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Abstract: As a result of rapid development in China and the growth of megacities, large amounts
of organic wastes are generated within relatively small areas. Part of these wastes can be used to
produce biogas, not only to reduce waste-related problems, but also to provide renewable energy,
recycle nutrients, and lower greenhouse gases and air polluting emissions. This article is focused
on the conditions for biogas solutions in Guangzhou. It is based on a transdisciplinary project
that integrates several approaches, for example, literature studies and lab analysis of food waste
to estimate the food waste potential, interviews to learn about the socio-technical context and
conditions, and life-cycle assessment to investigate the performance of different waste management
scenarios involving biogas production. Xiaoguwei Island, with a population of about 250,000 people,
was chosen as the area of study. The results show that there are significant food waste potentials
on the island, and that all studied scenarios could contribute to a net reduction of greenhouse gas
emissions. Several socio-technical barriers were identified, but it is expected that the forthcoming
regulatory changes help to overcome some of them.

Keywords: biogas; food waste; system study; biomethane potential; socio-technical study; megacities;
China; Guangzhou city; Xiaoguwei Island

1. Introduction

1.1. Background

Since the reforms in the late 1970s, there has been a rapid economic development in China,
involving industrialization and urbanization [1]. In 1980, about 19% of the population lived
in urban areas, while the corresponding figure was 50% in 2010 [2]. This trend is expected to
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continue, with increasing shares of the population living in cities [3]. The urbanization has created
and expanded several megacities such as Beijing, Guangzhou and Shanghai [4], among others.
These, and other large cities in China and elsewhere, commonly face a wide range of environmental
challenges, e.g., [5], related to air pollution [6-8], water pollution and management [9,10], noise [11,12],
and waste management [13,14]. Cities are also to a large extent dependent on supplies of food,
energy (energy security) and other essential products from the surrounding world.

During the last decades, there have been policy changes in China that signal a revised view of
the desired development [15]. Fewsmith [16] indicates that the previous, relatively narrow focus on
economic growth has been balanced by a broadened perspective where environmental issues, including
management of natural resources, have received a higher priority. There is a wide range of strategies
to tackle the mentioned environmental challenges. As the extensive use of fossil fuels, mainly in
the energy and transportation sector, contributes to many of the mentioned problems, many regions,
nations and cities are replacing fossil fuels with renewable alternatives such as biogas [17-22]. If the
biofuels are waste-based, it is possible to simultaneously address waste-related problems and create
fuels or electricity and other essential products and services.

This article focuses on biogas, which is produced via anaerobic digestion of organic materials.
In comparison with other biofuels, it is more flexible, because it can be produced from hydrocarbons,
proteins and fats [23], including wet and secondary materials, e.g., [24]. For example, biogas is
commonly produced from food waste (FW), sewage sludge and manure, but how biogas is produced
and used varies between countries, with different feedstock, production and use [25]. In addition to
biogas, the anaerobic digestion process delivers a second output—digestate. As a large share of the
nutrient content of the feedstock ends up in the digestate, it can be used as a biofertilizer contributing
to improved nutrient management [26,27].

According to Gu et al. [28], biogas has been produced for almost a century in China, with a
strong expansion in 2000-2010. The production is to a large extent (very) small-scale, as most of the
gas is produced within rural households and the agricultural sector [28-30]. However, while the
household production may have reached its peak, the agricultural biogas production has lately
increased. Biogas production also seems to be shifted towards larger-scale and centralized plants
with increasing numbers of industry-based projects [28], cf. [30-33]. There are also examples of larger
plants established to produce biogas from food waste. Biogas solutions appear to fit well with several
prioritized environmental policy areas [28], and there is a range of Chinese policy instruments that
support renewable energy and fuels, and specifically biogas [15,16,34]—Renewable fuels in general,
and biogas in particular, can also fit well into strategies regarding a biobased and circular economy,
for which there are central objectives and a strong commitment in China [35]. Biogas from food waste
is also in line with a series of recent policies proposed to better manage and recycle food waste, and to
utilize the great potential of recycling the organic wastes in large Chinese cities; for example, see [36-38],
cf. [39] (p. 9). However, despite the policy support, Gu et al. [28] conclude that after a long period with
a relatively steady increase in the total biogas production, there was a decrease around 2015. The rural
production went down faster than the agricultural production grew and was not compensated for by
the slowly increasing industrial production. Several different factors explain this. There are reports on
rudimentary technical levels, technical problems and a low level of competency as hindering, leading
to inefficient production and digesters taken out of production [28,29,32]. There may also be a need
for revised policy [40], shifting focus from production plants to the generation and use of biogas and
biofertilizers. An important part of the decrease can also be linked to the mentioned urbanization, as
the decline in rural population and small livestock breeding is connected to the reduction of small-scale
rural biogas production [28]. Su et al. [41] mention the national objective to produce 440 billion m?>
of biogas in the year 2020, which could correspond to almost 3000 TWh/year cf. [34] (The estimation
depends on the energy content of the gas; and the unit is also a bit uncertain, but it is assumed to
regard Nm3. Assuming the methane content of biogas to be 63%, and an energy density of 36.4 MJ/m?
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methane, the total becomes 2803 TWh). But after a thorough analysis, Gu et al. [28] foresee an ongoing
decrease in the coming decade, indicating that national objective will not be reached.

The described development with changing lifestyles and large populations within megacities
means that huge amounts of waste are generated within relatively small areas [29], cf. [42]. Several
types of waste streams are growing [43] cf. [44,45]. For example, the yearly generated amounts of
municipal solid waste (MSW) have been estimated to have grown from about 31 million tons in 1980 to
180 million tons in 2014 [46], corresponding to an increase by a factor of six. However, these kinds of
estimations seem to vary significantly between different sources [43], cf. [44,45]. Dou [45] estimates that
more than 50% of the MSW in China consists of food waste, but there are also other organic contents such
as garden waste. Gu et al. [46] provide a review with even higher shares of food waste (exceeding 60%).
Commonly, MSW is not classified and sorted at the source [29]. The dominant treatment methods in
China are landfilling or incineration, where 82% was landfilled and 15% incinerated in 2008 [29,46,47].
Central landfills require valuable land and cause different types of environmental and health-related
effects, e.g., [48]. Due to the high moisture content of the mixed waste in China, incineration of untreated
MSW often has a relatively low efficiency [39,49], also see [50,51]. Some of the food waste is used as
animal feed, and recently, composting has become popular in some areas [45].

In conclusion, there seems to be great potential in China, not least in the megacities, to produce
biogas from food waste and thereby provide renewable energy, recycle nutrients, significantly lower
GHG and air polluting emissions, and reduce essential waste-related problems.

1.2. Research Context and Aim

There are relatively few peer-reviewed studies that investigate the potential and performance of
producing biogas from food waste in Chinese cities from a life-cycle perspective. A search in the Web
of Science using the keywords bioguas, life cycle, China and waste led to 45 entries (mainly published
between 2015 and 2018), out of which only 17 contained food waste or kitchen waste as part of their topic.
In a closer look, it became clear that only a few of these papers focused on food waste and adopted a
life-cycle approach in their analysis. These papers were constructed differently, were based on different
sets of assumptions, and often had a narrow technological focus.

The advantages of treating food waste using anaerobic digestion have been frequently
demonstrated—and in a few cases questioned—in different contexts (for example, see: [52-56]).
The important issue, however, is to investigate how biogas production from food waste can fit,
in relation to other treatment options and considering the larger socio-technical picture, in a certain
municipal context. Therefore, while it is beneficial to focus on technical choices and how they compare
against each other, it is also important to consider how diverting food waste from existing paths,
toward biogas production, affects the environmental impact of the waste treatment and the systems
that are related to it.

The overall purpose of this research was to contribute to increased knowledge about the potential
and conditions for biogas and biofertilizer production in Guangzhou, and study how and to what
extent biogas solutions can:

e improve waste management,

e  provide renewable energy and biofertilizers, and

e contribute to the substitution of fossil fuels and mineral fertilizers, and

e lead to reduced emissions of greenhouse gases and better nutrient recycling (and potentially other
types of impacts) from a life-cycle perspective.

The city of Guangzhou has a population of about 12.7 million inhabitants within the city’s
administrative area including districts and counties, of which 11.1 million people live in the city
districts [57]. However, there is no biogas production at the moment.
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1.3. The Studied Case: Xiaoguwei Island and the Guangzhou Higher Education Mega Center

This article is focused on food waste in the area of Xiaoguwei Island and its food waste as potential
feedstock for biogas and biofertilizer production. Xiaoguwei Island was chosen as it is a well-defined
area with a reasonable size to map waste flows. This island is to a large extent dedicated to be used
by universities—the Guangzhou Higher Education Mega Center (HEMC) is situated there, with ten
universities, including Guangzhou University. Thus, the researchers from Guanghzou had good
knowledge about this part of the city.

Xiaoguwei Island is approximately 18 km? and is planned to accommodate up to 400,000 people.
The current population is approximately 250,000 people (Figure 1).
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Figure 1. Location of Xiaoguwei Island in relation to Guangzhou [58].

2. Materials and Methods

Several methods of different character were used to reach the aim. Table 1 provides an overview
of these methods (and activities) and shows to what extent they have contributed to different questions:
the rows designate various areas and research questions, while the columns show various methods or
activities that were pursued. The number of stars shows how relevant each method /activity is to each

area/question.
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Table 1. Overview showing research methods and activities and to what extent they have contributed to answering the questions. The stars designate the relevance

for each question (*** high, ** medium, * low).

Methods/Activities —

Areas/Questions | Workshops

Food waste management: — types, sources and amounts? **

Literature and
Document Studies

*%

Lab Analysis of
Food Waste

Scenario
Formulation

Interviews System Modeling

and Analysis

Characteristics of food waste: — composition, methane potential? *

Biogas and nutrient recycling potential: — amount of biogas, "
biofertilizer?

How to use the biogas and digestate?
Environmental impacts: — climate impact
Conditions for implementation of biogas solutions from a o

socio-technical perspective?

*

*%E

*3%

*

%%

*

%

3%

*%

*3%
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The methods/activities in Table 1 are described in the following sections.

2.1. Workshops

This study was carried out as a cooperation of researchers from Linkoping University (LiU)
and Guangzhou University (GZU). Workshops and other relevant activities have been important
for the setting up of the study including discussing research interests, developing project plans,
specifying the project organization and activities, exchanging and discussing relevant information,
and so on. The first workshop was held in Guangzhou (December 2015) and involved researchers
and city representatives from Guangzhou and Link&ping. In addition to lectures on sustainable
urban development, the researchers presented their work and areas of interest, and potential areas
of co-operation were discussed. The guests from Sweden got the chance to visit parts of Guangzhou,
including a study visit to a waste incineration plant. In December 2016, a project proposal regarding
biogas had been developed and granted, which was discussed at another workshop in Guangzhou.
This workshop focused on the organization (roles, capabilities, etc.) and specification of the project
plan, but also a study visit to a plant using aerobic treatment of food waste. Relevant issues regarding
Xiaoguwei Island, waste management, and socio-technical systems were discussed to some extent.
In April 2016 a team of researchers from LiU visited Guangzhou, with the main purpose to conduct
interviews (see Section 2.3 Interviews), but there were also meetings and other activities to increase the
knowledge about waste management, biogas production, etc. Finally, in June 2016 a few researchers
from GZU visited LiU. They were educated on essential laboratory facilities and regarding how to
conduct substrate (feedstock) characterization. Further on, the project was discussed, including results,
data on food waste, and other relevant issues.

2.2. Literature and Document Studies

Literature studies have been conducted for several reasons, for example, to learn about biogas
production in China, the policy context and other relevant socio-technical aspects. But from a
methodological perspective, it should be mentioned that scientific and grey literature have been
used to get information about flows of food waste—amounts and how this type of waste is managed,
and to estimate the food waste characteristics (e.g., the biomethane potential), as a complement to
the laboratory studies that have been carried out. Documents, such as records on canteen food waste
flows, have provided more specific information.

2.3. Interviews

Semi-structured interviews were carried out to get applicable information about relevant social,
economic and institutional conditions. This provided information about the socio-technical context for
potential biogas solutions in Guangzhou, which was used to define scenarios for analysis. Since there
was no biogas production or use in Guangzhou, the interview study focused on actors involved
in—influencing or being influenced by—the food waste system on Xiaoguwei Island. The selection of
actors was partially decided based on discussions during the workshops, but also due to information
from the respondents that mentioned other actors of relevance. These interviews were mainly focused
on the understanding and knowledge regarding the food waste system in Guangzhou in general and
the studied area in particular. As support, an interview guide consisting of five parts was developed
and used:

The role of the organization, the respondents’ background and roles

The existing systems for food waste management and their historical development
Involved actors

Regulations of relevance

AR S

Future development
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This guide was adapted for each interview, considering the role of the selected organizations
and respondents. In total, five actors were selected for interviews focusing on food waste, which are
presented in Table 2.

Table 2. Short description of the five actors who were interviewed focusing on food waste management.

Working Experience within

Organization Respondents Short Description This Organization

Sub-district office on
Xiaoguwei island, in

Xiaoguwei street office Office director . 8 years
charge of environmental
hygiene management
Guangzhou Municipal Director of Guangzhou Engaged .in the
2 . city management construction and
Administration . 10 years
. technology research improvement of
Committee
center management systems
hou Datiansh F Di i lopi
Quangz ou Datianshan actory Director, Opgratlng, deve oping 5 years at Guangdong golden
kitchen waste/food Deputy general projects, external public )
: blossom biotech company
waste plant manager relation
Classification
Mane}gemenis Ofﬁ.ce m Office director In Ch.a 1560 f garbage 12 years
Yuexiu District, City classification
Administration Bureau
Biomass biochemical
Institute of energy Associate researcher, conversion, responsible 12 vears
conversion Master Advisor for research work (have Y

studied biogas potential)

To get information from a company producing biogas from food waste in China, two employees
from the Haikou Biogas Plant, located in Haikou city in the Hainan province, were interviewed: one
working as an assistant general manager, and the other as Deputy Director of Development and Head
of R&D Centre. Both had worked at the plant for five years.

2.4. Laboratory Analysis of Food Waste

In addition to the literature studies on food waste, the project involved laboratory analysis to
get more specific information about the characteristics of some selected food waste streams in the
campus area (i.e., on Xiaoguwei Island). Bio-methane potential (BMP) tests were conducted, which are
important to determine the biodegradability and decomposition rate of organic materials and estimate
how much methane can be produced by anaerobic digestion with a certain amount of feedstock [59].

Food waste was collected in four different restaurants and canteens in the Guangzhou University
area, during two days in April 2017, at different times of the day (lunch or dinner). This waste was
preserved in plastic bottles at —20 °C in order to be transported to Sweden, and before starting the
analysis it was thawed and mixed with a kitchen blender to ensure uniform experimental materials
in all the bottles. The inoculum (source of anaerobic microorganisms) was obtained from the Aby
biogas plant in Linkoping, Sweden, where food waste is the main feedstock (substrate) for biogas
and biofertilizer production. The inoculum was pre-incubated at 37 °C for two days before starting
the BMP tests, to decrease the gas production, and to obtain better results of biodegradability of the
organic substrate [59]. The inoculum used contained 5% of total solids (TS) and 71% of volatile solids
(VS; based on TS), and a pH of 7.98.

The bio-methane potential of the food waste was evaluated in batch bottles of 320 mL with 100 mL
of working volume. The test was performed with the food waste (around 2.5 g VS/L), 20 mL of
inoculum, nutrient solution and salts (NH4Cl, 0.3 g L-%; NaCl, 0.3 g L~1; CaCl,.2H,0, 0.1 g L1;
and MgCl,.6H,0, 0.1 g L™'), and the experimental bottles were flushed with N and sealed with
rubber stoppers and aluminum screw caps according to the method described by Ekstrand et al. [60].
One treatment was performed just with inoculum to discount the values of methane production,
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and one treatment with cellulose (Whatman filter paper No. 3) to ensure the proper functioning of the
community. Each treatment was performed in triplicate and incubated at 37 °C for 63 days.

The pH was analyzed with a PHM93 pH-meter (Radiometer, Copenhagen, 166 Denmark).
For determining TS and VS, the organic material was dried at 105 °C overnight and then put in
the furnace for two hours at 550 °C [61] according to the standard method [62]. Total gas production
was calculated by the pressure measurements with a Testo 312-3 Precision manometer (Testo Inc.,
West Chester, PA, USA). For bio-methane content, the samples were analyzed by gas chromatography
(HP 5880A Series, Hewlett Packard, Palo Alto, CA, USA) according to Karlsson et al. [63]. All gas
volumes were normalized to 1 atm. pressure and 273 K.

2.5. Scenario Formulation, System Modeling, and Analysis

To analyze what role biogas solutions could have in relation to the food waste flows on Xiaoguwei
Island, a few scenarios were developed and analyzed. They were based on information about the
existing food waste management system, received via the interviews, workshops and literature study.
These sources also provided some information of relevance regarding future development, which was
combined with more generic knowledge about the production and use of biogas in other parts of the
world, in contexts involving food waste in cities.

Figure 2 shows different alternatives regarding how the food waste on Xiaoguwei Island can be
managed. It is estimated that presently, about one-third of the waste is sent to the Datianshan plant,
where aerobic processes are used to produce biofertilizer/soil conditioners (see Section 4). Slightly less
is landfilled, and a similar amount is sent to pig farms as fodder. The circa 10% remaining is assumed
to be incinerated in a power plant (please see Table 3, the first row: “Base”). In addition to the current
practices, the figure shows several options involving biogas and biofertilizer production. The raw
biogas can be used in different ways with varying consequences:

e upgraded and then used as a transportation fuel substituting diesel;

e upgraded and injected into the gas grid substituting natural gas; and

e for production of electricity, with full, partial, or no heat recovery, with recovered heat used within
the biogas plant or in a centralized cooling system.
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plant (outside system)
|
)
To incil i "
P © incineration Ashes to landfill

plant

| —
S
To landfill

~— ——
S
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waste

A 4

!

To pigfarms

\ 4

Pig feed )
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.
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mix
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Electricity and heat production; _:" Substitutes electricity used in %
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Figure 2. Schematic overview of the existing waste management system on Xiaoguwei Island, and

N

A

scenarios involving biogas and biofertilizers.
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Table 3. Basic information about the studied scenarios, including codes that are used in the chapter with results. Rows shown in italics (only incineration (ALL IN),
only landfilling (ALL LF), only sending the food waste to pig farms (ALL PF), only biogas production with upgrading to fuel (ALL BG), or only biogas production
with electricity production (ALL BG EL)) are presented to allow the comparison of different treatment technologies. FW stands for “food waste”.

Code Description FW To Danshiantan =~ FW To Incineration FW To FW To Pig FW To Biogas
P Plant (%) (%) Landfill (%) Farms (%) Plant (%)
Base Existing situation, no biogas production 33.3% 10.0% 28.3% 28.3% 0.0%
ALL IN Assuming all waste goes to incineration 0% 100% 0% 0% 0%
ALLLF Assuming all waste goes to landfill 0% 0% 100% 0% 0%
ALL PF Assuming all waste goes to pig farms 0% 0% 0% 100% 0%
ALL BG Assuming all waste goes to biogas plant 0% 0% 0% 0% 100%
ALLBGEL  Assuming all waste goes to biogas plant 0% 0% 0% 0% 100%
NoLF No FW to landfill; biogas is upgraded; 33.3% 10.0% 0% 28.3% 28.3%
raw biogas for internal heat
No PF No FW to pig farms; biogas is upgraded; 33.3% 10.0% 28.3% 0% 28.3%
raw biogas for internal heat
NoIN ~ NoFWtoincineration; biogas is upgraded; 33.3% 0% 28.3% 28.3% 10.0%
raw biogas for internal heat
NoLFandpp O FW to pig farms and landfill; biogas is upgraded; 33.3% 10.0% 0% 0% 56.7%
raw biogas for internal heat
BG max No FW to pig farpls, landﬁ.ll, and incineration; biogas is 33.3% 0% 0% 0% 66.7%
upgraded; raw biogas for internal heat
BG real Rea‘hzable allocation; biogas is upgraded; raw biogas 33.3% 5.0% 14.2% 14.2% 33.3%
for internal heat
BG grid Based on BG Real ; blogas is upgraded and injected to 33.3% 5.0% 1499 14.99% 33.3%
gas grid; raw biogas for internal heat
BG El Based on BG Rea'l ; raw b1.ogas used for electricity 33.3% 50% 14.2% 14.2% 33.3%
production; raw biogas for internal heat
Based on “BG Real”; raw biogas used for electricity
BG CHPi production; recovered heat from combined heat and 33.3% 5.0% 14.2% 14.2% 33.3%
power plant for internal heat (CHP)
Based on “BG Real”; raw biogas used for electricity;
BG CHPC recovered heat from CHP is used for internal heat, and 33.3% 5.0% 14.2% 14.2% 33.3%

centralized cooling




Sustainability 2019, 11, 1556 10 of 25

Further on, Figure 2 shows the production and use of biofertilizers, which could replace mineral
fertilizers. However, regarding biofertilizers, we have accounted for the production, the transportation
of biofertilizers to farms and that mineral fertilizers are substituted, but we have not included effects
related to storage and spreading.

To simulate the scenarios, a life-cycle assessment (LCA) model was constructed, based on the
schematic system illustrated in Figure 2. It was decided to use the functional unit of “treating
one ton of food waste”. Several more specific scenarios were defined, with different shares of the
food waste allocated to the described alternatives—see overview in Table 3. When the amounts of
products (produced or consumed), byproducts, activities, or emissions vary between different scenarios,
compensating processes have been added to make the outcome of these scenarios comparable.
For example, for a scenario where less food waste is diverted to landfill, the emissions from landfilling
have been reduced correspondingly; or, where food waste is diverted from pig farms to biogas
production, it has been assumed that pig farmers will compensate for the shortage of food waste
(as pig fodder) by using commercial pig fodder.

Since all scenarios involve a combination of different waste treatment options, in order to be able
to compare different treatment options individually, we also defined five extra scenarios, each reflecting
one type of waste treatment. These are only incineration (ALL IN), only landfilling (ALL LF), only sending
the food waste to pig farms (ALL PF), only biogas production with upgrading to fuel (ALL BG), or only biogas
production with electricity production (ALL BG EL). These scenarios are not assumed to be realistic but
are presented to allow the comparison of treatment technologies themselves.

In order to consider the variations and uncertainties in the lab-reported values regarding the
dry matter content (solid content or TS) and organic content (volatile solids or VS) of food waste,
biogas yield, and the methane content of the biogas (see Tables 4 and 5), these parameters were used
as random variables for the Monte Carlo simulation, and the results were collected from the output of
this simulation using a 90% confidence interval. The results, expressed in global warming potential
(GWP1p), were calculated for each scenario and compared against each other. The food waste flows
to the Datianshan plant have been assumed to remain constant in all scenarios. Transportation to
this plant is included, but the operation of the plant and impacts related to the biofertilizer/soil
conditioning products are not included. Several assumptions regarding the life-cycle inventory and
corresponding impacts were made—see Table 4.

The annual amounts of food waste on the island were estimated based on the input from the
workshops, interviews, and literature and document studies.
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Table 4. Essential assumptions used in the modeling and simulation. TS: total solids, VS: volatile solids.
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Parameter Unit Value Reference
Dry matter content of food waste (FW) Y% 21.6-29.8
Organic content of FW VS (% of TS) 74.2-84.9 This study, see Section 3
Biogas yield from anaerobic digestion of FW Nm? biogas/ton FW 855 1+ 136
Methane content of produced biogas % vol. 422 +138
Electricity use, pretreatment (slurry production) M]/ton FW 79.2 [64]
Electricity use in biogas plant (excluding upgrading) M]J/ton FW 122.4 [64]
Heat use in biogas plant (excluding upgrading) M]/ton FW 334.8 [64]
Electricity use in upgrading plant (water scrubber) MJ/Nm?3 biogas 0.4 [64]
Slippage in upgrading plant (amine scrubber) % biogas 0.10% [64]
Combined heat and power (CHP), electrical efficiency MJ el./M] biogas 40.0% [65]
Combined heat and power (CHP), thermal efficiency M] heat/M] biogas 50.0% [65]
Transportation (lorry 16-32, Euro 5) gr CO,-eq/ton-km 170 Ecolnvent 3
Transportation (lorry 3.5-7.5, Euro 5) gr CO,-eq/ton-km 210 Ecolnvent 3
Emission of methane from food waste in landfill % of BMP/year 5.0% [66]
Mineral N fertilizer kg COy-eq/kg 115 Ecolnvent 3
Mineral P fertilizer kg COy-eq/kg 4.8 Ecolnvent 3
Commercial pig feed gr COy-eq/kg 500 [67]
Electricity for residential cooling system MJ el./ton cooling 3.0 [68]
Heat for centralized cooling MJ in steam/ton cooling 21.1 [68]
Chinese electricity mix gr COy-eq/M] 331 [69,70]
Natural gas, including combustion (China) gr COy-eq/M]J 195 [69,70]
Diesel, including combustion (China) gr COz-eq/M]J 237 [69,70]
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Table 5. pH, TS, and VS from food waste (FW) used in BMP test, and VS reduction at the end of the BMP test. Total biogas and methane yield after 63 days. A, B, C, D

= different restaurants/canteens; 1 and 2 = sampling day.

o Total Biogas Yield Methane Yield o
Samples TS (%) (FW) ¥g)((;‘:"2§ pH Redetion (mL/g VS,qq) (mL CHy/g VS, 4q) Methane Content (%)
(%) Mean +SD Mean +SD Mean +SD
A-1 28.3 77.5 5.49 55.4 803 134 355 13 434 1.9
B-1 27.8 78.2 5.06 51.1 845 69 272 8 41.2 1.8
C-1 23.8 84.9 4.81 50.3 974 111 348 14 447 0.8
D-1 27.4 81.9 5.08 54.3 643 63 232 29 40.0 1.3
A-2 29.8 81.9 4.81 54.4 785 90 275 36 39.4 12
B-2 27.4 74.2 4.95 53.3 962 209 335 57 421 1.7
C-2 21.6 75.9 5.10 50.3 894 9 374 14 434 2.6
D-2 26.0 80.8 5.25 49.5 932 196 377 84 43.7 1.7
Mean 26.5 79.4 855 1362 321b 434 42.2 1.8

2 Mean is calculated using sample variance. ® Values for methane yield were not directly used in the simulation. Instead, biogas yield and methane content were used.
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3. Food Waste Characteristics—Lab and Literature

The characteristics of the substrate of food waste (kitchen waste) for biogas production (Table 5)
revealed low pH values, between 4.81 and 5.49, TS between 21.6 and 29.8 (%) and, VS between 74.2 and
84.9 (%VS of TS). After 63 days of batch incubation (BMP), the calculation for VS reduction showed
values between 50 and 55% (Table 5).

The composition of food waste (FW) depends on the food diet and consumption patterns;
therefore, it varies in time and place. In general, the food waste in China is characterized by high
moisture content: more than 60% in a southern city [71] and 92% in urban areas of Hangzhou City [49],
with VS (% of TS) around 87% and 80%, respectively. The pH has the tendency to be acidic within
a range of 3.6-7.0 [49,71,72]. The contents of organic components are high but vary in composition,
while the contents of fat, protein and carbohydrate reported vary between 17-39%, 7-12% and 46—68%,
respectively [71]. The inorganic compounds, especially from kitchen waste, have a high level of
salinity, with values between 1100 and 1200 mg L~! of calcium and 95-110 mg L~ of magnesium [73].
The elemental composition of the solid content (% of TS) of carbon, hydrogen, oxygen, nitrogen,
and sulfur are 46%, 7%, 2.5-3.8%, 2.5%, and 0.3%, respectively [49,72].

The biogas production of the batch tests with food waste from Guangzhou University was
855 £ 136 mL/g VS, when the bio-methane production was 321 + 43 mL CHy4/g VS (Table 5 and
Figure 3). The methane content in the raw biogas produced accounted for 42.2 &+ 1.8% (Table 5).

Total biogas Bio-methane
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[o2}
[=]
(=]
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e

(=]

Q
.

200 -
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0 10 20 30 40 50 80 70 0 10 20 30 40 50 &0 70
Days Days

Figure 3. Cumulative curve of total biogas and bio-methane yield after 63 days. A, B, C, D = different
restaurants/canteens; 1 and 2 = sampling day.

The results of bio-methane yield for Guangzhou University FW represented around 50% of
the theoretical values of 649 to 661 mL CH4/g VS of FW from China [49,74], and those values
can be an indication that some pretreatment is necessary to improve the methane production.
However, the results are comparable with other studies, in different conditions, especially without
pretreatment, as shown in Table 6.
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Table 6. Comparison of methane yield from different batch or reactor experiments with or without pretreatments of food waste in China.

Organic Substrate Organic Loading Methane Yield (mL
Reference (China) Batch/Reactor Rate (OLR) (g-VS/L) Pretreatment CHalg VS,4q)
Present work kitchen waste (KW) Batch bottles 2.50 Untreated 321 £43
47 250 + 25
(73] KW Anaero.bic membrane 5.9 Sorting, c1“ushing, oil‘ exFracti})n, solid-liquid 308 £ 21
bioreactor separation, and grid filtration processes
7.5 331 £18
9.3 358 + 13
Thermal hydrolysis (120 °C, 10 min) 690
L. Thermal hydrolysis (120 °C, 30 min 840
[72] KW—liquid phase Batch bottles ydrolysis ( in)
Thermal hydrolysis (120 °C, 40 min) 910
Thermal hydrolysis (120 °C, 50 min) 870
Thermal hydrolysis (120 °C, 60 min) 700
Untreated.
. 60 Oil seed rape straw-ORS = 100% 132
Two phase anaerobic
Oil seed rape straw  digestion system: 1 = 60 Untreated. 336
(ORS), kitchen waste  hydrolytic-acidification Kitchen waste-KW = 100%
[74]
(KW) and duck reactor, and 2 =
; - e 60 Untreated. 159
droppings (DD) bio-gasification Duck droppings-DD = 100%

reactor . .
Co-digestion.

60 ORS: KW: DD ratios = 50:50:0 318
60 Co-digestion. 50:0:50 171
60 Co-digestion. 50:40:10 375
60 Co-digestion. 50:25:25 276

60 Co-digestion. 50:10:40 231
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Reference Orga?échf:zstrate Batch/Reactor Rgzg(aonﬁ{];?;ii;%) Pretreatment Megg:;; \\/,ise:jd()m L

Untreated 388

500 rpm, 20 min, 100 °C 425

500 rpm, 20 min, 120 °C 458

500 rpm, 20 min, 140 °C 512

[49] KW Batch bottles 500 rpm, 20 min, 160 °C 375
500 rpm, 20 min, 180 °C 375

500 rpm, 20 min, 200 °C 355

500 rpm, 140 °C, 5 min 424

500 rpm, 140 °C, 10 min 445

500 rpm, 140 °C, 15 min 488

501 rpm, 140 °C, 20 min 512

500 rpm, 140 °C, 25 min 512

500 rpm, 140 °C, 30 min 473
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4. Socio-Technical Context

The interviews provided a better understanding of the existing food waste management in
Guangzhou in general, and more specifically regarding Xiaoguwei Island. They also gave information
about the previous handling of food waste and ongoing developments as well as some input on
expected future development.

Food waste has traditionally been used as animal food in Guangzhou, which according to the
respondents may involve serious health and environmental risks. As a consequence, there has been
a shift towards landfilling and incineration of food waste. In addition to landfills, the food waste is
usually delivered to food waste treatment or refuse processing plants. Guangzhou has four landfills
including the Xing Feng landfill, Lee Hang landfill, Datianshian landfill and Huo Shao Gang landfill.
However, there are still examples of treatments of the food waste for use as animal feed, such as cooking
and other simple processing. As one of the respondents [75] indicated, about 200 tons of food waste
are collected each day in Guangzhou—this is about 10% of the total amount of food waste generated
in the city, which is about 2000 tons per day—for resource recovery purposes. This collected share
is mainly transported to the Datianshan plant. However, the interviewees also mentioned conflicts
over the logistics and transport of kitchen waste, as a significant share of this is sold informally to
non-governmental actors that are responsible for the collection and transportation of kitchen waste.
It was noted that up to 90% of the food waste might actually end up on the “black market” [76].

Food waste on Xiaoguwei Island is mainly generated by the canteens of the ten universities,
and the catering industry in two shopping centers—South Pavilion Village and North Pavilion
Village [76]. Every other day, about half of the food waste from Xiaoguwei Island is transported
from the island to the Datianshan waste treatment plant, where aerobic processes are used to produce
biofertilizer/soil conditioners. The rest of the food waste is either sold to pig farms or sent to landfill.
However, it was also stated [77] that the collection and treatment methods are not standardized,
because small manufacturers and others involved lack sufficient qualifications and competencies.
Nevertheless, some informal treatments are performed to produce feed with cooking and other simple
processing, and a small amount is composted in small scale.

The director of the Guangzhou Datianshan kitchen waste plant [78] stated that there is currently
no biogas plant in operation in Guangzhou. Reasons for this situation were in his view that the
anaerobic digestion process can be too slow, and that the digestate presently could not be used as
a fertilizer. Moreover, he expressed that biogas production alone could not cover the operational
costs of a biogas plant, and consequently a significant share of food waste needed to be landfilled
or incinerated.

Although interviewees were not aware of any current biogas plant in use, they pointed out
that there are projects under construction. The expected short-term level of biogas production
would nevertheless be very low because actors had a strong belief in the current system of food
waste treatment.

However, there are several improvements of current policy instruments (e.g., laws, regulations,
and management procedures) under way in Guangzhou to improve the food waste disposal
business [78]. Kitchen waste regulations are included in the “Regulation of Guangdong municipality”,
which specifies the handling and disposal of municipal and rural wastes. These planned improvements
provide a technical basis for the design, construction and operation of kitchen waste treatment plants.
They are also expected to reduce current conflicts with garbage collectors and the sale of food waste on
the black market.

As the interviews about the handling of food waste make clear, the main reasons for the
underutilization of the biogas production potential lie rather in socio-economic and cultural contexts
than in limited technical feasibility. Among potential factors contributing to this are strong traditions
in the way food waste is being used, lacking positive perceptions of waste-to-biogas processes (e.g., not
part of visions and expectations of a “modern” energy system with sustainable resource use and low
carbon emissions), insufficient competences and knowledge of stakeholders (plant construction and
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operation, waste collection, municipal administration and policy), lacking support from state and
municipality for building a functioning waste-to-biogas system, or insufficient regulatory structures
regarding waste separation and collection as well as operation of biogas plants. However, the current
changes in the policy system that are under way can improve the institutional conditions for increased
biogas production from food waste.

5. Biogas Potential and Climate Performance

The collected information was used to establish a “base scenario”, with essential information
about the existing food waste management on Xiaoguwei Island (Figure 4). It was estimated that
15,000 tons of food waste was generated each year, consisting of 5000 tons/year from the university
canteens and 10,000 tons/year from the other municipal sources such as catering services and hotels.
Despite of interviews and access to some records, this figure should be regarded as a rough estimation,
due to insufficient information. For simplicity, it was assumed that “other sources” (such as catering
companies and hotels) had similar collection systems and food waste compositions as the university
canteens. However, some hotels on the island serve a broader range of dishes than these canteens.

Biofertilizer
Food vo'laste' . Food waste sent to Datianshan plant Same for allscenarios;
SOCLITE T ) 5,000 ton/year 30 km outsidethe systemstudy
5,000 ton/year
Food waste sent to incinerationplant Bottom ashes sent to landfill
Collection 1,500 ton/year 30 km 20 km
Food waste from other (f?rmal and
municipal sources Rfoupall Food waste sent to landfill Methane emissions
(caterings, hotels, etc.) 5% degradation/year

4,250 ton/year 30 km
Pig feed from food waste
10,000ton/year Food waste sent to pig farms 1,126 ton TS/year;

Assumed similar composition Based on dry mattercontent
and collection A 250 EgE 10km of the food waste
Figure 4. Overview of the main processes and flows in Scenario 0 (Base, representing the existing food
waste management situation on the island.

The amount of food waste that is transported to the Datianshan plant was relatively well specified,
but being a well-established solution, this part of the food waste was not considered for biogas
production. Instead, the shares sent to landfill, pig farms, and incineration were in focus and varied
(see Table 3).

The development scenarios were all defined based on the “base scenario”, involving different
shares of food waste to different treatments (defined in Table 3). Figures 5-7 show the results of system
modeling. The included uncertainties are due to uncertainties in the amount of biomethane that can be
produced—see Section 3. Other types of uncertainties (such as uncertainties in the available amount of
food waste, possible pretreatments required, or distances) are excluded in these results.

If we assume the average values for dry matter content, organic matter content, biogas yield,
and methane content of biogas from the lab analysis, depending on how the 15,000 tons of food waste
are treated (considering different scenarios involving lower or higher degrees of biogas production),
it would be possible to deliver 0.1-0.6 million Nm? biomethane each year, and potentially replace
5-36 tons of nitrogen fertilizer, and 2-12 tons of phosphorous fertilizer. If we consider a more realistic
scenario such as BG real, these potentials become 0.3 million Nm? biomethane, 18 tons of nitrogen
fertilizer, and 6 tons of phosphorous fertilizer. As a result of utilizing these amounts of biogas and
biofertilizers, about 1780 tons of CO,-eq greenhouse gas emissions are avoided.
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Greenhouse gas emissions per ton food waste treated
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Figure 5. Comparison of the greenhouse gas (GHG) emissions of the studied scenarios per ton of food

waste treated.

Contribution of the main activities to total greenhouse gas emissions in
different scenarios (per ton food waste treated)
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Figure 6. Comparison of the GHG emissions of the studied scenarios per ton of food waste treated.
The “diamonds” represent the net emissions (sum of emissions from treatment and substitutions).

Figure 5 shows the greenhouse gas (GHG) emissions for treating one ton of food waste. In all
scenarios, the production of biogas from food waste led to a net reduction of GHG emissions compared
to the base scenario. Looking at the impacts of different technologies (ALL IN, ALL LF, ALL PE,
ALL BG, and BG EL), it can be seen that using food waste for feeding pigs or producing biogas leads
to lower GHG emissions than sending it to incineration or landfill. Upgrading the biogas leads to a
greater reduction of GHG emissions than using raw biogas to produce electricity. This is based on the
assumptions (see Table 4) regarding the Chinese electricity mix, natural gas, and diesel, as well as gas
to electricity conversion efficiency.

The contribution of different treatment methods, in each scenario, to the total GHG emissions,
are shown in Figure 6. Depending on the output of each scenario, the substitution effects include the
effect of substituting mineral fertilizers with the nutrient content of the produced digestate, the effect
of substituting natural gas by upgraded biogas injected into the gas grid, the effect of substituting
diesel with upgraded biogas which can be used as transportation fuel, substituting Chinese average
electricity by the amount of electricity produced from biogas, and substituting electricity as a result of
heat recovery from biogas CHP and using the heat in decentralized cooling system.
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Greenhouse gas emissions per MJ energy delivered
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Figure 7. Comparison of the GHG emissions of the studied scenarios per MJ energy delivered (either
in the form of raw or upgraded biogas, heating, or cooling).

In those scenarios that involve biogas production, the cradle-to-gate results expressed in GHG
emissions per M] of energy delivered (energy from biomethane, either in the form of raw biogas,
upgraded biogas, electricity, heating, or cooling) are presented in Figure 7. Here, no substitution
effects from producing biogas are considered; instead, the GHG emissions of the delivered energy are
compared with those of diesel and electricity. The substitution effect of replacing mineral fertilizers by
digestate is considered.

These results can be compared with a few published peer-reviewed system studies that
use life-cycle assessment as their main approach. Dong et al. [79] compared different ways of
handling municipal solid waste (MSW) in a pilot project in Hangzhou, China, in which MSW was
source-separated. They concluded that source-separation and anaerobic digestion of the organic
fraction could lead to a significant reduction of greenhouse gas emissions compared to the existing
waste management system, which is mainly based on landfilling and incineration. Woon et al. [80]
compared different utilization pathways of using biogas that is produced from food waste, namely,
electricity and heat production, using biogas as city gas, and upgrading it to be used in vehicles.
They concluded that the highest level of reducing greenhouse gas emissions can be achieved if biogas
is upgraded and used as vehicle fuel, leading to a net savings of about 100 kg CO,-eq per ton of food
waste. Jin et al. [81] studied an integrated food waste treatment system involving anaerobic digestion
and thermal treatment, located in the city of Suzhou (Jiangsu Province, in eastern China). Their study
focused on the performance of this treatment technology, so their system did not include collection,
transportation, and utilization of the products. The received food waste was pretreated; the extracted
oil was used to produce bio-diesel, while the solid part was sent to the biogas plant. The produced
bio-diesel and biogas were used to create electricity and heat. The digestate was centrifuged, and its
liquid fraction was discharged to the municipal sewer system, while the solid fraction was incinerated.
The study did not include the effect of diverting food waste from other treatment methods to biogas
production. It is estimated that the greenhouse gas emissions of the studied treatment method are
97 kg CO,-eq/ton treated waste. Chen et al. [82] performed a form of multiple-criteria decision-making
analysis of the same technological concept in order to evaluate its environmental and economic benefits
as well as energy use. Liu et al. [83] compared a few scenarios for the treatment of municipal solid
wastes in China and concluded that incineration could lead to the highest reduction of greenhouse
emissions. This was partly due to their assumptions that 5% of the produced biogas is inevitably
leaked during production, and that the produced digestate cannot be used but landfilled—leading to
more CHy emissions. In another study, Xu et al. [84] compared three scenarios for food waste treatment
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in China: landfilling, producing biogas from a mixture of food waste and sewage sludge, or producing
biogas just from food waste. This study excluded digestate treatment and application from the scope
of the study. Nevertheless, it showed that producing biogas from food waste was the best option and
depending on the assumption regarding the substituted electricity, could lead to a reduction of 331 to
481 kg CO,-eq emissions per ton of food waste.

Although these studies have very different setups and foci, their overall results are in most cases
very close to the results of this system study and seem to support it.

6. Concluding Discussion

This article presents a study of the conditions for biogas solutions in the Guangzhou megacity
context in China, focusing on food waste and Xiaoguwei Island with a population of about
250,000 people. It is based on a transdisciplinary approach, with the ambition to provide information
about three key types of conditions. The first is the potential, where interviews, literature studies and
lab analysis have been used to estimate the amount of food waste and determine its characteristics.
The second regards feasibility, for which workshops and interviews have been essential to learn
about the socio-technical context (e.g., about drivers and barriers). The third is performance,
where life-cycle assessment has been used to investigate the climate impact of different food waste
management scenarios involving biogas production. Combined, these three parts constitute a generic
transdisciplinary approach that can be used to systematically explore conditions for biogas solutions,
for example in a (mega)city. However, it must be emphasized that our study should be seen as
an initial screening to get an overall understanding; more in-depth studies are required before any
implementation. For example, it was challenging to map the food waste flows related to Xiaoguwei
Island, indicating that it would be very demanding for the whole megacity. In addition, many actors are
involved, with different roles, understanding, terminology, etc., of which we have only interacted with
a few. Access to sufficient information of good quality can be difficult, either because such information
is not available, is restricted due to organizational considerations, or in the case of international
collaborations is difficult to obtain and understand due to language barriers.

The findings show that there is a significant food waste potential on Xiaoguwei Island, one
that could be used to produce biogas and biofertilizers. For example, based on the estimated yearly
15,000 tons of food waste, the scenario named BG real (see Table 3) provides about 0.3 million Nm3
biomethane, 18 tons of nitrogen fertilizer, and 6 tons of phosphorous fertilizer. This would involve a
reduction of greenhouse gas emissions of about 1780 tons of CO,-eq each year. It can be noted that
the population of Xiaoguwei Island represents about 2% of the Guangzhou population, which can
be used to get a rough estimate of the potential and performance for the whole megacity (regarding
biogas from food waste). The GHG emissions reduction is the highest in case of diversion from
landfilling, and the least in case of diversion from incineration; nevertheless, both can potentially
lead to recovery and recycling of significant amounts of nutrients. Diversion of food waste from
pig farms to biogas plants can also lead to a net reduction of GHG emissions, but the impact on
the wider system is more complicated and should be further investigated. About 40% of Chinese
grain production is allocated to animal feeding [45]. This share can be reduced if food waste is used
in a safe way as animal feed. Indeed, the practice of feeding animals with food waste has been
historically common in China, but since the outbreak of the SARS disease in the early 2000s several
cities banned it to reduce the risk to health and environment. Nevertheless, the practice has been
generally continued [45], and is also a concern in Guangzhou as it was highlighted during the interview
study. So the question remains if there can be ways to safely and efficiently use food waste as animal
feed and avoid grain use (for a few related studies, see: [84-86]), or it is better to divert them to biogas
production and use the energy and the digestate (as biofertilizer). This point is also related to the fact
that Guangzhou and its surrounding regions are highly urbanized, meaning that it can be challenging
to establish efficient biofertilizer solutions in cooperation with agriculture, as it may require special
technical, organizational, and legal arrangements. This should be further investigated. This study
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also leads to a better understanding of the socio-technical conditions regarding Xiaoguwei Island and
the broader context. The current conditions are not very favorable for the implementation of biogas
solutions, mainly due to socio-economic and cultural aspects. For example, alternative solutions such
as informal treatment of food waste or landfilling are common and relatively cheap. Furthermore,
there seem to be strong traditions in the way food waste is being used; a lack of positive perceptions
of waste-to-biogas processes; insufficient competences; and inadequate support (economic or other
types) from the state and city level to establish central large-scale waste-to-biogas systems, including
regulations leading to a suitable food waste management system. However, several signs of improved
conditions have been noted, for example, the more supportive policy instruments mentioned in
the introduction and by several respondents that may help in overcoming some of the identified
socio-technical and economic challenges. However, in addition to policy instruments, regional network
building, learning processes, and the shift of perceptions are also important. According to Geels and
Raven [87] referring to [88], biogas solutions belong to a certain type of technologies whose main
challenge is to make sure that several different components are working together. This makes them
relatively complex because they require collaboration among several types of actors, ranging from
large municipal organizations to small farmers [89]. Consequently, the successful implementation
of biogas solutions depends on an increased and continuous level of collaboration among a diverse
set of actors and a significant increase in their knowledge of biogas production systems. This is a
point that has been shown in some of the countries and regions that have experienced the successful
implementation of biogas solutions. For example, a review of the historical development of biogas
solutions in Denmark since the 1970s highlighted the importance of bottom-up strategies that promoted
interaction and learning among various actors. In addition, the continuous development of biogas
solutions was enabled by a dedicated social network and long-term socio-political stimulations [90].
Also, a study of the historical development of biogas production in Linkdping, Sweden from 1976 to
2015 concluded that despite the importance of a supportive national policy system, the main driver for
development had been a group of local actors—system builders—who constantly steered the process
and could mobilize resources [91]. These examples could be of relevance for biogas implementation on
Xiaoguwei Island—population-wise having a similar scale as medium-sized cities in the mentioned
Nordic countries—but probably also for the whole city of Guangzhou.
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