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Abstract: Hydrothermal carbonisation is a promising technology for greenhouse gas (GHG) mitigation
through landfill avoidance and power generation, as it can convert high-moisture wastes into bio-coal
which can be used for coal substitution. The GHG mitigation potential associated with landfill avoidance
of high-moisture food waste (FW) generated in India, China and the EU was calculated and the potential
for coal substitution to replace either grid energy, hard coal, or lignite consumption were determined.
Different HTC processing conditions were evaluated including temperature and residence times and
their effect on energy consumption and energy recovery. The greatest mitigation potential was observed
at lower HTC temperatures and shorter residence times with the bio-coal replacing lignite. China had
the greatest total mitigation potential (194 MT CO2 eq), whereas India had the greatest mitigation per kg
of FW (1.2 kgCO2/kg FW). Significant proportions of overall lignite consumption could be substituted
in India (12.4%) and China (7.1%), while sizable levels of methane could be mitigated in India (12.5%),
China (19.3%), and the EU (7.2%). GHG savings from conversion of high-moisture FW into bio-coal and
subsequent coal replacement has significant potential for reducing total GHG emissions and represents
in India (3%), China (2.4%), and the EU (1%).

Keywords: hydrothermal carbonisation; food waste; coal substitution; GHG mitigation; methane
avoidance; hydrochar

1. Introduction
1.1. Background

There has been an ever-increasing interest in waste management, especially the man-
agement of food waste (FW). Currently, around a third of all food is wasted [1]. This is
estimated to equate to around 1.3 billion tonnes of edible food being wasted annually
around the world, resulting in the equivalent of approximately 3.5 billion tonnes of CO2 [2],
as large quantities of greenhouse gases (GHGs) are released as a result of producing, pro-
cessing, transporting, and treating the wasted food [3]. FW treatment is of particular interest
due to it having a greater level of impact on climate change when compared to other waste
types. This is to do with its large organic content and the fact that a large proportion of
FW is landfilled [4]. When landfilled, FW decomposes anaerobically forming methane, a
particularly potent GHG, around 25 times more potent than CO2 as a climate forcer [5].
Methane emissions contribute to a large proportion of global GHGs, and there has been

Energies 2022, 15, 1372. https://doi.org/10.3390/en15041372 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15041372
https://doi.org/10.3390/en15041372
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1955-1852
https://orcid.org/0000-0002-7331-1059
https://doi.org/10.3390/en15041372
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15041372?type=check_update&version=1


Energies 2022, 15, 1372 2 of 37

an increasing impetus on reducing landfilling emissions with 103 countries pledging to
reduce methane emissions by 30% by 2030 when compared to 2020 levels at COP26 [6].
Waste is the third largest contributor to anthropogenic methane behind agriculture and
energy and is responsible for 68 MT of methane (1700 MT CO2 eq/yr and 19.6% total
anthropogenic methane) [7] with FW being a key contributor to this [8]; thus, a large pro-
portion of methane emissions could be avoided by improving FW treatment [7]. In addition
to COP26 commitments, improving FW management presents significant opportunities
for meeting UN Sustainable Development goals (SDGs), in particular SDG 13 concerning
climate action [9].

1.2. Significance and Options for Energy Recovery from Food Waste

Energy generation is another of the main contributors to GHG emissions globally, with
certain countries having particularly carbon intensive energy generation through using
high carbon energy sources such as coal. A total of 190 countries have pledged to phase
out coal and to decarbonise energy generation, including 23 new countries at COP26 [10].
Additionally, the decarbonisation of energy is in alignment with both SDG 13 regarding
climate action, as well as SDG 7 concerning affordable clean energy [9]. There are a number
of ways in which FW can be treated to generate energy and contribute to coal substitution
and energy decarbonisation; FW can be incinerated with energy recovery and anaerobi-
cally digested to create biomethane, which can generate energy, thermally carbonised via
pyrolysis to create an energy dense bio-coal, or hydrothermally carbonised to generate an
energy dense bio-coal and process water (PW) [11]. Hydrothermal carbonisation (HTC) is a
novel technology for converting high-moisture feedstock, such as FW and municipal solid
waste (MSW), which could have a particularly great potential for energy generation and
GHG mitigation [12].

HTC involves the processing of biological matter in the presence of water at ele-
vated temperatures and pressure. It produces a solid carbonaceous product known as
hydrochar (HC), an aqueous phase containing soluble organic and inorganic components
and a gaseous fraction containing largely CO2 [13]. Reaction conditions range between
180–260 ◦C and 20–40 bar pressure. Conversion is typically performed on solid loadings
ranging between 10–30 wt.% solids and for reaction times ranging from minutes to several
hours [14]. HTC results in the removal of oxygen from the feed via decarboxylation of dehy-
dration reactions, resulting in a higher heating value (HHV) bio-coal with a calorific value
similar to brown coal [15]. HTC can be used for any organic feedstock types, although there
are clear energetic advantages for the processing of high-moisture feedstock types such as
FW. It also facilitates the recovery of energy, chemicals, and nutrients through anaerobic
digestion (AD) of process waters (PW) in-line with circular economy principles [14]. It is
capable of converting problematic high-moisture, low calorific value feedstock into higher
calorific value, hydrophobic, easy-to-handle bio-coal or HC suitable for energy genera-
tion [2]. It is, therefore, a technology that would offer great opportunities for climate change
mitigation if streams of FW currently landfilled were to be diverted to be processed by
HTC, with any HC generated being used to substitute coal used for energy generation [13].
Therefore, the use of HTC for processing FW would have real opportunities concerning
SDG 13 in enacting climate action and SDG 7 in providing affordable clean energy, as well
as the potential to contribute towards SDG 12 through aiding the sustainable consumption
and production of HTC products [9].

1.3. Comparison of the Food Waste Landscape in India, the EU, and China

The two countries with the largest FW levels are China and India, respectively, while
the EU also generates vast quantities of FW. The waste landscapes differ significantly in
these regions, however, in terms of the current FW generation levels and treatment technolo-
gies used. It is very interesting, therefore, to compare and contrast how opportunities for
the adoption of HTC of FW would differ in these regions, concerning the decarbonisation of
FW treatment, yet there is a lack of literature assessing the implications of these differences.
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1.3.1. Current Food Waste Landscape in India

India has major issues associated with its generation and disposal of FW. As seen in
Table 1, approximately 253.3 MT of agricultural residues, as estimated by Sahai et al. [16]
based on agricultural production and residue generation ratios, and 33.25 million tonnes of
FW, as estimated by Kashyap and Agarwal [17] based on production and food loss ratios,
are generated per year before the consumption stage. The low-moisture FW and agricultural
residues were excluded from this assessment, however, as these may be more suitable for
dry thermal processing such as pyrolysis [18], while the use of agricultural residues in
animal husbandry is often considered preferable [19]. Subtracting the agricultural residues
and low moisture FW deemed unsuitable for HTC, which accounts for almost 271 MT
of feedstock, still leaves around 15 million tonnes of high-moisture pre-consumer FW,
which can be treated by HTC. Additionally, post-consumption FW has been estimated at
68.76 million tonnes annually, based on a survey by Forbes et al. [20] investigating per
capita FW through measuring FW from households in different parts of India. When
considering these figures, pre-consumer FW accounts for less than 33% of total FW, while
post-consumer FW makes up over 67%. As post-consumer FW is calculated to be many
times larger than the 8% estimated for South and Southeast Asia; these figures may vary,
with pre-consumer FW making up a greater proportion of overall FW. Xue et al. [21]
highlights the uncertainties associated with FW estimates, especially in rapidly developing
countries such as India where there is a lack of comprehensive and up to date assessments
investigating FW throughout the food chain. However, for a high level assessment of the
potential opportunities of utilising this waste as a potential feedstock, these numbers are
very useful.

India currently faces major challenges in the treatment and disposal of its FW with only
82% of MSW is collected in India. Moreover, as Table 1 indicates, only around 21.5% of FW
in India is processed and treated through AD, composting, and incineration, with around
78.5% of the waste being dumped in open landfill sites [22,23], suggesting significant
improvements could be made through landfill avoidance with the adoption alternative
processing options such as HTC. This, in turn, could help reduce the estimated 26.7 MT
of methane, or 666.5 MTCO2 eq, released every year in India associated with landfill and
waste treatment [24].

1.3.2. Current Food Waste Landscape in the EU

The EU also has major challenges associated with its FW landscape. In the EU, as seen
in Table 1, 367 MT of agricultural residues, as estimated by Searle and Malins [18] based on
agricultural production and residue generation ratios, and 30.6 million tonnes of FW, as
estimated by Stenmark et al. [25] based on averaging food losses by sector from EU countries
with available data, are generated per year before the consumption stage. The agricultural
residues and low-moisture FW were again excluded from this assessment, however, as HTC
is considered more suitable for processing high-moisture feedstock types [13]. Excluding
agricultural residues and low-moisture FW deemed unsuitable for HTC, which accounts
for almost 962 MT of feedstock, leaves around 18.5 million tonnes of high-moisture pre-
consumer FW. Pre-consumer FW was categorised into low-moisture, high-moisture, and
animal products, based on European FW estimates by FW type from a study by Gustavsson
et al. [26]. A further 57 million tonnes of post-consumer FW is generated per annum, as
estimated by Stenmark et al. [25], with the majority of post-consumer FW coming from the
household setting [27].

The landscape for treatment FW in the EU is relatively mixed. Pre-consumer FW
is mostly recycled and utilised in relatively sustainable ways such as for animal feed
production, in AD for generation of biomethane, or composting, with only around 3% of
high-moisture pre-consumer, and 8% of animal product FW being landfilled, respectively.
There is an issue with the treatment of post-consumer FW, however, as an estimated 37% of
this waste is landfilled [28], although even this figure is less than half of the landfilling rate
in India. Despite landfilling rates being relatively low in the EU, significant improvements
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could be made through landfill avoidance with the adoption of HTC, which, in turn, could
help reduce the estimated 15.4 MT of methane, or 385.2 MT CO2 eq released every year in
the EU [29].

1.3.3. Current Food Waste Landscape in China

China also has major challenges with its generation and disposal of FW. As with
India, it is very difficult to quantify the exact annual FW produced in China. The best
available data, displayed in Table 1, show 930.8 MT of agricultural residues as estimated by
Ji [30] based on agricultural production and residue generation ratios, and 291.46 million
tonnes of FW as estimated by Xue et al. [21] based on production and food loss ratios, are
generated per year before the consumption stage. Agricultural residues and low-moisture
FW were again excluded from this assessment, however. Excluding agricultural residues
and low moisture FW deemed unsuitable for HTC [13], which accounts for almost 962 MT
of feedstock, there is still around 260.11 million tonnes of high-moisture pre-consumer FW
generated every year. Additionally, there is around 170 million tonnes of post-consumer
FW, as estimated by Zhang et al. [31] based on assessing the FW fraction of MSW and
segregated FW in the different parts of China, with the majority of post-consumer FW
coming from restaurants and canteens, as opposed to the household setting, contrary to the
situation in the EU [31].

When considering FW treatment, China could make major improvements in the way it
treats its waste. As of 2014, all MSW is treated in China, bringing it in-line with developed
countries. A large proportion of FW is still landfilled (approximately 41%), while a large
proportion of FW is now being incinerated [32], with a relatively small proportion of
FW being composted or anaerobically digested [33]. It is clear, therefore, that China has
considerably less sustainable FW treatment than the EU but treats its FW more sustainably
than India does overall. All in all, China landfills vast quantities of FW; thus, significant
improvements could be made through landfill avoidance with the adoption of HTC, which
in turn could help reduce the estimated 49.6 MT of methane, or 1.24 GT CO2 eq released
every year in India [24].

1.4. Comparison of Regions Energy Intensity and Coal Usage

The two countries with the largest levels of coal usage are China and India, respectively,
while the EU region also uses large amounts of coal in certain countries. The regions
also have very different carbon intensities of grid energy, with India and China using
considerably more carbon intensive energy sources. For these reasons, it is very interesting
to compare and contrast how the opportunities for the adoption of HTC of FW would differ
in these regions and how they would impact the decarbonisation of grid energy and coal
substitution, something that is yet to be researched.

India’s grid energy is very carbon intensive, while the country also uses vast amounts
of coal for energy and industry. Indian grid energy, as shown in Table 2, currently has
a very high carbon intensity of 707 g CO2 eq per kWh due to its reliance on coal and
other fossil-fuel derived carbon intensive energy sources [49]. Moreover, India uses
vast quantities of coal, most of which is hard coal (806 MT/year), as opposed to lignite
(47 MT/year), making India the second largest consumer of coal in the world [50].

In contrast, the EU has a much lower carbon intensive grid energy mix, and a signif-
icantly lower level of coal consumption. EU energy grid intensity, shown in Table 2, is
275 g CO2 eq per kWh. This lowering is due to many member nations phasing out coal
use for energy generation and adopting low carbon energy sources such as nuclear and
bioenergy [51]. Coal usage in the EU is also much lower than in India, as many countries
phased out coal; however, certain countries such as Poland and Germany still use large
amounts of coal [52]. Hard coal use in the region is very low (144 MT/year); however, its
lignite use is much higher (246 MT/year), equating to almost five times that of India, with
the EU being one of the major lignite users globally [52,53].
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Table 1. Characteristics of the different steps in the FW supply chain in the different regions.

Availability and
Composition Typical Food Waste Characteristics

Food Waste Type Agricultural
Residues

Low Moisture pre
Consumer FW

High Moisture
pre Consumer FW

Waste from
Animal Products

Post-Consumer
FW

Examples of food
waste types

Rice straw, wheat
straw, and

sugarcane bagasse

Corn cob, rice
husk, kenaf,

coconut coir, and
hazelnut skin

Apples, oranges,
tomatoes,
sweetcorn,

jackfruit, and fruit
pomace

Meat and dairy Household and
restaurant waste

Literature sources [16,19,30,34–36] [17,21,25,26,37–40] [17,21,25,26,40–44] [17,21,25,26,42,45] [20,25,32,46–48]
Quantities

available in India
(MT/year):

Total 253.3 17.61 14.09 1.55 68.76
Landfilled 13.82 11.06 1.21 54.01
Quantities

available in EU
(MT/year)

Total 367 12.1 13.2 5.3 57
Landfilled - 0.4 0.42 21.09
Quantities

available in China
(MT/year)

Total 930.8 30.76 199.47 60.64 170
Landfilled - 12.61 81.78 24.86 96.07

Moisture (%) 6–8 3.6–10.7 56–88.14 13.8–89.04 68.1–75
VS (% TS) 77.5–89.5 68.6–97.7 54.7–96.4 71.9–96.4 86.6–94.1
Carbon (%) 40.3–44.04 37.8–56.8 42.6–52.4 53–53.6 47.2–53.02

Hydrogen (%) 5.53–6.18 4.73–7.2 2.5–6.8 5.97–8.8 6.6–7.79
Nitrogen (%) 0.88–1.15 0.35–2.8 0.5–4.7 4–17.26 2.3–4.69
Oxygen (%) 48.9–53.1 40.5–48.2 47.8 23.2–34.2 34.35–39

Ash (%) 1.9–11.6 8.5–16.32 3.6–20.7 0.3–21.1 5–5.2

Figures for moisture are shown as a percentage of total mass (on an as received basis). Figures for elemental and
ash content are all shown as a percentage of mass on a dry basis.

China has a relatively carbon intense grid energy mix and has an extremely high level
of coal consumption. China’s energy grid intensity, as shown in Table 1, is 580 g CO2
eq per kWh. This is significantly higher than the EU average, due to China relying on
carbon intense energy sources, in particular coal, but notably lower than the figure for
India, as India generates vast amounts of low carbon energy from renewable sources such
as hydropower and bioenergy [54]. China is the world’s primary consumer of coal, using
more than three times more coal than India, the second largest consumer. On the other
hand, China consumes less lignite than the EU [50]. It is clear, therefore, from Table 2,
that all of the regions could make significant improvements in decarbonisation of energy,
especially India, and coal reduction, especially China.

Table 2. Grid energy carbon intensity and coal usage in the different regions.

Country Energy Grid Carbon Intensity
(g CO2 eq/kwh) Hard Coal Use (MT) Lignite Usage (MT)

Sources: [51,55] [50,52,53] [50,52,53]

India 707.2 806 47
EU 275 144 246

China 580 3243 235
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1.5. Summary

It is clear, therefore, that vast quantities of FW are currently being generated, while
large amounts of coal are being mined and combusted to generate energy to varying
degrees in India, the EU, and China, to the detriment of the environment. HTC of currently
landfilled FW offers a clear opportunity for mitigating emissions resultant from landfilling
FW, as well as decarbonising energy generation by substituting coal with HC; however,
the extent of this opportunity and how it would differ in the different regions is yet to be
determined by the literature.

1.6. Aim and Objectives

The overall aim of the paper was to investigate the opportunities and limitations that the
adoption of FW HTC could have on GHG mitigation in India, the EU, and China. The first
objective of the paper is to assess and compare the climate mitigation potential associated with
the HTC of all currently landfilled FW in India, the EU, and China for different high-moisture
FW types, for landfill avoidance, grid energy, and lignite and hard coal substitution. The
second objective is to assess the impact that using different HTC processing conditions would
have on GHG mitigation potentials. The third objective is to assess the total and proportion of
lignite and hard coal that could be substituted in the different regions. The fourth objective is
to assess the total and proportion of methane emissions that could be avoided in the regions.
The fifth objective is to examine implications of future changes to the FW landscape in the
different regions and the practical implications associated with the utilisation of HC for coal
substitution. The sixth and final objective is to evaluate the role FW HTC may have on
overall GHG reductions in India, the EU, China, and the globe. Altogether, this is a high-level
investigation aiming to identify the approximate GHG and methane mitigation potential, as
well as coal substitution potential arising from HTC of currently landfilled, high-moisture
FW in India, the EU, and China. No paper has specifically assessed the GHG mitigation,
coal replacement, and methane avoidance potential for HTC in India, the EU, and China.
This paper, therefore, has the purpose of opening up a new topic area for further research
to conduct more in-depth studies in order to ascertain more precise quantifications of the
potential benefits from FW HTC.

1.7. Methods Used

Quantitative techniques were used to specifically determine the potential for utilising
currently landfilled pre-consumption high-moisture FW, pre-consumption animal product
FW, and post-consumption FW, with the HC produced during HTC being used to substitute
grid energy, lignite (brown coal), and hard coal in the different regions. An assessment
was made of the total mitigation potential (total MTCO2eq/year), as well as the average
mitigation potential per tonne of FW (tonne CO2 eq/tonne FW) for each FW category.
This looked at the specific impacts for landfill avoidance, grid energy substitution, lignite
substitution, and hard coal substitution, in addition to a combination of landfill and grid
energy, landfill and lignite, and landfill and hard coal substitution. A further assessment
was also made for the total quantities (MT/year) and proportion of total usage (%) of
lignite and hard coal that could be substituted, through FW HTC in the different regions.
An assessment was also made for the total quantities (MT/year) and proportion of total
emissions (%) of methane that could be avoided, through landfill avoidance with FW HTC
in the different regions.

1.8. Paper Outline

The paper addresses the methodology used for the calculations, then discusses the
climate mitigation potential by category in India, the EU, and China. A comparison
is made of the mitigation potential in the regions, and its implications towards policy
and current trends on future mitigation opportunities are discussed, providing novel
findings. The research investigates the practical implications of HC utilisation and coal
substitution, such as the impact of fuel properties and differences between coal and HC
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with potential solutions to any issues that may develop, and the general potential for FW
HTC in decarbonising regions and the globe. The information provided in this paper could
be used to gain a real appreciation of the theoretical opportunities that HTC of FW could
provide in the different regions to help policy makers understand the extent to which the
HTC of FW could aid GHG mitigation, coal substitution, and methane avoidance.

2. Materials and Methods
2.1. HTC Feedstock

For each FW type, feedstock quantities for each region were taken from figures in
the literature and is shown in Table 1, alongside the quantities of FW being landfilled by
category. Only landfilled FW was considered for HTC. FW characteristics such as carbon,
hydrogen, oxygen, nitrogen, and sulphur (CHONS) and moisture content were also taken
from the literature from a range of items associated with the type of FW. For the purpose
of calculations, the minimum and maximum values for each FW category were averaged,
with the mean value used in order to estimate the typical FW characteristics for each FW
type. For each of the FW types, higher heating value (HHV) in MJ was estimated using an
equation by Friedl [56], as shown in Equation (1), and was based on the average elemental
characteristics where C is the carbon fraction, H is the hydrogen fraction, and N is the
nitrogen fraction of the feedstock.

HHV = 3.55C2 − 232C − 2230H + 51.2C X H + 131N + 20,600 (1)

2.2. Landfill Avoidance

For wet FW (as received), GHG mitigation figures (MT CO2 eq/year) for landfill
avoidance in the different regions were calculated through using a range of assumptions.
Methane emissions were calculated for each FW type for the different regions by multiply-
ing the quantities of landfilled FW on a dry basis (MT), by the carbon fraction of the FW
(both shown in Table 1), the dissimilation factor of biogenic carbon as landfill gas (LFG),
the proportion of carbon in the FW that would be expected to turn into LFG, (0.64) and
the proportion of LFG that would be expected to be methane (0.55) [57]. The quantities of
methane were then converted into CO2 equivalent emissions by multiplying total methane
emissions (MT) by the global warming factor (GWF) of methane, which is 25 times more
potent than CO2 [5]. The method to calculate total methane emissions avoided is shown in
Equation (2), where CH4 (total) is the total methane emissions from landfilling, FWdw is
the total dry FW (excluding moisture), C is the carbon fraction of the FW, and the method
to calculate the CO2 eq from avoided methane emissions is shown in Equation (3), where
GWF (LFG) is the CO2 eq of the avoided methane emissions, and CH4 (total) is the total
methane emissions from landfilling.

CH4 (total) = FWdw × C (0.55 × 0.64) (2)

GWF (LFG) = 25 × CH4 (total) (3)

Other emissions associated with landfilling each tonne of wet waste (as received) such
as construction, excavation, and onsite diesel use were also included using the following fig-
ures: diesel fuel for excavation (1.3 kg CO2/tonne FW), synthetic liner (1.85 kg CO2/tonne
FW), and gravel (0.15 kg CO2/tonne FW), as well as onsite diesel use (5.5 kg CO2/tonne
FW), altogether totaling 8.8 kg CO2/tonne FW [56] as shown in Equation (4), where GWF
(other) is the total (non-methane) emissions from running the landfill site (associated with
the landfilled FW), and FWww is the total wet FW (as received). The overall calculation
factoring in methane emissions, as well as other landfilling emissions mitigated from the
avoidance of landfilling of FW in the different regions is shown in Equation (5), where GWF
(LF) is the overall CO2 eq mitigation from landfill avoidance, GWF (LFG) is the total CO2 eq
mitigation from methane avoidance, and GWF (other) is the total (non-methane) emissions
from running the landfill site. Construction emissions were considered for landfilling, but
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not HTC, as it was assumed that HC would be used in existing coal-fired power plants to
generate energy [58]. Onsite heat and electricity use, as well as offsite transport emissions
were excluded, however, as it was assumed that associated emissions would be similar for
both HTC and landfilling of FW [59].

GWF (other) = FWww × 0.0088 (4)

GWF (LF) = GWF (LFG) + GWF (other) (5)

2.3. HTC Energy Generation Calculations for the Different Process Conditions

HTC energy generation was calculated to assess the credentials of low-intensity,
medium-intensity, and high-intensity HTC, respectively, for the following process condi-
tions: 180 ◦C for 1 h, 220 ◦C for 3 h, and 250 ◦C for 6 h. Energy yield was calculated by
dividing the gross energy output after FW HTC (HC and PW as based on equations by
Lucian et al. [60]) by the energy input of the raw FW (HHV of FW, based on estimated
HHV multiplied by FW quantities for the regions). The net energy gains were calculated
by subtracting the energy input (during the HTC process also based on equations by Lu-
cian et al., 2020) from the gross energy output (from HC and PW as based on equations
by Lucian et al. [60]) and dividing this figure by the gross energy output. The study by
Lucian et al. [60] conducted an energy assessment for HTC of the organic fraction of MSW
(primarily FW), calculating energy inputs, as well as outputs from hydrochar and AD of
PW, using the same process conditions as used in this study. The following energy yields
and net energy gains were used, as calculated from figures by Lucian et al. [60]: FW HTC at
180 ◦C for 1 h had an energy yield of 0.87 and a net energy gain of 0.46; FW HTC at 220 ◦C
for 3 h had an energy yield of 0.95, and a net energy gain of 0.40; FW HTC at 250 ◦C for 6 h
had an energy yield of 0.68, and a net energy gain of 0.08. The equation for calculating the
energy output is shown in Equation (6), where E(PJ) is the total energy output, EFW is the
total energy content of the raw FW, EY is the energy yield, and Enet is the net energy gain.

Yields were taken from Lucian et al. [60] because the figures presented in the Lucian
et al. [60] study allowed for the energy generation calculations to be made based on
the estimated feedstock availability and HHV inputs, for low, medium, and high HTC
processing intensity scenarios in a way that other papers would not. Furthermore, the yield
values concerning net energy yield and net energy gain for both HC and PW utilisation
were calculated to be similar to comparable studies [61,62]. In addition, Lucian et al. [60]
calculated energy generation from PW, through biomethane production related to AD, the
established technology for utilising the process waters and the technology proposed for the
calculations in this paper, in contrast to similar studies [61,62].

Figures were calculated in PJ and were then converted to GWh by multiplying the
energy by 288.78, and then adjusted to factor in the efficiency of converting the raw
energy into electrical energy by multiplying the total energy generation figures by 0.33, the
efficiency fraction of a typical coal-fired power plant [63]. The equation for converting the
energy output in PJ to GWh, adjusting for efficiency losses is shown in Equation (7), where
E(total) is the energy generation in GWh after efficiency losses, and E(PJ) is the total energy
output (in PJ) before factoring in efficiency losses in power plants).

E(PJ) = EFW × EY × Enet (6)

E(total) = E(PJ) × 277.78 × 0.33 (7)

2.4. Grid Energy Substitution

GHG mitigation figures for grid energy substitution were calculated for the different
regions, where the energy generated from HTC would be used to contribute directly
towards the national grid energy supply. This was performed by multiplying the net
energy generation (GWh) figures by the grid carbon intensity figures (KT CO2 eq/GWh)
displayed in Table 2, as shown in Equation (8), where GWF (grid) is the total CO2 eq
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mitigation from grid substitution, E(total) is the total energy generated (in GWh, after
efficiency losses), and CIgrid is the carbon intensity of the grid (in g CO2 eq/kWh)

GWF (grid) = E(total) × CIgrid (8)

2.5. Coal Substitution

GHG mitigation figures for coal substitution were calculated for the different regions,
where the energy generated from HTC would be used to contribute directly towards the
substitution of hard coal or lignite. This was performed by multiplying the net energy
generation (GWh) figures by the carbon emissions associated with energy generation from
hard coal of 1.05 kg CO2-eq/kWh and lignite of around 1.30 kg CO2 eq/kWh, as taken from
a review of the CO2 emissions associated with energy generation from hard coal and lignite
by Turconi et al. [64]. Equation (9) shows GHG mitigation from hard coal, where GWF (hc)
is the total CO2 eq mitigation from hard coal substitution and E(total) is the total energy
generated (in GWh, after efficiency losses), and Equation (10) shows GHG mitigation from
lignite, where GWF (lig) is the total CO2 eq mitigation from lignite substitution, and E(total)
is the total energy generated (in GWh, after efficiency losses).

GWF (hc) = E(total) × 1.05 (9)

GWF (lig) = E(total) × 1.3 (10)

2.6. Mitigation per kg of FW

Total GHG mitigation figures (MT CO2 eq) were converted into GHG mitigation per
kg of FW (kg CO2/kg FW) by dividing the total mitigation (MT CO2 eq) by the quantities of
wet waste, as received (MT) for each country, for each FW category, with the FW quantities
shown in Table 1. The calculation is shown in Equation (11), where MpFW is the CO2 eq
mitigation per kg of FW (kg CO2 eq/kg FW), GWF (total) is the total GHG mitigation for
the different mitigation options (MT CO2 eq), and FWww is the total FW (as received) for
the different FW categories in the different regions (MT).

MpFW = GWF (total) ÷ FWww (11)

2.7. Total and Proportion of Coal Substituted in Regions

The proportion of total coal usage that could be substituted from FW HTC was
calculated by dividing the total net energy generated by the energy content of lignite
(26.7 MJ/kg) and hard coal (29.3 MJ/kg), as taken from Food and Agriculture Organiza-
tion [65], a paper on energy conversion, factoring in energy efficiency (0.33) [63], to show
the total quantity of lignite and hard coal that could be substituted (MT/year). Equation
(12) shows total substitution potential for hard coal, where hc (total) is the total quantity of
hard coal that could be substituted (MT), and E(PJ) is the total energy output (in PJ before
factoring in efficiency losses in power plants), and Equation (13) shows total substitution
potential for lignite, where Lig (total) is the total quantity of lignite that could be substituted
(MT), and E(PJ) is the total energy output (in PJ before factoring in efficiency losses in power
plants). An assumption was made that power plant efficiency losses would be the same for
hc as it would be for hard coal and lignite (67%) [58].

hc (total) = E(PJ) ÷ 29.3 (12)

Lig (total) = E(PJ) ÷ 26.7 (13)

The total quantities of hard coal and lignite (MT/year) that could be substituted using
the different conditions in the different regions were then divided by the total lignite and
hard coal usage in the regions and multiplied by 100 to find the proportion (%) of these coal
types that could be replaced by FW HTC products in the different regions. Equation (14)
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shows the proportion of total hard coal use that could be substituted in the different regions,
where hc (%) is the proportion of hard coal that could be substituted in the studied region,
hc (total) is the total quantity of hard coal that could be substituted (MT), and hcR is the
total quantity of hard coal used in the region annually, and Equation (15) shows proportion
of total lignite use that could be substituted in the different regions, where Lig (%) is the
proportion of lignite that could be substituted in the studied region, Lig (total) is the total
quantity of lignite that could be substituted (MT), and LigR is the total quantity of lignite
used in the region annually.

hc (%) = hc (total) ÷ hcR (14)

Lig (%) = Lig (total)÷ LigR (15)

2.8. Methane Avoidance

The total quantities (MT/year) and proportion of total anthropogenic methane that
could be avoided in the different regions was calculated through using the same range of
assumptions explained in Section 2.2, as shown in Equation (2). The total annual methane
emissions avoided were then divided by total anthropogenic methane emissions for the
studied regions to estimate the proportion of methane that could be avoided through the
HTC of currently landfilled FW. Equation (15) shows the proportion of methane that could
be substituted in the different regions, where CH4 (%) is the proportion of methane that
could be avoided in the studied region, CH4 (total) is the total methane emissions from
landfilling that is avoided, and CH4R is the total annual anthropogenic methane emissions
emitted in the region annually.

CH4 (%) = CH4 (total) ÷ CH4R (16)

3. Results

The results first cover key non-region specific trends such as the general impacts of
process conditions and coal substitution type (hard coal or lignite) on GHG mitigation.

After this, region specific findings for India, the EU, and then China are discussed.
These sections consider the individual contributions of the GHG mitigation components;
GHG mitigation from landfill avoidance, GHG mitigation through the energy generated
from FW HTC substituting grid energy in the region assessed (grid energy substitution),
and GHG mitigation through the energy generated from HTC substituting coal (hard
coal and lignite substitution). These sections then compare combined GHG mitigation
scenarios (landfill and grid energy substitution and landfill and coal substitution), before
considering the GHG mitigation opportunities from the different FW types (high-moisture
pre-consumer FW, animal products pre-consumer FW, and post-consumer FW).

Following this, GHG mitigation opportunities in the different regions (India, the EU,
and China) are compared. This section compares the scale of mitigation opportunities
in the different regions, before comparing GHG mitigation opportunities per kg of FW
generated in the regions.

After this, levels of potential coal substitution are discussed. This considers the non-
region specific trends such as the general impacts of HTC process conditions, as well as coal
substitution type (hard coal or lignite) on total coal substitution quantities. It then presents
the region-specific findings in India, the EU, and then China on total and proportional coal
replacement opportunities for hard coal and lignite.

Following this, levels of methane avoidance from landfill avoidance is considered. This
section looks region specific findings in India, the EU, and then China for total methane
avoidance and the proportion of anthropogenic methane that could be avoided in each region.

Finally, a framework for calculating GHG mitigation and coal substitution from FW
HTC in different regions is presented. This framework is designed for instructing policy-
makers and researchers on how to conduct similar assessments in different regions.
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3.1. Non-Region Specific Trends

The effect of HTC conditions on GHG mitigation from grid energy and coal sub-
stitution are the same for all of the studied regions. Processing the FW at 180 ◦C for
1 h has the greatest net energy gain and therefore the greatest GHG mitigation potential.
GHG mitigation levels for these conditions were 5.7% higher than processing the FW at
220 ◦C for 3 h, due to the increased net energy gain resulting from the lower HTC energy
consumption, slightly outweighing lower energy outputs. A more significant reduction
in net energy gain is observed when processing the FW at 250 ◦C for 6 h, resulting in a
net energy gain and related GHG reduction from coal and grid energy substitution, of
7.1 and 6.7 times less than that for 180 ◦C for 1 h and 220 ◦C for 3 h, respectively, due to
much higher energy inputs and lower energy outputs under these conditions.

In addition, the same proportional increase in GHG mitigation when substituting
lignite as opposed to hard coal was observed for all countries. GHG mitigation levels for
lignite were around 13.8% higher than for hard coal in all studied regions, due to the fact
that lignite (1.3 kg CO2 eq/kWh) is 13.8% more carbon intensive as a fuel than hard coal
(1.05 kg CO2 eq/kWh).

3.2. India Greenhouse Gas Mitigation Potential

Total GHG reduction levels and GHG reductions per tonne of total FW for the different
GHG mitigation components and GHG mitigation scenarios associated with FW HTC in
India are shown in Table 3 and Figure 1. Landfilling has the greatest GHG mitigation
potential of all of the GHG mitigation components, with a total mitigation of over 84 MT
of equivalent CO2, reducing the GHGs associated with Indian FW by 0.99 kg of CO2 eq
for every kg of FW generated in the country. Conversely, utilising the energy from HTC
for direct grid energy substitution in India has the lowest GHG mitigation of the GHG
mitigation components, with a maximum total GHG mitigation of almost 10.1 MT CO2 eq,
and 0.12 kg of CO2 eq per kg of FW generated in the country, more than eight times lower
than that of landfill avoidance. Utilising the energy from HTC for direct coal substitution
results in a significantly lower mitigation potential than landfill avoidance, but slightly
more mitigation than grid energy, due to the grid energy mix containing many energy
sources that are less carbon intensive than coal. Lignite substitution would mitigate around
18.5 MT of CO2 eq, and 0.22 kg CO2 per kg FW, a level of GHG mitigation around 1.9 times
greater than for grid energy substitution.

An assessment of total GHG mitigation potentials based on the different GHG miti-
gation scenarios (landfill avoidance and grid energy or landfill avoidance and coal substi-
tution) found that landfill avoidance and lignite substitution has the greatest mitigation
potential. A GHG mitigation of over 102.5 MT of CO2 eq per year could be achieved
with this scenario, reducing GHG emissions from FW by an average of 1.22 kg per kg of
FW, when processing at 180 ◦C for 1 h. Following this, landfill avoidance and hard coal
substitution has the next greatest GHG mitigation potential, with a GHG mitigation of
around 99 MT of CO2 eq per year, reducing GHG emissions from FW by an average of
1.17 kg per kg of FW, when using the same processing conditions. Landfill avoidance and
grid energy substitution has the lowest GHG mitigation potential, with a GHG mitigation
of over 94.1 MT of CO2 eq per year, reducing GHG emissions from FW by an average of
over 1.12 kg per kg of FW.



Energies 2022, 15, 1372 12 of 37

Table 3. Indian climate change mitigation figures from substituting FW landfilling with HTC.

Mitigation Type HTC Type High Moisture pre Consumer
FW

Animal Products pre Consumer
FW Post-Consumer FW Total

Unit Measurements
GHG Mitigation

Components
MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW

Landfill avoidance 13.02 0.92 2.78 1.80 68.23 0.99 84.04 1.00
Energy substitution 180 ◦C, 1 h 1.64 0.12 0.31 0.20 8.12 0.12 10.07 0.12

220 ◦C, 3 h 1.55 0.11 0.30 0.19 7.68 0.11 9.53 0.11
250 ◦C, 6 h 0.23 0.02 0.04 0.03 1.14 0.02 1.42 0.02

Hard coal substitution 180 ◦C, 1 h 2.43 0.17 0.46 0.30 12.06 0.18 14.96 0.18
220 ◦C, 3 h 2.30 0.16 0.44 0.28 11.41 0.17 14.15 0.17
250 ◦C, 6 h 0.34 0.02 0.07 0.04 1.70 0.02 2.10 0.02

Lignite substitution 180 ◦C, 1 h 3.01 0.21 0.57 0.37 14.92 0.22 18.51 0.22
220 ◦C, 3 h 2.85 0.20 0.54 0.35 14.12 0.21 17.51 0.21
250 ◦C, 6 h 0.42 0.03 0.08 0.05 2.10 0.03 2.60 0.03

GHG mitigation
scenarios

Landfill and energy
substitution

180 ◦C, 1 h 14.66 1.04 3.10 2.00 76.36 1.11 94.11 1.12

220 ◦C, 3 h 14.57 1.03 3.08 1.99 75.92 1.10 93.57 1.11
250 ◦C, 6 h 13.25 0.94 2.83 1.83 69.38 1.01 85.46 1.01

Landfill and hard coal
substitution 180 ◦C, 1 h 15.45 1.10 3.25 2.10 80.29 1.17 99.00 1.17

220 ◦C, 3 h 15.32 1.09 3.22 2.08 79.64 1.16 98.19 1.16
250 ◦C, 6 h 13.36 0.95 2.85 1.84 69.93 1.02 86.14 1.02

Landfill and lignite
substitution 180 ◦C, 1 h 16.03 1.14 3.36 2.17 83.16 1.21 102.55 1.22

220 ◦C, 3 h 15.87 1.13 3.33 2.15 82.35 1.20 101.55 1.20
250 ◦C, 6 h 13.44 0.95 2.87 1.85 70.33 1.20 98.66 1.17
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Figure 1. India GHG mitigation from GHG mitigation components, scenarios, and FW types.

Concerning GHG mitigation potentials for the different FW types, post-consumer FW
has the greatest GHG mitigation, as it makes up the majority of the total FW. The mitigation
potential for this type of FW is almost 83.2 MT of CO2 eq per year, when processing at
180 ◦C for 1 h to substitute landfilling and lignite, when compared to just over 16 MT, and
almost 3.4 MT of CO2 eq per year for high-moisture pre-consumer, and animal products
pre-consumer FW, respectively, as they represent comparatively small sources of FW in the
country. On the other hand, animal products FW has the greatest GHG mitigation potential
per kg of FW (2.2 kg CO2 eq per kg of FW, when processing at 180 ◦C for 1 h to avoid
landfilling and substitute lignite). This equates to almost double the GHG mitigation from
post-consumer FW and high-moisture pre-consumer FW (1.2 kg and 1.1 kg CO2 eq per kg
of FW, respectively). This is due to animal product FW having a higher carbon content,
lower moisture content, and higher energy density per tonne of wet waste, meaning it
would generate more energy after HTC or methane when landfilled.

3.3. EU Greenhouse Gas Mitigation Potential

Levels of GHG reduction and GHG reductions per tonne of total FW for the different
GHG mitigation components and GHG mitigation scenarios in the EU were generated
and are presented in Table 4. Landfill avoidance has the greatest GHG mitigation of the
categories, as illustrated in Figure 2, with a total mitigation potential of almost 28.1 MT
of equivalent CO2, and would reduce the GHGs associated with EU FW by 0.37 kg of
CO2 eq for every kg of FW generated in the country. Conversely, grid energy substitution
has the lowest GHG mitigation, with a maximum total GHG mitigation figure of just
over 1.3 MT CO2 eq and around 0.02 kg of CO2 eq per kg of FW. Mitigation levels from
energy substitution are particularly low, due to the EU having a low grid energy carbon
intensity, when compared to the other studied regions. Coal substitution results in a
significantly lower mitigation potential than landfill avoidance but considerably more
mitigation than grid energy, due to the EU energy mix mostly containing energy sources
that are substantially less carbon-intensive than coal. Additionally, lignite substitution
would mitigate over 6.1 MT of CO2 eq but still only 0.08 kg CO2 per kg FW.
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Table 4. EU climate change mitigation figures from substituting FW landfilling with HTC.

Mitigation Type HTC Type High Moisture Pre-Consumer
FW

Animal Products Pre-Consumer
FW Post-Consumer FW Total

Unit Measurements
GHG Mitigation

Components
MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW

Landfill avoidance 0.47 0.04 0.97 0.18 26.64 0.47 28.08 0.37
Energy substitution 180 ◦C, 1 h 0.02 0.00 0.04 0.01 1.23 0.02 1.30 0.02

220 ◦C, 3 h 0.02 0.00 0.04 0.00 1.17 0.02 1.23 0.02
250 ◦C, 6 h 0.00 0.00 0.01 0.00 0.17 0.00 0.18 0.00

Hard coal substitution 180 ◦C, 1 h 0.09 0.01 0.16 0.03 4.71 0.08 4.96 0.07
220 ◦C, 3 h 0.08 0.01 0.15 0.03 4.45 0.08 4.69 0.06
250 ◦C, 6 h 0.01 0.00 0.02 0.00 0.66 0.01 0.70 0.01

Lignite substitution 180 ◦C, 1 h 0.11 0.01 0.20 0.04 5.83 0.10 6.13 0.08
220 ◦C, 3 h 0.10 0.01 0.19 0.04 5.51 0.10 5.80 0.08
250 ◦C, 6 h 0.02 0.00 0.03 0.01 0.82 0.01 0.86 0.01

GHG mitigation
scenarios

Landfill and energy
substitution

180 ◦C, 1 h 0.49 0.04 1.01 0.19 27.88 0.49 29.38 0.39

220 ◦C, 3 h 0.49 0.04 1.01 0.19 27.81 0.49 29.31 0.39
250 ◦C, 6 h 0.47 0.04 0.98 0.18 26.82 0.47 28.26 0.37

Landfill and hard coal
substitution 180 ◦C, 1 h 0.55 0.04 1.13 0.21 31.35 0.55 33.04 0.44

220 ◦C, 3 h 0.55 0.04 1.12 0.21 31.10 0.55 32.77 0.43
250 ◦C, 6 h 0.48 0.04 0.99 0.19 27.31 0.48 28.78 0.38

Landfill and lignite
substitution 180 ◦C, 1 h 0.57 0.04 1.17 0.22 32.47 0.57 34.21 0.45

220 ◦C, 3 h 0.57 0.04 1.16 0.22 32.16 0.56 33.88 0.45
250 ◦C, 6 h 0.48 0.04 1.00 0.19 27.46 0.48 28.94 0.38
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Figure 2. EU GHG mitigation from mitigation components, scenarios, and FW types.

Total mitigation potentials based on the different GHG mitigation scenarios show
landfill and lignite substitution has the biggest mitigation potential, with a potential GHG
mitigation of over 34.2 MT of CO2 eq per year, reducing GHG emissions from FW by an
average of 0.45 kg per kg of FW, when processing at 180 ◦C for 1 h. Landfill and grid energy
substitution has the lowest GHG mitigation potential, with a GHG mitigation of almost
29.4 MT of CO2 eq per year, reducing GHG emissions from FW by an average of 0.39 kg per
kg of FW. These results highlight the fact that, while landfill mitigation is the main GHG
mitigation component, there is a significant increase in mitigation if HC substitutes coal
and not grid energy, with the mitigation potential of landfill and lignite substitution being
16.3% higher than landfill and grid energy substitution.

Post-consumer FW has the greatest GHG mitigation potential of the different FW
types. This is because the majority of the landfilled FW is generated after consumption,
due to there being significantly higher landfilling rates than for pre-consumer FW (37%,
compared to 8% for pre consumer animal waste and 3% for pre consumer high-moisture
FW), and post-consumer FW makes up the majority of total EU FW (around 62.5% of the
total high-moisture FW). The mitigation potential for this type of FW is almost 32.5 MT of
CO2 eq per year, when processing at 180 ◦C for 1 h to substitute landfilling and lignite, when
compared to just under 0.6 and 1.2 MT of CO2 eq per year for high-moisture pre-consumer
FW, and animal products pre-consumer FW, respectively, as they represent comparatively
smaller sources of FW and have considerably lower landfilling rates associated with them
in the region. In addition, per tonne of FW, post-consumer FW has the greatest mitigation
potential of almost 0.57 kg CO2 eq per kg of FW when processing at 180 ◦C for 1 h to
substitute landfilling and lignite, when compared to just over 0.04 and 0.22 kg CO2 eq per
kg of FW for high-moisture FW and animal products pre-consumer FW, respectively.

3.4. China Greenhouse Gas Mitigation Potential

Figures were generated on the total GHG reduction and GHG reductions per tonne of
total FW for the different GHG mitigation components and scenarios associated with FW
HTC in China and are displayed in Table 5. As with the other regions, landfill avoidance
has the greatest GHG mitigation of all of the specific components, as shown in Figure 3,
with a total mitigation potential of over 241 MT of equivalent CO2. In addition, the GHG
mitigation per kg of FW associated with the landfill avoidance in China is just over 0.56 kg
of CO2 eq for every kg of FW generated in the country. Grid energy substitution has the
lowest GHG mitigation of the categories, with a maximum total GHG mitigation figure of
under 23.8 MT CO2 eq, and just under 0.06 kg of CO2 eq per kg of FW, around 9.3 times
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lower than that of landfill avoidance. Coal substitution results in a significantly lower
mitigation potential than landfill avoidance but greater mitigation than grid energy, due to
the Chinese energy mix containing many energy sources that are substantially less carbon
intensive than coal. Lignite substitution would mitigate almost 53.3 MT of CO2 eq and just
over 0.12 kg CO2 per kg FW, a level of GHG mitigation more than 2.2 times greater than for
grid energy substitution.
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Figure 3. China GHG mitigation from mitigation components, scenarios, and FW types.

When considering total mitigation potentials from the different GHG mitigation
scenarios, landfill and lignite substitution has the greatest mitigation potential, with a GHG
mitigation of over 294 MT of CO2 eq per year, reducing GHG emissions from FW by an
average of 0.68 kg per kg of FW when processing at 180 ◦C for 1 h. Landfill and grid energy
substitution has the lowest GHG mitigation potential, with a GHG mitigation of almost
265 MT of CO2 eq per year, reducing GHG emissions from FW by an average of 0.62 kg per
kg of FW. These results show that there is a slight increase in mitigation if HC substitutes
coal and not grid energy. The mitigation potential of landfill and lignite, substitution is 16%
higher than for landfill and grid energy substitution.

With regard to GHG mitigation potentials for the different FW types, high-moisture
pre-consumer FW has the greatest GHG mitigation potential, as it makes up the largest
proportion of the total FW generated in China (over 46% of total high-moisture FW and
landfilled FW), while post-consumer FW makes up 39.5% of the landfilled FW, and animal
products pre-consumer FW makes up around 14.5% of landfilled FW and related emissions.
The mitigation potential for high-moisture pre-consumer FW is almost 118.5 MT of CO2
eq per year, when processing at 180 ◦C for 1 h to substitute landfilling and lignite, when
compared to 107.3 and 68.6 MT of CO2 eq per year for post-consumer and animal products
pre-consumer FW, respectively, as they represent comparatively smaller sources of FW.
Conversely, per tonne of FW, animal products FW has the greatest mitigation potential
of almost 1.13 kg CO2 eq per kg of FW, when processing at 180 ◦C for 1 h to substitute
landfilling and lignite, when compared to 0.59 and 0.63 kg CO2 eq per kg of FW for
high-moisture pre-consumer FW and post-consumer FW, respectively.
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Table 5. Chinese climate change mitigation figures from substituting FW landfilling with HTC.

Mitigation Type HTC Type High Moisture pre Consumer
FW

Animal Products pre Consumer
FW Post-Consumer FW Total

Unit Measurements
GHG Mitigation

Components
MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW MT CO2 eq kg CO2 eq/kg FW

Landfill avoidance 96.20 0.48 56.87 0.94 88.06 0.52 241.12 0.56
Energy substitution 180 ◦C, 1 h 9.94 0.05 5.24 0.09 8.60 0.05 23.77 0.06

220 ◦C, 3 h 9.40 0.05 4.95 0.08 8.13 0.05 22.48 0.05
250 ◦C, 6 h 1.40 0.01 0.74 0.02 0.94 0.09 3.07 0.04

Hard coal substitution 180 ◦C, 1 h 17.99 0.09 9.48 0.16 15.56 0.09 43.03 0.10
220 ◦C, 3 h 17.02 0.09 8.97 0.15 14.72 0.09 40.70 0.09
250 ◦C, 6 h 2.53 0.01 1.33 0.04 1.70 0.17 5.56 0.08

Lignite substitution 180 ◦C, 1 h 22.26 0.11 11.73 0.19 19.26 0.11 53.25 0.12
220 ◦C, 3 h 21.06 0.11 11.10 0.18 18.22 0.11 50.37 0.12
250 ◦C, 6 h 3.13 0.01 1.65 0.05 2.10 0.21 6.88 0.10

GHG mitigation
scenarios

Landfill and energy
substitution

180 ◦C, 1 h 106.14 0.53 62.11 1.02 96.65 0.57 264.89 0.62

220 ◦C, 3 h 105.60 0.53 61.82 1.02 96.19 0.57 263.61 0.61
250 ◦C, 6 h 97.60 0.49 57.61 0.95 88.99 0.52 244.20 0.57

Landfill and hard coal
substitution 180 ◦C, 1 h 114.19 0.57 66.35 1.09 103.62 0.61 284.16 0.66

220 ◦C, 3 h 113.22 0.57 65.84 1.09 102.78 0.60 281.83 0.66
250 ◦C, 6 h 98.73 0.49 58.20 0.96 89.75 0.53 246.68 0.57

Landfill and lignite
substitution 180 ◦C, 1 h 118.46 0.59 68.60 1.13 107.31 0.63 294.38 0.68

220 ◦C, 3 h 117.26 0.59 67.97 1.12 106.27 0.63 291.50 0.68
250 ◦C, 6 h 99.33 0.50 58.52 0.97 90.15 0.53 248.01 0.58
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3.5. Comparison of Greenhouse Gas Mitigation Potential in India, the EU, and China

When comparing the GHG mitigation opportunities related to FW HTC in the different
regions, there are considerable differences. Generally speaking, it is clear that China has
considerably greater GHG mitigation opportunities concerning the scale of mitigation
possible, as illustrated in Figure 4. FW HTC could mitigate almost three times more CO2
eq than India, and almost nine times more CO2 eq than the EU. In particular, China has
considerably greater opportunities for GHG mitigation with HTC of currently landfilled
pre-consumer FW than the other regions. This FW type makes up considerably more than
half of the GHG mitigation opportunities in China but less than a fifth of Indian GHG
mitigation opportunities and around a twentieth of EU GHG mitigation. Post-consumer
FW makes up the vast majority of GHG mitigation opportunities in India, because it is the
greatest source of FW in the country, and in the EU, because it has considerably higher
landfilling rates than for pre-consumer FW. In addition, it is clear that landfill avoidance
makes up the vast majority of GHG mitigation for all regions (around 82%).

Energies 2022, 15, x FOR PEER REVIEW 20 of 40 
 

 

 
Figure 4. Comparing total GHG mitigation in India, the EU, and China. 

Figure 5 compares the levels of GHG mitigation per quantity of FW in each region 
for the different FW types and indicates significant differences. Overall, India has the 
greatest average GHG mitigation opportunities of 1.22 kg CO2 eq per kg of FW, when 
compared to 0.68 kg CO2 kg eq per kg of FW for China, and only 0.45 kg eq per kg of FW 
for the EU (when considering landfill and lignite substitution with HTC at 180 °C for 1 h). 
Moreover, waste from animal products has a considerably greater GHG mitigation op-
portunity than the other FW types per kg of FW. This is because its lower moisture content 
would relate to higher methane generation if landfilled and thus greater GHG mitigation 
from landfill avoidance, as well as a higher energy input (HHV) and energy output after 
HTC, relating to a greater GHG mitigation from both grid energy and coal substitution. 
Levels of GHG mitigation per kg of FW are higher from post-consumer FW in the EU, 
however, due to higher landfilling rates. Conversely, high-moisture pre-consumer FW has 
the lowest GHG mitigation potential, as it has the highest moisture content of the FW 
types. 

0

20

40

60

80

100

120

140

India EU China India EU China

To
ta

l G
HG

 m
iti

ga
tio

n 
(H

TC
 1

80
°C

, 1
h)

M
T 

CO
2 

eq

Country

Pre-consumer
high moisture
FW

Waste from
Animal
products

Post-consumer
FW

Landfill avoidance Landfill avoidance and 
lignite substitution

Figure 4. Comparing total GHG mitigation in India, the EU, and China.

Figure 5 compares the levels of GHG mitigation per quantity of FW in each region for
the different FW types and indicates significant differences. Overall, India has the greatest
average GHG mitigation opportunities of 1.22 kg CO2 eq per kg of FW, when compared to
0.68 kg CO2 kg eq per kg of FW for China, and only 0.45 kg eq per kg of FW for the EU
(when considering landfill and lignite substitution with HTC at 180 ◦C for 1 h). Moreover,
waste from animal products has a considerably greater GHG mitigation opportunity than
the other FW types per kg of FW. This is because its lower moisture content would relate
to higher methane generation if landfilled and thus greater GHG mitigation from landfill
avoidance, as well as a higher energy input (HHV) and energy output after HTC, relating
to a greater GHG mitigation from both grid energy and coal substitution. Levels of GHG
mitigation per kg of FW are higher from post-consumer FW in the EU, however, due to
higher landfilling rates. Conversely, high-moisture pre-consumer FW has the lowest GHG
mitigation potential, as it has the highest moisture content of the FW types.
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Figure 5. Comparing GHG mitigation per kg of FW in India, the EU, and China.

3.6. Levels of Potential Coal Substitution

Concerning coal substitution, quantities of hard coal and lignite, as well as the pro-
portion of these types of coal that could be substituted in India, the EU, and China, were
generated and are displayed in Table 6. When comparing hard coal and lignite substitu-
tion, generally speaking, it is clear that, in all regions, a greater quantity of lignite could
be replaced. This is due to the fact that lignite has a lower calorific value of roughly
26.7 MJ/kg when compared to 29.3 MJ/kg for hard coal. This means that HC produced
during FW HTC can replace around 9.7% more lignite than hard coal. In addition, as
mentioned earlier, net energy gain is greatest using the process conditions of 180 ◦C for
1 h, with a slight drop off in net energy of 5.7% using 220 ◦C for 3 h. In addition, there is a
significant drop off when using 250 ◦C for 6 h, with the net energy gain for these conditions
being around 7.1 and 6.7 times lower than when processing at 180 ◦C for 1 h and 220 ◦C for
3 h, respectively, as reflected in the coal substitution results.

HTC of currently landfilled FW in India could generate enough HC to replace 5.3 MT
of hard coal and 5.8 MT of lignite. This would equate to around 0.66%, and 12.38% of
the hard coal and lignite use in the country, respectively, with the proportion being much
higher for lignite, due to India using considerably less lignite than hard coal. As with the
GHG mitigation scenarios, coal substitution figures are much higher for post-consumer
FW, when compared to the other types of FW, due to the majority of suitable FW for HTC
coming from post-consumer FW in the country.

In the EU, FW HTC could generate enough HC to replace almost 1.8 MT of hard coal
and over 1.9 MT of lignite, around three times less than for India. This would equate to
around 1.2% and 0.8% of the hard coal and lignite use among EU27 member nations, re-
spectively, with the proportion being higher for hard coal, due to the EU using considerably
more lignite than hard coal, as opposed to India. Due to the majority of suitable FW for
HTC coming from post-consumer FW in the region, coal substitution figures are vastly
higher for post-consumer FW, when compared to the other types of FW, because this FW
type has a much higher landfilling rate than the other FW types.
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Table 6. Total and percentage coal substitution by type in India, the EU and China.

Category HTC Type High Moisture Pre-Consumer FW Waste from Animal Products Post-Consumer FW Total

Unit Measurements
Total

Substitution
(MT)

Proportion of
Coal (%)

Total
Substitution

(MT)

Proportion of
Coal (%)

Total
Substitution

(MT)

Proportion of
Coal (%)

Total
Substitution

(MT)

Proportion of
Coal (%)

India

Hard coal
180 ◦C, 1 h 0.86 0.11 0.16 0.02 0.60 0.53 5.30 0.66
220 ◦C, 3 h 0.82 0.10 0.16 0.02 0.60 0.50 5.02 0.62
250 ◦C, 6 h 0.12 0.02 0.02 0.00 0.60 0.07 0.75 0.09

Lignite
180 ◦C, 1 h 0.95 2.02 0.18 0.38 4.69 9.98 5.82 12.38
220 ◦C, 3 h 0.90 1.91 0.17 0.36 4.44 9.44 5.51 11.71
250 ◦C, 6 h 0.13 0.28 0.03 0.05 0.66 1.40 0.82 1.74

EU

Hard coal
180 ◦C, 1 h 0.03 0.02 0.06 0.04 1.67 1.16 1.76 1.22
220 ◦C, 3 h 0.03 0.02 0.05 0.04 1.58 1.10 1.66 1.15
250 ◦C, 6 h 0.00 0.00 0.01 0.01 0.23 0.16 0.25 0.17

Lignite
180 ◦C, 1 h 0.03 0.01 0.06 0.03 1.83 0.74 1.93 0.78
220 ◦C, 3 h 0.03 0.01 0.06 0.02 1.73 0.70 1.82 0.74
250 ◦C, 6 h 0.00 0.00 0.01 0.00 0.26 0.10 0.27 0.11

China

Hard coal
180 ◦C, 1 h 6.38 0.21 3.36 0.11 5.52 0.18 15.26 0.51
220 ◦C, 3 h 6.03 0.20 3.18 0.11 5.22 0.17 14.43 0.48
250 ◦C, 6 h 0.90 0.03 0.47 0.02 0.60 0.02 1.97 0.07

Lignite
180 ◦C, 1 h 7.00 2.97 3.69 1.56 6.06 2.57 16.74 7.10
220 ◦C, 3 h 6.62 2.81 3.49 1.48 5.73 2.43 15.84 6.71
250 ◦C, 6 h 0.98 0.42 0.52 0.22 0.66 0.28 2.16 0.92
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In China, there could be sufficient HC generated to replace around 15.3 MT of hard
coal and 16.6 MT of lignite. This would equate to around 0.5% and 7.1% of the hard coal
and lignite use in the country, respectively, with the proportion being significantly higher
for lignite, due to China using considerably less lignite than hard coal, as with India, but
unlike the EU. As with the GHG mitigation scenarios, coal substitution figures are slightly
higher for pre-consumer high-moisture FW, followed shortly by post-consumer FW and
animal product pre-consumer FW, due to there being slightly more suitable FW for HTC
coming from pre-consumer high-moisture FW in the country than other types. This is in
contrast to both India and the EU, where the majority of landfilled FW and greatest coal
substitution opportunities were from post-consumer FW.

3.7. Levels of Methane Avoidance

Concerning methane avoidance, figures on the total methane reductions and the
proportion of the total anthropogenic methane that could be substituted in India, the EU,
and China were generated and are displayed in Table 7.

Table 7. Total and percentage methane mitigation in India, the EU, and China.

Category High Moisture
Pre-Consumer FW Waste from Animal Products Post-Consumer FW Total

Unit Mea-
surements

Total
Substitution

(MT)

Proportion
of Methane

(%)

Total
Substitution

(MT)

Proportion
of Methane

(%)

Total
Substitution

(MT)

Proportion
of Methane

(%)

Total
Substitution

(MT)

Proportion
of Methane

(%)

India 0.52 1.94 0.11 0.42 2.71 10.17 3.34 12.52
EU 0.02 0.12 0.04 0.25 1.06 6.87 1.12 7.24

China 3.82 7.70 2.27 4.57 3.50 7.05 9.58 19.32

Landfill avoidance associated with the HTC of currently landfilled FW in India could
lead to the avoidance of around 3.34 MT of methane per year. This would equate to
the avoidance of around 12.5% of anthropogenic methane in the country. As with the
GHG mitigation and coal substitution scenarios, the methane avoidance potential for post-
consumer FW is much greater than for the other FW types, contributing to around 81%
of the total methane avoidance due to the majority of suitable FW for HTC coming from
post-consumer FW in the country.

In the EU, HTC of landfilled FW could lead to the avoidance of around 1.12 MT of
methane per year, three times lower than for India. This would equate to the avoidance of
around 7.2% of anthropogenic methane emissions in the EU27 member nations, a proportion
around 1.7 times less than for India. As with the GHG mitigation and coal substitution
scenarios, the methane avoidance potential for post-consumer FW is vastly greater than for
the other FW types, contributing to almost 95% of the total methane avoidance because the
majority of suitable FW for HTC comes from post-consumer FW in the region, due to this FW
type having a much higher landfilling rate than the other FW types.

In China, around 9.6 MT of methane could be avoided annually, almost 8.6 and
2.9 times higher than for the EU and India, respectively. This would equate to around 19.3%
of anthropogenic methane emissions in China, a proportion around 2.7 and 1.5 times greater
than for the EU and India, respectively. As with the GHG mitigation and coal substitution
scenarios, the methane avoidance potential for pre-consumer high-moisture FW is the
greatest, followed shortly by post-consumer FW and animal product pre-consumer FW,
contributing to around 39.9%, 36.5%, and 23.6% of methane avoidance, respectively. This
was due to their being slightly more suitable FW for HTC coming from pre-consumer high-
moisture FW in the county than other types. This is in contrast to both India and the EU,
where the majority of landfilled FW, and thus greatest methane avoidance opportunities
were from post-consumer FW.
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3.8. Framework for Calculating GHG Mitigation and Coal Substitution from FW HTC

A framework for using the methodology of this study to calculate the GHG mitigation
and coal substitution potential from FW HTC (Figure 6) was created to illustrate how
policymakers and fellow researchers could use the outcome of this study to make necessary
assessments to identify opportunities for FW HTC in different regions. It details how
landfill mitigation, energy and coal mitigation, as well as coal substitution assessments
could be performed in different settings to assess the environmental credentials of FW HTC.
The steps are shown in descending order detailing the actions that should be carried out,
with another arrow showing how the energy and coal mitigation assessment feeds into to
the coal substitution assessment.

Energies 2022, 15, x FOR PEER REVIEW 25 of 40 
 

 

 
Figure 6. Framework for calculating GHG mitigation and coal substitution from FW HTC. 

4. Impact on Future Policy Implications 
4.1. India 
4.1.1. Current Trends in Food Waste Generation and Treatment in India 

FW is believed to be increasing rapidly in India. While it is difficult to calculate the 
rate of increase for FW specifically, due to lack of monitoring, MSW is increasing at a 
current rate of 5% per annum [66], and it is believed that FW may be increasing also [67]. 
This is coinciding with an increase in the country’s population, alongside rapid urbanisa-

Figure 6. Framework for calculating GHG mitigation and coal substitution from FW HTC.



Energies 2022, 15, 1372 23 of 37

4. Impact on Future Policy Implications
4.1. India
4.1.1. Current Trends in Food Waste Generation and Treatment in India

FW is believed to be increasing rapidly in India. While it is difficult to calculate the rate
of increase for FW specifically, due to lack of monitoring, MSW is increasing at a current
rate of 5% per annum [66], and it is believed that FW may be increasing also [67]. This is
coinciding with an increase in the country’s population, alongside rapid urbanisation [68].
Increasing levels of MSW and related FW is resulting in increased GHG emissions, with
methane emissions from landfills more than doubling from 404 Gg in 1999–2000 to 1084 Gg
in 2015 [47].

Improvements in FW treatment are being witnessed in India, with regards to the
amount of organic waste that is collected, processed, and treated. When MSW is sorted
and the organic fraction (containing FW) is separated, this waste is typically composted,
anaerobically digested, made into refuse derived fuel, or incinerated; however, vermi-
composting is also established in India [67,69].

4.1.2. Food Waste Policy in India

Policy drivers in India are resulting in improvements in FW collection and treatment.
Concerning general countrywide policy, India’s MSW Rules (MSWR) (Management & Han-
dling (M&H), 2000) were last updated in 2016 [69]. The National Government has set goals
for India to have 100% door-to-door collection of MSW, with source segregation of waste
(including organics). They have also targeted the treatment and scientific disposal of all
MSW, with a drive to reduce the proportion of organic waste that is landfilled, and increase
the use of more sustainable treatments such as clean renewable energy generation through
technologies such as HTC. India is looking to encourage public private partnerships (PPP)
in developing integrated waste treatments, with a regional approach to waste management.
The National Government plan is to promote public awareness campaigns and encourage
community composting schemes [70].

On a state-based level, the government is looking to draft bylaws and legislation such
as a landfill tax to discourage landfilling, in a similar way to that of the EU Landfill tax (a
tax to reduce landfilling of waste that will be discussed in the next section). Meanwhile,
the national government has asked states to come up with incentives for by-products of
sustainable organic waste technologies and has outlined that municipalities should quantify
the levels of daily waste generated. Furthermore, they require States to develop effective
sanitation policies and laws concerning waste production and management [70].

It seems inevitable, therefore, that FW generation, segregation, and collection is in-
creasing in India and likely to continue in the future [71]. As a consequence, the availability
of FW that requires treatment is likely to increase, and HTC could play a major role in
improving FW management in India in the future [72].

4.1.3. Current Trends in Energy Intensity and Coal Use

In India, grid intensity has reduced slightly over the last 20 years, while coal con-
sumption has risen significantly over the same period, as illustrated in Figure 7. The grid
energy intensity in India has reduced from 816.1 g CO2 eq/kWh in 2000 to 707.2 g CO2
eq/kWh in 2020, peaking in 2012. This equates to 5.445 g CO2 eq/kWh annual reduction
over the period, and a 15.4% total reduction [56]. Coal consumption and annual coal use
has increased in India from 6041 TJ in 2000 to 16,531 TJ in 2020, with an annual increase of
524.5 TJ and a 2.7-fold total increase [73].
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Figure 7. Energy intensity and coal use 2000–2020 in India, the EU, and China.

India has set a target to reach net zero CO2 eq emissions by 2070, with the decarbon-
isation of its energy sector being a key part of this [74]. India has set out to decrease the
carbon intensity of energy by 33% by 2030, compared to 2005 levels. Additionally, India
has committed to generate 40% of its power from non-fossil technologies by 2030. The
country is targeting increase in energy efficiency, use of clean fuel and support for the
adoption of renewable energy as part of its strategy to meet these targets [75]; thus, the
adoption of HTC of currently landfilled FW would very much be aligned to these policies.
It is also clear that there will be vast quantities of coal, and highly carbon intensive energy
to substitute into the future, based on current trends; thus, the adoption of FW HTC could
bring about clear and prolonged benefits.

4.2. EU
4.2.1. Current Trends in Food Waste Generation and Treatment in the EU

FW levels in the EU have remained relatively steady [24]. FW in the EU alone is
calculated to contribute to the equivalent of 170 million tonnes of CO2 being released into
the atmosphere, almost 2 tonnes of CO2 equivalent per tonne of FW [76].

In the EU, there have been significant improvements recently in how it manages the
FW it generates. Landfilling and other unsustainable disposal processes for MSW have
reduced from 40% in 2008 to 24% in 2017. This has coincided with significant increases
in energy recovery of organic waste, while composting and AD is becoming increasingly
common in the EU [52]. The amount of organic waste (primarily FW) that is recycled
through composting and AD in the EU (EU-27 and UK) has increased from 48 kg per
person annually in 2000 to 83 kg in 2018 [77]. Additionally, the majority of segregated FW
is treated using sustainable technologies, with most of the total FW generated avoiding
landfilling. It shows that over 90% of pre-consumer FW is treated sustainably through
recycling or energy recovery. This figure drops to around 64% for post-consumer FW but
still remains significantly higher when compared to India.

FW segregation and collection is increasing in the EU as a whole; however, there is a
large variation in the segregation levels and treatment methods of the different member
states. There is a growing availability of feedstock in the EU, and HTC could play a
significant role in FW management in the future. It seems clear that the majority of the pre-
consumption FW in the EU is already being treated in a sustainable manner; nonetheless,
there are opportunities for improvements regarding the treatment of post-consumption
FW [78].
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4.2.2. Food Waste Policy in the EU

Policy drivers in the EU are resulting in improvements in FW management in the
EU. Perhaps the most significant development regarding FW management policy in the
EU was the Landfill Directive, introduced in 1999, which aimed to divert organic waste
from landfills, vastly reducing the amount of fugitive methane generated from landfilled
waste. The directive did not specify what treatment technology should replace landfilling,
however, meaning many countries switched primarily to incineration for unsegregated
MSW. Nonetheless, AD and composting have become prominent for segregated FW. In
addition, waste management was considered as a top priority in the EU’s Sixth Environment
Action Programme (2002–2013), leading to the revision of the EU waste framework directive.
The EU Waste Framework Directive was subsequently revised in 2008. It set out a strategy
for the separation, collection, and treatment of waste for all member states. EU countries
were encouraged to conduct separate collection of organic waste, treat organic waste in an
environmentally sustainable manner, and use environmentally safe materials produced
from organic waste. The Directive requires the participating countries to recycle 50% of
their MSW by 2020, with the level increasing to 70% by 2030. Increased separation of
organic wastes from MSW provides an additional opportunity for HTC [78].

FW reduction is another key strategy that EU policy is targeting. There have been a
number of EU policies aimed at reducing the levels of FW, through prevention and redistri-
bution, as instigated as part of the “Thematic Strategy on Waste Prevention and Recycling”
within the revised EU Waste Framework Directive. More than a hundred national projects
have been set up to increase FW awareness and offer education and technology to reduce
FW [78]. Furthermore, in alignment with the Sustainable Development Goal 12.3, the EU is
committed to halve per capita post-consumer FW, in addition to reducing pre-consumer
FW [79]. Efforts to minimise FW generation in the region may, therefore, also threaten the
availability of feedstock for HTC over time [78].

It seems clear, therefore, that, unlike with India, a large proportion of FW is already
being treated in a sustainable manner in the EU, with comparatively very low proportions
of FW being landfilled. In addition, FW generation may well decrease in the future, due to
numerous policies tackling FW reduction, as opposed to India [71]. This means that, when
considering FW availability as a feedstock, opportunities to reduce GHG emissions are
already much more limited than with India, as the greatest mitigation proportion is with
landfill avoidance and will likely become even more limited in the future with yet more
improvements in FW treatment and potential reductions in FW levels [8].

4.2.3. Current Trends in Energy Intensity and Coal Use

In the EU, grid intensity and coal use has reduced significantly over the last 20 years,
as shown in Figure 7. EU grid energy intensity has reduced from 400.2 g CO2 eq/kWh in
2000 to 215.7 g CO2 eq/kWh in 2020. This equates to 9.225 g CO2 eq/kWh annual reduction
over the period, and an 85.6% total reduction, a total reduction 5.6 times greater than for
India [55]. Annual coal consumption has decreased in the EU from 11,502 TJ in 2000 to
5841 TJ in 2020, with an annual decrease of 283.1 TJ, and a total reduction of around 51%,
in contrast to rapidly increasing coal use in India [73]. In addition, the EU has targeted a
70% reduction in coal usage, including a near-total phase out of coal in energy generation
by 2030, when compared to 2015 levels [80].

The EU has set a target to reach net zero CO2 eq emissions by 2050, with energy
decarbonisation being a key part of this [81]. India has set out to decrease the carbon
intensity of its energy by 40% by 2030, when compared to 1990 levels. As with India, the
EU is targeting increases in energy efficiency, use of clean fuel and providing support for
the adoption of renewable energy as part of its strategy to meet these targets [75]; thus, as
with India, the adoption of HTC of currently landfilled FW would very much be aligned
to these policies. That said, due to the rapid reductions in coal consumption and a rapid
decarbonisation of an already relatively low-carbon energy mix, the benefits related to FW
HTC in the EU will likely decrease in the future, based on current trends. Consequently, the
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adoption of FW HTC could bring about considerably more limited and short-lived benefits
in the EU than India.

4.2.4. Contrast among EU Countries

Although the EU altogether tends to have better FW management approaches, lower
coal usages, and lower carbon energy sources than India and China, the different countries
have considerable variation concerning their FW and energy landscapes. Table 8 shows
how there are a number of countries in particular that have notably higher consumption of
hard coal and brown coal, higher carbon grid energy, higher FW generation rates, lower
FW collection rates, and higher landfilling rates, meaning that, in these regards, they are
more similar to India and China than the EU.

Poland and Germany are the main coal-consuming countries. Poland consumes the
largest proportion of hard coal in the EU (43%) followed by Germany (22%), while for
lignite use, Germany consumes the largest proportion (44%), followed by Poland (19%).
Altogether, the two countries consume over 60% of both hard coal (65%) and lignite (63%),
despite there being 27 countries in the EU, as many member nations have mostly, or fully,
phased out coal [82]. In recent years, policies in Germany have shifted towards phasing out
coal [83], leading to decreasing coal usage [52], while Poland has to some extent retained
policy support for its coal industry [83], meaning that the country has not shown the same
reduction in coal consumption as Germany has [52].

Table 8. FW HTC opportunities in different EU countries.

Country EU Average Poland Germany Czechia Romania Estonia Source Year
Hard coal use (% of

EU total) 3.7 43 22 3 minimal minimal [77] 2019

Brown coal use (%
of EU total) 3.7 19 44 12 6 minimal [77] 2019

Grid intensity (g
CO2/kWh) 287 789 406 445 291 900 [84] 2018

FW generation
(kg/capita) 116.7 112 94.4 93.7 127.7 111.8 [85] 2017

FW collection (%) 16 5 27 10 3 3 [85] 2017
Landfilling (%) 23.5 41.77 0.88 76.83 71.05 19.92 [86] 2017

Green implies better than EU average, light red implies worse than EU average, dark red implies worst country
for the specific category.

Estonia has the highest carbon intensity associated with its energy generation of
900 g CO2 eq/kWh, more than three times the EU average, and 111 g CO2 eq/kWh higher
than Poland (789 g CO2 eq/kWh), the country with the next highest carbon intensity.
Czechia (445 g CO2 eq/kWh) and Germany (406 g CO2 eq/kWh) have considerably lower
carbon-intensive grid energy than Poland (344 and 383 g CO2 eq/kWh, respectively), but
still over the EU average (158 and 119 g CO2 eq/kWh higher, respectively). Conversely,
Romania (291 g CO2 eq/kWh) has roughly the same grid intensity as the EU average.

Concerning FW generation, Romania generates the greatest amount of FW per capita
(127.7 kg/capita) and is the only listed country to generate per capita FW levels that are
higher than the EU average (11 kg/capita higher than 116 kg/capita). Poland
(112 kg/capita) and Estonia (111.8 kg/capita) generate similar per capita FW levels to
the EU average (4.7 and 4.9 kg/capita, respectively), while Czechia (93.7 kg/capita) and
Germany (94.4 kg/capita) generate notably lower levels of per capita FW than the EU
average (23 and 22.3 kg/capita, respectively).

With regard to FW treatment, Romania and Estonia have the joint lowest FW collection
rates (both 3% of total FW collected), notably lower than the EU average (13% lower than
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the EU average of 16%). Poland has the next lowest FW collection rates (5%), which is
still considerably lower than the EU average (11% lower). Czechia has a slightly lower
collection rate (10%) than the EU average, while Germany has significantly higher FW
collection rates (27%) than the EU. FW collection rates are important indicators of how
sustainable the countries’ FW treatment is, as specifically collected FW typically becomes
composted, or anaerobically digested (low carbon treatment technologies), as opposed to
FW that is not specifically collected which is mixed with MSW and is typically incinerated
or landfilled [86]. MSW landfilling rates are also shown in Table 8, giving a rough indication
of FW landfilling rates (as much of the FW not segregated in households ends up being
mixed into MSW and treated together with this waste). It can be seen that Czechia and
Romania have the highest landfilling rates (76.83% and 71.05%, respectively), notably
higher than the EU average (23.5%), with both countries landfilling a proportion greater
than three times that of the EU average. Poland also has above average landfilling rates
(41.77%), while Estonia landfills a slightly lower proportion than the EU average (19.92%),
and Germany landfills considerably less (0.88%), with a landfilling rate of almost 27 times
lower than the EU average.

EU countries clearly have different FW and energy landscapes, meaning that they
have differing levels of opportunities regarding the adoption of HTC of FW. Germany
consumes large quantities of coal but generates less FW per capita and has considerably
higher FW collection rates and lower landfilling rates than the EU average. Therefore,
Germany does not present a particularly great opportunity for FW HTC, as most of its
FW will already be treated sustainably, and there would be little GHG reduction from the
adoption of HTC of FW. Estonia has the highest grid energy carbon intensity of all of the
countries; however, it has relatively low total coal usage (in part due to it having a low
population) and a relatively low landfilling rate, meaning it also does not have particularly
large opportunities for GHG reduction from FW HTC. Romania and Czechia both have
relatively low coal usage and grid intensities, but low FW collection and high landfilling
rates, meaning that there would be a significant opportunity for GHG mitigation from HTC
of FW, in particular through landfill avoidance. When assessing all criterion, it seems like
Poland may have the greatest opportunity for GHG reduction through FW HTC, due to its
high coal usage, high grid carbon intensity, low FW collection rates, and relatively high
landfilling rates.

Although it is clear that currently there are numerous EU countries that have multiple
aspects associated with the energy and FW landscapes that would make them more suitable
for the adoption of FW HTC than the EU on average, this may not be the case in the future.
The abovementioned EU policies on tackling FW reduction, decarbonising energy sources,
and decreasing the landfilling of FW means that opportunities in each of these countries
are likely to reduce in the future, as less FW is generated and landfilled [78], coal usage is
phased out, and grid energy is decarbonised [80].

4.3. China
4.3.1. Current Trends in Food Waste Generation and Treatment in China

While there is some debate as to the quantities of FW generated in China, FW is
believed to be increasing rapidly and is set to rise steadily into the future [31]. It is
estimated that post-consumer FW will increase from 170 ± 30 MT in 2018 to 220 ± 42 MT
in 2040, an increase of 29% over 22 years, or an annual increase of 2.3 MT per year from
post-consumer FW alone [21,31]. Increasing levels of FW is resulting in increased GHG
emissions from FW treatment. If no improvements in the way FW is treated are made, FW
treatment related emissions will rise from 137 ± 26 MT CO2 eq in 2018 to 180 ± 30 MT CO2
eq 2040, an increase of 31% [31].

On the other hand, improvements in FW treatment are being developed in China, with
the amount of FW being treated increasing. There are a number of cities and regions in
China that have begun to segregate their FW, with FW being treated through sustainable
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technologies such as AD and composting. That said, the majority of FW in China is still
landfilled or incinerated [32,87].

4.3.2. Food Waste Policy in China

Policy drivers in China are resulting in improvements in FW management in the
country. China sets targets and objectives for the waste management sector every five-
years [87]. The 12th five-year plan (2011–2015) set aside over 10 billion Yuan for the
construction of 242 treatment facilities across 31 provinces to treat over 30,000 tons of FW.
This included 100 pilot projects, primarily in developed cities in Eastern China developing
the greatest treatment capacity in the country. AD was the main FW treatment technology
implemented, with composting and animal feed also being adopted. Meanwhile, the 13th
annual five-year plan (2016–2020) has set out over 18 billion Yuan, to add an additional
FW treatment capacity of almost 35,000 tons per day, that will bring the total nationwide
capacity up to almost 65,000 tons per day, almost doubling the amount of FW that can
be treated in the country when compared to the end of 2015. Eastern China would have
the highest FW treatment capacity with over 30,000 tons per day, whilst other regions
would have a capacity of between 5000 and 15,000 tons per day. AD, other energy recovery
technologies, and production of animal feed are the main treatment technologies being
considered. Sorting of MSW particularly in households is another key component in the
national strategy for improving FW treatment [88]. It is noted that there is a lack of mature
policy support for FW recycling in China, poor implementation of laws, and regulations
countrywide, alongside issues resulting from low technical expertise and low processing
efficiency alongside high treatment costs that are limiting progress [89].

China also has a number of ongoing strategies designed to reduce the amount of FW
produced in the country. High post-harvest losses of vegetables and grains have been noted
in China, primarily due to poor storage. Numerous policies have been set up to reduce
post-harvest losses, such as the ‘The Programme for Mid- and Long-term National Grain
Security’. It was also noted that there was a significant amount of FW produced during
extravagant banquets among government employees, as paid for by expenses. Efforts were
made to reduce this stream of FW by limiting the size and extravagance of publicly funded
meals, termed the ‘Eight Rules on Improving Style of Work and Enhancing Close Ties With
the People’ [90]. Moreover, there has been a nationwide campaign to reduce FW in canteens
through use of educational and prompt messaging, as well as social media posts, termed
the ‘Clean Plate’ Campaign [91]. Both have noted positive results; however, issues specific
to China such as particularly high proportions of meals being catered and a perceived need
to over-order food as a way of showing respect to guests and displaying generosity present
in the culture means that FW generation remains high in the catered sector [90].

It seems apparent, therefore, that FW generation, segregation, and collection are
increasing in China, as with India, and is likely to continue in the future [87]. This means
that, when considering FW availability as a feedstock, there are clearly significant emerging
opportunities. Moreover, it is clear that China has the greatest quantities of landfilled FW of
the three regions and thus the greatest current opportunities for FW HTC in the future. The
‘Clean Plate’ campaign may have the potential to drastically reduce FW in China however,
as canteens currently make up a large proportion of the national FW [91]. This may, in turn,
lead to an eventual reduction in potential HTC feedstock and could limit the potential for
FW HTC, as is likely with EU FW reduction campaigns and policies. Overall, however, it is
clear that HTC could play a very significant role in improving FW management in China
currently and in the future.

4.3.3. Current Trends in Energy Intensity and Coal Use

In China, grid intensity has reduced substantially over the last 20 years; however, coal
consumption has risen significantly, as shown in Figure 7. Chinese grid energy intensity has
reduced from 897.1 g CO2 eq/kWh in 2000 to 580 g CO2 eq/kWh in 2020. This equates to a
15.85 g CO2 eq/kWh annual reduction over the period, and a 35.3% total reduction, a greater
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annual reduction than both India and the EU, and a greater percentage reduction than
India, but a lower percentage reduction than the EU [55]. Concerning coal consumption,
annual coal use has increased in China from 28,167 TJ in 2000 to 87,638 TJ in 2020, with an
annual increase of 2973 TJ, and a 3.1-fold total increase, a proportional increase slightly
higher than that of India (2.7-fold), but a 5.7 times greater annual increase when compared
to India [50]. This is in significant contrast to the EU, which has decreased its coal use
significantly in recent years.

Regarding expected future changes, China has set a target to reach net zero CO2 eq
emissions by 2060, with energy decarbonisation a key part of this [92]. China has set out
to decrease the carbon intensity of energy by 60% by 2030, when compared to 2005 levels.
China has also targeted non-fossil energy to make up 20% of primary energy by 2030. As
with India and the EU, China is targeting increases in energy efficiency, use of clean fuel,
and support for the adoption of renewable energy as part of its strategy to meet these
targets [75]; thus, as with India and the EU, the adoption of HTC of currently landfilled
FW would very much be aligned to these policies. It is also clear that there will be vast
quantities of coal, in contrast to the EU, and a decarbonising, but a relatively carbon-intense
grid energy mix to substitute into the future, based on current trends; thus, the adoption of
FW HTC could bring about clear and prolonged benefits, as with India.

5. Practical Considerations for Hydrochar Replacing Coal

While the theoretical benefits from the HTC of currently landfilled FW in the form of
GHG reduction are clear to see, it is important to also consider the practical implications
of using HC to substitute FW, as well as looking at the wider benefits of HTC on climate
change mitigation in the studied countries.

Concerning practical issues related to replacing coal with HC, it is important to con-
sider differences in the energy density between HC and coal. HC differs depending on the
process conditions that are used during HTC. Table 9 shows the energy densities resultant
from HTC, at the different process conditions used in this paper, for FW [93–95] and the
biodegradable component of MSW [60]. It can be observed that longer HTC residence
times and higher processing temperatures result in more energy dense HCs. Different
studies found that FW processed at 180 ◦C for 1 h tends to have a relatively low energy
density of between 17.4 and 19.61 MJ/kg. In comparison, lignite (26.7 MJ/kg) and hard
coal (29.3 MJ/kg) are significantly more energy-dense than FW processed at 180 ◦C for 1 h
(9.3–7.09 and 11.9–9.69 MJ/kg, respectively). FW processed at 220 ◦C for 3 h tends to have
a higher energy density of between 22.2 and 23.75 MJ/kg, which is still lower than lignite
(4.5–2.95 MJ/kg lower) and hard coal (7.1–5.55 MJ/kg) but significantly closer than for
HTC at 180 ◦C for 1 h, especially if it is replacing lignite. FW that is processed at 250 ◦C for
6 h produces considerably more energy dense HC of 25.6–32.3 MJ/kg ranging from just
under the energy density of lignite (1.1 MJ/kg lower) to over the energy density of hard
coal (2.9 MJ/kg higher). It is clear that HC produced by HTC at higher temperatures and
residence time (250 ◦C for 6 h) is the best quality concerning energy density and would
therefore likely be the most suitable for substituting coal, especially hard coal. Conversely,
it is clear that the HC produced from HTC at the lowest temperature and residence time
(180 ◦C for 1 h) is the lowest quality concerning energy density and would, therefore, likely
be the least suitable for substituting coal, especially hard coal. That said, and as discussed
in Section 3, the FW processed at 180 ◦C for 1 h has the highest net energy gain, while FW
processed at 250 ◦C for 6 h has a particularly low net energy gain and much lower GHG
mitigation potential. As processing FW at 220 ◦C for 3 h produces HC that has an energy
density 4.47 MJ/kg higher on average than when processing at 180 ◦C for 1 h, and only
a 5.7% lower net energy gain, these conditions may be the best option when considering
both GHG mitigation and fuel handling properties. If this HC was to substitute lignite,
there would be a less significant difference in energy density when compared to hard coal,
while there would be the enhanced benefit related to lignite being a more carbon intense
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fuel; thus, its substitution would relate to enhanced GHG mitigation, as well as fewer
fuel-related technical issues.

Table 9. Comparing HTC calorific values of HC and coal.

Fuel Type HC Lignite Hard Coal

HTC conditions 180 ◦C, 1 h 220 ◦C, 3 h 250 ◦C, 6 h N/A N/A
References [60,93–95] [60,93–95] [60,93,94] [64] [64]

Calorific value (MJ/kg) 17.4–19.61 22.2–23.75 25.6–32.2 26.7 29.3

Other issues related to HC when compared to coal include bulk density and handling
issues. HC from FW typically has a lower bulk density as well as lower energy density,
meaning that the HC has a larger volume to mass ratio when compared to coal. Further to
this, when stored for long time-periods, HC may can have some storage issues effecting
structural integrity and natural expansion. Combining FW with lignocellulosic wastes,
such as the agricultural residues mentioned in Section 1, can improve fuel quality by
increasing its energy density and bulk density, reducing natural expansion, and thus
decreasing the likelihood of fuel degradation [58]. Vast quantities of lignocellulosic wastes
are generated in India, China, and the EU, from agricultural residues, to low-moisture
pre-consumer FW, as shown in Table 1, as well as garden waste and non-FW organics
within MSW [16,19,30,67,88]. Co-processing FW with these wastes could lead to improved
fuel qualities, as well as increasing the amount of HC that is possible to produce and using
other under-utilised feedstock sources. Additionally, in India in particular but also China,
much of the MSW is unsegregated. It would be possible to utilise the organic fraction of
MSW to generate vast quantities of high quality fuel through HTC, where it may not be a
pure enough feedstock for other technologies such as AD or composting, generating energy
much cleaner and efficiently than just incinerating the waste [48]. Co-combustion of HC
with coal to replace lignite could further reduce fuel related issues due to a reduction in the
net energy and mass density, as well as combustion behaviour, making the integration of
HC as a fuel source in existing coal-fired power plants easier for existing infrastructure to
process [96]. Overall, although there would be potential technical issues associated with
HC replacing coal, to a large extent these issues could be resolved through implementing
the suggested mitigations. Therefore, HTC of FW, as well as other available organic wastes,
could bring about significant benefits concerning clean energy and SDG 7, as well as
sustainable production and consumption of a low carbon coal alternative and SDG 12 [9].

6. Potential of Food Waste Hydrothermal Carbonisation in Greater Decarbonisation

When considering the greater scope for FW HTC to contribute towards the decarboni-
sation of India, the EU, and China, it is worth assessing the proportion of regional GHG
emissions HTC of currently landfilled FW could mitigate in order to identify the scale of
role it could play in general climate change mitigation. Total CO2 eq emissions for India, the
EU, and China between 1970 to 2018 have been compiled by The World Bank [97], showing
notable changes over this period. Indian CO2 eq emissions have been rising steadily, almost
doubling from 1.72 GT CO2 eq in 2000 to 3.37 GT CO2 eq in 2018. Total CO2 eq reductions
(MT) and proportions of total GHG emissions that could be mitigated in India, the EU, and
China, if all currently landfilled FW was processed through HTC at 180 ◦C for 1 h with
the HC replacing lignite, are displayed in Figure 8. At year 2018 levels, over 3% of total
national emissions could be avoided through FW HTC at 180 ◦C for 1 h or processing using
220 ◦C for 3 h for improved HC fuel quality. Conversely, EU CO2 eq emissions have been
reducing gradually, from 4.21 GT CO2 eq in 2000 to 3.57 GT CO2 eq in 2018. At 2018 levels,
almost 1% of total EU emissions could be avoided if all FW currently landfilled in the EU
was processed through HTC at 180 ◦C for 1 h with the HC replacing lignite or processing
using 220 ◦C for 3 h for improved HC fuel quality. This is a proportion more than three
times lower than that of India, as the regions have similar total CO2 eq emissions, but India
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has a significantly higher mitigation potential due to increased landfilling rates. Chinese
CO2 eq emissions have been rising rapidly, increasing 2.7-fold from 4.60 GT CO2 eq in 2000
to 12.36 GT CO2 eq in 2018, despite a more gradual increase in recent years. At 2018 levels,
almost 2.4% of total national emissions could be avoided through FW HTC at 180 ◦C for
1 h with the HC replacing lignite, or if processing using 220 ◦C for 3 h for improved HC
fuel quality. This is a 27% lower proportion of total CO2 eq emissions when compared to
India but almost 2.5 times higher than for the EU. All in all, if all currently landfilled FW
was processed through HTC at 180 ◦C for 1 h with the HC replacing lignite for India, the
EU, and China, 430.92 MT CO2 eq could be mitigated annually, or more than 0.9% of the
45.87 GT CO2 eq global emissions could be avoided, from these countries alone [97]. This
could be increased yet further through co-processing the FW with other abundant organic
wastes, especially lignocellulosic wastes such as agricultural residues that could improve
HC fuel qualities [15,18,29]. It is clear therefore that HTC of FW and other available organic
wastes could bring about significant climate action in line with SDG 13 [9].
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Figure 8. Total and proportional GHG mitigation from FW HTC in India, the EU, and China.

While there is a lack of literature quantifying the GHG mitigation levels from HTC of
currently landfilled FW, Lu et al. [98] found that landfilling FW resulted in around 0.6 kg of
CO2 eq per kg of FW landfilled (on a wet waste, as received basis), while HTC could generate
around 11.94 MJ of energy for every kg of FW treated (on a wet waste as received basis). The
study subsequently highlighted that diverting currently landfilled FW to HTC would present
a particularly great opportunity for GHG mitigation. Additionally, Li et al. [99] and Gupta
et al. [48] found HTC generated energy more efficiently and led to greater GHG mitigation
when compared to incineration when processing FW, while Reiβmann et al. [100] found HTC
performed better than pyrolysis of FW. Moreover, Gupta et al. [48] and Lu et al. [98]. found
HTC to perform better than AD and composting when concerning GHG mitigation potential.
These studies indicate that FW HTC could bring greater levels of GHG mitigation than if
currently landfilled FW were to be diverted towards other, more established FW treatment
technologies like those mentioned. Furthermore, Sharma and Dubey [58] highlighted the
scale of coal replacement and associated GHG mitigation that would be possible from HTC of
organic waste, estimating that 11% of global coal could be substituted by the hydrothermal
carbonisation of all organic waste worldwide.

7. Conclusions

In conclusion, this research set out to explore the benefits and limitations associated
with HTC of currently landfilled FW in India, the EU, and China, and, in doing so, has
added to the literature to increase our understanding of the opportunities and limitations
associated with FW HTC.
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The CO2 eq mitigation potential associated with the HTC of all currently landfilled
FW in India, the EU and China for different high-moisture FW types, for landfill avoidance
and grid energy as well as lignite and hard coal substitution, has been quantified, as shown
in Tables 2–4. China had the greatest total GHG mitigation potential, while India had
the greatest GHG mitigation potential per quantity of FW treated. In addition, landfill
and lignite substitution had the greatest mitigation potential when compared to hard
coal and energy substitution, with landfill avoidance being the most significant area for
GHG mitigation. Moreover, post-consumer FW has the greatest GHG mitigation potential
for India and the EU, while pre-consumer high-moisture FW has the greatest mitigation
potential in China. With this being said, FW figures and landfilling rates for India and
China especially may not be fully accurate, due to a lack of formal recording of waste
generation and treatment figures particularly in India, meaning that these figures may have
some uncertainty associated with them, with an underestimation of Indian FW levels highly
likely in particular [21]. Perhaps once FW generation levels, treatment, and measurement
become more formalised throughout the countries, in particular India, this study could be
replicated with updated FW quantities and landfilling rates so that more accurate figures
could be gained on GHG mitigation potentials.

The impact of using different HTC processing conditions on GHG mitigation potentials
has been measured. The findings clearly indicate that the processing of FW through
HTC at 180 ◦C for 1 h leads to the greatest mitigation potential of the different process
conditions, with a small 5.7% drop in net energy gain and related GHG mitigation from
energy generation when moving to 220 ◦C for 3 h, before a significant drop of around
7.1 and 6.7 times less times less energy processing at 250 ◦C for 6 h when compared to
180 ◦C for 1 h, and 220 ◦C for 3 h, respectively. With this being said, these figures were
taken using conversion figures from a study by Lucian et al. [60], as shown in Equation
(6). They used the biodegradable fraction of MSW, which may have contained some non-
FW, lignocellulosic material, meaning that these measurements may, in reality, be slightly
different. Perhaps a further research could conduct tests on homogenised FW from each
FW category and each region, using the same conditions to gain more accurate figures
concerning energy yields and net energy gains, to gain greater certainty on the true GHG
mitigation potentials based on FW HTC using the different process conditions. With this
being said, it appears that HTC of landfilled FW at 180 ◦C for 1 h to substitute lignite has
the greatest theoretical potential for GHG mitigation in the different regions.

The total and proportion of lignite and hard coal that could be substituted in the
different regions’ has also been assessed, with total and proportional coal replacement
figures displayed in Table 6. The study has shown that China has the greatest potential to
substitute coal regarding total coal substitution (MT). It is also apparent that the same HC
could mitigate more lignite than hard coal, due to hard coal having a higher calorific value.
Moreover, for proportional substitution the greatest proportion of any coal type for any
region that could be substituted is with lignite substitution in India, followed by lignite
substitution in China, with much lower proportions of hard coal being substituted in both
countries due to higher total hard coal usage. Following this, the next highest proportional
substitution was for EU hard coal substitution, with a comparatively lower proportion
for lignite substitution, due to high lignite use in the area. With this being said, there is
some variation among the calorific values for lignite and hard coals, not the set calorific
values used for the assessment, meaning that there will be some uncertainty related to the
quantities of hard coal and lignite that could be substituted in reality.

The total and proportion of methane emissions that could be avoided in the regions
was also assessed, with total and proportional coal replacement figures displayed in Table 7.
The findings clearly indicate that the total methane mitigation figures were greatest for
China, while the proportion of total anthropogenic methane that could be substituted
were greatest in China, then India, and lowest in the EU. This assessment uses general
assumptions about the proportion of carbon that will degrade into LFG, and the proportion
of LFG that will become methane. In reality, this may vary based on FW composition,
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landfill type, temperatures, and many other variables however [56]; thus, it is only a
rough estimate of the methane avoidance, and further studies should be made extensively
modelling how FW composition, landfill types within the regions, and climatic conditions,
among other variables, may impact true methane creation from landfilled FW, and thus
methane avoidance in the regions.

The implications of future changes to the FW landscape in the different regions, and
practical implications associated with the utilisation of HC for coal substitution have also
been examined. Regarding practical implications of HC replacing coal, this study has
identified that energy density was a potential issue, especially when the FW processed
at 180 ◦C for 1 h replaces hard coal, due to particularly low and high energy densities
respectively. With this in mind, the findings suggest that HTC process conditions of 220 ◦C
for 3 h should be used to replace lignite, due to these conditions producing more energy
dense HC, whilst only having a slightly lower net energy gain than for 180 ◦C for 1 h, while
lignite also has a lower energy density than hard coal, whilst being a more carbon intensive
fuel. Further suggestions for reducing issues associated with HC and energy density, mass
density, storage properties, and combustion behaviour included co-processing FW with
lignocellulosic organic fuels such as agricultural residues, and co-firing HC in coal-fired
energy plants with coal. The study also suggests that co-processing FW with other organic
wastes would increase feedstock quantities for HTC, and subsequently lead to greater
overall GHG mitigation.

The role FW HTC could have on overall GHG reductions in India, the EU, China, and
the globe was also evaluated. The study identified that China had the greatest overall
total CO2 eq mitigation potential; however, the greatest proportional CO2 eq mitigation of
total CO2 eq emissions of the regions was for India. The proportional CO2 eq mitigation
for India and China is significantly higher than for the EU. Regarding the proportion of
CO2 eq that could be mitigated from FW HTC of Indian, Chinese, and European landfilled
FW, 0.94% of global CO2 eq could be mitigated, a figure that would be much higher if it
included all FW landfilled globally, alongside the HTC of all other currently landfilled
organic wastes, and abundant agricultural residues.

From these findings, the research can make a number of recommendations to ascer-
tain high potential opportunities for FW HTC and GHG mitigation. Figure 6 provides
researchers and policymakers with instructions on how to assess key GHG mitigation
criteria for FW HTC, and identify opportunities in different regions. As the greatest miti-
gation for FW HTC came from landfill avoidance, regions and FW types within regions
that have high landfilling rates should be prioritised for the adoption of HTC. Moreover,
areas with high lignite use should also be prioritised, as lignite substitution results in
enhanced GHG mitigation when compared to higher quality coal and grid energy, and
characteristically HC is more similar to lignite than it is to hard coal, due to it having a
lower calorific value. HTC of FW may also be combined with other underutilised organic
wastes, preferably lignocellusoic wastes such as agricultural residues, to improve fuel
quality and quantity, and should perhaps be co-fired with coal to reduce the likelihood
of technical issues associated with HC use and coal substitution from developing. All in
all, it is clear that HTC of currently landfilled FW has significant opportunities for GHG
mitigation, with these opportunities enhanced in countries with high FW generation rates
and poorer FW treatment, such as India and China, but to a considerably lesser extent in
the EU.
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