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Abstract: This paper presents an analysis that aimed to quantify the consequences of modelling
choices in the life cycle assessment of composting by investigating the influence of composting
management practices and the influence of the selected marginal product for substitution. In order
to investigate the different influencing factors, a set of 11 scenarios were defined. The scenario
results revealed that increasing the turning frequency of the input material leads to a Global warming
potential (GWP) reduction of approx. 50%. However, there is a trade-off between GWP reduction and
increases in other environmental impacts, including acidification potential (AP), ozone formation
potential (OFP), and stratospheric ozone depletion potential (ODP). GWP and AP can also be reduced
by optimal exhaust gas filter maintenance, although this causes OFP and ODP to increase. The most
relevant factor for GWP is the choice of substituted products. When peat for horticulture can be
replaced, GWP can be substantially lowered while hardly affecting other environmental impacts.
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1. Introduction

Composting is a commonly used option to handle household biowaste (BW) and
municipal green cut waste (GW). Generally, in the case of waste management systems,
especially for biowastes, accurate measurements of mass flows and emissions during waste
handling are hardly available [1]. The availability of emission data from commercial-
scale composting plants under varying process conditions is limited because effective
measurements require advanced instrumentation systems [2]. Therefore, LCA practitioners
use estimations and assumptions for modelling such systems.

The chemical composition of input waste material, composting technology, and oper-
ating conditions are some of the highly influential parameters that affect the environmental
outcomes of the composting process [3,4]. The chemical composition of the input material,
in terms of C and N concentration, and moisture content influences the composting process.
To some extent, those can be controlled by optimally mixing wet nitrogen-rich materials
with coarse, dry bulking agents that provide an extra carbon source. BW typically has a
lower C/N ratio of almost 20:1 than GW, which has a ratio of almost 40:1 [5]. However, the
inherent physical and chemical composition of BW and GW varies according to spatial and
temporal parameters. Due to this variation, achieving a mixture with an optimal C/N ratio
and moisture content is challenging.

Operating conditions can be controlled to a certain extent using optimal management
practices and taking mitigatory steps to limit the emissions. CHy, NoO, NH3, and non-
methane volatile organic compounds (NMVOCs) are the main emissions that occur at
various stages of composting. Ideal aeration can be achieved using forced aeration or
mechanically turning the compost pile in optimal time intervals. Aeration also affects the
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performance of the process, affecting the rate of biodegradation, process time, and loss of
nutrients [6].

Biofilters are used in enclosed composting systems in order to reduce NHs, NMVOCs,
and, to a certain extent, CHy emissions. Maintaining optimal operating conditions and
replacing the biofilter material can reduce malodourous emissions. The removal efficiency
of biofilters can significantly vary with moisture control and the assessment of pressure
drops. Through replacing the biofilter material, an improvement in the removal efficiencies
of NMVOC and NHj3 was achieved and reported by Colén et al. [7].

LCA can quantitatively assess environmental impacts sensitive to management prac-
tices that influence the emissions and mass flow of the composting process. Only a limited
number of LCA studies have analysed scenarios involving composting process param-
eters; however, these studies have mostly focussed on fuel use during collection and
distribution [8].

Certain aspects of the LCA methodology require practitioners to choose between
options to model and carry out the analysis. Systems can be assessed using LCA from
multiple perspectives, including a process perspective where the system is input-oriented
and a product perspective where the system is output-oriented [9]. Two fundamental
approaches exist to handle multi-functionality, namely attributive and consequential LCA
(CLCA). From a strategic policy perspective, CLCA may be the most appropriate framework
to evaluate waste management systems that involve multiple product outputs and multiple
system substitutions with indirect market effects [10].

It has been demonstrated that substitution is often the most influential factor in
determining the overall environmental performance of a waste management system [11].
Heijungs and Guinée (2007) argue that the crediting of systems (and therefore the required
decision of which a process will be assumed to be avoided) is one of the main reasons
for strongly varying or even contradictory results when evaluating waste management
systems. In the CLCA modelling framework, the marginal product in the market is used
to substitute the respective product. Furthermore, the consideration of market volume
trends also plays a role in determining whether the least or most competitive product is
affected [12,13]. The methodological aspects of CLCA in selecting an appropriate marginal
product may affect the result of the LCA study.

The aims of this study were as follows:

1.  To investigate the influence of the biowaste and the green cut waste composition;
2. To assess the influence of management practices;
3. To estimate the environmental impacts of using alternative substituted products.

2. Materials and Methods
2.1. Investigated Composting Systems

In Germany, kitchen and garden waste is usually disposed of in the same organic
bins and collected weekly by municipal refuse vehicles in urban areas. The containers are
emptied weekly in densely populated areas and at bi-weekly intervals in less populated
areas [14]. Conversely, public green cut waste from parks and roadsides and larger amounts
of private garden waste are delivered separately to the composting facility. An average
transport distance of 21.9 km was assumed for the transportation of wastes during the
collection and subsequent delivery of waste to the composting facility [15]. Upon arrival at
the plant, the input material goes through the pre-processing steps of magnetic separation,
screening, and crushing. The pre-treated waste is mixed together to achieve a textural
consistency for an ideal composting process, which requires a moisture content in the
45-65% range [16]. A default mixing ratio of 70% of biowaste and 30% of green cut by
weight was assumed in the modelled system. In order to investigate the influence of the
input material composition, the ratio of biowaste and green cut waste was varied.

The technology used for the composting process affects the emissions during decom-
position and the final compost products [17]. Enclosed composting (EC), partially enclosed
composting (PEC), and open composting (OC) are the commonly used industrial compost-
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ing technologies [18]. PEC is analysed in this study considering the data availability with
regard to emission factors [19]. PEC uses intensive decomposition, which is assumed to take
place in an enclosed environment, with exhaust gases being treated using a biofilter. The
input material is laid in windrows. For intensive composting, the material is turned weekly,
with an average composting time of three weeks [19]. After the intensive composting stage,
the product is referred to as fresh compost and still contains degradable organic matter, and
it can be further matured. The maturation stage takes place in an open environment over
a period of 10 weeks. The turning frequency is every two weeks and is carried out with
diesel-powered turning vehicles. The product obtained is classified as mature compost
(MSC) with a decomposition degree of 4 or 5 (according to the German compost classifica-
tion scheme [20]). MSC can be used as a growing media compound, replacing peat and
fertiliser. The substitution of conventional synthetic fertilisers and peat is carried out using
Mineral fertiliser equivalent (MFE) and peat substitution factor, respectively.

2.2. Life Cycle Assessment (LCA)

The system was modelled using OpenLCA v.2, and its embedded features were used
to conduct the analysis. Datasets for the background processes were taken from Ecoinvent
3.9 [21].

2.2.1. Goal Definition

The goal of the life cycle assessment was to estimate the consequences of modelling
choices. This study involved investigating the influence of composting management
practices and the influence of the selected marginal product for substitution on the overall
environmental impact of the composting system.

2.2.2. Scope Definition

Since a process-oriented LCA was carried out, waste treatment was considered the
system’s primary function. Hence, the environmental impacts of the composting process
were based on a functional unit to handle the input waste material, which is common in
waste management LCAs [22-24]. “Treating 1 tonne mix of biowaste and green cut waste
originating in Germany” was used as a functional unit.

Kitchen and garden waste originating from households and green cut waste were
the two input materials used for this study. The system starts with the transport of
biowaste from households and green waste collected in compost bins, which are delivered
to composting plants. Emissions from the transport of waste were included, but other
emissions (e.g., from storage prior to transport) were excluded. The modelled system is
shown in Figure 1.

[

Urban green Waste Peat production and
waste delivery u§
l !
Household Waste Intensive ) Mature
biowaste collection Pre-treatment composting 7 Maturation compost ]
x
N, P, K mineral
fertiliser production
3 weeks 10 weeks

\r VN

Figure 1. Schematic representation of the assessed system. The dotted lines denote the connection
with the materials that are substituted and sources for environmental credits.
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2.2.3. Life Cycle Inventory Modelling and Data Collection

The life cycle inventory consists of a compilation of data to quantify emissions and
the use of resources. The emissions are modelled for each process, as described below. The
model is based on literature data on the input properties of the waste material, decomposi-
tion, and associated emissions during composting. The data collected consist of values for
the respective parameters and their minimum and maximum ranges.

Emissions occur at different stages of the composting process; however, the intensity of
these emissions varies depending on the composition of the input material and the process
parameters at each stage. In this study CHy, N»O, and NH3 emissions were quantified for
the composting stages, while emissions of NMVOCs were quantified only for the overall
composting process due to limited data availability [19]. The emission factors included
in our analysis were taken from UBA [19]. With the exception of NOy, all emissions
occur directly from the composting process. NOy and N;Oemissions occur in the biofilter
during the breakdown of NHj [25]. In addition, there are emissions from the operational
activities during the composting process, which are mainly caused by emissions from
energy generation and use.

MEE for N in the compost typically varies between 0.2 and 0.4 depending on plant
availability [26]. The MFE for P and K is almost 1; this means that both compost and mineral
fertiliser released the same amount of plant-available P and K over the same period [27,28].
For peat substitution, the bulk density of compost and peat was used to estimate the mass
of material needed to fill a specific volume. The densities of peat vary sharply according
to the type of peat selected: white peat and black peat are 100 kg/m?> and 165 kg/m?,
respectively [29], whereas unspecified peat has a density of 200 kg/m?> [28]. Likewise, the
bulk density is in the range of 600 kg/m? for substrate compost based on kitchen waste
and 550 kg/m? for compost based on garden waste [30].

2.2.4. Impact Assessment

In this analysis, ReCiPe2016 midpoint (H) categories were used [31]. ReCiPe2016 is
one of the newest LCIA methods that allows for mid-point evaluation. Global warming
potential (GWP), acidification potential (AP), stratospheric ozone depletion potential (ODP),
and ozone formation potential (OFP) were selected as relevant impact categories for the
composting system described in this study. These impact categories were directly affected
by the emissions of CH4, N»,O, NH3, NOx, and NMVOC from foreground processes during
the composting process.

2.3. Multi-Functionality and Scenario Definition
2.3.1. Multi-Functional Processes and Defining Marginal Products

Since the main function of the system was to handle waste, the compost produced
was handled using a multi-functional approach. The produced compost was treated as a
multi-functional product, and system expansion was used to assign credits.

The products identified for substitution were mineral fertilisers and peat. Mineral
fertilisers in Germany that would be replaced in the market were identified using the
marginal product principle. Though multiple studies have identified marginal N, P, and
K fertilisers for the respective geographical scopes, their identification procedures have
not been clearly stated [32-34]. Calcium ammonium nitrate (CAN) and ammonium nitrate
were identified as marginal N fertilisers for Denmark by Tonini et al. [32] and Petersen [35],
respectively. Ammonium nitrate was also identified as a marginal N fertiliser for The
Netherlands and Sweden [33,34]. Similarly, ammonium phosphate and triple superphos-
phate were identified as marginal P fertilisers for Denmark, the latter was identified as a
marginal product for The Netherlands.

The approach defined by Petersen [35] to identify marginal products begins with the
identification of a market trend, which implies that a change in demand must be identified.
The technology with the lowest long-term production cost can be considered marginal,
according to Weidema [36]. Looking at the market trends in Germany for mineral fertilisers,
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a decreasing demand over the past decade was observed, and the same is forecasted for
the forthcoming decade. Hence, the least competitive mineral fertiliser for the respective
nutrients will be the marginal product. The fertiliser data available in the Ecoinvent
database were considered for the marginal fertilisers [37] (Table 1).

Table 1. List of single-nutrient fertiliser datasets available in the Ecoinvent database. The respective
nutrient contents are given in brackets (adapted from Petersen [35]).

N Fertiliser P Fertiliser K Fertiliser
Ammonium Nitrate (35% N) Single Superphosphate (21% P,Os) Potassium Chloride (60% K,O)
Ammonium Sulphate (21% N) Triple Superphosphate (48% P,Os) Potassium Sulphate (50% K,O)

Calcium Ammonium Nitrate (26.5% N)
Calcium Nitrate (11.86% N)
Urea Ammonium Nitrate (32% N)

Urea (46% N)

Using the aforementioned criteria, urea ammonium nitrate (UAN) with an N content of
32% was identified as the marginal N fertiliser in Germany. Similarly, triple superphosphate
(TSP) and Potassium Chloride were identified as the marginal P and K fertilisers. However,
the pricing of mineral fertilisers is influenced by dynamic market factors, and the selected
marginal mineral fertiliser may vary. Therefore, alternative potential marginal mineral
fertilisers were also investigated. In addition to the identified marginal N fertiliser, calcium
ammonium nitrate and, as a marginal P fertiliser alternative, single superphosphate was
used. Bulk density is a decisive factor for substituting compost with peat; therefore, peat
with varying bulk density was used in the scenario analysis.

2.3.2. Scenario Definition

The management practices during the composting process can influence emissions
and the quality of compost. Hence, it is of interest to investigate the environmental
impacts with respect to varying management practices. Moreover, substitution is often the
most influential factor in determining the overall environmental performance of a waste
management system. Both aspects were investigated by means of a scenario analysis. The
scenario analysis consisted of 11 scenarios, including the default scenario. The scenarios
were divided into 5 scenario groups (SGs), as shown in Table 2. Details for each SG are
provided below in Table 3.

Table 2. Description of scenario groups 1 to 5. UAN: Urea Ammonium Nitrate, CAN: Calcium
Ammonium Nitrate, TSP: Triple SuperPhosphate, SSP: Single SuperPhosphate.

Default Alternate Scenario Alternate Scenario
SG1: Mixing ratio (BW:GW) la: 70:30 1b: 60:40 1c: 90:10
SG2: Turning frequency 2a: 7-day interval 2b: 3-day interval 2¢: 1-day interval
SG3: Biofilter maintenance 3a: Default maintenance 3b: Optimal maintenance 3c: Inadequate maintenance
SG4: Fertiliser substitution 4a: UAN/ TSP 4b: CAN/ TSP 4c: UAN/ SSP
SGB5: Peat substitution 5a: Unspecified peat 5b: White peat 5c: Black peat

SGs 1 to 3 pertain to the role of partially controllable process parameters on the overall
life cycle of the composting system. Each group pertains to relevant process parameters
with defined variability, indicated as “a”, “b”, and “c”, where “a” is the default parameter
setting used in all scenario groups. The parameter setting of the default scenario is further
specified in Table 3, together with the emission factors and material composition used in

SGs 1 to 3.
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Table 3. Material properties and emission factors (EF) scenario groups 1 to 3.
Mixing Ratio (BW:GW) C/N Ratio Moisture Content EF_CH,4 EF_N,O EF_NHj3;
Unit % g/t FM g/t FM g/t FM
SG1: Composition
1a. 70:30 scenario 70:30 29 61.3 1200 62.0 229
1b. 60:40 scenario 60:40 31 60.0 1200 61.3 22.6
1c. 90:10 scenario 90:10 24 64.0 1200 63.4 234
SG2: Turning frequency
2a. 7-day interval 70:30 29 61.3 1200 62.0 229
2b. 1-day interval 70:30 29 61.3 393 68.0 33.0
2¢. 3-day interval 70:30 29 61.3 879 110.0 25.0
SG3: Biofilter maintenance
3a. default maintenance 70:30 29 61.3 1200 62.0 229
3b. Optimal maintenance 70:30 29 61.3 1135 64.0 17.0
3c. Inadequate maintenance 70:30 29 61.3 1267 59.0 33.0

Selecting an appropriate marginal product may affect the result of the LCA study. In
this analysis, the marginal fertilisers described in Section 2.3.1 were used in scenario groups
1 to 3, while alternative substituted products were used in SG4 and SG5, as indicated
in Table 2.

SG 1 pertains to the influence of biowaste composition by using three different mixing
ratios for biowaste and green cut waste. The scenarios with varying shares of biowaste
and green cut waste were used to understand the consequences of C, N, and the moisture
content of the input mixture on the environmental aspects of the composting process.
However, by adjusting the mixing ratio of biowaste and green cut waste, the composition
of C, N, and moisture in the waste mixture can be partly controlled. The optimisation
of the initial composting mixtures is also a key factor in the conservation of nitrogen in
compost [38]. An optimal C/N ratio between 25 and 35 plays a crucial role in the ideal
operation of the composting system. A high C/N ratio limits microorganism activity,
whereas a low C/N ratio leads to greater NHj3 emissions [38]. The default scenario 1a
had a composition of 70:30 for biowaste and green cut waste, respectively; in this scenario,
the C/N ratio was 29, and the moisture content was 61%. Two additional scenarios—1b
and lc—were defined by varying the ratio of the biowaste and green cut waste to 60:40,
resulting in a higher C/N and lower moisture of 32 and 59%, respectively. Similarly, a low
C/N ratio of 25 and high moisture of 64 was achieved by using a mixing ratio of 90:10.

SG 2 also consists of three scenarios: 2a, 2b, and 2c. This scenario pertains to operating
conditions, i.e., turning frequency. The turning frequency of the default scenario 2a was
defined at 7 days [19]. The selection of scenarios was carried out at different emission
factors for the respective turning frequencies. Scenarios 2b and 2c have a turning frequency
of 3 days and 1 day, respectively. The emissions of NH3, N,O, and CHjy resulting from the
varied turning frequencies for the intensive composting stage were estimated according to
data from the literature [39].

In SG 3, biofilter maintenance is a broad term used to denote the change in biofilter
material, maintaining appropriate fan speed, moisture, and temperature control. A biofilter
with an upstream gas scrubber is assumed to be used for this study. Improved biofilter
maintenance resulted in lower NH3, CHy, and NMVOC emissions, whereas the emissions
of NpO and NOy increased. For the default setting, 3a, the biofilter efficiency values
for the removal of NHz, NMVOC, and CH,; were assumed to be 74%, 90%, and 16%,
respectively [40,41]. For the best-case scenario, 3b, a removal efficiency of 92% for NHs, 95%
for NMVOC, and 22% for CHy could be achieved by optimally controlling the conditions
inside the biofilter. For the poor maintenance scenario, 3¢, a removal efficiency of 60% for
NHj3, 80% for NMVOC, and 10% for CH4 was assumed [7,42].

SGs 4 and 5 investigate the influence of using the alternative substituted products that
were described in Section 2.3. The scenarios for alternative marginal N and P fertilisers
were defined using urea ammonium nitrate in scenario 4b and single superphosphate in
scenario 4c, respectively. Similarly, scenarios defined to investigate the role of peat used for
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substitution included low-density peat (with 180 kg/m? in scenario 5b) and high-density
peat (with 215 kg/m? in scenario 5c).

3. Results

The results from the LCA can be broadly divided into two sections: The first section
consists of emissions associated with the composting processes (intensive composting and
maturation) and the collection of biowaste (Figure 2). The second section consists of credits
received for compost by substituting mineral fertiliser and peat. The environmental impacts
of composting 1 t biowaste are shown in Table 4. The results of the life cycle assessment
revealed that three sources accounted for the majority of GWP in composting systems. The
composting process was the main source of GHGs, accounting for almost 60%. Looking
more closely at the two composting stages, intensive composting accounts for nearly two
thirds of the emissions from the composting process. The collection and distribution of
biowaste and green cut waste is the second largest source of emissions, accounting for
almost 25% of all GHG emissions. Electricity for pre-treatment and intensive composting
accounted for almost 10% of all emissions, making them the least significant of the three.

GWP

AP OFP ODP

Waste collection Intensive composting Maturation Energy usage Storage Infrastructure

Figure 2. Share of each composting process towards the total emissions for the impact categories
GWP, AP, OFP, and ODP.

Peat substitution had the highest GHG emission offset, accounting for about 90% of
the offset emissions. The replacement of nutrients in the compost with mineral fertilisers
was responsible for the remaining credits. For AP, transportation-related emissions from
the waste collection had the highest emission share at almost 36%; intensive composting
and maturation stages contributed almost 27 and 18%, respectively. Similarly, for the OFP
impact category, emissions from collection and transport accounted for more than 50% of
all emissions expressed as NOx eq. In comparison, emissions from the composting process
came second at almost 35%. When the composting process was examined closely, the
intensive composting stage exhibited higher emissions than the maturation stage for all
impact categories except ODP. Regarding ODP, it was found that maturation stage was the
highest contributor, with around 57% of the total impact.
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Table 4. LCA results for the impact categories GWP, AP, OFP, and ODP for the default composting
system investigated. All values for environmental impacts are per functional unit.

GWP (kg CO; eq.) AP (kg SO; eq.) OFP (kg NOx eq.) ODP (kg CFC11 eq.)
Emissions
Collection 22.4 0.06 0.15 2 x107°
Pre-treatment 2.7 0.01 0.00 2 x 1076
Composting
Intensive composting 43.0 0.06 0.09 3x 1074
Maturation 20.9 0.04 0.02 4x1074
Storage 2.8 0.00 0.01 3x 107
Credits
N fertiliser replacement —54 0.01 —0.01 —9x10°°
P fertiliser replacement —3.1 —0.03 —0.01 —1x10°°
K fertiliser replacement —5.6 0.02 —0.01 —8x10°°
Peat replacement -1125 —0.03 —0.08 -2 x107°
Net impact —3438 0.14 0.15 5x 1074

a)

% change compared to default

40%

30%

20%

10%
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-20%

3.1. Influence of Biowaste Composition Simulated by Using Different Mixing Ratios

The net change in impacts of using the alternative scenario was compared to the default
scenario in each group for the respective impact categories. In the modelled composting
system, a variation in the mixing ratio of BW and GW affected the overall GWP, mainly
through the influence on credits for materials substituted and fossil CO, emissions related
to waste collection (Figure 3b). Mixing biowaste and green cut waste in a 60:40 scenario
resulted in a 22% lower GWP, and using a composting mixture with a higher share of BW
(90:10) resulted in 29% higher GWP compared to the default (Figure 3a). Similarly, for
AP, NOy emissions from waste collection had the strongest influence from variation in the
mixing ratio, followed by emissions from intensive composting. A 6% lower AP was found
for the 60:40 scenario compared to the default, whereas for the 90:10 scenario, there was a
13% increase. Waste collection-based emissions and material substitution had the highest
variation for OFP as well; almost 32% higher emissions for 90:10 and 16% lower emissions
for 60:40 were observed compared to the default setting. Compared to the other impact
categories, only a smaller change of less than 4% was observed for ODP for both the 60:40
and 90:10 scenarios.

O Scenario 1b
O Scenario 1c

GWpP AP OFP opp

Figure 3. Cont.
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€ -35 B [ntensive composting- Dinitrogen
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-115 . .
133 -127 Material substitution
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Scenario 1b Scenarion 1c Scenario 1a (default)
Figure 3. (a) Percentage change in respective emissions compared to the default scenario 1a for the
midpoint impact categories GWP, AP, OFP, and ODP; (b) detailed overview of processes that show
variation in each scenario for GWP.
3.2. Influence of Turning Frequency
The variation in turning frequency influences the emissions of CHy, N,O, and NHj3
from composting as well as the nutrient composition of the compost, and this is reflected
in the results of the respective impact categories (Figure 4a,b). A decrease in GWP by
52% and 14%, respectively, for both a 1-day and 3-day turning frequency was observed.
However, for AP, OFP, and ODD, the 1-day interval increased the emissions by 14%, 22%,
and 12%, respectively, compared to the default 7-day interval. Similarly, the 3-day turning
frequency also resulted in a higher emission than the default for AP, OFP, and ODP. How-
ever, for ODP, the magnitude of variation was higher for the 3-day scenario compared to
the 1-day scenario.
30% A
20% - _
10% 1 ’—‘ |_| O Scenario 2b
0% — [
-10% - u B Scenario 2¢
-20% -
-30% -
-40% A
-50% A L |
-60% -

GWP AP OFP ODP

Figure 4. Cont.
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-100
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Figure 4. (a) Percentage change in respective emissions compared to the default scenario 2a for the
midpoint impact categories GWP, AP, OFP, and ODP; (b) detailed overview of processes that show
variation in each scenario for GWP.

3.3. Influence of Biofilter Maintenance

Improved biofilter maintenance resulted in lower NH3, CHy, and NMVOC emissions,
whereas the emissions of N,O and NOy increased. OFP and ODP increase with improved
biofilter maintenance; AP is 5% lower than in scenario 3a (Figure 5). OFP had the highest
increase in the impact at 7%, followed by ODP with a 4% increase. The opposite was
observed for the impact categories as a result of poor maintenance. There was an 8%
increase in AP and 3% increase in GWP. However, the ODP and OFP decreased by 12% and
8%, respectively.

10% ~

5% A

1o N0 g [
I

O Scenario 3¢
5% -

-10% A

% change compared to default

-15% -
GWP AP OFP ODP

Figure 5. Percentage change in respective emissions compared to the default scenario 3a for the
midpoint impact categories GWP, AP, OFP, and ODP for the biofilter maintenance scenario.

3.4. Influence of Alternative Products for Substitution

For GWP, there was a decrease of almost 7% when using CAN for substitution instead
of UAN. However, using single superphosphate instead of triple superphosphate resulted
in a 3% increase (Figure 6a). For AP, there was an increase of almost 11% when substituting
CAN instead of UAN, and an increase of 2% was observed for SSP compared to TSP.
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% change compared to default scenario

Regarding OFP and ODP, there was a decrease of 5% and 20%, respectively, for CAN,
whereas there was only a negligible change for SSP.

(b)
15% - 40% A
o
10% + E 30% 4
[ =
5% 1 g 20%
R / - z
LI |_| 2 10% A
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-10% A 2 — (-
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-15% o % -10%
Q
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-25% - o -30% -
GWP AP OFP ODP E GWP AP OFP ODP
o
X :
OScenario 4b @ Scenario 4c OScenario 5b @ Sceanrio 5¢

Figure 6. Comparison between the default scenarios and (a) alternative fertiliser options and
(b) alternative peat density options for the midpoint impact categories GWP, AP, OFP, and ODP.

The density of peat influences the quantity of the peat substitute. When using a lower
density peat for substitution, the GWP for the overall system was 30% higher compared to
using default-density compost. Using a higher density compost led to a decrease in GWP
of almost 23% (Figure 6b). The trend was the same across AP, OFP, and ODP, with lower
density peat providing higher credits compared to default density.

4. Discussion
4.1. Waste Composition

The influence of biowaste composition on the composting system was investigated by
varying the mixing ratio of BW and GW. The influence of C/N ratio and moisture content
on the direct emission of CHy and N,O is ambiguous because emissions are driven by both
waste composition and management practices. However, the composting process is the
main contributor to all considered impact categories, apart from OFP, as shown in Table 4.

Transport is the main driver for OFP. Transportation-related emissions were modelled
assuming an average transport distance of 21.9 km for biowaste [15], and in the default
scenario, transport causes 56% of the OF. Since the transportation of GW is assumed to be
burden-free, only emissions associated with BW vary with mixing ratios [28]. The GWP for
BW is mainly due to the stop-and-go waste collection method assumed to be used for BW
collection. The stop-and-go collection system accounts for almost 1.2 kg CO, per tonne and
kilometre the waste is transported, which is almost three times the emissions compared
to other means of material transport [43]. Hence, the 90:10 scenario with a higher share of
BW has higher level of GWP associated with transportation compared to the default and
60:40 scenarios.

Focussing on the GWD, a difference of almost —14% (5.3 kg CO, eq.) and +27%
(10.1 kg CO;, eq.) from the default scenario was observed for the 60:40 and 90:10 mix-
tures, respectively. The overall GWP was lower for the 60:40 mixture and higher for the
90:10 mixture because of lower N,O emissions and less emissive waste collection for the
former and vice versa for the latter. In the composting process, N,O emissions are con-
sidered to be positively correlated with moisture content, mainly due to the lack of O,
availability. Increasing the share of green cut waste results in a lower bulk density of the
input material, leading to higher aeration and therefore decreased N,O formation through
reduced denitrification [44]. Composting materials with high C/N ratios were likely to
reduce N>O emissions through the high immobilisation of N by microorganisms. N,O
emissions occur mainly in the maturation stage [45].
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The NOy emissions from BW transportation were, besides the composting process,
the main cause for AP, with approx. 35% in the default scenario. Hence, the 90:10 mixture
with the higher share of BW and N content, respectively, results in almost 19% higher AP
compared to the default 1a scenario. The N content of the waste directly influences NH3
emissions and indirectly influences NO emissions. Many studies have noted the negative
correlation between C/N and NHj emissions [46]. Hence, the overall lower AP for the
60:40 mixture can be attributed to the lower transportation emissions and the lower NHj3
emissions from the composting process.

Overall, through altering the mixing ratios of BW and GW in the modelled composting
system, a fluctuation was observed in the selected impact categories due to variation in the
N>O and NO emissions from intensive composting, maturation, and storage. Furthermore,
transportation emissions related to waste collection were also impacted indirectly. Although
biowaste composition is a crucial factor with respect to emissions, the management practices
used are of equal importance.

4.2. Management Practices

The influence of management practices on environmental performance was investi-
gated by varying turning frequency and biofilter maintenance as described in Section 4.
Increasing the turning frequency results in a higher quantity of available O, for biowaste
decomposition but increases the energy demand, and the opposite occurs when the turning
frequency is decreased. Turning the waste daily in scenario 2b, particularly at the beginning
of the composting process, can bisect the GWP by up to 18 kg CO, eq. compared to scenario
2a, whereas only a slight reduction in GWP of almost 5 kg CO; eq. was observed for
scenario 2c compared to scenario 2a. Although there was an increase of 5 and 1 kg CO,eq
from the higher electricity usage for the frequent turning scenarios 2b and 2c, respectively,
the GWP from CH4 emissions were reduced by 20 and 8 kg CO; for scenarios 2b and
2¢, respectively. CHy release is inversely influenced by the amount of O, available in the
compost pile; however, higher turning frequencies have been found to increase NH3 and
N,O emissions [41] due to enhanced microbial decomposition and ammonification [47].
A strong positive linear correlation between NHj emissions and turning frequency was
identified by Phong [48]. The scenario with the highest turning frequency (i.e., daily) had
the lowest overall GWP. This was due to the lower methane emissions estimated using the
methane emission factor, which was almost 68% lower compared to the weekly turning
scenario. However, for the daily turning scenario, the N,O emissions were almost 27%
higher compared to the 7-day scenario. As a result of the higher turning frequency, a higher
supply of O, may support N,O formation as an intermediate product of nitrification and
denitrification [41].

There was almost a 46% and 9% increase in the direct emissions of NHj3 for scenarios
2c and 2b, respectively, compared to 2a, resulting in a higher AP for the frequently turned
scenarios. Furthermore, the breakdown of NHj also resulted in a proportional increase in
NOy emission, which, along with the higher NH3, resulted in a 22% and 5% increase in
OFP. Similarly, the 25% and 47% higher N,O emissions for scenario 2¢ and 2b resulted in
an increase in ODP.

The main aim of the biofilter is to reduce odorous emissions. Exhaust gases from
intensive composting and storage are treated using the biofilter; hence, NH; and NMVOC
emissions are effectively eliminated. Improved biofilter maintenance resulted in almost
60% lower NH3 emissions for scenario 3b and almost 100% higher emissions for scenario
3c in comparison to scenario 3a. Similarly, there was a 7% CHy reduction for scenario 3b
and 7% increase in 3c compared to 3a. However, due to the improved maintenance, an 8%
increase in N,O was observed for scenario 3b compared to 3a, and for scenario 3c, there
a 14% decrease in N20O was found due to a decrease in the breakdown of NHj3. Similarly,
due to the decreased NHj3 breakdown, there was also a 14% increase and 24% reduction for
scenarios 3b and 3¢, respectively. NH3 and NO are the main foreground emissions from
composting that contribute towards the impact category AP. For AP, the emission factor
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for NHj3 is almost 3.5 times higher compared to the NO; hence, the reduction in NHj3 has a
higher impact towards the overall AP. Hence, scenario 3b with the lower NH; emissions
resulted in lower overall AP despite the higher NO.

4.3. Choice of Substitution Product

The overall GWP from N fertiliser production has been shown to vary according to
the type of fertiliser [49,50]. The choice of marginal N fertiliser influences the overall GWP.
SO, and NOx from N fertiliser production contribute to AP. If CAN is replaced, there is
a GWP reduction of 7.9 kg CO, eq., and when UAN is replaced, there is a 5.5 kg CO, eq.
reduction. The use of SSP instead of TSP resulted in less evident differences across all
impact categories. The main source of GWP for TSP is the production of phosphoric acid.
The production of SSP had almost 11% higher GWP compared to TSP; hence, choosing SSP
as the marginal fertiliser would result in almost 1 kg CO, eq. higher GWP per functional
unit. Similarly, AP from the production of SSP was almost 28% higher compared to TSP;
hence, choosing SSP as a marginal product is beneficial. The production of phosphoric
and sulphuric acids for TSP and SSP, respectively, were the main sources for emissions
contributing to AP. The choice of marginal N fertiliser had a higher variation compared to
that of P fertiliser for all impact categories. The lowest level of variation was observed for
OFP, similar to the findings of Petersen [35].

When compost can replace peat, it leads to a substantially lower GWP of the produced
compost. CO, emissions from peat are considered to be derived from fossil CO, because
carbon accumulation occurs over a long period of time [28]. AP, OFP, and ODP are only
slightly affected by peat.

A higher GWP saving of almost 8 kg CO, eq. was observed for scenario 3c compared
to scenario 3a. The higher GWP savings can be attributed to the lower compost bulk density
of almost 5 kg/m? as a result of increasing the share of voluminous green cut waste with a
higher C/N ratio.

5. Conclusions

For this study, scenarios were used to investigate the influence of management prac-
tices and modelling choices on the CLCA results of a composting system. The scenarios
investigating the influence of biowaste composition (i.e., various ratios of biowaste and
green cut waste) revealed that a 28% increase in the share of green cut waste had reduced
the environmental impacts by 15% for GWDP, 6% for AP, 16% for OFP, and 2% for ODP
compared to the default scenario. Looking at the role of turning frequency, it was observed
that the frequent turning resulted in almost 14% lower GWP for a 3-day turning frequency
and a 52% lower GWP for daily turning frequency, whereas for AP, there was an increase
of 14% for daily turning and 3% for 3 day turning. Similarly, for OFP, there was an increase
of 22% and 5% for 1 day and 3 day, respectively. The optimal and inadequate maintenance
scenarios revealed that the former results in a 4% lower GWP and 5% lower AP, whereas
ODP and OFP were 7 and 4% higher compared to the default scenario.

The scenarios used to assess the influence of selecting alternative marginal products
revealed that variation from the default scenario was higher across all investigated impact
categories for the N fertilisers compared to the P fertilisers. From the two scenarios used to
assess the influence of the bulk density of peat, it was observed that selecting the peat with
the higher density strongly influenced the overall GWP of the composting system.

One of the main limitations of the present study was the availability of data for the
emissions occurring during composting for the scenarios. The use of emission factors was
not always plausible, as the process parameters in the respective scenarios may vary, which
leads to an unknown level of uncertainty.
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