabis 
plant material. A flow diagram was created based on the literature on other biomass pyrolysis 
systems (Figure 14). Since pyrolysis occurs in a mobile unit, the heat is unable to be captured 
for reuse. However, the potential heat displacement that could occur if the heat is captured and 
reused instead of natural gas on-site is investigated in the sensitivity analysis in Section 5.2.3. 
The production of a synthetic fertiliser with an equivalent amount of nutrients to biochar which 
was added to the soil was displaced with this EoL treatment. 

Figure 14: Flow diagram of the pyrolysis EoL treatment for cannabis plant residues 

 

3.6.1 Process description 

In the pyrolysis EoL treatment, a garden chipper, and an indirect dryer, are used to shred and 
dry the cannabis plant material before it is pyrolysed in an indirect pyrolysis unit into charcoal 
(biochar). A diesel burner is used to activate and consistently hold the heat energy required for 
the treatment. Pyrolysis can be completed fast or slow. Fast pyrolysis favours the formation of 
the condensable phase, and slow pyrolysis maximises solid char production (Jones et al., 2020; 
Steiner, 2016). Pyrolysis produces solid char, condensable liquid and non-condensable gases, 
the proportions depend on the rate of heating and the residence time of the vapours in the 
reactor (Jones et al., 2020). The wet cannabis plant material (Stream 1) and heat from the diesel 
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burner (Stream 9) enters the dryer during start-up. The dried material is then augured into the 
pyrolyser (Stream 2). Once the operation phase occurs (the required temperature is reached), 
the diesel burner switches and begins flowing through the pyrolyser; the flue gas from the 
pyrolyser then enters the dryer. Figure 15 shows the operational period, but the same amount 
of heat is assumed to be needed during the start-up except the heat goes directly into the indirect 
dryer instead of through the pyrolyser. The same process parameters were applied to both the 
start-up and operation of this EoL treatment as the same amount of diesel and heat is being 
used and produced during the two stages. To use the least amount of diesel, the volatile gases 
and water vapour that came off the material when it goes through the pyrolyser are recycled 
back into the diesel burner and used in conjunction with diesel to run the system. Therefore, 
the non-condensable gases exit through the flue gas pipes entering the gas stack where they are 
emitted along with the diesel emissions. Due to the unknown composition of the non-
condensable gases, they were unable to be modelled in this EoL treatment. It was assumed for 
modelling that the dried material entering the pyrolyser had the resulting proportion of outputs, 
35% char, 30% condensable volatiles, and 35% permanent or non-condensable gases. 
 
Using the FU, the process was modelled using engineering calculations on GaBi. The sensible 
and latent heat of each stream was calculated using assumed specific heat capacities (Appendix 
D.5). The calculated capacities and flow rates allowed for the entire system to be modelled as 
accurately as possible; the environmental impacts were then calculated. The pyrolysis EoL 
treatment required the displacement of the fertiliser value added to the soil by the biochar to be 
accounted for. The land where the biochar was spread was assumed to be 100km away from 
the cultivation facility. 

Figure 15: Summary of mass and energy flows in the pyrolysis EoL treatment 

 
Note. The values in this diagram have been rounded to the nearest whole number. Enthalpy was calculated at a 
baseline temperature of 20°C. See Appendix D.5 for mass and energy balance calculations and Appendix E.5 for 
electricity consumption calculations. 
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Suppression of N2O emissions 
 
When applying biochar to soils there is also the opportunity for suppression of N2O emissions 
from soils (Hammond et al., 2011). The rate at which biochar was applied to land, as well as 
the crop used for biochar, the crop is grown on the land biochar was applied to, and the CSF 
value used affected the amount of N2O emissions that were suppressed (Hammond et al., 2011; 
Ibarrola et al., 2012; Roberts et al., 2010). However, further testing would be required to 
determine the rate at which biochar from cannabis plant material would need to be applied to 
obtain certain N2O suppression levels due to the literature not being available.  
 
When calculating the suppression of N2O emissions, a case study of soil must be applied; for 
this study, the average N2O field emissions from a non-organic apple orchard of 102 kg CO2-
eq. per ha per year were used (McLaren et al., 2009). The assumptions from Roberts et al. 
(2010) are that approximately 8.8 tonnes per ha would be required to suppress soil N2O 
emissions by 50%. It was found that the incorporation of 100.5 kg of biochar into the orchard 
soils would suppress N2O emissions by approximately 1.1 kg CO2-eq. per functional unit 
(Appendix I). The calculated N2O suppression is in line with the calculated value by Anaya de 
la Rosa (2013) of 1 kg CO2-eq. per tonne of fresh pruning biochar. 
 
The carbon sequestered in soils and the suppression of N2O in soil was calculated and 
accounted for in the LCA modelling of the pyrolysis EoL treatment. Since experimental testing 
was being completed for this EoL treatment, a more accurate carbon content and biochar yield 
were found and used in a sensitivity analysis undertaken in Section 5.2.1. 
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Table 7: Weight records of the plant parts in the hemp pyrolysis trials (days of air drying before weight was measured) 

Weights at harvest and air dried (g) 

Sample Bag Number 1 2 3 4 5 6 7 8 9 10 11 12 13 

Roots 
132.03 

(0) 
150.91 

(0) 
133.65 

(0) 
122.82 

(0) 
156.11 

(0) 
10.88 
(0) 

       

Stalks 
301.4 
(0) 

221.95 
(0) 

301.43 
(0) 

72.64 
(1) 

98.5 
(2) 

        

Leaves 
74.53* 

(0) 
56.82 
(0) 

49.57 
(1) 

47.94 
(1) 

47.47 
(1) 

67.2 
(1) 

48.48 
(1) 

65.95 
(1) 

42.06 
(1) 

33.65 
(1) 

48.68 
(2) 

46.13 
(2) 

45.91 
(2) 

Weights after drying, when used (g) 

Sample Bag Number 1 2 3 4 5 6 7 8 9 10 11 12 13 

Roots 56.50 63.73 60.75  78.79         

Stalks    118.89           

Leaves 21.71 19.7 25.54 24.21 21.95 33.34 22.43 29.71 19.28 15.14 35.54 31.21 29.96 

Moisture content fresh (% wet) 

Sample Bag Number 1 2 3 4 5 6 7 8 9 10 11 12 13 

Roots 57.21% 57.77% 54.55%  49.53%         

Stalks   60.56%           

Leaves 70.87% 65.33% 81.76% 82.13% 83.63% 82.44% 83.63% 84.06% 83.78% 84.08% 80.97% 82.36% 82.99% 

Note. Not all samples dried were used in experiments, these dry weights are not included. *A calculation example is set out below.
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4.8 Recommendations for future research into the pyrolysis EoL 
treatment 

Replication of pyrolysis trials 
 
This study tested one harvest of hemp and one harvest of medicinal cannabis, with no 
replicates. Future research should conduct additional pyrolysis experiments for the hemp and 
medicinal cannabis industries to replicate results and reduce the uncertainty associated with the 
biochar yields. This would give the industry more accuracy about the feasibility of pyrolysis 
as an EoL treatment and using biochar to create a circular economy. 
 
Alternative uses of biochar 
 
This study estimated data for modelling end uses of biochar; however, while the composition 
of the biochar was obtained, no experiments into biochar use were completed. Future research 
should focus on hands-on experiments to collect and compare quantitative data on the potential 
use of biochar for drinking water filtration, sanitation of human and kitchen wastes, and as an 
amendment to soils. 
 
Flaring the pyrolysis by-product, condensate 
 
This study assumed that the condensate was burnt to ensure the condensates do not enter the 
human food cycle. The cultivation facility can utilise the heat if it is collected from flaring the 
condensate. This requires further innovation in the pyrolysis mobile unit equipment. 
 
Cannabinoids found in the pyrolysis condensate 
 
This study found that the condensate collected from pyrolysis contained cannabinoids, the key 
compounds of interest in the cannabis plants. Future research should look into the methods for 
extracting them and how the industry could utilise them (provided there is enabling legislation 
in place). 

4.9 Summary 

To conclude, the experimental work described in this chapter aimed to support the evaluation 
of pyrolysis as a possible EoL treatment method for cannabis plant residues. In particular, it 
investigated whether the biochar produced during pyrolysis had any cannabinoids present. 
While no cannabinoids were found to be present in the biochar, they were present in the 
condensate. Therefore, this study has identified that pyrolysis is a suitable method for disposing 
of cannabis plant residues to produce cannabinoid-free biochar. However, the method does 
require the condensable phase to be combusted to destroy the cannabinoids. 
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The biochar yield results from the pyrolysis trials were within the range obtained from 
literature. The moisture and carbon content obtained from the proximate analysis tests are 
essential for calculating the potential carbon sequestration for the cannabis plant residues. 
Using these values, a sensitivity analysis was subsequently completed on the effect of the 
biochar yield on the total climate change impact for the pyrolysis EoL treatment (Section 
5.2.1). 
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The impact categories assessed in this study are therefore:
- Climate change 
- Fine particulate matter formation  
- Fossil depletion 
- Freshwater consumption (inventory 

indicator) 
- Freshwater ecotoxicity 
- Freshwater eutrophication 
- Human toxicity (cancer) 
- Human toxicity (non-cancer) 

- Ionising radiation 
- Marine ecotoxicity 
- Marine eutrophication 
- Photochemical ozone formation 

(ecosystems) 
- Photochemical ozone formation 

(human health) 
- Terrestrial acidification 
- Terrestrial ecotoxicity

 
A general description of each impact category can be found in Appendix L. This section 
includes a comparison of the two climate change impact categories that are provided in the 
ReCiPe 2016 v1.1 assessment method (Section 5.1.1), the results for all the EoL treatments for 
each assessed impact category (Section 5.1.2), a discussion on the environmental hotspots of 
alternative EoL treatments (Section 5.1.3), a summary of the environmental impact of the 
alternative EoL treatments (Section 5.1.4), and a comparison of the synthetic fertiliser 
production climate change impact results to literature (Section 5.1.5). 
 
As noted at the beginning of Chapter 3, the LCA results presented in this Chapter are generic 
to both the medicinal cannabis and hemp plants. This is because the modelling was completed 
on the basis of one tonne of cannabis plant residues - stalks, roots, and leaves. 

5.1.1 Comparison of the two climate change impact categories available in 
ReCiPe 2016 v1.1 

The ReCiPe 2016 v1.1 assessment method has two impact categories: climate change 
excluding biogenic carbon, and climate change including biogenic carbon. Biogenic carbon is 
the carbon dioxide (CO2) released from the combustion and decomposition of 
organisms/organic material (Jan & Vladimír, 2022).  
 
Through analysis of the climate change including biogenic carbon impact category, it was 
found that when transport and electricity activities are considered there is little to no difference 
between the climate change excluding biogenic carbon and climate change including biogenic 
carbon impact results. However, for activities which involve biogenic carbon the difference 
can be considerable. It was found that the results increased for all the EoL treatments (except 
for the landfill  and incineration EoL treatments) when assessing climate change including 
biogenic carbon. The increase is surprising because one would expect, at least for the 
composting and anaerobic digestion, that accounting for the biogenic carbon storage would 
have decreased the overall climate change result. 
 
The incineration EoL treatment impact did not change between the two climate change impact 
categories. The explanation is that all of the biogenic carbon in the cannabis plant residues is 
released into the atmosphere (as CO2) during combustion, and this is the carbon that was 
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Note. *Organic composting and land spreading displacement. **Synthetic fertiliser production displaced from 
operations.
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Table 10: Activities contributing above 20% to the total impact in the assessed impact categories for each alternative EoL treatment for 

cannabis plant residues (the underlined contributing activit y is the major activity; the headings below represent specific areas within that 

activity)  
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Note. The underlined contributing activity is the major activity; the heading below it represent specific areas within that activity. Total impacts rounded to the nearest whole 
number where appropriate. *Percentage of total impact was calculated taking all the impacts for each alternative treatment in the impact category regardless of the impact 
containing a minus sign or being displaced. **Photochemical ozone formation. 
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found to be the hotspot in the climate change impact for the incineration EoL treatment, in 
this study but not in the literature. 

5.1.4 Summary of the LCA results for the alternative EoL treatments of 
cannabis plant residues 

Figure 20 shows that the incineration and landfill  EoL treatments have the two highest 
impacts in 7 out of 15 investigated categories. In contrast, the composting EoL treatment only 
has the highest impact in one impact categories (terrestrial acidification). The two treatments 
that do not have the highest impact in any impact categories are anaerobic digestion and 
pyrolysis. 
 
Figure 21 shows a visual representation of the ranking of the different treatments for the 
assessed impact categories. The ranking order is generally: composting (best), anaerobic 
digestion, pyrolysis, incineration, and landfill (worst) EoL treatments. Significant distance 
between treatment results is seen in some impact categories, e.g. fine particulate matter 
formation, fossil depletion, marine eutrophication, POF (ecosystems), and POF (human 
health). The large gaps indicate that, while a ranking for each treatment in each category from 
one to five can be given, it needs to be set in context of the actual magnitude of difference 
across all the results. 

Figure 21: Summary of the total impact for the alternative EoL treatments for the 

assessed impact categories 

 
Note. The difference between the highest and lowest impacts for each impact category is stated in column two. 
*Photochemical Ozone Formation **Equivalent to driving an average gasoline car 2350 km. 
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5.1.5 Synthetic fertiliser production comparison to literature 

The composting, anaerobic digestion, and pyrolysis treatments involved modelling the 
displacement of synthetic fertilisers, whereas the landfill treatment required the addition of 
synthetic fertilisers into the soil. Therefore, a comparison was undertaken of the synthetic 
fertiliser production climate change impact calculated in this study (based on the ecoinvent 
database) with other literature values. 
 
The obtained values for synthetic fertiliser production used in this study were compared to the 
Brentrup et al. (2018) study results which provide climate change impact values for specific 
fertilisers across different regions. Since the synthetic fertiliser production carbon footprint 
results from the LCA are based on rest-of-world (RoW) datasets, the Brentrup et al. (2018) 
values were averaged across the different regions in the study (Figure 22). Only the ammonium 
nitrate, monoammonium phosphate, and potassium chloride fertilisers were able to be 
compared to literature because they were the only ones modelled with similar nutrient contents 
to that in Brentrup et al. (2018). 
 
The comparison indicates that for all fertilisers compared, the ecoinvent results were larger 
than the Brentrup et al. (2018) results (almost doubled) when an equivalent amount of fertiliser 
product was produced. Future research should be conducted on what climate change impact 
values are most appropriate to use for fertilisers in New Zealand. 

Figure 22: Comparison of modelling and literature results for  the synthetic fertiliser 

production climate change impact for selected of fertiliser products (using data from 

Brentrup et al., 2018) 
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5.2 Sensitivity analysis 
This section considers the impact on the climate change impact category results of changing 
specific aspects of the EoL treatments: several ranges of values for the pyrolysis EoL treatment 
(Section 5.2.1), the distance to landfill (Section 5.2.2), the potential heat captured from thermal 
EoL treatments to displace natural gas (Section 5.2.3), and comparison to the Ministry for the 
Environment (MfE) country-specific emission factors (Section 5.2.4) for the diesel use 
emissions, transport fuel emissions, landfill emissions, composting emissions, anaerobic 
digestion emissions. Only the climate change impact category was assessed in this section 
because the MfE New Zealand specific data only provided emission factors to estimate the 
climate change impact. Therefore, no other impact categories could be compared to country-
specific data for New Zealand. 

5.2.1 Pyrolysis treatment variables 

The pyrolysis treatment was originally modelled using assumed values for the biochar loss 
(BL), carbon content (CC), and biochar carbon stability factor (BCSF) (Section 3.6.5). The CC 
and biochar yield (BY) are directly associated with the pyrolysis temperature. Therefore, the 
literature and experimental values were used to complete this sensitivity analysis. A range of 
values for the BL, moisture content of the biochar (MCB), BCSF, and N2O suppression were 
also used to understand the potential difference in the results (Table 11). For the modelling, it 
was assumed that when one parameter was changed, the other variables remained constant. 
The original assumption was used as either the maximum or minimum when it was not in the 
range obtained from experimental or literature sources. The climate change impact category 
was assessed in this sensitivity analysis. 
 
The increase in the climate change impact was largest when the BCSF decreased from 68% to 
14%; it led to a +415% increase in total climate change impact. Another increased impact 
change was due to the CC of the biochar decreasing from 82.50% to 21% (the lowest average 
obtained from proximate analysis), creating a +390% increase in the total climate change 
impact. The largest decreased impact change was due to the increase in BY from 10.15% 
(originally assumed based on engineering calculations) to 59% (the largest literature and 
experimental result obtained), creating a -2468% decrease in the total climate change impact. 
An increase in biochar losses led to a reduced amount of carbon being sequestered in the soil; 
for equations see Section 3.6.5. 

Table 11: Sensitivity analysis for the pyrolysis EoL treatment per FU for the climate 

change impact category 

Parameter 
Original 

assumption 
Range 

Impact of variability on the total 
climate change impact 

Biochar yield 10.15%* 10 to 59%** +11 to -2468% 
Biochar losses from production 
to use/collection 

1% 1 to 22%** 0 to +116% 

Moisture content of biochar 5% 4 to 6%** -3 to +3% 
Carbon content of biochar 82.50% 21 to 83% +390 to -2% 
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Figure 23: Breakdown of the climate change impact per FU for landfill and incineration 

EoL treatments with comparison of the original impact to the altered distance to landfill 

 
Note. *Organic composting and land spreading displacement. **Synthetic fertiliser production displaced from 
operations. 

5.2.3 Potential heat captured from thermal EoL treatments to displace 
natural gas 

Due to the thermal treatments being undertaken in a mobile unit, it was assumed that capturing 
the heat created in the systems was impossible. This section explored the potential 
displacement of natural gas that could occur if a way was found to capture the heat and reuse 
it at the cultivation facility. 
 
The potential heat that could be captured was determined by modelling the heat being released 
as flue gas and quantified as energy in MJ. The potentially displaced climate change impact of 
heat from natural gas was subtracted from the original climate change impact results. Table 13 
shows that capturing all of the excess heat from the thermal treatments decreased the climate 
change impact by -61% and -29% for incineration and pyrolysis EoL treatments, respectively. 
Figure 24 shows that the rankings were altered by capturing 100% of the excess heat produced 
by the thermal treatments. The incineration EoL treatment showed the most variation when 
100% of the potential heat was theoretically captured and used to displace natural gas in the 
cultivation facility (-61%). 

Table 13: Sensitivity analysis considering the potential heat displacement of thermal 

treatments when excess heat captured, per FU for the climate change impact category 

 Original assumption New assumption 
Impact of variation on the total 

climate change impact 
Incineration 0% captured 100% captured -61% 
Pyrolysis 0% captured 100% captured -29% 
Note. - indicates a further reduction in the climate change impact from the original result in Section 5.1.2. 
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COMPOSTING      -40% 

Transport of green waste for use on-
site 

100 54.17 0.135 13.5 -75%  

Transport of mixed material off-site 200 44.80 0.135 27 -39.7%  

Synthetic fertiliser production by truck 
freight 

10.64 1.21 0.105 1.12 -8%  

Synthetic fertiliser production by sea 
freight 

938 8.81 0.013 12.19 +38%  

ANAEROBIC DIGESTION      -8% 

Transport of digestate solids off-site 37.56 20.40 0.135 5.07 -75%  

Synthetic fertiliser production by truck 
freight 

1.23 0.03 0.105 0.13 -8%  

Synthetic fertiliser production by sea 
freight 

108.5 0.20 0.013 0.28 +41%  

INCINERATION      +7% 

Transport of mobile unit for use on-site 1596 143.00 0.105 167.58 +17%  

Transport of ash to the transfer station 0.725 0.39 0.135 0.098 -75%  

Transport of ash from the transfer 
station to the landfill 

0.86275 0.08 0.105 0.09 +13%  

PYROLYSIS      +15% 

Transport of mobile unit for use on-site 1596 143.00 0.105 167.58 +17%  

Transport of biochar to land 10.15 5.50 0.135 1.37 -75%  

Synthetic fertiliser production by truck 
freight 

1.16 0.13 0.105 0.12 -7%  

Synthetic fertiliser production by sea 
freight 

107.24 1.00 0.013 1.39 +39%  

 
Landfill emissions 
 
MfE (2022) provides emission factors for landfills with or without gas recovery systems in 
place as well as emission factors for each class of landfill. The landfill classes are either Class 
1 (municipal landfill) or Classes 2 to 4 (non-municipal landfill). For this comparison, only 
Class 1 with gas recovery was used because a sanitary landfill with gas and leachate recovery 
was modelled in this study. The relevant MfE emission factor was 0.492 kg CO2-eq./kg 
material for green waste (MfE, 2022, p.106). Table 16 lists the data and the difference between 
the original LCA-modelled climate change impact result and the result using the MfE (2022) 
Class 1 with gas recovery emission factor for green waste. A difference of +273% was found 
in the landfill EoL treatment total climate change impact result. The emission factors from MfE 
(2022, p.110) have an uncertainty of ±40%. However, the difference between the datasets is 
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much larger; this could be explained by the fact that only methane emissions and no carbon 
dioxide or nitrous oxide emissions were considered in the MfE emission factor. 

Table 16: Sensitivity analysis for landfill emissions comparing the LCA result to MfE 

emission factor results per FU in the climate change impact category for the landfill EoL 

treatment 

EoL 
treatment 

Item 
Landfilled 
waste (kg) 

LCA result 
(kg CO2-eq.) 

MfE result 
(kg CO2-eq.) 

Variation of LCA 
to MfE (2022) 

Variation of total 
climate change 

Landfill 
Green 
waste 

2000 179 984 +450% +273% 

 
Composting emissions 
 
Only one emission factor is provided in MfE (2022, p.107) for composting biological treatment 
(0.172 kg CO2-eq./kg material). Table 17 shows that in the landfill, composting, and anaerobic 
digestion EoL treatments, a difference of +160% was found between the climate change result 
calculated using the MfE emission factors for specific composting activities instead of the 
ecoinvent emission factors. This translated into a smaller difference in the total climate change 
impact result: landfill had a +36% difference, composting had a +154% difference, and 
anaerobic digestion had a +20% difference, when the MfE composting emission values were 
used. The same uncertainty was provided by MfE (2022, p.107) for the composting emissions 
as for the landfilling emissions of ±40%. The reason for the difference in ecoinvent and MfE 
emission factors is unclear and requires further investigation; it may be due to different 
assumptions about the composition of materials being composted, and the composting activity 
itself. 

Table 17: Sensitivity analysis of composting emissions comparing the LCA results to MfE 

emission factor results per FU in the climate change impact category for the landfill, 

composting, and anaerobic digestion EoL treatments 

EoL treatment Item 
Landfilled 
waste (kg) 

LCA result 
(kg CO2-eq.) 

MfE result 
(kg CO2-eq.) 

Variation 
of LCA 

to NZ-sp. 

Variation of 
total climate 

change 

Landfill 
Displaced green 
waste composted 

1000 66.21 172.00 +160% +36% 

Composting 
Cannabis plant 
waste + green 
waste 

2000 132 344.00 +161% +154% 

Anaerobic 
Digestion 

Solid digestate 376 24.90 64.67 +160% +20% 

 
Anaerobic digestion emissions 
 
For the anaerobic digestion (AD) treatment, MfE (2022, p.107) provides an emission factor of 
0.020 kg CO2-eq./kg material; this value takes methane into account but not carbon dioxide or 
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nitrous oxide. Although methane does dominate the anaerobic digestion treatment AD 
emissions, methane is not the only emission occurring. The ecoinvent emission factors used in 
the baseline study are much larger than the MfE value. 
 
Table 18 shows that the use of the MfE emission factor leads to a decrease of -49% in anaerobic 
digestion EoL treatment total climate change impact result. The same uncertainty was provided 
by MfE (2022, p.107) for the composting emissions as for the landfilling emissions of ±40%. 
Additionally, different assumptions about the compositions of the material being digested 
could explain the difference. 

Table 18: Sensitivity analysis of anaerobic digestion emissions comparing the LCA result 

to the MfE emission factor result per FU in the climate change impact category for the 

anaerobic digestion EoL treatment 

EoL 
treatment 

Item 
Landfilled 
waste (kg) 

LCA result 
(kg CO2-eq.) 

NZ-specific 
(kg CO2-eq.) 

Variation of 
LCA to NZ-sp. 

Variation of total 
climate change 

Anaerobic 
Digestion 

Cannabis 
waste + 
water 

2000 135 40 -70% -49% 

5.3 Summary of the LCA and sensitivity analysis results for the 
alternative EoL treatments 
This chapter presented the LCA results for each alternative treatment and included several 
sensitivity analyses for the climate change impact categories. The ReCiPe 2016 v1.1 method 
used in this study provides impact assessment factors for 19 impact categories, three of which 
were omitted from this study: land use, metal depletion, and stratospheric ozone depletion. 
Generally, the rankings of the alternative treatments across all the assessed impact categories 
is: composting (best), anaerobic digestion, pyrolysis, incineration, and landfill  (worst). 
 
The only EoL treatment that offered carbon sequestration potential was the pyrolysis EoL 
treatment, shown in the climate change impact category. However, when compost is land-
spread it also has carbon sequestration potential which could decrease the results for the 
landfill , composting, and anaerobic digestion EoL treatments. For this study, an in-depth 
analysis of this aspect was not completed but this should be considered in future work. 
 
The environmental hotspots found in this study for the composting and pyrolysis EoL 
treatments were compared to literature; it was found that emissions from the decomposition of 
composted organic matter and carbon sequestration of biochar, were hotspots for the respective 
EoL treatments in both the literature and this study.  The emissions from burning diesel on-site 
were found to be the hotspot in the climate change impact for the incineration EoL treatment, 
in this study but not in the literature. Landfill and anaerobic digestion hotspots could not be 
compared to literature; the landfill EoL treatment contained bleach which is not commonly 
completed in literature studies on landfill. The anaerobic digestion EoL treatment had several 
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Chapter 6: Preliminary assessment of the economic, 
social, and cultural  aspects, with analysis of the New 
Zealand medicinal cannabis licence regulations and 
carbon accounting frameworks 

This chapter describes and assesses the preliminary economic (Section 6.1), social (Section 
6.2), and cultural (Sections 6.3-6.5) analysis for each end-of-life (EoL) treatment. In addition, 
the current regulations within New Zealand for undertaking research on medicinal cannabis 
(Sections 6.6.1 and 6.6.2), and for carbon accounting (Section 6.6.3), are briefly reviewed 
given their relevance to the research topic. In Section 6.7, an integrated comparison of the 
alternative EoL treatments with regard to the environmental assessment results, and 
preliminary economic, social, and cultural analyses, is provided. 

6.1 Preliminary analysis of economics 
An economic assessment of each treatment was completed. Due to the size of this study, only 
a basic preliminary economic analysis was completed for each EoL treatment, which included 
the capital cost, operational cost, cash flow, revenue, and net present value (NPV). It should be 
noted that this preliminary analysis only incorporates the costs associated with the foreground 
activities i.e. when the landfill dump fee is paid, the costs to this project end. 
 
Even though the potential profit has relevance, the interviewees at Zymbl acknowledged that a 
focus on the greatest profit could not come at the expense of other aspirations, such as 
environmental impact or cultural elements (Int-1-AM). According to Pizzirani (2016), a similar 
acknowledgement was expressed in her study interviews which were concerned with culturally 
focused life cycle sustainability assessment but also incorporated the economic analysis aspect; 
her iwi  interviewees wanted economic viability but were not focussed on the size of the 
potential profit. 
 
As stated in Section 3.1.3, processing is either stationary or mobile, where the stationary 
facilities are assumed for the landfill, composting and anaerobic digestion treatments, whereas 
the mobile facilities are incineration and pyrolysis. For this economic assessment, it was 
assumed that the stationary site EoL treatment costs are additional to the existing operations of 
the medicinal cannabis cultivation facility (where the on-site activities occur before the by-
products are transported to either a landfill or composting facility). However, for the mobile 
facilities, which are transported to the cultivation site when needed, it was assumed that the 
cultivator could be charged a processing fee of up to 60% of the cost of disposing the cannabis 
plant residues in a landfill. In addition, revenue may be earned from the by-products of the 
processes, which may accrue to either the mobile operator or the cultivator as agreed. For this 
study, all revenue is added together. 
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was chosen. The New Zealand company tax rate is 28%, and at the end of the project, the 
salvage value of the plant is assumed to be 40% of the initial capital cost of equipment before 
lang factors are included. 
 
A cash flow table is the easiest method to summarise the economic assessment. 

6.1.3 Landfill  

The capital cost of equipment was estimated to be $578,678 (Appendix N.1, Table 35), and the 
operating cost was estimated to be $102,900 (Appendix N.2, Table 40). For the landfill EoL 
treatment, it is assumed that no revenue will be earned; thus, this treatment is a net cost to the 
business. Table 45 (Appendix O) shows the cash flow of the landfill EoL treatment. 
 
As landfilling is avoided in the below treatment options, it is assumed that the cultivator can 
be charged 60% of the landfill fee by the alternative processors (Appendix N.3). However, this 
cannot be completed for the composting and anaerobic digestion EoL treatments because they 
occur as stationary treatments on-site at the cultivation facility. Therefore, the cultivator can 
only be charged 60% of the landfill fee by the thermal EoL treatments, incineration, and 
pyrolysis. Each of the alternative processing routes also has additional revenue streams. 

6.1.4 Composting 

The capital cost of equipment was estimated to be $572,770 (Appendix N.1, Table 36), and the 
operating cost was estimated to be $44,976 (Appendix N.2, Table 41). The product of the 
composting EoL treatment is compost which has the potential to sell at $178.60/t of compost 
or $89.30/FU (Appendix N.3). Table 46 (Appendix O) shows the cash flow of the composting 
EoL treatment. 

6.1.5 Anaerobic digestion 

The capital cost of equipment was estimated to be $2,136,279 (Appendix N.1, Table 37), and 
the operating cost was estimated to be $111,919 (Appendix N.2, Table 42). The biogas 
produced from anaerobic digestion has heat value, with potential revenue of $25.20/FU. The 
remaining by-products are the solid and liquid phase streams which are sent to a composting 
facility and the wastewater treatment plant as trade waste, respectively. The solid phase of the 
digestate sent to the composting facility can then be sold as compost; assuming the same 
compost sale price and compost density as in Section 6.1.4, the anaerobic digestion EoL 
treatment has the potential to sell the compost at $178.60/t of compost or $67.08/FU. The 
operating cost above includes the cost of trade waste treatment at $603.35/FU (Appendix N.3). 
Tables 47-49 (Appendix O) shows the cash flow of the anaerobic digestion EoL treatment. 

6.1.6 Incineration 

The capital cost of equipment was estimated to be $3,081,528 (Appendix N.1, Table 38), and 
the operating cost was estimated to be $120,559 (Appendix N.2, Table 43). The incineration 
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EoL treatment used industrial ovens to estimate the capital cost of the dryer, incinerator, and 
diesel burner. In future studies, this is an area that should be investigated, and more accurate 
costs should be found. 
 
The first revenue of incineration is the landfill avoidance fee charged to the cultivator of 
$127.56/FU. Incineration produces heat and ash. Heat has no revenue value here because the 
incinerator is a small mobile unit, unlike the stationary anaerobic digester. 
 
The incineration ash can go two ways, to the landfill or land-spread to exploit its nutrient value. 
Sending ash to the landfill deducts $3.17/FU from the landfill avoidance fee charged to the 
cultivator. Instead, ash can be put onto land and used as fertiliser despite its low quality (J. 
Jones, personal communication, 2022). Since ash has a much lower nutrient content than 
compost, an assumed lower price of $30/tonne was used for an approximate revenue or 17% 
of the compost equivalent value. The black ash has a density of 540 kg/m3 (Wood Density 
Chart, 2012). Therefore, the ash would bring in revenue of $138.96/FU inclusive of the 60% 
avoided landfill charge (Appendix N.3). Tables 50 and 51 (Appendix O) show the cash flow 
of the incineration EoL treatment showing the different revenue options. 

6.1.7 Pyrolysis 

The capital cost of equipment was estimated to be $1,736,774 (Appendix N.1, Table 39), and 
the operating cost was estimated to be $94,378 (Appendix N.2, Table 44). The pyrolysis EoL 
treatment used industrial ovens to estimate the capital cost of the dryer, pyrolyser, and diesel 
burner. In future studies, this is an area that should be investigated, and more accurate costs 
should be found. 
 
The first revenue of pyrolysis is the landfill avoidance fee charged to the cultivator of 
$127.56/FU. Similar to incineration, heat has no revenue value here because the pyrolyser is a 
small mobile unit. Due to the versatility of the charcoal or biochar produced by the EoL 
treatment pyrolysis, there are multiple revenue options. Biochar can be sold by itself and used 
as a fuel or as a soil modifier, or as a chemical adsorbent (not explored here).  
 
When the biochar is sold as fuel, a revenue range was obtained by using a simple $10/GJ of 
heat delivered and the price of wood pellets used in pellet burners ($675/t biochar) (Jones et 
al., 2020); therefore, the revenue could either be $128.02/FU or $196.07, respectively (both 
revenues are exclusive of the fee that could be charged to the cultivation facility (Appendix 
N.3). 
 
When it is land spread as a soil modifier, it has two potential revenue streams, as a soil modifier 
and as a carbon sink, but only if the application is incorporated into the Voluntary Market 
scheme (Puro Earth, n.d.) or in future, if it is permitted as a sink within the NZ ETS. Using the 
same price as for grape marc in Jones et al. (2020) and considering inflation of the New Zealand 
Units for carbon sequestered if the biochar was land spread, the revenue could be $8.83/FU or 
if the biochar was put into the voluntary market and the carbon was sequestered the revenue 
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could be $12.77/FU (exclusive of avoided landfill fee). Tables 52-55 (Appendix O) show the 
cash flow of the pyrolysis EoL treatment showing the different revenue streams. 

6.1.8 Summary 

Table 19 shows that no profit can be made from any of the EoL treatments when only 30 tonnes 
of cannabis plant residues are processed per year. Only the pyrolysis and composting EoL 
treatments cost less than the landfill EoL treatment, with composting being the cheapest. The 
anaerobic digestion and incineration EoL treatments have the largest NPV after 15 years (above 
-$4 million), with anaerobic digestion being the largest when solely the heat from biogas is 
sold. The new proposed EoL treatment of pyrolysis has many options, with the cheapest being 
if the biochar was sold as fuel at $675/t of biochar. The landfill treatment did not have the 
lowest capital and operating costs; it was found to be composting, which also had the better 
NPV after 15 years across all alternative EoL treatments. Since no profit was found in the 
revenue options, the IRR was not calculated for this study. 

Table 19: Summary of the alternative EoL treatments preliminary Net Present Value 

after 15 years 

EoL Treatment (Revenue Stream) 
Capital Cost 

($)**  
Operating 
Cost ($)**  

NPV* after 15 
years 

Landfill $579,000 $103,000 -$2,650,000 
Composting $573,000 $45,000 -$1,013,000 
Anaerobic Digestion (Biogas heat) $2,136,000 $112,000 -$4,471,000 
Anaerobic Digestion (Compost) $2,136,000 $112,000 -$4,457,000 
Anaerobic Digestion (Biogas heat and compost) $2,136,000 $112,000 -$4,449,000 
Incineration (Ash to landfill including the landfill 
avoidance fee) 

$3,082,000 $121,000 -$4,108,000 

Incineration (Ash land-spread including the landfill 
avoidance fee) 

$3,082,000 $121,000 -$4,152,000 

Pyrolysis (Biochar as fuel at $10/GJ including the 
landfill avoidance fee) 

$1,737,000 $94,000 -$2,558,000 

Pyrolysis (Biochar as fuel at $675/t biochar including the 
landfill avoidance fee) 

$1,737,000 $94,000 -$2,545,000 

Pyrolysis (Biochar land-spread including the landfill 
avoidance fee) 

$1,737,000 $94,000 -$2,565,000 

Pyrolysis (Biochar land-spread and carbon sequestered 
including the landfill avoidance fee) 

$1,737,000 $94,000 -$2,560,000 

Note. See Appendix N.3 for revenue calculations. Values were rounded to the nearest one thousand. *Net Present 
Value. **The capital and operating costs were assumed to be approximately the same for the different revenue 
streams and within the range of accuracy of 25% as described in Section 6.1.1. 

6.2 Preliminary analysis of social indicators 
The social impacts of research projects are difficult to specify because of the variety of 
interpretations and numerous measurement systems, indicators, and interactions available 
(Viana-Lora & Nel-lo-Andreu, 2021). One main social indicator affecting any community is 
employment (Bornmann, 2013; Pizzirani, 2016; Sykes et al., 2019). Other social indicators that 
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Table 22: Preliminary cultural considerations for alternative EoL treatments assessed through interviews 

 

Mana 
Authority and 

rights to manage 
land, soil, and 

resources. 
 

Power and 
protection over 

resources. 

Mauri  
The continuous 

capacity of the soil 
to support/sustain 
life and wellbeing. 

 
The ecosystem 

defines the quality 
of life. 

Maara kai 
The ability of 

soil to 
produce and 

sustain 
healthy food 
for harvest 

and collection 

Oranga ora 
Adding no human 

waste, harmful 
chemicals, pathogens, 
pesticides, or toxicity 

to the ecosystem 
 

Doing the right thing. 

Whakapapa 
Working together 
respectfully and 

acknowledging our 
Whakapapa 

 
Embracing all 

people and moving 
together as one. 

Wairua  
The spiritual connections 
which bind the living and 

non-living 
 

What you do with 
something affects 

something else, which 
affects something else. 

Kaitiakitanga  
Leaving 

resources in as 
good or if not 

better condition 
for future 

generations. 

Total 

Landfill 2 1 1 2 2 3 1 12 

Composting 3 2 2 2 2 3 2 16 

Anaerobic 
Digestion 

3 2 2 3 2 3 2 17 

Incineration 3 1 1 1 1 3 1 11 

Pyrolysis 2 3 3 3 3 3 2 19 
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participants from a range of iwi, which would create a wider awareness about the acceptability 
of the various disposal options. 
 
The results in Table 23 show that if the environmental impacts, and preliminary economic, 
social, and cultural aspects are all considered, the rankings of the alternative EoL treatments 
are: pyrolysis (best), anaerobic digestion and composting equal second, incineration and 
landfill (worst). However, it should also be noted that the additional options in the table using 
different profit streams for the anaerobic digestion, incineration, and pyrolysis EoL treatments, 
have assumed the same environmental and cultural results, and capital and operating costs. 
This may not, in fact, be the case and further investigation should be completed into these 
options. 
 
Given the insights provided by this study, landfill and incineration should not be EoL 
treatments used for cannabis plant residues as they generally rank the lowest of all the aspects 
discussed in this study
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economic, social, and cultural aspects of the alternative EoL treatments; and compare and 
contrast the environmental, economic, social, and cultural aspects (Section 1.2). 
 
The first research question was addressed by a literature review which found that the common 
EoL treatments for cannabis plant residues used globally were landfilling, composting, 
anaerobic digestion, and incineration (Chapter 2). The second research question was addressed 
by calculating mass and energy balances which led to LCA models of the alternative EoL 
treatments being created. Through the use of the ReCiPe 2016 v1.1 method, the environmental 
impacts were determined for these treatments as well as the potential new EoL treatment, 
pyrolysis (Section 5.1.2) and then analysed to identify the environmental hotspots with each 
EoL treatment (Section 5.1.3).  
 
The literature on the pyrolysis EoL treatment for cannabis plant residues was scarce, and so 
missing data was collected by undertaking experiments using one harvest of hemp and one 
harvest of medicinal cannabis (Section 4.2). The by-products of pyrolysis, biochar and 
condensate were analysed through a proximate analysis (Section 4.5) and a Py-GCMS analysis 
(Section 4.6), and this showed that pyrolysis could be a suitable EoL treatment for cannabis 
plant residues, completing the third objective of this study. 
 
The fourth research question was addressed by a preliminary analysis of the life cycle-based 
economic (Section 6.1), social (Section 6.2), and cultural (Sections 6.3-6.5) aspects of the 
alternative EoL treatments was undertaken. The final research objective was then addressed in 
Chapter 6 when the environmental, economic, social, and cultural results were ranked across 
the different EoL treatments and compared to obtain a general ranking of: pyrolysis (best 
treatment), composting, anaerobic digestion, landfill, and incineration (worst treatment). 
 
Even though the economic, social, and cultural analyses provide only preliminary results, 
overall this study provided new insights and a platform for future research within the hemp and 
medicinal cannabis industries. 
 
  



https://doi.org/10.1007/b137831
https://foxrothschild.gjassets.com/content/uploads/2019/04/3-AAC-306.pdf
http://www.metrovancouver.org/services/solid-waste/SolidWastePublications/CannabisReport.pdf
http://www.metrovancouver.org/services/solid-waste/SolidWastePublications/CannabisReport.pdf
https://www.news-medical.net/life-sciences/Hemp-Oil-Extraction-A-Comparison-of-Extraction-Processes.aspx#1
https://www.news-medical.net/life-sciences/Hemp-Oil-Extraction-A-Comparison-of-Extraction-Processes.aspx#1
https://www.openaccessgovernment.org/the-fdas-2020-cannabis-policy/84392/
https://doi.org/10.1016/j.rser.2022.112715
http://hdl.handle.net/10179/5973
https://doi.org/10.1021/ie0207919
https://www.arnoldproducts.co.nz/product/20l-bleach-1484.htmx
https://doi.org/10.1100/2012/136218
https://www.odc.gov.au/publications/guideline-security-medicinal-cannabis
https://lc-impact.eu/doc/method/Chapter8_Freshwater-eutrophication.pdf
https://lc-impact.eu/doc/method/Chapter8_Freshwater-eutrophication.pdf
https://lc-impact.eu/doc/method/Chapter8_Freshwater-eutrophication.pdf
https://www.researchgate.net/publication/259178985_Understanding_global_patterns_of_domestic_cannabis_cultivation
https://www.researchgate.net/publication/259178985_Understanding_global_patterns_of_domestic_cannabis_cultivation
https://doi.org/10.3389/fpls.2019.00736


 

118 
 

Bessou, C., Tailleur, A., Godard, C., Gac, A., de la Cour, J., Boissy, J., Mischler, P., Caldeira-
Pires, A., & Benoist, A. (2020). Accounting for soil organic carbon role in land use 
contribution to climate change in agricultural LCA: Which methods? Which impacts? 
The International Journal of Life Cycle Assessment, 25, 1217-1230. 
https://doi.org/10.1007/s11367-019-01713-8  

Betancourt, J., Green, A., Carrillo, J., & Park, E. (2005). Cultural competence and health care 
disparities: Key perspectives and trends. Health Affairs, 24(2), 499-505. 
https://www.doi.org/10.1377/hlthaff.24.2.499  

Bezzeccheri, F. (n.d.). Seed to table: Hemp seed production and processing. Food Circle. 
Retrieved November 7, 2021, from https://www.foodcircle.com/magazine/hemp-seed-
production-processing  

Biala, J., & Wynen, E. (1998, September 15-17). Is there a market for compost in agriculture? 
[Paper presentation]. International Composting Conference, Melbourne, Australia. 
http://www.elspl.com.au/OrgAg/4-OA-Pubs/4-OA-Publications/Pub-B-
MktgTrade/OA-Mktg-B6-Compost-Melbourne-1998.pdf  

Bioenergy Association. (2021). The production and use as biofertiliser of digestate derived 
from source segregated organic waste. 
https://www.biogas.org.nz/documents/resource/TG08-Production-and-use-of-
digestate-as-fertiliser.pdf 

Bjorn, A., Owsianiak, M., Molin, C., & Laurent, A. (2018). Main characteristics of LCA. In 
M. Hauschild, R. Rosenbaum & S. Olsen (Eds.), Life Cycle Assessment (pp. 9-16). 
Springer, Cham. https://doi.org/10.1007/978-3-319-56475-3  

Bleach. (2022, October 12). Wikipedia. Retrieved November 7, 2022, from 
https://en.wikipedia.org/wiki/Bleach#Mechanism_of_action  

Bornmann, L. (2013). What is societal impact of research and how can it be assessed? A 
literature survey. Journal of the American Society for Information Science and 
Technology, 64(2), 217-233. https://www.doi.org/10.1002/asi.22803   

Bouman, R., Jesen, S., Wake, M., Earl, W. & Society of Chemical Engineers New Zealand. 
(2005). Process capital cost estimation for New Zealand 2004. Society of Chemical 
Engineers New Zealand. https://pdfslide.net/documents/capital-cost-estimation-for-nz-
2004.html?page=59  

Breitenbeck, G., & Schellinger, D. (2004). Calculating the reduction in material mass and 
volume during composting. Compost Science & Utilization, 12(4), 365-371. 
https://doi.org/10.1080/1065657X.2004.10702206  

Brentrup, F., Lammel, J., Stephani, T., & Christensen, B. (2018, October 17-19). Updated 
carbon footprint values for mineral fertilizer from different world regions [Paper 
presentation]. 11th International Conference on Life Cycle Assessment of Food 2018 
(LCA Food) in conjunction with the 6th LCA AgriFood Asia and 7th International 
Conference on Green and Sustainable Innovation (ICGSI), Bangkok, Thailand. 
https://www.researchgate.net/publication/329774170_Updated_carbon_footprint_valu
es_for_mineral_fertilizer_from_different_world_regions   

Britannica, T. Editors of Encyclopaedia (2022). Hemp. Encyclopedia Britannica. 
https://www.britannica.com/plant/hemp  

https://doi.org/10.1007/s11367-019-01713-8
https://www.doi.org/10.1377/hlthaff.24.2.499
https://www.foodcircle.com/magazine/hemp-seed-production-processing
https://www.foodcircle.com/magazine/hemp-seed-production-processing
http://www.elspl.com.au/OrgAg/4-OA-Pubs/4-OA-Publications/Pub-B-MktgTrade/OA-Mktg-B6-Compost-Melbourne-1998.pdf
http://www.elspl.com.au/OrgAg/4-OA-Pubs/4-OA-Publications/Pub-B-MktgTrade/OA-Mktg-B6-Compost-Melbourne-1998.pdf
https://www.biogas.org.nz/documents/resource/TG08-Production-and-use-of-digestate-as-fertiliser.pdf
https://www.biogas.org.nz/documents/resource/TG08-Production-and-use-of-digestate-as-fertiliser.pdf
https://www.biogas.org.nz/documents/resource/TG08-Production-and-use-of-digestate-as-fertiliser.pdf
https://www.biogas.org.nz/documents/resource/TG08-Production-and-use-of-digestate-as-fertiliser.pdf
https://doi.org/10.1007/978-3-319-56475-3
https://en.wikipedia.org/wiki/Bleach#Mechanism_of_action
https://www.doi.org/10.1002/asi.22803
https://pdfslide.net/documents/capital-cost-estimation-for-nz-2004.html?page=59
https://pdfslide.net/documents/capital-cost-estimation-for-nz-2004.html?page=59
https://doi.org/10.1080/1065657X.2004.10702206
https://www.researchgate.net/publication/329774170_Updated_carbon_footprint_values_for_mineral_fertilizer_from_different_world_regions
https://www.researchgate.net/publication/329774170_Updated_carbon_footprint_values_for_mineral_fertilizer_from_different_world_regions
https://www.britannica.com/plant/hemp


https://case.edu/research/sites/case.edu.research/files/2018-04/handout-by-Cain-and-Lawless.pdf
https://case.edu/research/sites/case.edu.research/files/2018-04/handout-by-Cain-and-Lawless.pdf
https://www.cannabis-europa.com/
https://celitron.com/en/blog/an-introduction-to-cannabis-waste-disposal
https://celitron.com/en/blog/an-introduction-to-cannabis-waste-disposal
https://celitron.com/en/blog/cannabis-waste-solutions-the-correct-management-of-leftover-marijuana
https://celitron.com/en/blog/cannabis-waste-solutions-the-correct-management-of-leftover-marijuana
https://www.pmcsa.ac.nz/2020/07/07/uruguay-a-government-controlled-market/
https://www.pmcsa.ac.nz/2020/07/07/uruguay-a-government-controlled-market/
https://www.pmcsa.ac.nz/2020/07/07/canada-a-controlled-commercial-model/
https://www.pmcsa.ac.nz/2020/07/07/canada-a-controlled-commercial-model/
https://www.pmcsa.ac.nz/2020/07/07/the-netherlands-illegal-supply-for-legal-consumption/
https://www.pmcsa.ac.nz/2020/07/07/the-netherlands-illegal-supply-for-legal-consumption/
https://www.pmcsa.ac.nz/2020/07/07/spain-decriminalised-non-profit-distribution-model/
https://www.pmcsa.ac.nz/2020/07/07/spain-decriminalised-non-profit-distribution-model/
https://www.pmcsa.ac.nz/2020/07/07/portugal-decriminalisation-of-all-drugs-including-cannabis/
https://www.pmcsa.ac.nz/2020/07/07/portugal-decriminalisation-of-all-drugs-including-cannabis/
http://dx.doi.org/10.1016/j.jclepro.2016.11.134
https://www.theccc.org.uk/what-is-climate-change/measuring-a-warming-world-2/
https://www.theccc.org.uk/what-is-climate-change/measuring-a-warming-world-2/
https://www.theccc.org.uk/what-is-climate-change/measuring-a-warming-world-2/


https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiOxsSj1Kv4AhVXRmwGHUCMDekQFnoECDEQAw&url=https%3A%2F%2Fwww.climate-policy-watcher.org%2Fwastewater-sludge%2Fbelt-filter-press.html&usg=AOvVaw0n8_EgJnJ2UjO9X-pb6p7E
https://www.climate-policy-watcher.org/wastewater-sludge/belt-filter-press.html
https://www.climate-policy-watcher.org/wastewater-sludge/belt-filter-press.html
https://www.doi.org/10.1016/j.resconrec.2010.01.008
https://www.waste360.com/legislation-regulation/complicated-world-cannabis-waste-generation-part-one
https://www.waste360.com/legislation-regulation/complicated-world-cannabis-waste-generation-part-one
https://www.costowl.com/automotive/commercial-construction/auto-dump-truck-rent-cost/#dump-truck-rental-average-costs
https://www.costowl.com/automotive/commercial-construction/auto-dump-truck-rent-cost/#dump-truck-rental-average-costs
https://www.costowl.com/automotive/commercial-construction/auto-dump-truck-rent-cost/#dump-truck-rental-average-costs
https://www.costowl.com/automotive/commercial-construction/auto-dump-truck-rent-cost/#dump-truck-rental-average-costs
https://www.costowl.com/automotive/commercial-construction/auto-dump-truck-rent-cost/#dump-truck-rental-average-costs
https://www.costowl.com/automotive/commercial-construction/auto-dump-truck-rent-cost/#dump-truck-rental-average-costs
https://www.wef.org/globalassets/assets-wef/direct-download-library/public/03---resources/wsec-2017-fs-002-mrrdc-anaerobic-digestion-fundamentals-fact-sheet.pdf
https://www.wef.org/globalassets/assets-wef/direct-download-library/public/03---resources/wsec-2017-fs-002-mrrdc-anaerobic-digestion-fundamentals-fact-sheet.pdf
https://www.doi.org/10.1016/j.tsep.2017.06.003
https://www.investopedia.com/articles/investing/111015/future-marijuana-industry-america.asp
https://www.investopedia.com/articles/investing/111015/future-marijuana-industry-america.asp
https://doi.org/10.1201/9780203730591
https://www.treasury.govt.nz/information-and-services/state-sector-leadership/guidance/financial-reporting-policies-and-guidance/discount-rates
https://www.treasury.govt.nz/information-and-services/state-sector-leadership/guidance/financial-reporting-policies-and-guidance/discount-rates
https://www.treasury.govt.nz/information-and-services/state-sector-leadership/guidance/financial-reporting-policies-and-guidance/discount-rates
https://www.parkers.co.uk/what-is/what-is-euro6-emissions-standards/
https://www.jdsupra.com/legalnews/europe-towards-a-more-harmonized-market-79437/
https://www.jdsupra.com/legalnews/europe-towards-a-more-harmonized-market-79437/
https://doi.org/10.1093/acprof:oso/9780195138931.001.0001
https://www.ecetoc.org/task-force/freshwater-ecotoxicity-as-an-environmental-impact-category-to-guide-the-selection-of-chemical-based-products/
https://www.ecetoc.org/task-force/freshwater-ecotoxicity-as-an-environmental-impact-category-to-guide-the-selection-of-chemical-based-products/
https://www.ecetoc.org/task-force/freshwater-ecotoxicity-as-an-environmental-impact-category-to-guide-the-selection-of-chemical-based-products/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/
https://ecoinvent.org/the-ecoinvent-database/impact-assessment/


https://doi.org/10.5772/intechopen.89202
https://doi.org/10.3390/agronomy11010171
https://www.encore-labs.com/federal-hemp-regulations
https://www.encore-labs.com/federal-hemp-regulations
https://www.epa.govt.nz/industry-areas/emissions-trading-scheme/about-the-nzets/
https://www.epa.gov/sites/default/files/2016-06/documents/installflares.pdf
https://www3.epa.gov/npdes/pubs/belt_filter.pdf
https://www3.epa.gov/npdes/pubs/belt_filter.pdf
https://www3.epa.gov/npdes/pubs/belt_filter.pdf
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://knowledge4policy.ec.europa.eu/glossary-item/human-toxicity-non-cancer_en
https://www.emcdda.europa.eu/publications/topic-overviews/cannabis-policy/html_en
http://data.europa.eu/eli/dec/2014/955/oj
https://www.scriptiebank.be/sites/default/files/VanEyndeHannes_KUL_Eindwerk.pdf
https://www.doi.org/10.1016/j.wasman.2014.11.022
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NHEERL&dirEntryId=103963
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NHEERL&dirEntryId=103963
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NHEERL&dirEntryId=103963
https://cfpub.epa.gov/si/si_public_record_Report.cfm?Lab=NHEERL&dirEntryId=103963
https://doi.org/10.1007/s11367-014-0822-2
https://doi.org/10.1115/1.2720539


 

122 
 

GAIACA. (2020). The ultimate hemp waste guide. https://www.gaiaca.com/hemp-waste-
guide/ 

Gardening and landscaping products in Rotorua. (n.d.). Gardeners Landscape Supplies. 
Retrieved November 9, 2022, from 
https://www.rotorualandscapesupplies.co.nz/products/  

GGS. (2021). Outdoor vs. greenhouse hemp production: Which is best? https://ggs-
greenhouse.com/marijuana/blog/outdoor-vs-greenhouse-hemp-production-which-is-
best%3F  

Gorrie, P. (2018). Recycling cannabis organics. BioCycle. 
https://www.biocycle.net/recycling-cannabis-organics/  

Government of Alberta. (2018). Fact sheet - Cannabis waste management. 
https://open.alberta.ca/dataset/765cd310-e7f4-45b5-999f-
54c737a94145/resource/c40fc259-26ff-4d97-9993-5cb33eefdd17/download/cannabis-
waste-management-oct2018.pdf  

Government of Canada. (2022). Cannabis Regulations. (SOR/2018-144).  https://laws-
lois.justice.gc.ca/eng/regulations/sor-2018-144/FullText.html  

Government of the Netherlands. (n.d.-a). How does the law distinguish between soft and hard 
drugs?  Retrieved July 10, 2021, from https://www.government.nl/topics/drugs/how-
does-the-law-distinguish-between-soft-and-hard-drugs  

Government of the Netherlands. (n.d.-b). Toleration policy regarding soft drugs and coffee 
shops. Retrieved July 20, 2021, from 
https://www.government.nl/topics/drugs/toleration-policy-regarding-soft-drugs-and-
coffee-shops  

Government of the Netherlands. (n.d.-c). Controlled cannabis supply chain experiment. 
Retrieved August 7, 2021, from https://www.government.nl/topics/drugs/controlled-
cannabis-supply-chain-experiment  

Granwal, L. (2022). Average cost of electricity for residential consumers in New Zealand from 
2012 to 2021 (in New Zealand cents per kilowatt hour)*. 
https://www.statista.com/statistics/988203/new-zealand-residential-electricity-costs/ 

Gray, N. (2014). Free and combined chlorine. In S. Percival, M. Yates, D. Williams, R. 
Chalmers, N. Gray (Eds.), Microbiology of waterborne diseases (2nd ed., pp. 571-590). 
Academic Press. https://doi.org/10.1016/B978-0-12-415846-7.00031-7  

Grotenhermen, F., & Russo, E. (2002). Cannabis and cannabinoids: Pharmacology, 
toxicology, and therapeutic potential. Routledge. 
https://doi.org/10.4324/9780203479506  

Guilhem, M. (2021). Cannabis is now 5th largest crop from California, ahead of tomatoes and 
wheat. KCRW. https://www.kcrw.com/news/shows/kcrw-features/this-week-in-weed-
cannabis-crop-harvest  

Guo, M. (2016). Application of biochar for soil physical improvement. In M. Guo, Z. He and 
S. Uchimiya (Eds.), Agricultural and Environmental Application of Biochar: Advances 
and Barriers (pp. 101-122). SSSA Special Publications. 
https://doi.org/10.2136/sssaspecpub63.2014.0039.5  

GVR. (2022). Industrial hemp market size, share & trends analysis report by product (seeds, 
fibre, shivs), by application (animal care, textiles, personal care), by region (North 

https://www.gaiaca.com/hemp-waste-guide/
https://www.gaiaca.com/hemp-waste-guide/
https://www.rotorualandscapesupplies.co.nz/products/
https://ggs-greenhouse.com/marijuana/blog/outdoor-vs-greenhouse-hemp-production-which-is-best%3F
https://ggs-greenhouse.com/marijuana/blog/outdoor-vs-greenhouse-hemp-production-which-is-best%3F
https://ggs-greenhouse.com/marijuana/blog/outdoor-vs-greenhouse-hemp-production-which-is-best%3F
https://www.biocycle.net/recycling-cannabis-organics/
https://open.alberta.ca/dataset/765cd310-e7f4-45b5-999f-54c737a94145/resource/c40fc259-26ff-4d97-9993-5cb33eefdd17/download/cannabis-waste-management-oct2018.pdf
https://open.alberta.ca/dataset/765cd310-e7f4-45b5-999f-54c737a94145/resource/c40fc259-26ff-4d97-9993-5cb33eefdd17/download/cannabis-waste-management-oct2018.pdf
https://open.alberta.ca/dataset/765cd310-e7f4-45b5-999f-54c737a94145/resource/c40fc259-26ff-4d97-9993-5cb33eefdd17/download/cannabis-waste-management-oct2018.pdf
https://laws-lois.justice.gc.ca/eng/regulations/sor-2018-144/FullText.html
https://laws-lois.justice.gc.ca/eng/regulations/sor-2018-144/FullText.html
https://www.government.nl/topics/drugs/how-does-the-law-distinguish-between-soft-and-hard-drugs
https://www.government.nl/topics/drugs/how-does-the-law-distinguish-between-soft-and-hard-drugs
https://www.government.nl/topics/drugs/toleration-policy-regarding-soft-drugs-and-coffee-shops
https://www.government.nl/topics/drugs/toleration-policy-regarding-soft-drugs-and-coffee-shops
https://www.government.nl/topics/drugs/controlled-cannabis-supply-chain-experiment
https://www.government.nl/topics/drugs/controlled-cannabis-supply-chain-experiment
https://www.statista.com/statistics/988203/new-zealand-residential-electricity-costs/
https://doi.org/10.1016/B978-0-12-415846-7.00031-7
https://doi.org/10.4324/9780203479506
https://www.kcrw.com/news/shows/kcrw-features/this-week-in-weed-cannabis-crop-harvest
https://www.kcrw.com/news/shows/kcrw-features/this-week-in-weed-cannabis-crop-harvest
https://doi.org/10.2136/sssaspecpub63.2014.0039.5


https://www.grandviewresearch.com/industry-analysis/industrial-hemp-market
https://www.doi.org/10.1016/j.enpol.2011.02.033
https://doi.org/10.1289/ehp.1206154
https://ojs.library.okstate.edu/osu/index.php/OAS/article/view/2814
https://www.doi.org/10.1088/1757-899X/548/1/012020
https://doi.org/10.1016/j.copsyc.2021.03.005
https://doi.org/10.1007/978-3-319-56475-3_6
https://doi.org/10.3390/ma12182987
https://hempnz.co.nz/hemp-farming-creating-a-viable-hemp-industry-for-new-zealand/
https://hempnz.co.nz/hemp-farming-creating-a-viable-hemp-industry-for-new-zealand/
https://www.hempwellness.co.nz/pages/hemp-vs-cannabis
https://www.hino.com.au/uploads/pdf/specification/HS700FY3036-0422_WEB_(2).PDF
https://www.hino.com.au/uploads/pdf/specification/HS700FY3036-0422_WEB_(2).PDF
https://www.hino.com.au/uploads/pdf/specification/HS700FY3036-0422_WEB_(2).PDF
https://www.hino.com.au/uploads/pdf/specification/HS700FY3036-0422_WEB_(2).PDF
https://www.hino.com.au/uploads/pdf/specification/HS700FY3036-0422_WEB_(2).PDF
https://www.hino.com.au/uploads/pdf/specification/HS700FY3036-0422_WEB_(2).PDF
https://doi.org/10.1080/10643387409381614
https://doi.org/10.1007/b137831


https://www.doi.org/10.1007/s11367-016-1246-y
https://pre-sustainability.com/legacy/download/Report_ReCiPe_2017.pdf
https://www.doi.org/10.1016/j.wasman.2011.10.005
https://www.indiamart.com/proddetail/green-waste-shredder-21340751712.html
https://www.indiamart.com/proddetail/green-waste-shredder-21340751712.html
https://www.indiamart.com/proddetail/green-waste-shredder-21340751712.html
https://www.indiamart.com/proddetail/green-waste-shredder-21340751712.html
https://www.indiamart.com/proddetail/green-waste-shredder-21340751712.html
https://biochar-international.org/9country/
https://www.iso.org/obp/ui/#iso:std:iso:14040:ed-2:v1:en
https://esu-services.ch/fileadmin/download/publicLCI/itten-2012-electricity-mix.pdf
https://esu-services.ch/fileadmin/download/publicLCI/itten-2012-electricity-mix.pdf
https://www.mondaq.com/canada/food-and-drugs-law/863026/cannabis-solid-waste-a-problem-that39s-growing-like-a-weed
https://www.mondaq.com/canada/food-and-drugs-law/863026/cannabis-solid-waste-a-problem-that39s-growing-like-a-weed
https://www.doi.org/10.1111/gcbb.12925
https://www.marlborough.govt.nz/repository/libraries/id:1w1mps0ir17q9sgxanf9/hierarchy/Documents/Services/Recycling%20and%20Resource%20Recovery/Milestone_Report_Template_MDC_Grape_Marc_Milestone_3_%28Year_1%29.pdf
https://www.marlborough.govt.nz/repository/libraries/id:1w1mps0ir17q9sgxanf9/hierarchy/Documents/Services/Recycling%20and%20Resource%20Recovery/Milestone_Report_Template_MDC_Grape_Marc_Milestone_3_%28Year_1%29.pdf
https://www.marlborough.govt.nz/repository/libraries/id:1w1mps0ir17q9sgxanf9/hierarchy/Documents/Services/Recycling%20and%20Resource%20Recovery/Milestone_Report_Template_MDC_Grape_Marc_Milestone_3_%28Year_1%29.pdf
https://www.landcareresearch.co.nz/discover-our-research/land/soil-and-ecosystem-health/soil-health-and-resilience/kaupapa-maori/key-maori-principles/
https://www.landcareresearch.co.nz/discover-our-research/land/soil-and-ecosystem-health/soil-health-and-resilience/kaupapa-maori/key-maori-principles/
https://www.researchgate.net/publication/275407706_Some_Physical_and_Chemical_Properties_of_Compost
https://www.researchgate.net/publication/275407706_Some_Physical_and_Chemical_Properties_of_Compost
https://www.biocycle.net/can-composting-reduce-thc-levels-in-discarded-marijuana-products/
https://www.biocycle.net/can-composting-reduce-thc-levels-in-discarded-marijuana-products/


https://news.mongabay.com/2013/01/biochar-a-brief-history-and-developing-future/
https://www.nzherald.co.nz/nz/election-2020-final-results-special-votes-close-gap-cannabis-referendum-still-fails/V2XRBTM6SDERELRA6DGLXR2O4I/
https://www.nzherald.co.nz/nz/election-2020-final-results-special-votes-close-gap-cannabis-referendum-still-fails/V2XRBTM6SDERELRA6DGLXR2O4I/
https://www.nzherald.co.nz/nz/election-2020-final-results-special-votes-close-gap-cannabis-referendum-still-fails/V2XRBTM6SDERELRA6DGLXR2O4I/
https://doi.org/10.1016/S0306-4603(02)00291-5
https://doi.org/10.1016/S0043-1354(98)00120-1
https://doi.org/10.1016/j.biombioe.2010.11.005
https://www.researchgate.net/publication/291930972_Recycling_of_harmful_weeds_through_NADEP_composting
https://www.researchgate.net/publication/291930972_Recycling_of_harmful_weeds_through_NADEP_composting
https://www.ft.com/content/f9d61f58-d78c-11e8-ab8e-6be0dcf18713
https://doi.org/10.1201/9780203730591
https://doi.org/10.2136/sssaspecpub63.2014.0042.5
https://data.linz.govt.nz/layer/50294-nz-landfill-polygons-topo-150k/
https://doi.org/10.1016/j.drugpo.2020.102748
https://lc-impact.eu/EQfreshwater_ecotoxicity.html
https://lc-impact.eu/EQfreshwater_ecotoxicity.html
https://lc-impact.eu/EQfreshwater_ecotoxicity.html
https://lc-impact.eu/EQfreshwater_ecotoxicity.html
https://www.motu.nz/assets/Documents/our-research/environment/climate-change-mitigation/emissions-trading/A-Guide-to-the-New-Zealand-Emissions-Trading-System-2022-Update-Motu-Research.pdf
https://www.motu.nz/assets/Documents/our-research/environment/climate-change-mitigation/emissions-trading/A-Guide-to-the-New-Zealand-Emissions-Trading-System-2022-Update-Motu-Research.pdf
https://www.motu.nz/assets/Documents/our-research/environment/climate-change-mitigation/emissions-trading/A-Guide-to-the-New-Zealand-Emissions-Trading-System-2022-Update-Motu-Research.pdf


https://doi.org/10.1016/S0140-6736(12)61766-8
https://doi.org/10.1139/v56-068
https://www.cbc.ca/news/science/organic-waste-composting-1.5291132
https://www.textiletoday.com.bd/extraction-processing-properties-and-use-of-hemp-fiber/
https://www.textiletoday.com.bd/extraction-processing-properties-and-use-of-hemp-fiber/
https://secretnaturecbd.com/blogs/cbd/why-indoor-grown-cbd-hemp-flower-is-the-best
https://secretnaturecbd.com/blogs/cbd/why-indoor-grown-cbd-hemp-flower-is-the-best
https://engr.source.colostate.edu/insatiable-demand-for-cannabis-has-created-a-giant-carbon-footprint/
https://engr.source.colostate.edu/insatiable-demand-for-cannabis-has-created-a-giant-carbon-footprint/
https://www.environmentguide.org.nz/issues/biodiversity/maori-and-biodiversity/
https://nzhia.com/wp-content/uploads/2020/09/FULL-REPORT-final-55.pdf
https://doi.org/10.1016/j.jclepro.2020.120998
https://www.business.govt.nz/employeecostcalculator/
https://www.landcareresearch.co.nz/uploads/public/researchpubs/Apple_Summary_Report-PDF.pdf
https://www.landcareresearch.co.nz/uploads/public/researchpubs/Apple_Summary_Report-PDF.pdf
https://doi.org/10.1089/can.2018.0039
https://doi.org/10.1007/b137831
https://doi.org/10.3390/ijerph15102224


https://www.transport.govt.nz/assets/MoT-Euro-6-modelling-final-report-4-July.pdf
https://www.transport.govt.nz/assets/MoT-Euro-6-modelling-final-report-4-July.pdf
https://environment.govt.nz/what-government-is-doing/areas-of-work/climate-change/ets/nz-ets-market/emission-unit-prices-and-controls/
https://environment.govt.nz/what-government-is-doing/areas-of-work/climate-change/ets/nz-ets-market/emission-unit-prices-and-controls/
https://www.regenpreneur.com/uploads/3/9/4/8/39486393/compost-nz-consent-guide.pdf
https://www.regenpreneur.com/uploads/3/9/4/8/39486393/compost-nz-consent-guide.pdf
https://environment.govt.nz/assets/Publications/Files/Measuring-Emissions-Detailed-Guide-2020.pdf
https://environment.govt.nz/assets/Publications/Files/Measuring-Emissions-Detailed-Guide-2020.pdf
https://environment.govt.nz/publications/the-state-of-new-zealands-environment-1997/chapter-three-production-and-consumption-patterns/waste-generation-and-disposal-in-new-zealand/
https://environment.govt.nz/publications/the-state-of-new-zealands-environment-1997/chapter-three-production-and-consumption-patterns/waste-generation-and-disposal-in-new-zealand/
https://environment.govt.nz/publications/the-state-of-new-zealands-environment-1997/chapter-three-production-and-consumption-patterns/waste-generation-and-disposal-in-new-zealand/
https://environment.govt.nz/acts-and-regulations/acts/ozone-layer-protection-act-1996/ozone-depleting-substances/
https://environment.govt.nz/acts-and-regulations/acts/ozone-layer-protection-act-1996/ozone-depleting-substances/
https://environment.govt.nz/publications/measuring-emissions-a-guide-for-organisations-2022-detailed-guide/
https://environment.govt.nz/publications/measuring-emissions-a-guide-for-organisations-2022-detailed-guide/
https://doi.org/10.2136/sssaspecpub63.2014.0048.5
https://doi.org/10.1016/j.enpol.2012.03.023
https://ministryofhemp.com/hemp/history/
https://media.path.org/documents/TS_mmis_incin_guide.pdf
https://www.health.govt.nz/our-work/regulation-health-and-disability-system/medicinal-cannabis-agency/medicinal-cannabis-agency-information-industry/medicinal-cannabis-agency-applying-licence#other
https://www.health.govt.nz/our-work/regulation-health-and-disability-system/medicinal-cannabis-agency/medicinal-cannabis-agency-information-industry/medicinal-cannabis-agency-applying-licence#other
https://www.health.govt.nz/our-work/regulation-health-and-disability-system/medicinal-cannabis-agency/medicinal-cannabis-agency-information-industry/medicinal-cannabis-agency-applying-licence#other
https://www.health.govt.nz/system/files/documents/publications/guideline-regulation-medicinal-cannabis-new-zealand-part-four-6april2020.pdf
https://www.health.govt.nz/system/files/documents/publications/guideline-regulation-medicinal-cannabis-new-zealand-part-four-6april2020.pdf
https://www.health.govt.nz/our-work/regulation-health-and-disability-system/medicines-control/industrial-hemp/industrial-hemp-licensing
https://www.health.govt.nz/our-work/regulation-health-and-disability-system/medicines-control/industrial-hemp/industrial-hemp-licensing
https://www.health.govt.nz/our-work/regulation-health-and-disability-system/medicines-control/industrial-hemp/industrial-hemp-licensing


https://doi.org/https:/doi.org/10.1002/elsc.201100085
https://doi.org/https:/doi.org/10.1002/elsc.201100085
https://doi.org/10.1002/elsc.201100085
https://www.jwce.com/products/4-shred-2/
https://www.jwce.com/products/4-shred-2/
https://www.mpi.govt.nz/dmsdocument/48136-Facilitating-the-growth-in-the-New-Zealand-hemp-industry
https://www.mpi.govt.nz/dmsdocument/48136-Facilitating-the-growth-in-the-New-Zealand-hemp-industry
https://archive.nytimes.com/www.nytimes.com/interactive/2013/10/27/us/marijuana-legalization-timeline.html#/
https://archive.nytimes.com/www.nytimes.com/interactive/2013/10/27/us/marijuana-legalization-timeline.html#/
https://www.mpi.govt.nz/forestry/forestry-in-the-emissions-trading-scheme/accounting-for-carbon-in-the-ets/overview-of-carbon-accounting-in-the-ets/
https://www.mpi.govt.nz/forestry/forestry-in-the-emissions-trading-scheme/accounting-for-carbon-in-the-ets/overview-of-carbon-accounting-in-the-ets/
https://doi.org/10.1016/j.wasman.2017.11.011
https://doi.org/10.1016/j.jclepro.2017.04.163
https://www.munsonmachinery.com/Rotary-Continuous-Mixers/Specifications.php
https://www.munsonmachinery.com/Rotary-Continuous-Mixers/Specifications.php
https://www.munsonmachinery.com/Rotary-Continuous-Mixers/Specifications.php
https://www.munsonmachinery.com/Rotary-Continuous-Mixers/Specifications.php
https://www.munsonmachinery.com/Rotary-Continuous-Mixers/Specifications.php
https://www.rnz.co.nz/news/national/427105/global-medicinal-cannabis-market-could-undercut-nz-growers
https://www.rnz.co.nz/news/national/427105/global-medicinal-cannabis-market-could-undercut-nz-growers
http://www.nelson.govt.nz/services/rethink-waste/rethinkreducereuse/food-waste-turning-waste-into-wonderful/composting-3/beginners-guide-to-composting/
http://www.nelson.govt.nz/services/rethink-waste/rethinkreducereuse/food-waste-turning-waste-into-wonderful/composting-3/beginners-guide-to-composting/
https://www.fb.org/market-intel/usda-releases-long-awaited-industrial-hemp-regulations
https://www.fb.org/market-intel/usda-releases-long-awaited-industrial-hemp-regulations
https://newwestgenetics.com/faq-items/what-is-the-difference-between-a-variety-or-cultivar-and-a-strain/
https://newwestgenetics.com/faq-items/what-is-the-difference-between-a-variety-or-cultivar-and-a-strain/
https://tradingeconomics.com/new-zealand/interest-rate
https://tradingeconomics.com/new-zealand/interest-rate
https://weedmaps.com/learn/introduction/guide-cannabis-product-types
https://www.biogas-info.co.uk/about/digestate/
https://www.biogas-info.co.uk/about/digestate/
https://www.biogas-info.co.uk/about/digestate/
https://norml.org/laws/
https://www.nzagrc.org.nz/domestic/soil-carbon-research-programme/


https://www.drugfoundation.org.nz/news-media-and-events/new-survey-results-show-legal-cannabis-a-real-possibility/
https://www.drugfoundation.org.nz/news-media-and-events/new-survey-results-show-legal-cannabis-a-real-possibility/
https://www.drugfoundation.org.nz/news-media-and-events/cannabis-referendum-result-what-does-it-mean-and-whats-next/
https://www.drugfoundation.org.nz/news-media-and-events/cannabis-referendum-result-what-does-it-mean-and-whats-next/
https://www.nzta.govt.nz/vehicles/road-user-charges/ruc-rates-and-transaction-fees/
https://vehicleinspection.nzta.govt.nz/virms/entry-certification/technical-bulletins/exhaust-emissions-standard-compliance
https://vehicleinspection.nzta.govt.nz/virms/entry-certification/technical-bulletins/exhaust-emissions-standard-compliance
https://www.beehive.govt.nz/release/govt-helps-fast-track-organic-medicinal-cannabis-industry
https://www.beehive.govt.nz/release/govt-helps-fast-track-organic-medicinal-cannabis-industry
https://www.planet.veolia.com/en/waste-management-cannabis-industry-usa-canada
https://engagedscholarship.csuohio.edu/jlh/vol34/iss1/5/
https://www.doi.org/10.1016/j.enconman.2020.113645
https://imtk.ui.ac.id/wp-content/uploads/2014/02/perrys-handbook-LENGKAP.pdf
https://imtk.ui.ac.id/wp-content/uploads/2014/02/perrys-handbook-LENGKAP.pdf
https://doi.org/10.1021/es802423e
https://www.plmj.com/en/knowledge/informative-notes/The-Technical-Note-Management-of-Cannabis-Waste-in-the-context-of-activities-that-produce-cannabis/31925/
https://www.plmj.com/en/knowledge/informative-notes/The-Technical-Note-Management-of-Cannabis-Waste-in-the-context-of-activities-that-produce-cannabis/31925/
https://www.plmj.com/en/knowledge/informative-notes/The-Technical-Note-Management-of-Cannabis-Waste-in-the-context-of-activities-that-produce-cannabis/31925/
http://hdl.handle.net/10179/9891
https://doi.org/10.1201/9780203730591
https://www.pncc.govt.nz/Services/Rubbish-and-recycling/Palmy-recycling/Green-waste-recycling
https://www.pncc.govt.nz/Services/Rubbish-and-recycling/Palmy-recycling/Green-waste-recycling
https://www.pncc.govt.nz/Services/Rubbish-and-recycling/Palmy-recycling/Green-waste-recycling
https://www.pncc.govt.nz/Services/Rubbish-and-recycling/Palmy-recycling/Green-waste-recycling
https://www.pncc.govt.nz/Services/Rubbish-and-recycling/Palmy-recycling/Green-waste-recycling
https://www.pncc.govt.nz/Services/Rubbish-and-recycling/Palmy-recycling/Green-waste-recycling


https://www.cropnutrition.com/resource-library/potassium-chloride
https://www.therecoveryvillage.com/marijuana-addiction/related-topics/types-of-weed/
https://www.therecoveryvillage.com/marijuana-addiction/related-topics/types-of-weed/
https://puro.earth/puro-standard-carbon-removal-credits/
https://puro.earth/puro-standard-carbon-removal-credits/
https://doi.org/https:/doi.org/10.2166/wpt.2021.045
https://doi.org/10.2166/wpt.2021.045
https://www.healthline.com/health/endocannabinoid-system#how-it-works
https://pre-sustainability.com/articles/recipe/
https://gabi.sphera.com/support/gabi/gabi-lcia-documentation/recipe
https://doi.org/10.1002/wps.20740
https://doi.org/10.1016/j.jhazmat.2007.09.077
https://doi.org/10.1080/03639040500387914
https://doi.org/10.1080/1065657X.2002.10702093
https://www.doi.org/10.1021/es902266r
https://doi.org/10.1007/b137831
https://www.forbes.com/sites/ceciliarodriguez/2020/12/04/cannabis-reclassified-as-less-dangerous-drug-by-un/?sh=568b41a27e74
https://www.forbes.com/sites/ceciliarodriguez/2020/12/04/cannabis-reclassified-as-less-dangerous-drug-by-un/?sh=568b41a27e74
https://www.unodc.org/documents/ungass2016/Contributions/Civil/Transform-Drug-Policy-Foundation/Cannabis-policy-in-the-Netherlands.pdf
https://www.unodc.org/documents/ungass2016/Contributions/Civil/Transform-Drug-Policy-Foundation/Cannabis-policy-in-the-Netherlands.pdf


 

131 
 

Ronsse, F., van Hecke, S., Dickinson, D. and Prins, W. (2012). Production and 
characterization of slow pyrolysis biochar: Influence of feedstock type and pyrolysis 
conditions. GCB Bioenergy, 5, 104-115. https://doi.org/10.1111/gcbb.12018  

Rotorua Lakes Council. (n.d.). Rotorua landfill transfer station. Retrieved July 5, 2022, from 
https://www.rotorualakescouncil.nz/our-services/rubbish-and-
recycling/services/landfill   

Rotorua Lakes Council. (2021). Rates. https://www.rotorualakescouncil.nz/our-
services/property-and-rates/rates 

RQS. (2020). What is the best growing medium for cannabis? 
https://www.royalqueenseeds.com/blog-what-is-the-best-growing-medium-for-
cannabis-n1302  

Rychert, M., & Wilkins, C. (2015). Did we have the wrong debate about Elixinol and medicinal 
cannabis? The New Zealand Medical Journal, 128(1421), 69-70. https://assets-
global.website-
files.com/5e332a62c703f653182faf47/5e332a62c703f6e0cb2fd751_NZMJ-1421.pdf  

Saer, A., Lansing, S., Davitt, N., & Graves, R. (2013). Life cycle assessment of a food waste 
composting system: Environmental impact hotspots. Journal of Cleaner Production, 
52, 234-244. https://doi.org/10.1016/j.jclepro.2013.03.022  

Salmons, J. [SAGE Publishing]. (2022, March 24). Understanding cultural issues in research 
design. Youtube. https://www.youtube.com/watch?v=rTUNLdg3XbY  

Salter, A., & Martin, B. (2001). The economic benefits of publicly funded basic research: A 
critical review. Research Policy, 30(3), 509-532. https://doi.org/10.1016/S0048-
7333(00)00091-3  

Schaubroeck, T., Schaubroeck, S., Heijungs, R., Zamagni, A., Brandão, M., Benetto, E. (2021). 
Attributional & consequential life cycle assessment: Definitions, conceptual 
characteristics and modelling restrictions. Sustainability, 13, 7386. 
https://doi.org/10.3390/su13137386  

Shahzad, A. (2012). Hemp fiber and its composites - A review. Journal of Composite 
Materials, 46(8), 973-986. https://doi.org/10.1177/0021998311413623  

Sharma, P., Murthy, P., & Bharath, M. (2012). Chemistry, metabolism, and toxicology of 
cannabis: Clinical implications. Iranian Journal of Psychiatry, 7(4), 149-156. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570572/  

Shojaeiarani, J., Bajwa, D., & Bajwa, S. (2019). Properties of densified solid biofuels in 
relation to chemical composition, moisture content, and bulk density of the biomass. 
BioResources, 14(2). https://bioresources.cnr.ncsu.edu/resources/properties-of-
densified-solid-biofuels-in-relation-to-chemical-composition-moisture-content-and-
bulk-density-of-the-biomass/  

Silver, J. (2020). Is a cannabis cultivar the same as a strain? Leafly. 
https://www.leafly.com/news/growing/is-cannabis-cultivar-same-as-strain  

Slade, R., Di Lucia, L., & Adams, P. (2018). Chapter 2 - How policy makers learned to start 
worrying and fell out of love with bioenergy. Greenhouse Gas Balances of Bioenergy 
Systems, 11-28. https://doi.org/10.1016/B978-0-08-101036-5.00002-1  

Small, E. (2016). Cannabis: A complete guide. CRC Press. 
https://doi.org/10.1201/9781315367583 

https://doi.org/10.1111/gcbb.12018
https://www.rotorualakescouncil.nz/our-services/rubbish-and-recycling/services/landfill
https://www.rotorualakescouncil.nz/our-services/rubbish-and-recycling/services/landfill
https://www.rotorualakescouncil.nz/our-services/property-and-rates/rates
https://www.rotorualakescouncil.nz/our-services/property-and-rates/rates
https://www.rotorualakescouncil.nz/our-services/property-and-rates/rates
https://www.rotorualakescouncil.nz/our-services/property-and-rates/rates
https://www.royalqueenseeds.com/blog-what-is-the-best-growing-medium-for-cannabis-n1302
https://www.royalqueenseeds.com/blog-what-is-the-best-growing-medium-for-cannabis-n1302
https://assets-global.website-files.com/5e332a62c703f653182faf47/5e332a62c703f6e0cb2fd751_NZMJ-1421.pdf
https://assets-global.website-files.com/5e332a62c703f653182faf47/5e332a62c703f6e0cb2fd751_NZMJ-1421.pdf
https://assets-global.website-files.com/5e332a62c703f653182faf47/5e332a62c703f6e0cb2fd751_NZMJ-1421.pdf
https://doi.org/10.1016/j.jclepro.2013.03.022
https://www.youtube.com/watch?v=rTUNLdg3XbY
https://doi.org/10.1016/S0048-7333(00)00091-3
https://doi.org/10.1016/S0048-7333(00)00091-3
https://doi.org/10.3390/su13137386
https://www.doi.org/10.1177/0021998311413623
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3570572/
https://bioresources.cnr.ncsu.edu/resources/properties-of-densified-solid-biofuels-in-relation-to-chemical-composition-moisture-content-and-bulk-density-of-the-biomass/
https://bioresources.cnr.ncsu.edu/resources/properties-of-densified-solid-biofuels-in-relation-to-chemical-composition-moisture-content-and-bulk-density-of-the-biomass/
https://bioresources.cnr.ncsu.edu/resources/properties-of-densified-solid-biofuels-in-relation-to-chemical-composition-moisture-content-and-bulk-density-of-the-biomass/
https://bioresources.cnr.ncsu.edu/resources/properties-of-densified-solid-biofuels-in-relation-to-chemical-composition-moisture-content-and-bulk-density-of-the-biomass/
https://www.leafly.com/news/growing/is-cannabis-cultivar-same-as-strain
https://doi.org/10.1016/B978-0-08-101036-5.00002-1
https://doi.org/10.1201/9781315367583


https://www.bbc.co.uk/programmes/p099jk7t
https://www.chlorineinstitute.org/stewardship/sodium-hypochlorite/
https://www.stuff.co.nz/business/300561042/medicinal-cannabis-company-gets-13m-from-govt-to-develop-blueprint-for-industry
https://www.stuff.co.nz/business/300561042/medicinal-cannabis-company-gets-13m-from-govt-to-develop-blueprint-for-industry
https://www.doi.org/10.2139/ssrn.1856467
https://dec.alaska.gov/eh/solid-waste/how-do-i-dispose-of/cannabis-waste/
https://dec.alaska.gov/eh/solid-waste/how-do-i-dispose-of/cannabis-waste/
https://doi.org/10.2136/sssaspecpub63.2014.0038.5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6312155/
https://doi.org/10.1111/gcb.14844
https://www.tupu.nz/en/fact-sheets/industrial-hemp-for-seed-or-fibre
https://www.tupu.nz/en/fact-sheets/industrial-hemp-for-seed-or-fibre
https://www.wastemanagement.co.nz/my-region/waikato/tirohia-landfill/
https://doi.org/10.1201/9780203730591
https://ecampusontario.pressbooks.pub/bio16610w18/chapter/38-micron-waste-technologies-turning-cannabis-to-water/
https://ecampusontario.pressbooks.pub/bio16610w18/chapter/38-micron-waste-technologies-turning-cannabis-to-water/
https://www.ams.usda.gov/rules-regulations/hemp/hemp-emanagement-platform
https://www.ams.usda.gov/rules-regulations/hemp/hemp-emanagement-platform
https://www.unodc.org/pdf/WDR_2006/wdr2006_volume1.pdf
https://www.unodc.org/documents/wdr/WDR_2010/2.4_Cannabis.pdf
https://doi.org/10.1007/s10681-004-4750-2


























 

145 
 

Appendix B: EURO6 emission class standard 
According to Dow (2022), the following are the emission standard limits for a vehicle to be in 
the EURO6 class for a diesel engine. Even though there are emission standards for petrol and 
diesel engines, only diesel engines were used in this study. 
 

(1) Carbon monoxide: 0.50 g/km 
(2) Hydrocarbons and Nitrogen oxides: 0.17 g/km 
(3) Nitrogen oxides: 0.08 g/km 
(4) Particulate matter: 0.005 g/km 
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20. All nitrogen remains in the biomass and does not leave in the biogas. 
21. The solid phase of digestate from the belt filter press has an 80% moisture content.
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Table 24: Mass balance of anaerobic digestion EoL treatment 

Stream name Unit Fresh cannabis Shredder out Water tank Digester Biogas Sludge Solid phase Liquid phase 
Stream number  1 2 7  3 4 5 6 
Mass kg 1000 1000 1000 2000 141.7*2 1858.3*3 375.6*5 1482.7*7 
Moisture Content % 71% 71%     80%  
Dry mass kg 290 290  290  136.59*3 75.1*5  
nitrogen kg 8.7 8.7  8.7  8.7*3 4.8*5  
carbon kg 139.2 139.2  139.2  76.7*3 42.2*5  
hydrogen kg 26.1 26.1  26.1  11.7*3 6.5*5  
oxygen kg 116.0 116.0  116.0  39.4*3 21.7*5  
       -0.148   
Dissolved solids 
(origin biomass) 

kg 0.0 0.0  0.0  0.0 10.4*5 51.1*7 

nitrogen kg 0.0 0.0  0.0  0.0 0.7*5 3.3*7 
carbon kg 0.0 0.0  0.0  0.0 5.8*5 28.7*7 
hydrogen kg 0.0 0.0  0.0  0.0 0.9*5 4.4*7 
oxygen kg 0.0 0.0  0.0  0.0 3.0*5 14.8*7 
Water kg 710 710 1000 1710  1721.7 290.1*5 1431.6*7 
hydrogen kg 78.9*1 78.9 111.1*1 190*1  191.9*4 32.2*6 159.6*7 
oxygen kg 631.1*1 631.1 888.9*1 1520*1  1529.9*4 257.9*6 1272*7 
Gas phase      141.7    
gas phase carbon kg     62.5*2    
gas phase hydrogen kg     12.5*2    
gas phase oxygen kg     66.7*2    
gas CO2 kg     91.7*2    
gas H2O kg         
gas CH4 kg     50.0*2    
Balance kg 1000 1000 1000  141.7 1858.3 375.6 1482.7 

Note. Assumed values are in blue, and the balance in peach is the sum of the phases in each stream. *Calculations are numbered on the following pages.
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Figure 31: Landfill EoL treatment off -site activities (GaBi model) 

 
 

Figure 32: Landfill EoL treatment displaced organic waste composting and soil 

application (GaBi model) 

 
 
  





 

206 
 

Figure 34: Composting EoL treatment on-site activities (GaBi model) 

 
 

Figure 35: Composting EoL treatment transport activities (GaBi model) 

 
 
 

Figure 36: Composting EoL treatment off-site activities (GaBi model) 
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Figure 47: Pyrolysis EoL treatment transport of mobile unit to cultivation site (GaBi 

model) 

 
 

Figure 48: Pyrolysis EoL treatment on-site activities (GaBi model) 

 
 

Figure 49: Pyrolysis EoL treatment transport of biochar to land (GaBi model) 

 
 

Figure 50: Pyrolysis EoL treatment land spreading of biochar (GaBi model) 
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Figure 51: Pyrolysis EoL treatment displaced synthetic fertiliser production of nutrients 

equivalent to biochar (GaBi model) 
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Appendix J: Pyrolysis experiment temperature profiles 

Figure 52: Pyrolysis unit hemp trial 1 using leaf cannabis material 

 
 

Figure 53: Pyrolysis unit hemp trial 2 using root cannabis material 
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Figure 54: Pyrolysis unit hemp trial 3 using mixture of leaf, root, and stem cannabis 

material 

 
 

Figure 55: Pyrolysis unit medicinal cannabis trial 1 using leaf cannabis material 
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Figure 56: Pyrolysis unit medicinal cannabis trial 2 using stalk cannabis material 

 
 

Figure 57: Pyrolysis unit medicinal cannabis trial 3 using mixture of leaf, root, and stalk 

cannabis material 
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Appendix K:  Py-GCMS results 

Figure 58: Biochar of leaf hemp pyrolysis trial, Py-GCMS analysis 

 
 

Figure 59: Biochar of root hemp pyrolysis trial, Py-GCMS analysis 
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Figure 60: Biochar of stalk hemp pyrolysis trial, Py-GCMS analysis 

 
 

Figure 61: Biochar of mixed hemp pyrolysis trial, Py-GCMS analysis 

 

Table 27: Compounds identified in the char samples of hemp pyrolysis trials of the leaf 

(orange), root (yellow), mix (blue), and stalk (green), from Py-GCMS analysis 

Name 
Molecular 

Weight 
Molecular 
Formula 

Retention 
Time (min) 

Tridecanoic acid 214 C13H26O2 37.23 
Tridecanoic acid 214 C13H26O2 37.26 
Tridecanoic acid 214 C13H26O2 37.26 
Tridecanoic acid 214 C13H26O2 37.27 
Octadecanoic acid, 2-(2-hydroxyethoxy)ethyl ester 372 C22H44O4 41.005 
Octadecanoic acid, 2-(2-hydroxyethoxy)ethyl ester 372 C22H44O4 41.035 
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Octadecanoic acid, 2-(2-hydroxyethoxy)ethyl ester 372 C22H44O4 41.035 
Octadecanoic acid, 2-(2-hydroxyethoxy)ethyl ester 372 C22H44O4 41.045 
2,3-Dimethyldodecane 198 C14H30 46.41 
Heptadecane, 2,6,10,15-tetramethyl- 296 C21H44 46.41 
Tetradecane 198 C14H30 46.41 
Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.425 
Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.445 
Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.47 
Diisooctyl phthalate 390 C24H38O4 47.35 
Diisooctyl phthalate  390 C24H38O4 47.355 
Diisooctyl phthalate  390 C24H38O4 47.38 
Diisooctyl phthalate  390 C24H38O4 47.41 
7,7-Diethylheptadecane 296 C21H44 48.015 
Nonadecane, 2-methyl- 282 C20H42 48.015 
7,7-Diethylheptadecane 296 C21H44 48.025 
Nonadecane, 2-methyl- 282 C20H42 48.025 
7,7-Diethylheptadecane 296 C21H44 48.045 
7,7-Diethylheptadecane 296 C21H44 48.045 
Nonadecane, 2-methyl- 282 C20H42 48.045 
Nonadecane, 2-methyl- 282 C20H42 48.045 
2-Bromotetradecane 276 C14H29Br 49.53 
2-Bromotetradecane 276 C14H29Br 49.545 
2-Bromotetradecane 276 C14H29Br 49.545 
2-Bromotetradecane 276 C14H29Br 49.58 
2-methyloctacosane 408 C29H60 50.98 
Docosane, 11-butyl- 366 C26H54 50.98 
Heptadecane 240 C17H36 50.98 
Tetratetracontane 618 C44H90 50.98 
2-methyloctacosane 408 C29H60 50.99 
2-methyloctacosane 408 C29H60 51 
2-methyloctacosane 408 C29H60 51.015 
9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-1-
[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

496 C27H52O4Si2 51.495 

2-methyloctacosane 408 C29H60 51.51 
Squalene 410 C30H50 51.515 
Eicosane, 7-hexyl- 366 C26H54 52.44 
Eicosane, 7-hexyl- 366 C26H54 52.46 
Eicosane, 7-hexyl- 366 C26H54 52.46 
Eicosane, 7-hexyl- 366 C26H54 52.47 
2-methyloctacosane 408 C29H60 54 

Table 28: Outliers found in the comparison of char Py-GCMS analysis compounds 

identified for hemp 

Outliers Present 
Retention time 

(mins) 
2,3-Dimethyldodecane only in mix 46.41 
Heptadecane, 2,6,10,15-tetramethyl- only in mix 46.41 
Tetradecane only in mix 46.41 
Sulfurous acid, pentadecyl 2-propyl ester only in root, leaf, stalk 46.42 to 46.47 
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Docosane, 11-butyl- only in mix 50.98 
Heptadecane only in mix 50.98 
Tetratetracontane only in mix 50.98 
9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-1-
[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

only in stalk 51.495 

2-methyloctacosane only in mix 51.51 
Squalene only in leaf 51.515 
Heptadecane, 2,6,10,15-tetramethyl- only in stalk 60.725 
Hexacosane, 9-octyl- only in leaf, root, mix 60.7 to 60.81 
Nonadecane, 2-methyl- only in leaf, root, mix 60.7 to 60.81 

Figure 62: Condensate of leaf hemp pyrolysis trial, Py-GCMS analysis 

 

Figure 63: Condensate from the root hemp pyrolysis trial, Py-GCMS analysis 
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Figure 64: Condensate from the mix hemp pyrolysis trial, Py-GCMS analysis 

 
 

Table 29: Compounds identified in the condensate samples from the hemp pyrolysis trials 

of leaf (orange), root (yellow), and mix (blue), Py-GCMS analysis 

Name 
Molecular 

Weight 
Molecular 
Formula 

Retention 
Time (mins) 

Phenol 94 C6H6O 11.94 
Diazene, bis(1,1-dimethylethyl)- 142 C8H18N2 15 
Trimethylaluminum 72 C3H9Al  15 
Diazene, bis(1,1-dimethylethyl)- 142 C8H18N2 15.395 
Trimethylaluminum 72 C3H9Al  15.395 
Phenol, 3-methoxy-2-methyl- 138 C8H10O2 18 
Phenol, 3-methoxy-2-methyl- 138 C8H10O2 18.03 
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 144 C6H8O4 19.25 
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 144 C6H8O4 19.25 
Cyclopropane, trimethyl(2-methyl-1-propenylidene)- 136 C10H16 20.705 
Methanol, [6,8,9-trimethyl-4-(1-propenyl)-3-
oxabicyclo[3.3.1]non-6-en-1-yl] - 

236 C15H24O2 20.705 

5H-1-Pyrindine 117 C8H7N 21.395 
4-(6-Oxabicyclo[3.1.0]hex-1-yl)-but-3-yn-2-one 150 9H10O2 21.75 
Phenol, 3,4-dimethoxy- 154 C8H10O3 22.835 
Phenol, 3,4-dimethoxy- 154 C8H10O3 23 
11,11-Dimethyl-spiro[2,9]dodeca-3,7-dien 190 C14H22 24.36 
1,2,3-Trimethoxybenzene 168 C9H12O3 25.34 
1,2,3-Trimethoxybenzene 168 C9H12O3 25.5 
5-Octadecene, (E)- 252 C18H36 26.16 
8-Heptadecene, 1-chloro- 272 C17H33Cl 26.16 
Pentadecane 212 C15H32 26.36 
Phenol, 2,6-dimethyl-4-nitro- 167 C8H9NO3 27.325 
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9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-1-
[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

496 27H52O4Si2 47.5 

Dronabinol 314 C21H30O2 47.5 
2-methyltetracosane 352 C25H52 48 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 48 
1-Chloroeicosane 316 C20H41Cl 48.025 
2-methylhexacosane 380 C27H56 48.025 
Cannabinol (CBN) 310 C21H26O2 48.405 
Cannabinol (CBN) 310 C21H26O2 48.5 
Heptadecane, 2,6,10,15-tetramethyl- 296 C21H44 49.5 
Octadecane, 2-methyl- 268 C19H40 49.5 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 49.5 
2-methyltetracosane 352 C25H52 49.511 
Octadecane, 2-methyl- 268 C19H40 49.511 
Heptadecane, 2,6,10,15-tetramethyl- 296 C21H44 49.58 
Octadecane, 2-methyl- 268 C19H40 49.58 
Oxirane, [(hexadecyloxy)methyl]- 298 C19H38O2 51 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 51 
2-methyltetracosane 352 C25H52 51.015 
2,2-Dimethyl-6-methylene-1-[3,5-dihydroxy-1-
pentenyl]cyclohexan010perhydrol 

256 C14H24O4 51.47 

Ethyl iso-allocholate 436 C26H44O5 51.47 
Squalene 410 C30H50 51.5 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 51.505 
Squalene 410 C30H50 51.57 
2-methyltetracosane 352 C25H52 52.415 
Tritetracontane 604 C43H88 52.415 
2-methyltetracosane 352 C25H52 52.5 
Tetratetracontane 618 C44H90 52.5 
Tetratetracontane 618 C44H90 52.55 
2-methylhexacosane 380 C27H56 54 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 54 
2-methyltetracosane 352 C25H52 54.082 
Tritetracontane 604 C43H88 54.082 
Tetratetracontane 618 C44H90 55.945 
Heptacosane, 1-chloro- 414 C27H55Cl 56 
Tetratetracontane 618 C44H90 56 
dl-.alpha.-Tocopherol 430 C29H50O2 57.15 
Heptacosane, 1-chloro- 414 C27H55Cl 58 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 58 
Heptadecanoic acid, heptadecyl ester 508 C34H68O2 58.575 
Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 61 
No known compound   64 
9,19-Cycloergost-24(28)-en-3-ol, 4,14-dimethyl-
,(3.beta.,4.alpha.,5.alpha.)- 

426 C30H50O 67.7 

No known compound   68 
No known compound   68 
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Table 30: Outliers found in the comparison of condensate Py-GCMS analysis compounds 

identified for hemp 

Outliers Present 
Retention time 

(mins) 
Phenol only in leaf 11.94 
Diazene, bis(1,1-dimethylethyl)- only in root and mixed 15 to 15.4 
Trimethylaluminum only in root and mixed 15 to 15.4 
Phenol, 3-methoxy-2-methyl only in leaf and mixed 18 
1,4:3,6-Dianhydro-.alpha.-d-glucopyranose only in root and mixed 19.25 
Cyclopropane, trimethyl(2-methyl-1-propenylidene)- only in leaf 20.705 
Methanol, [6,8,9-trimethyl-4-(1-propenyl)-3-
oxabicyclo[3.3.1]non-6-en-1-yl] - 

only in leaf 20.705 

5H-1-Pyrindine only in leaf 21.395 
4-(6-Oxabicyclo[3.1.0]hex-1-yl)-but-3-yn-2-one only in leaf 21.75 
Phenol, 3,4-dimethoxy- only in root and mixed 22.8 to 23 
11,11-Dimethyl-spiro[2,9]dodeca-3,7-dien only in leaf 24.4 
1,2,3-Trimethoxybenzene only in root and mixed 25.3 to 25.5 
5-Octadecene, (E)- only in leaf 26.16 
8-Heptadecene, 1-chloro- only in leaf 26.16 
Pentadecane only in leaf 26.36 
Phenol, 2,6-dimethyl-4-nitro- only in root and mixed 27.325 to 27.5 
2H-Pyran, 2-(7-heptadecynyloxy)tetrahydro- only in leaf and mixed 28.665 to 29 
Heptadecane only in leaf and mixed 31 to 31.175 
2-Hexadecene, 2,6,10,14-tetramethyl- only in leaf and mixed 31.895 to 32 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R* -(E)]]- only in leaf 34.155 
Phytol, acetate only in leaf 34.345 
2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R* -(E)]]- only in leaf 34.455 
13-Heptadecyn-1-ol only in leaf 35.225 
E-6-Octadecen-1-ol acetate only in leaf 35.225 
Pentadecanoic acid, 14-methyl-, methyl ester only in leaf and mixed 36 to 36.135 
4-Fluoro-1-methyl-5-carboxylic acid, ethyl(ester) only in leaf 37.26 
Heptadecanoic acid, heptadecyl ester only in leaf 37.26 
Pentadecanoic acid only in mix 37.4 
2-methyltetracosane only in leaf and mixed 39.48 to 39.5 
1-Tetradecen-3-yne only in leaf and mixed 39.5 to 39.62 
9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- only in leaf and mixed 39.5 to 39.62 
Phytol only in leaf and mixed 39.9 to 40 
Octadecanoic acid only in mix 41 
3-Methyl-4-(phenylthio)-2-prop-2-enyl-2,5-dihydrothiophene 
1,1-dioxide 

only in leaf 41.227 

Ethyl iso-allocholate only in leaf 41.227 
1H-4-Oxabenzo(f)cyclobut(cd)inden-8-ol, 1a-
.alpha.,2,3,3a,8b-.alpha.,8c-.alpha.-hexahydro-1,1,3a-
trimethyl-6-pentyl- (Cannabicyclol) 

only in leaf and mixed 43 to 43.07 

Cannabidiol (CBD) only in leaf and mixed 43 to 43.07 
Cannabichromene only in leaf 44.11 
Cannabidiol (CBD) only in mix 45 
1-Octadecanesulphonyl chloride only in root 46.415 
1-Chloroeicosane only in leaf 46.482 
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Figure 65: Char from the leaf medicinal cannabis pyrolysis trial, Py-GCMS analysis 

 
 

Figure 66: Char from the root medicinal cannabis pyrolysis trial, Py-GCMS analysis 
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Figure 67: Char from the stalk medicinal cannabis pyrolysis trial, Py-GCMS analysis 

 
 

Table 31: Comparison of compounds identified in the char samples for hemp and 

medicinal cannabis pyrolysis trials of leaf (orange), root (yellow), and stalk (green), Py-

GCMS results 

HEMP 
or MC 

Name 
Molecular 

Weight 
Molecular 
Formula 

Retention 
Time (min) 

BOTH No known compound   16.787 

MC Cyclohexasiloxane, dodecamethyl-   19.213 

BOTH 
1,1,1,3,5,7,9,11,11,11-Decamethyl-5-
(trimethylsiloxy)hexasiloxane 

  25.959 

BOTH No known compound   29.039 

MC No known compound   30.397 

BOTH No known compound   34.006 

MC No known compound   36.237 

BOTH Tridecanoic acid 214 C13H26O2 37.183 

HEMP Tridecanoic acid 214 C13H26O2 37.23 

HEMP Tridecanoic acid 214 C13H26O2 37.27 

MC No known compound   39.227 

MC No known compound   40.096 

HEMP Octadecanoic acid, 2-(2-hydroxyethoxy)ethyl ester 372 C22H44O4 41.035 

MC Octadecanoic acid, 2-(2-hydroxyethoxy)ethyl ester 372 C22H44O4 41.045 

MC No known compound   41.987 

MC No known compound   43.167 
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MC No known compound   43.188 

MC No known compound   44.517 

HEMP Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.425 

BOTH Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.825 

BOTH Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.868 

HEMP Diisooctyl phthalate 390 C24H38O4 47.355 

HEMP Diisooctyl phthalate 390 C24H38O4 47.38 

HEMP Diisooctyl phthalate 390 C24H38O4 47.41 

HEMP 7,7-Diethylheptadecane 296 C21H44 48.015 

HEMP Nonadecane, 2-methyl- 282 C20H42 48.015 

HEMP 7,7-Diethylheptadecane 296 C21H44 48.025 

HEMP Nonadecane, 2-methyl- 282 C20H42 48.025 

BOTH 7,7-Diethylheptadecane 296 C21H44 48.081 

BOTH Nonadecane, 2-methyl- 282 C20H42 48.081 

MC No known compound   49.092 

HEMP 2-Bromotetradecane 276 C14H29Br 49.545 

BOTH 2-Bromotetradecane 276 C14H29Br 49.635 

BOTH 2-Bromotetradecane 276 C14H29Br 49.852 

HEMP 2-methyloctacosane 408 C29H60 51.015 

BOTH 2-methyloctacosane 408 C29H60 51.052 

BOTH 2-methyloctacosane 408 C29H60 51.096 

MC 3,7,11-Tridecatrienenitrile, 4,8,12-trimethyl-   51.162 

MC Squalene   51.162 

HEMP 
9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-
1-[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

496 C27H52O4Si2 51.495 

BOTH Squalene 410 C30H50 51.557 

BOTH Eicosane, 7-hexyl- 366 C26H54 52.5 

BOTH Eicosane, 7-hexyl- 366 C26H54 52.532 

BOTH Eicosane, 7-hexyl- 366 C26H54 52.541 

MC No known compound   53.18 

MC No known compound   53.602 

HEMP 2-methyloctacosane 408 C29H60 54.045 

HEMP Nonadecane, 2-methyl- 282 C20H42 54.045 

HEMP Nonadecane, 2-methyl- 282 C20H42 54.07 

BOTH 2-methyloctacosane 408 C29H60 54.073 

MC Eicosane, 2-methyl- 296 C21H44 54.073 

BOTH 2-methyloctacosane 408 C29H60 54.184 

BOTH Nonadecane, 2-methyl- 282 C20H42 54.184 

BOTH Eicosane, 2-methyl- 296 C21H44 55.71 
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HEMP Eicosane, 2-methyl- 296 C21H44 55.865 

BOTH Eicosane, 2-methyl- 296 C21H44 55.98 

MC No known compound   56.078 

HEMP Eicosane, 7-hexyl- 366 C26H54 58.12 

HEMP Eicosane, 9-octyl- 394 C28H58 58.12 

BOTH Eicosane, 7-hexyl- 366 C26H54 58.195 

BOTH Eicosane, 9-octyl- 394 C28H58 58.195 

BOTH Eicosane, 7-hexyl- 366 C26H54 58.208 

BOTH Eicosane, 9-octyl- 394 C28H58 58.208 

MC No known compound   58.93 

HEMP Heptadecane, 2,6,10,15-tetramethyl- 296 C21H44 60.725 

HEMP Nonadecane, 2-methyl- 282 C20H42 60.805 

HEMP Hexacosane, 9-octyl- 478 C34H70 60.81 

HEMP Nonadecane, 2-methyl- 282 C20H42 60.81 

MC Cyclononasiloxane, octadecamethyl-   60.989 

BOTH Hexacosane, 9-octyl- 478 C34H70 61.343 

MC 2-methyloctacosane 408 C29H60 61.343 

MC Heptadecane, 9-octyl-   61.343 

MC Tritetracontane 604 C43H88 61.343 

MC Docosane, 11-butyl- 366 C26H54 63.762 

MC Docosane, 7-hexyl-   63.762 

MC Eicosane, 7-hexyl- 366 C26H54 63.762 

MC Heptadecane, 9-hexyl-   63.762 

MC Heptadecane, 9-octyl-   63.762 

MC Hexacosane, 9-octyl- 478 C34H70 63.762 

MC Octadecane, 2-methyl- 268 C19H40 63.762 

HEMP Oxirane, [(hexadecyloxy)methyl]- 298 C19H39O2 63.99 

HEMP Stearic acid, 3-(octadecyloxy)propyl ester 594 C39H78O3 63.99 

HEMP Oxirane, [(hexadecyloxy)methyl]- 298 C19H39O2 64.08 

HEMP Stearic acid, 3-(octadecyloxy)propyl ester 594 C39H78O3 64.08 

HEMP Oxirane, [(hexadecyloxy)methyl]- 298 C19H39O2 64.091 

HEMP Stearic acid, 3-(octadecyloxy)propyl ester 594 C39H78O3 64.091 

MC 2-methyloctacosane 408 C29H60 64.359 

MC Heneicosane, 11-(1-ethylpropyl)-   64.359 

MC Tetratetracontane 618 C44H90 64.359 

MC 2-methyloctacosane 408 C29H60 65.394 

MC Octadecane, 2-methyl- 268 C19H40 65.394 

HEMP 
9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-
1-[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

496 C27H52O4Si2 67.65 
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HEMP 
9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-
1-[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

496 C27H52O4Si2 67.72 

HEMP 
9,12,15-Octadecatrienoic acid, 2-[(trimethylsilyl)oxy]-
1-[[(trimethylsilyl)oxy]methyl]ethyl ester, (Z,Z,Z)- 

496 C27H52O4Si2 67.72 

HEMP Docosanoic acid, docosyl ester 648 C44H88O2 68.02 

HEMP Docosanoic acid, docosyl ester 648 C44H88O2 68.02 

HEMP Eicosanoic acid 312 C20H40O2 68.02 

HEMP Eicosanoic acid 312 C20H40O2 68.02 

HEMP Docosanoic acid, docosyl ester 648 C44H88O2 68.11 

 

Figure 68: Condensate from leaf medicinal cannabis pyrolysis trial, Py-GCMS analysis 

 

Figure 69: Condensate from stalk medicinal cannabis pyrolysis trial, Py-GCMS analysis 
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Figure 70: Condensate from mix medicinal cannabis pyrolysis trial, Py-GCMS analysis 

 
 

Table 32: Comparison of compounds identified in the condensate samples for hemp and 

medicinal cannabis pyrolysis trials of leaf (orange), root (yellow), and mix (blue), Py-

GCMS results 

HEMP 
or MC 

Name 
Molecular 

Weight 
Molecular 
Formula 

Retention 
Time (min) 

BOTH Phenol 94 C6H6O 12.14 

MC No known compound   12.322 

MC Ethyl 3-aminopicolinate   14.784 

HEMP Diazene, bis(1,1-dimethylethyl)- 142 C8H18N2 15 

HEMP Trimethylaluminum 72 C3H9Al  15 

BOTH Diazene, bis(1,1-dimethylethyl)- 142 C8H18N2 15.287 

BOTH Trimethylaluminum 72 C3H9Al  15.287 

BOTH No known compound   16.046 

BOTH Phenol, 3-methoxy-2-methyl- 138 C8H10O2 17.992 

MC Acetonitrile, 2,2'-iminobis-   17.992 

BOTH Phenol, 3-methoxy-2-methyl- 138 C8H10O2 18.02 

BOTH Phenol, 3-methoxy-2-methyl- 138 C8H10O2 18.202 

MC 1,2-Epoxynonane   18.202 

BOTH 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 144 C6H8O4 19.079 

HEMP 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 144 C6H8O4 19.264 

BOTH Cyclopropane, trimethyl(2-methyl-1-propenylidene)- 136 C10H16 19.596 

MC 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose 144 C6H8O4 20.691 
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BOTH 
Methanol, [6,8,9-trimethyl-4-(1-propenyl)-3-
oxabicyclo[3.3.1]non-6-en-1-yl] - 

236 C15H24O2 20.812 

BOTH 5H-1-Pyrindine 117 C8H7N 21.404 

HEMP 4-(6-Oxabicyclo[3.1.0]hex-1-yl)-but-3-yn-2-one 150 9H10O2 21.75 

BOTH Phenol, 3,4-dimethoxy- 154 C8H10O3 22.86 

BOTH Phenol, 3,4-dimethoxy- 154 C8H10O3 22.871 

MC No known compound   24.353 

BOTH 11,11-Dimethyl-spiro[2,9]dodeca-3,7-dien 190 C14H22 24.395 

BOTH 1,2,3-Trimethoxybenzene 168 C9H12O3 25.321 

BOTH 1,2,3-Trimethoxybenzene 168 C9H12O3 25.407 

BOTH 5-Octadecene, (E)- 252 C18H36 26.17 

BOTH 8-Heptadecene, 1-chloro- 272 C17H33Cl 26.17 

MC No known compound   26.207 

BOTH Pentadecane 212 C15H32 26.351 

BOTH Phenol, 2,6-dimethyl-4-nitro- 167 C8H9NO3 27.374 

MC Benzene, 1,2,3-trimethoxy-5-methyl-   27.374 

BOTH Phenol, 2,6-dimethyl-4-nitro- 167 C8H9NO3 27.617 

BOTH 2H-Pyran, 2-(7-heptadecynyloxy)tetrahydro- 336 C22H40O2 28.701 

HEMP 2H-Pyran, 2-(7-heptadecynyloxy)tetrahydro- 336 C22H40O2 29 

BOTH 2H-Pyran, 2-(7-heptadecynyloxy)tetrahydro- 336 C22H40O2 29.365 

HEMP Heptadecane 240 C17H36 31 

BOTH Heptadecane 240 C17H36 31.083 

BOTH Heptadecane 240 C17H36 31.792 

BOTH 2-Hexadecene, 2,6,10,14-tetramethyl- 280 C20H40 31.876 

BOTH 2-Hexadecene, 2,6,10,14-tetramethyl- 280 C20H40 31.905 

HEMP 2-Hexadecene, 2,6,10,14-tetramethyl- 280 C20H40 32 

BOTH No known compound   33.398 

BOTH No known compound   33.5 

HEMP 2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R* -(E)]]- 280 C20H40 34.155 

BOTH Phytol, acetate 338 C22H42O2 34.329 

HEMP 2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R* -(E)]]- 280 C20H40 34.455 

BOTH 2-Pentadecanone, 6,10,14-trimethyl- 268 C18H36O 35.168 

BOTH 13-Heptadecyn-1-ol 252 C17H32O 35.216 

BOTH E-6-Octadecen-1-ol acetate 310 C20H38O2 35.216 

BOTH 2-Pentadecanone, 6,10,14-trimethyl- 268 C18H36O 35.6 

BOTH 2-Pentadecanone, 6,10,14-trimethyl- 268 C18H36O 35.689 

BOTH Pentadecanoic acid, 14-methyl-, methyl ester 270 C17H34O2 36.049 

HEMP Pentadecanoic acid, 14-methyl-, methyl ester 270 C17H34O2 36.135 

BOTH Pentadecanoic acid, 14-methyl-, methyl ester 270 C17H34O2 36.136 
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HEMP 4-Fluoro-1-methyl-5-carboxylic acid, ethyl(ester) 172 C7H9FN2O2 37.26 

HEMP Heptadecanoic acid, heptadecyl ester 508 C34H68O2 37.26 

BOTH Pentadecanoic acid 242 C15H30O2 37.491 

BOTH Pentadecanoic acid 242 C15H30O2 37.492 

BOTH 1-Tetradecen-3-yne 192 C14H24 39.431 

BOTH 2-methyltetracosane 352 C25H52 39.431 

BOTH 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 292 C19H32O2 39.431 

BOTH 1-Tetradecen-3-yne 192 C14H24 39.479 

BOTH 2-methyltetracosane 352 C25H52 39.479 

BOTH 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 292 C19H32O2 39.479 

HEMP 2-methyltetracosane 352 C25H52 39.48 

HEMP 1-Tetradecen-3-yne 192 C14H24 39.62 

HEMP 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,Z)- 292 C19H32O2 39.62 

BOTH Phytol 296 C20H40O 39.947 

HEMP Phytol 296 C20H40O 40 

HEMP Phytol 296 C20H40O 40 

HEMP 
3-Methyl-4-(phenylthio)-2-prop-2-enyl-2,5-
dihydrothiophene 1,1-dioxide 

280 C14H16O2S2 41.227 

HEMP Ethyl iso-allocholate 436 C26H44O5 41.227 

BOTH Octadecanoic acid 284 C18H36O2 41.323 

BOTH Octadecanoic acid 284 C18H36O2 41.338 

BOTH 
1H-4-Oxabenzo(f)cyclobut(cd)inden-8-ol, 1a-
.alpha.,2,3,3a,8b-.alpha.,8c-.alpha.-hexahydro-1,1,3a-
trimethyl-6-pentyl- (Cannabicyclol or Cannabipinol) 

314 C21H30O2 43.025 

BOTH Cannabidiol (CBD) 314 C21H30O2 43.025 

BOTH 
1H-4-Oxabenzo(f)cyclobut(cd)inden-8-ol, 1a-
.alpha.,2,3,3a,8b-.alpha.,8c-.alpha.-hexahydro-1,1,3a-
trimethyl-6-pentyl- (Cannabicyclol or Cannabipinol) 

314 C21H30O2 43.03 

BOTH Cannabidiol (CBD) 314 C21H30O2 43.03 

BOTH 
1H-4-Oxabenzo(f)cyclobut(cd)inden-8-ol, 1a-
.alpha.,2,3,3a,8b-.alpha.,8c-.alpha.-hexahydro-1,1,3a-
trimethyl-6-pentyl- (Cannabicyclol or Cannabipinol) 

314 C21H30O2 43.069 

BOTH Cannabidiol (CBD) 314 C21H30O2 43.069 

BOTH Cannabichromene (CBC) 314 C21H30O2 44.122 

BOTH Cannabidiol (CBD) 314 C21H30O2 44.728 

BOTH Cannabidiol (CBD) 314 C21H30O2 44.805 

BOTH Cannabidiol (CBD) 314 C21H30O2 45.603 

BOTH Cannabidiol (CBD) 314 C21H30O2 45.625 

BOTH Cannabidiol (CBD) 314 C21H30O2 45.75 

BOTH Morphinone, 7,8-dihydro-3-desoxy- 269 C17H19NO2 46.454 

BOTH Sulfurous acid, pentadecyl 2-propyl ester 334 C18H38O3S 46.454 
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BOTH 2-methyltetracosane 352 C25H52 52.458 

BOTH Tetratetracontane 618 C44H90 52.458 

BOTH 2-methyltetracosane 352 C25H52 52.461 

BOTH Tetratetracontane 618 C44H90 52.461 

BOTH Tetratetracontane 618 C44H90 52.478 

BOTH 2-methylhexacosane 380 C27H56 54.022 

BOTH Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 54.022 

BOTH 2-methylhexacosane 380 C27H56 54.055 

BOTH Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 54.055 

BOTH 2-methyltetracosane 352 C25H52 54.1 

BOTH Tritetracontane 604 C43H88 54.1 

BOTH No known compound   55.112 

BOTH Heptacosane, 1-chloro- 414 C27H55Cl 55.843 

BOTH Heptacosane, 1-chloro- 414 C27H55Cl 55.902 

BOTH Tetratetracontane 618 C44H90 55.902 

BOTH Tetratetracontane 618 C44H90 55.931 

BOTH Tetratetracontane 618 C44H90 56.221 

BOTH No known compound   56.34 

BOTH dl-.alpha.-Tocopherol 430 C29H50O2 57.15 

HEMP Heptacosane, 1-chloro- 414 C27H55Cl 58 

HEMP Heptacosane, 1-chloro- 414 C27H55Cl 58 

HEMP Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 58 

HEMP Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 58 

HEMP Heptadecanoic acid, heptadecyl ester 508 C34H68O2 58.575 

HEMP Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 61 

HEMP Sulfurous acid, 2-propyl tetradecyl ester 320 C17H36O3S 61 

HEMP No known compound   64 

HEMP No known compound   64 

HEMP 
9,19-Cycloergost-24(28)-en-3-ol, 4,14-dimethyl-
,(3.beta.,4.alpha.,5.alpha.)- 

426 C30H50O 67.7 

HEMP No known compound   68 

HEMP No known compound   68 

HEMP No known compound   68 

HEMP No known compound   68 
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Freshwater eutrophication 
 
Freshwater eutrophication occurs due to the increase of nutrient levels by the discharge of 
nutrients into either soil or freshwater ecosystems (Azevedo et al., n.d.). While the nutrient 
levels in water systems can be measured by nitrogen and phosphorus, depending on the life 
cycle assessment method, some use both or just one to determine the impact of freshwater 
eutrophication. For the ReCiPe 2016 v1.1 assessment method, the phosphorus increase in 
freshwater is used (Huijbregts et al., 2017a). 
 
Human toxicity (cancer) 
 
For the ReCiPe 2016 v1.1 assessment method, the risk increase in cancer disease incidence in 
urban air is used as the indicator for the human toxicity (cancer) impact category (Huijbregts 
et al., 2017a). By inhaling toxic substances in the air, human beings can suffer adverse health 
effects (EU, 2018). Therefore, this is an important impact category for this study. 
 
Human toxicity (non-cancer) 
 
For the ReCiPe 2016 v1.1 assessment method, the risk increase in non-cancer disease incidence 
in urban air is used as the indicator for the human toxicity (non-cancer) impact category 
(Huijbregts et al., 2017a). Human beings can have adverse health effects when toxic substances 
are present in the air (EU, 2018). Therefore, this is an important impact category for this study. 
 
Ionising radiation 
 
Radiation affects both human health and ecosystems. For the ReCiPe 2016 v1.1 assessment 
method, the collective absorbed dose increase resulting from the emission of radionuclides is 
used as the indicator for the impact category, ionising radiation (Huijbregts et al., 2017a).  
 
Marine ecotoxicity 
 
Ecotoxicity levels are determined by the release of chemicals into the environment, whether it 
be to the soil, water, or air (LC-Impact, n.d.). Specifically, the impact on marine ecosystems is 
determined using the indicator, hazard-weighted increase in marine water, with the 
characterisation factor being marine ecotoxicity potential (METP) (Huijbregts et al., 2017a). 
 
Marine eutrophication 
 
Any increase in the nitrogen and phosphorus nutrient levels in marine water determines the 
eutrophication impact of a system. However, for the ReCiPe 2016 v1.1 assessment method, the 
marine eutrophication impact category uses nitrogen levels of marine water rather than 
phosphorus, as used in the freshwater eutrophication impact category. 
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Photochemical ozone formation (ecosystems) 
 
The photochemical ozone formation represents the increase in ozone in a specific environment; 
for this impact category looking at ecosystems, the ReCiPe 2016 v1.1 method uses the indicator 
of tropospheric ozone increase (Huijbregts et al., 2017a). Additionally, the unit used is kg NOx-
eq. which is the sum of ozone concentration differences between the hourly mean and 40 ppm. 
during daylight hours over the relevant seasons (Huijbregts et al., 2017a). 
 
Photochemical ozone formation (human health) 
 
This impact category looks at the impact that photochemical ozone formation has on human 
health. The damage pathway utilised in the ReCiPe 2016 v1.1 assessment method is the years 
of life lost related to an increase in respiratory diseases caused by ozone exposure, measured 
in kg NOx-eq. (the change in the ambient concentration of ozone after the emission of a 
precursor) (Huijbregts et al., 2017a). 
 
Terrestrial acidification 
 
Acidification is measured in kg SO2-eq, which represents the changes in acid deposition 
following the changes in the air emissions of NOx, NH3, and SO2; this leads to the loss of plant 
species due to the decrease in soil pH (Huijbregts et al., 2017a). Therefore, the impact category 
of terrestrial acidification uses the indicator of proton increase in natural soils (Huijbregts et 
al., 2017a). 
 
Terrestrial ecotoxicity 
 
As for the marine and freshwater ecotoxicity impact categories, the terrestrial ecotoxicity 
impact category represents the effect that pollutants have on land-dependent organisms and 
their ecosystems (Fairbrother & Hope, 2005). The ReCiPe 2016 v1.1 method uses the indicator 
of the hazard-weighted increase in natural soils. 
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Incineration 

Transport of processing unit for use 
on-site 

Largest > 32 ton 
Long haul heavy 

truck 

Transport of ash to the transfer 
station 

Smallest 3.5 - 7.5 ton All trucks 

Transport of ash from the transfer 
station to the landfill 

Largest > 32 ton 
Long haul heavy 

truck 

Pyrolysis 

Transport of mobile unit for use on-
site 

Largest > 32 ton 
Long haul heavy 

truck 

Transport of biochar to land 
0.612 
t/cycle 

3.5 - 7.5 ton All trucks 

Land spreading of biochar No tractor MfE value present 

Synthetic fertiliser production by 
truck freight 

Largest > 32 ton 
Long haul heavy 

truck 

Synthetic fertiliser production by sea 
freight 

Container ship 
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Appendix O: Cash flow tables 

Table 45: Landfill EoL treatment cash flow table over 15 years 

 

Table 46: Composting EoL treatment cash flow table over 15 years 
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Table 47: Anaerobic digestion EoL treatment cash flow table over 15 years when the biogas is burnt, and the heat is sold 

 

Table 48: Anaerobic digestion EoL treatment cash flow table over 15 years when the digestate solids are composted and sold 
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Table 49: Anaerobic digestion EoL treatment cash flow table over 15 years when the biogas is burnt, and the heat is sold & the digestate 

solids are composted and sold 

 

Table 50: Incineration EoL treatment cash flow table over 15 years when the ash is sent to landfill including the landfill avoidance fee 
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Table 51: Incineration EoL treatment cash flow table over 15 years when the ash is land-spread including the landfill avoidance fee 

 

Table 52: Pyrolysis EoL treatment cash flow table over 15 years when biochar is sold as fuel at $10/GJ including the landfill avoidance 

fee 
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Table 53: Pyrolysis EoL treatment cash flow table over 15 years when biochar is sold as fuel at $675/t of biochar including the landfill 

avoidance fee 

 

Table 54: Pyrolysis EoL treatment cash flow table over 15 years when biochar is land-spread including the landfill avoidance fee 

 
  






