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Greenhouse fruit and vegetable production uses large amounts of energy and other

resources, and finding ways of reducing its impact may increase sustainability.

Outputs generated from solid-state anaerobic digestion (SS-AD) are suitable for use in

greenhouses, which creates a need to investigate the consequences of the possible

interactions between them. Connecting the fruit and vegetable production with the

resource flows from an SS-AD process, e.g., biogas and digestate, could increase

circularity while decreasing the total environmental impact. There are currently no studies

where a comprehensive assessment of the material flows between greenhouses and

SS-AD are analyzed in combination with evaluation of the environmental impact. In this

study, material flow analysis is used to evaluate the effects of adding tomato related waste

to the SS-AD, while also using life cycle assessment to study the environmental impact of

the system, including production of tomatoes in a greenhouse and the interactions with

the SS-AD. The results show that the environmental impact decreases for all evaluated

impact categories as compared to a reference greenhouse that used inputs and outputs

usually applied in a Swedish context. Using the tomato related waste as a feedstock

for SS-AD caused a decrease of biomethane and an increase of carbon dioxide and

digestate per ton of treated waste, compared to the digestion of mainly food waste. In

conclusion, interactions between a greenhouse and an SS-AD plant can lead to better

environmental performance by replacing some of the fertilizer and energy required by

the greenhouse.

Keywords: hydroponic process, greenhouse, life cycle assessment, industrial symbiosis, digestate, tomato,

anaerobic digestion (AD)

INTRODUCTION

Research has shown that the anthropogenic emissions of carbon dioxide (CO2) have to decrease
by 45% by 2030, as well as reaching net zero around 2050, to have the possibility of containing the
global warming below 1.5◦C (IPCC, 2018). Human food consumption is currently responsible for
26% of the anthropogenic contribution to climate change (Poore and Nemecek, 2018). Meanwhile,
the world population is steadily increasing, which means that behavioral changes and innovation
will be required to diminish the increasing environmental impact that is otherwise expected.
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The use of greenhouses is common to produce high amounts
of product in a limited space, as well as to produce plants that
would not grow well in the surrounding environment. On the
other hand, greenhouses can be resource-intensive with high
inputs of fuels, nutrients and growing media, especially if they
are heated and/or use supplemental lighting. Fossil fuels such as
oil and natural gas have traditionally been used to provide energy
to greenhouses (Arizpe et al., 2011). Possible negative impacts
on the environment include emissions to air and water, land
use, and waste from the operation. Plastic and plant residues are
other problems related to greenhouse horticulture. The resource-
intensive activities of this sector have increased the search for
alternative ways in renewable input resources (Menardo et al.,
2013).

Sweden is a country that is currently very reliant on imports
for many fruits, vegetables, and other crops (Jordbruksverket,
2020). For that reason, it is interesting to evaluate different
options of increasing domestic production that would benefit
food security. This increase needs to come from systems with
high environmental performance, if we want to decrease the
environmental impact from food production. Many greenhouse
growers in Sweden have already moved away from fossil fuels,
although heating with fossil fuels still exists to some extent
(Jordbruksverket, 2018). However, there are still opportunities
for improved resource efficiency and synergies with the
surrounding society. One way of achieving this is through
circular economy practices such as industrial symbiosis (Neves
et al., 2020). Industrial symbiosis relationships have been fostered
through several factors, such as saving resources, obtaining
economic benefits, meeting environmental requirements such
as reducing greenhouse gas emissions and scarcity of natural
resources. By integrating technologies along with the current
growth of food crops, it could be the potential driver to a
circular economy (Venkata Sreeharsha and Venkata Mohan,
2021). The industrial symbiosis can have other benefits such as
waste minimization and waste recycling that would otherwise
stop at landfills and incinerators.

Previous studies have evaluated the environmental
performance for separated parts of the greenhouse (Dorais
and Dubé, 2011; Wallin, 2020), while some others evaluated
factors such as the use of residual flows from anaerobic digestion
(AD) for food production, specifically, the digestate as nutrient
solutions (Botheju et al., 2010; Martin et al., 2019; Bergstrand
et al., 2020). AD can also offer other resources for food
production systems apart from the digestate, for example, the
raw biogas can enter a combined heat and power (CHP) plant to
generate electricity and heat. Moreover, if it is separated from the
raw biogas, the CO2 flow can be used to increase plant growth.

The use of biogas in Sweden has increased over the years,
being over four TWh by 2020. National production was 2.2 TWh,
where most of the biogas was upgraded for use mainly as vehicle
gas. Simultaneously, three million tons of nutrient-rich digestate
were produced, of which 87% was used as fertilizer in agriculture
(Energigas Sverige, 2021). Most of the biogas is produced in so-
called co-digestion plants that use a mixture of different raw
materials, such as food waste, manure, and waste from the food
industry. Depending on the nature of the raw materials, the

digestion can be wet or liquid (having <15% of total solids-TS),
L-AD, and dry or solid (having more than 15% TS), SS-AD (Yang
et al., 2015). Waste from greenhouses can be diverse, however,
treating only the leaves and branches could be a good feedstock
for an SS-AD plant since it is generally fibrous, dry, and could
give structure to the waste matrix inside the digester. Connecting
both systems, greenhouses and digestion plants, could increase
circularity where organic waste from the greenhouse is treated
with SS-AD and some of the nutrients are returned to the
greenhouse through use of digestate fertilizer. Even if some
studies have analyzed different AD flows that can be connected
to greenhouses (Menardo et al., 2013; Stoknes et al., 2016; Burg
et al., 2021), to the authors’ knowledge there is no literature that
covers different flow connections along with detailed study of
material flow analysis (MFA) and life cycle assessment (LCA).
This study aims to fill a part of this gap by using MFA and LCA
to evaluate changes in the potential environmental impact of the
possible interactions between an SS-AD plant and a hydroponic
greenhouse growing tomatoes. The use of the products from
the digestion process, i.e., biogas, digestate, and CO2 as inputs
in the greenhouse will be assessed. In turn, the use of tomato-
related waste as an additional feedstock in the SS-AD plant will
be evaluated using MFA. The results are also compared to if
the same greenhouse had instead used other inputs and outputs
that are common in a Swedish context. Advantages of using
the MFA method are to create a comprehensive measurement
of the content input and output flows for a specific system,
which in turn can be used as a base for LCA calculations. This
interaction between the methods can be utilized to analyze the
environmental performance of prospective production systems
before they are created, to ensure that the desired environmental
outcome is reached.

MATERIALS AND METHODS

MFA is a method for accounting the input and output material
flows of a system measured in mass units (Sendra et al., 2007).
The ORWARE model is a tool for the environmental evaluation
of waste management technologies such as AD, incineration,
landfilling, among others, that uses the MFA methodology to
predict the products, energy balance and emissions of different
waste technologies (Eriksson et al., 2002). LCA is a tool
that can be used for comparative assessments, either between
different systems providing similar functions or between different
development stages of a system in an improvement analysis.
For this study, the adapted ORWARE model (Carlos-Pinedo
et al., 2020) was used to describe the flow balances in the SS-
AD process. At this time, ORWARE does not have the capability
to do an LCA for food production. Therefore, to assess the
environmental impact, information from ORWARE was used
together with greenhouse data to create a LCAmodel in SimaPro
using the EcoInvent 3.6 database (Wernet et al., 2016). This
research was conducted by using information from literature,
databases, and greenhouse organization data, and synthesized the
information to create a system that could be analyzed with the
described methods.
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Analyzed Objects
This study has a reference system that consists of a hydroponic
greenhouse and various choices of inputs and outputs that are
common in a Swedish context. The combined system consists
of the same greenhouse where its resource and waste flows have
been connected to a local SS-AD plant. The systems are described
in detail in section Life Cycle Inventory.

The hydroponic greenhouse used in this study, was based
on a model created in the Dutch simulation software SIOM
(Systems Integration for International GreenhouseHorticulture).
The software was developed by the research organization TNO
(the Netherlands Organization for applied scientific research)
and is used to simulate and optimize greenhouse cultivation
(TNO, 2021). The greenhouse model was developed in a study
comparing domestic Swedish production with imports (Danevad
et al., 2021) and is used as an example of a high-performing
Swedish greenhouse. In this study, only data about energy
requirements and levels of CO2 supplementation are included
from the SIOMmodel.

The SS-AD process was based on a plant operating in
Forsbacka, Gävle, Sweden. At this time, the plant co-digests
biowaste (mainly food waste), green/garden waste, and small
portions of horse manure, food slurry, slaughterhouse waste, and
structural material such as woody waste. More information about
the process and energy use can be found in Carlos-Pinedo et al.
(2020). Themain products are biogas that is upgraded in the same
facility, and the digestate, which is separated into its liquid and
solid fractions. In this study, it was assumed that CO2 is captured
during the biogas upgrading process. The biogas that is intended
for energy production at the greenhouse will not go through the
biogas upgrading process, instead, it will be used directly in a
CHP plant at the greenhouse site.

Material Flow Analysis
The feedstock types and amounts used for the current operation
of the SS-AD plant are presented in Table 1. In the combined
system, the tomato-related waste (TRW) was then added to
the SS-AD process (SS-AD w/TRW) to analyze the impacts
of the TRW on the biogas and digestate quantity and quality.
The chemical characteristics for the used feedstocks were
taken from the ORWARE dataset and are presented in the
Supplementary Material. In this study, the TRW was classified
as a green waste, as only the leaves were included in the analysis.

Life Cycle Assessment
Goal and Scope Definition
The objective of this comparative LCA is to calculate the
environmental impact for two different scenarios of Swedish
tomato production. The first scenario is the reference system and
the second scenario is the combined system where the resource
and waste flows of the greenhouse are connected to a local SS-AD
plant. The LCA uses the attributional modeling principle.

Although there are several products and by-products within
the system, the focus of the study is to evaluate the environmental
impact of the tomato production. The functional unit (FU)
of this study is therefore 1 kg of fresh bulk tomato at the
greenhouse gate.

TABLE 1 | Feedstock types and amounts in different analyzed setups.

Feedstocks Current SS-AD SS-AD w/TRW

(t/year)

Biowaste 15,000

Green waste 2,200

Structural material 2,300

Horse manure 670

Wood chips as bedding 330

Food slurry 200

Slaughterhouse waste 50

TRW – 340

Total waste 20,750 21,090

TABLE 2 | Main differences between reference system and the combined system.

Parameter Reference system Combined system

Heat Wood chips CHP of biogas from

SS-AD

Electricity Electrical grid Biogas CHP when

possible. Electrical grid

as a supplement.

Fertilizers Conventional fertilizer Biofertilizer from liquid

digestate. Additional

nutrients from

conventional fertilizers.

Carbon dioxide source Liquid CO2 from

external source

Liquid CO2 from SS-AD

Treatment of organic waste Composting Digestion in the SS-AD

The reference system and the combined system have some
differences when it comes to inputs and outputs. The main
differences are described in Table 2 and both systems can be
seen in Figure 1. The organic waste that is generated at the end
of the growing season was not included in the assessment as it
can contain material that is not suitable for anaerobic digestion
(Gävle Energi, 2018). Any damaged fruit generated during the
growing season are also excluded, due to lack of data.

Life Cycle Inventory
The systems and the data acquisition will be described
in this section. The data generated in the ORWARE and
SIOM models are combined with information from EcoInvent
to provide environmental information about the product
systems. Additional information about the specific EcoInvent
datasets that were used in the study can be found in the
Supplementary Material.

The greenhouse model created in the SIOM software was
a two hectare Venlo-type glass-covered greenhouse using LED
lamps for supplemental lighting. The LED lighting had a capacity
of 60 µmol/(m2

·s) and it was active for a maximum of 12 h
per day, between 7 a.m. and 7 p.m., depending on the need
for supplemental lighting. The growing season was assumed to
last for 50 weeks starting from the middle of September each
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FIGURE 1 | Processes in the studied systems.

year, and the greenhouse model was designed for a location in
southern Sweden.

The greenhouse has a high input of both heat and electricity
for lighting, which combined with other factors gives a
yearly yield of 84.4 kg tomato per m2. The greenhouse is
estimated to generate 17 kg/m2 year of continuous organic
waste during the growing period. This amount was based on
personal communication with a Swedish tomato grower (Peckas
Naturodlingar AB, personal communication, April 8, 2021).

Energy
The results from the SIOM simulation software show that the
greenhouse requires 12.5 MJ of heat and 9.7 MJ of electricity
per functional unit to maintain the desired indoor climate and
amount of lighting (Danevad et al., 2021). This applies to both
the reference system and the combined system. For the reference
system it is assumed that heat is provided from combustion of
wood chips (Bauer, 2019), which is the most common choice for
tomato production in Sweden (Jordbruksverket, 2018), and the
electricity is represented by the Swedish electricity mix (Treyer,
2019b).

Heat and electricity in the combined system is produced from
biogas provided by the SS-AD plant, and it is assumed that a
heat and power co-generation gas engine is used (Treyer, 2019a).
The original dataset for the biogas was adapted to reflect the
feedstock of the Forsbacka plant. Due to the high amount of
electricity required, it is not possible to efficiently produce the
whole amount locally, so 0.98 MJ of the electricity is assumed to
be Swedish electricity mix. It is also assumed that parts of the heat
produced during the day is stored for use during the night.

Organic Waste Treatment and Fertilizers
Digestate in Sweden is mostly used as a biofertilizer, some of the
biogas plants sell it but in amounts representing only a marginal

part of the total volume produced (Ahlberg-Eliasson et al., 2017).
It is then assumed that the digestate itself does not have an
environmental impact.

The nutrient content in the digestate is directly dependent
on the chemical characteristics of the feedstocks. In ORWARE,
detailed information on the chemical components of the
digestate can be followed by mass flow analysis, thus obtaining
the specific values for each fraction of the digestate, liquid, and
solid. Since the greenhouse is a hydroponic process, focus was
paid only to the characteristics of the liquid fraction.

After the digestion process, most of the mineralized nitrogen
in the digestate is in its reduced form, ammonium (NH+

4 ),
which can be used as a nitrogen source for fruit and vegetable
production. However, higher concentrations of it can also be
toxic to plants (Siddiqi et al., 2002). Specifically, tomato plants are
highly sensitive to ammonia concentrations above roughly 10%
of the total nitrogen, and it has been already established by many
authors (Sonneveld and Voogt, 2009; Stoknes et al., 2018; Pelayo
Lind et al., 2020) that a nitrification process is necessary when
using digestate. It was then assumed that the liquid fraction of the
digestate used as a nutrient solution went through a nitrification
process with a conversion efficiency of 75% from ammonia to
nitrate (Botheju et al., 2010), and a maximum dose of no more
than 14 g ammonium per ton of nutrient solution, representing
9% (Voogt, 1993; Strandmark, 2017). In that sense, ammonium is
the limiting factor in the application of the nutrient solution. The
calculation method is described in detail by Strandmark (2017).
Due to lack of data, the nitrification process was included in the
MFA calculations but not in the LCA calculations.

The yearly uptake of the major nutrients, nitrogen (N),
phosphorus (P), and potassium (K), for a 60 kg/m2 of tomato
yield are as follows (Sonneveld and Voogt, 2009): 1,185 kg N/ha,
284 kg P/ha, and 2,044 kg K/ha. With these values, the nutrients
necessary for the yield of this study, 84.4 kg/m2, were calculated:
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1.975 g N/FU, 0.47 g P/FU, and 3.4 g K/FU. For the reference
system this amount will be covered with conventional fertilizers
(EcoInvent, 2019a,b; Parada, 2019) while for the combined
system it will be covered with the liquid digestate to the
greatest degree.

In the reference system the TRW is assumed to be treated
by industrial composting (Zschokke-Gohl, 2019a), while for the
combined system it is treated by AD (Zschokke-Gohl, 2019b).

Carbon Dioxide
The greenhouse requires supplementation of 0.219 kg of CO2

per functional unit (Danevad et al., 2021). For the reference
system, it was assumed that liquid carbon dioxide originates from
a biorefinery in Norrköping, Sweden, where a major Swedish
producer of carbon dioxide is located. In the combined system,
it was assumed that the CO2 from the biogas produced in the
SS-AD is captured in parallel with the upgrading of the biogas
through an amine scrubber, which is the applied technology
in the Forsbacka plant, and the second most used in Sweden
(Energimyndigheten, 2020). The amine scrubber has an efficiency
of 99 vol% for CH4 and 93 vol% for CO2. The CO2 was assumed
to be separated from the upgraded biogas that is intended for
use in the transport sector, not the raw biogas that is used in the
greenhouse for energy purposes.

However, due to lack of LCI data, the same liquid CO2 dataset
(Hischier, 2019) was used for both the reference system and
the combined system. The changes based on choice of CO2

source are therefore limited to differences in transport distance
to the greenhouse. To better reflect the systems under study, the
EcoInvent dataset was modified to use Swedish electricity mix
instead of the European electricity in the original dataset.

Greenhouse Construction and Operation
Data for the greenhouse construction and operation were
retrieved from a EcoInvent dataset for Dutch fresh grade
tomatoes (Magaud, 2019). The information about construction
and infrastructure uses global market data and includes
load bearing structures, covering materials and the technical
infrastructure of the greenhouse. The amounts per FU are
dependent on the tomato yield (kg/m2), so the amounts
were recalculated according to information in the EcoInvent
documentation to better represent the higher yield in this
study. The greenhouse construction is the same for both
reference system and the combined system. Information about
the operation includes the use and application of pesticides,
stone wool, irrigation, planting, and production of tomato
seedlings. The dataset also includes information about land use
and emissions occurring inside the greenhouse, e.g., from use of
fertilizer. This information was not recalculated in any way and
were kept the same as in the original EcoInvent dataset for both
reference system and the combined system.

Transports
As the greenhouse and the SS-AD plant are assumed to be
situated close to each other, the transport distances of biogas,
liquid CO2 and digestate were set to 20 km. For the reference
system, the transport of the liquid CO2 was set to 330 km.

TABLE 3 | Results from the digestion in the SS-AD by using ORWARE.

Parameter Current SS-AD SS-AD w/TRW

Biomethane (MJ/ttreated waste) 3,641 3,609

CO2 (kg/ttreated waste) 108 107

Liquid fraction of digestate (kg/ttreated waste) 752 749

Solid fraction of digestate (kg/ttreated waste) 345 353

This represents the distance between the greenhouse and the
biorefinery in Norrköping, Sweden. All the transports were
represented by a EcoInvent dataset for unspecified European
lorries (Valsasina, 2019).

The EcoInvent dataset for fresh grade tomatoes includes both
on-farm transports and transports of fertilizer. The on-farm
transports were left unmodified while the amount of fertilizer
transports were modified to reflect the fertilizer quantities used
in the reference and combined systems. All other transports
that were included as parts of EcoInvent datasets were included
without any modifications.

Life Cycle Impact Assessment
The impact assessment was performed using the CML-
IA baseline V3.06 method. Included impact categories were
global warming potential (GWP), acidification potential (AP),
eutrophication potential (EP), photochemical oxidation potential
(POCP), abiotic depletion (ADP), abiotic depletion of fossil
fuels (ADP fossil), ozone depletion potential (ODP), terrestrial
ecotoxicity potential (TETP), and human toxicity potential
(HTP). The impact categories were selected based on being
the most commonly used for life cycle assessments of tomato
production (Torres Pineda et al., 2021).

Sensitivity Analysis
A sensitivity analysis was performed to understand the impact
the amount of TRW has on quantity and quality of both biogas
and digestate. The amount of TRW was increased by changing
the size of the greenhouse from two to 20 hectares.

The sensitivity of the choice of electricity mix was tested by
substituting the Swedish electricity mix with European electricity
mix (EcoInvent, 2019c) for both systems. The changes were made
specifically for the electricity used by the greenhouse and for
electricity used for production of liquid CO2, as those are the
parts of the system that are assumed to use Swedish electricity
and where most of the electricity usage occurs.

RESULTS AND DISCUSSION

Material Flow Analysis
The biogas and digestate results presented in Table 3 were
obtained in simulations using the modified ORWARE model to
represent the plant in Forsbacka (Carlos-Pinedo et al., 2020). The
results show that TRW of these amounts have a small impact
on the SS-AD plant. The amount of biomethane per ton of
treated waste decreases slightly due to the nutrient content of the
TRWnot being enough to produce significant amounts of biogas,
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TABLE 4 | Nutrient composition of the liquid digestate obtained in ORWARE.

Liquid fraction

Component (kg/ttreated waste) Current SS-AD SS-AD w/TRW

C-tot biological 37.9 37.9

Total Nitrogen, N-tot 3.92 3.86

Ammonium nitrogen NH3/NH
+

4 -N 3.38 3.33

Phosphorus, P-tot 0.37 0.36

Potassium, K 1.69 1.67

creating a dilution effect in the mix of waste. Both CO2 and liquid
digestate have a small decrease, while the solid digestate has an
increase possibly due to the lignocellulosic matter in the leaves
that are not degraded.

While the SS-AD plant produces more than the amount
needed to support the greenhouse with biomethane and CO2, the
TRW itself only provides a small share of the resources. When
taking the output differences of the SS-AD plant before and after
introduction of TRW into account, only 1.5 and 5.7% of the
biomethane and CO2 required by the greenhouse can be covered.
These results could change if other data sources were used for
the chemical characteristics of TRW and other feedstocks. The
ORWARE model is dependent on the nutrient content of the
feedstocks, e.g., carbohydrates, lipids, and proteins, so the choice
of data sources is important for the systems analysis. However,
the leaves in the TRW are a relatively homogeneous waste, so for
this case study the variations should be minor. Nutrient content
in the liquid fraction of the digestate are listed in Table 4. The use
of TRW in the SS-AD system had only a minor impact on the
chemical characteristics of the digestate. From the analysis of the
digestate, and assuming that the ammonium is the limiting factor
in its application, we can substitute 100% of N, 45% of P, and
29% of K when using TRW. The rest needs to be complemented
with conventional fertilizers. These results were based on the
method described by Strandmark (2017) and the assumption
of a 75% nitrification conversion efficiency. A higher or lower
efficiency would influence the amount of conventional fertilizers
that could be replaced, which would affect these percentages and
the LCA results.

Life Cycle Assessment
The LCA results for both the reference system and the combined
system are shown in Table 5. The combined system consistently
performs better than the reference system. A table with results for
all the sub-systems can be found in the Supplementary Material.

Figure 2 visualizes the results of the life cycle assessment for
both the reference system and the combined system. Several areas
have an identical impact for both systems, as they were assumed
to be identical, but they are included to visualize what importance
the changing parts have for each impact category. The differences
between the systems are very small for ADP, as most of the
impact comes from the greenhouse construction, but for the
other impact categories, it is clear that the combined system has a
better environmental performance. The reason for this is mainly

due to the lower impact per unit of energy. The impact from heat
is lower for the combined system for all categories due to the
low emissions and resource use from the biogas. Electricity usage
in the combined system also has a lower environmental impact
for all categories, with the exception of acidification potential
due to emissions of sulfur dioxide. These emissions are caused
by the sulfur content of the biogas, which is dependent on the
characteristics of the feedstocks used in the SS-AD plant. Another
reason that the combined system performs better is the use of
digestate, which limits the amount of conventional fertilizers
required.

Something worth noting is that emissions from the
nitrification process were not included in the calculations.
Treatment and handling of the digestate can generate emissions
(Chiew et al., 2015; Stoknes et al., 2016). In particular, nitrous
oxide (N2O) is emitted during the nitrification of ammonia
(Rehl and Müller, 2011). Also, the impacts from the application
of conventional and digestate fertilizers were assumed the same
in both systems, while in reality there could be differences that
affect this result.

The impact from the production of liquid CO2 is high for
several categories, especially for ADP (fossil), GWP and HTP.
The main reasons for the high contribution differs between the
categories. For ADP (fossil), the main reason is the use of heat,
where some natural gas is assumed to be used. For GWP, the
main contributor is air emissions of methane, while for HTP
almost the entire impact comes from the infrastructure and
inputs of monoethanolamine. However, as the same LCI dataset
was used for CO2 in both cases, there are no differences between
the systems.

While the transports make out a small part of the total impact,
it is clear that their impacts are lower for the combined system.
The distance between SS-AD plant and greenhouse was assumed
to be 20 km, so it could be possible to decrease these numbers
further by placing the SS-AD plant and the greenhouse at the
same location.

Sensitivity Analysis
Material Flow Analysis
Table 6 presents how the quality and quantity of biogas
(including CO2) and digestate are affected if the SS-AD plant
received TRW from a 20 ha greenhouse instead. The results
show that the amount of biomethane produced per treated ton
is 7.6% less than if no TRW was used. The amount of CO2

increases by 9%, liquid digestate increases by 13%, and solid
digestate increases by 39%. Evaluation of the quality of the
liquid digestate shows that total carbon decreases by 0.5%, total
nitrogen decreases by 12.7%, ammonium nitrogen decreases by
12%, phosphorus decreased by 19%, and potassium decreased
by 6.5%.

Life Cycle Assessment
Figure 3 shows the effect on the systems if European electricity
is used instead of the Swedish electricity mix. While this change
led to increased environmental impact for all categories in both
systems, the increase was most substantial for the reference
system since all the electricity comes from the electricity grid.
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TABLE 5 | Environmental impact of the systems.

Impact category Unit Reference system Combined system

Abiotic depletion (ADP) kg Sb eq./FU 3.09E-05 2.76E-05

Abiotic depletion-fossil fuels (ADP fossil) MJ/FU 4.19E+00 2.14E+00

Acidification potential (AP) kg SO2 eq./FU 3.18E-03 2.04E-03

Eutrophication potential (EP) kg PO3−
4 eq./FU 1.24E-03 4.63E-04

Global warming potential (GWP) kg CO2 eq./FU 4.87E-01 2.88E-01

Human toxicity (HTP) kg 1,4-DB eq./FU 8.52E-01 5.71E-01

Ozone layer depletion (ODP) kg CFC-11 eq./FU 1.41E-07 2.94E-08

Photochemical oxidation (POCP) kg C2H4 eq./FU 2.34E-04 1.42E-04

Terrestrial ecotoxicity (TETP) kg 1,4-DB eq./FU 3.64E-03 8.43E-04

FIGURE 2 | Life cycle assessment results of both systems. R, Reference system; C, Combined system.

TABLE 6 | Implications of a TRW increase, greenhouse size increased to 20 ha.

Digestion process Characteristics of the liquid fraction of digestate (kg/ttreated waste)

Tomato leaves (t/year) 3,400 C-tot biological 37.7

Biomethane (MJ/ttreated waste) 3,362 Total Nitrogen, N-tot 3.42

CO2 (kg/ttreated waste) 101 Ammonium nitrogen NH3/NH
+

4 -N 2.97

Liquid fraction of digestate (kg/ttreated waste) 731 Phosphorus, P-tot 0.30

Solid fraction of digestate (kg/ttreated waste) 413 Potassium, K 1.58
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FIGURE 3 | Effects of using European electricity instead of Swedish electricity. Percentages represent the increase of environmental impact relative to the original

systems.

This shows that the electricity chosen during the LCA modeling
plays an important role for the results, especially in this case since
the greenhouse uses high amounts of electricity.

CONCLUSIONS

This research fills a literature gap when it comes to evaluation of
the environmental implications of interconnecting the inputs and
outputs between a greenhouse and an SS-AD plant. Countries
and regions with similar conditions as those described in this
study should be able to use the material and results of this
study as a part of an evaluation process when deciding on future
system designs.

The results of the MFA shows that the amounts of biomethane
and CO2 produced by the SS-AD plant are enough to support
the greenhouse when also using resources from other feedstocks
than TRW. The TRW itself is only enough for providing 1.5% of
the biomethane and 5.7% of the CO2 required by the greenhouse.
When the TRW is added, the amounts of liquid digestate per unit
of treated waste increases. However, the nutrient content per unit
of digestate decreases for all evaluated nutrients.

The LCA results clearly show that using biogas and digestate
from an SS-AD process in a greenhouse plant can drastically
improve the potential environmental impact of the greenhouse
compared to the option of operating on wood chips and using
electricity from the Swedish electricity grid. This is mainly due to
a lower environmental impact per unit of energy that is used. In

addition, replacing a portion of the conventional fertilizers with
digestate contributes with lowering the impact further.

• The abiotic depletion potential is mainly caused by greenhouse
infrastructure and the differences are small between reference
system and the combined system (3.09 × 10−2 and 2.76 ×

10−2 g Sb-eq./FU, respectively).
• The fossil abiotic depletion potential has a substantial

difference that mainly comes from the reference system using
larger amounts of fossil fuels in the background processes for
heat and electricity (4.19 and 2.14 MJ/FU).

• The difference for acidification potential in large parts stems
from higher nitrogen oxide emissions from heat generation in
the reference system. The combined system does have a higher
impact for electricity due to higher emissions of sulfur dioxide
during combustion of the biogas, but the reference system still
has a higher overall impact (3.18 and 2.04 g SO2-eq./FU).

• The reference system has a higher eutrophication potential
than the combined system due to higher emissions from both
heat and electricity, mainly from emissions of phosphate and
nitrogen oxides (1.24 and 0.463 g PO 3−

4 -eq./FU).
• The global warming potential for the reference system is

higher than for the combined system mainly due to emissions
from heat and electricity generation (487 and 288 g CO2-
eq./FU).

• The human toxicity potential is also lower for the combined
system. The reason is mainly due to a lower impact per unit of
energy (852 and 571 g 1,4-DB-eq).
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• The ozone depletion potential of the reference system comes
almost entirely from the electricity usage. The combined
system uses very little electricity from the grid and therefore
has a much lower ozone depletion potential (1.41 × 10−4 and
2.94× 10−5 g CFC-11-eq./FU).

• For photochemical oxidation potential, the heat is the main
contributor for the reference system while electricity is a major
contributor for the combined system. Overall, the reference
system has a higher environmental impact, in large part due to
carbon monoxide emissions from the heat production. Most
of the non-energy areas are roughly the same (0.234 and
0.142 g C2H4-eq./FU).

• For terrestrial ecotoxicity potential, the impact is higher
for the reference system mainly due to a much higher
impact per unit of electricity (3.64 and 0.843 g 1,4-DB-
eq./FU).
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