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Abstract: Pig manure currently results in sizeable greenhouse gas emissions, during storage and
spreading to land. Anaerobic digestion and hydrothermal carbonisation could provide significant
greenhouse gas mitigation, as well as generate renewable heat and power (with anaerobic digestion),
or a peat-like soil amendment product (with hydrothermal carbonisation). The greenhouse gas
mitigation potential associated with avoidance of pig manure storage and spreading in the UK,
EU, and China, as well as the potential to provide heat and power by anaerobic digestion and
soil amendment products by hydrothermal carbonisation was herein determined. In each case,
the mono-conversion of pig manure is compared to co-conversion with a 50:50 mixture of pig
manure with grass. Anaerobic digestion displayed a greater greenhouse gas mitigation potential than
hydrothermal carbonisation in all cases, and co-processing with grass greatly enhances greenhouse
gas mitigation potential. China has the largest greenhouse gas mitigation potential (129 MT CO2

eq), and greatest mitigation per kg of pig manure (1.8 kgCO2/kg pig manure volatile solids). The
energy grid carbon intensity has a significant impact on the greenhouse gas mitigation potential of
the different approaches in the different regions. Pig manure is generated in large amounts in China,
and the energy generated from biogas offsets a higher carbon intensity grid. Greenhouse gas savings
from the anaerobic digestion of pig manure and grass have been calculated to provide a significant
potential for reducing total greenhouse gas emissions representation in China (1.05%), the EU (0.92%),
and the UK (0.19%). Overall, the utilisation of pig manure could bring about substantial greenhouse
savings, especially through co-digestion of pig manure with grass in countries with large pig farming
industries and carbon intense energy mixes.

Keywords: hydrothermal carbonisation; anaerobic digestion; pig manure; grass; peat substitution;
GHG mitigation

1. Introduction
Background

Vast quantities of manure are generated annually, with pig manure (PM) making up
a large proportion of the total. Approximately 122 million tonnes of pork is consumed
globally every year, with pork accounting for 35% of total meat consumption [1]. This
consumption is expected to increase to 138 million tonnes by 2030, and 149 million tonnes by
2050, when compared to 2020 levels [2]. Consequentially, the pig farming industry generates
around 1.7 billion tonnes of PM per year, which is predicted to increase to over 2 billion
tonnes per year by 2050 [1]. The majority of PM is stored in open tanks for long periods
of time and then applied directly to land, leading to significant greenhouse gas (GHG)
emissions [3], potential nutrient leaching, and the release of pathogens [4]. Li et al. [3]
conducted a Life Cycle Assessment (LCA) of the GHGs associated with pig farming, and
found the management of manure to be responsible for the majority of emissions.

The two regions with the largest pig numbers and subsequent PM generation are China
and the EU, respectively, while the UK generates comparatively lower quantities [5,6]. The
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UK generates approximately 0.7 million tonnes of PM per year, whereas the EU generates
considerably higher quantities, at almost 23 million tonnes of PM per year (Table 1). This is
dwarfed by the approximately 72 million tonnes of PM per year generated in China (Table 1).

To reduce GHG emissions associated with storage and spreading, the PM can be
processed by technologies, such as anaerobic digestion (AD) or hydrothermal carbonisation
(HTC). HTC involves the conversion of organic biomass in water at elevated temperatures
and pressures ranging between 180–260 ◦C and 20–40 bar pressure. The process generates
a solid carbonaceous product known as hydrochar (HC), a process water (PW) containing
soluble organic and inorganic components, and a gaseous fraction consisting primarily of
CO2 [7]. HTC can be applied to many organic feedstock types; however, HTC is typically
best suited for the processing of high-moisture feedstock types, such as wet wastes, sludges,
and manures. The moisture content of HTC reactions typically ranges from 70–90 wt%,
with retention times varying from minutes to hours [7].

During HTC, manures can be processed alone or co-processed with alternative sources
of biomass, such as lignocellulosic biomass and green wastes. Vast quantities of green
waste, such as grasses are generated in different regions and sites including farms, parks,
and roadside verges. This waste is typically left unutilized to decompose or composted [8].
Therefore, grass represents a potentially interesting co-feedstock for both AD and HTC.
The utilisation of the resulting HC has largely focused on the production of a peat-like soil
amendment product or for energy generation as a solid fuel (bio-coal). Whereas, the PW
can be anaerobically digested to generate energy and digestate, which could contribute to
powering the HTC process. The extraction of peat and its usage for horticultural practices
is a significant contributor to global GHG emissions [9]. Roy et al. [9] investigated the GHG
mitigation potential of using HTC to create a substitute ‘peat-like’ soil amendment product.
Substantial GHG mitigation opportunities associated with HTC and peat substitution were
identified. Not all of the nutrients (e.g., nitrogen and phosphorus) in the feedstock are
released into the PW. Only approximately 40% of the nitrogen (N) [10] and 19% of the
phosphorous (P) are passed into the PW and resultant digestate, which can be applied
to land as a biofertiliser [11]. This results in a loss of fertiliser substitution associated
with HTC, compared to the direct land application of PM, where all of the nutrients
can be utilised to substitute chemical fertilisers. Alternatively, if processed by HTC, the
HC can be used as a solid fuel. Co-processing of PM with lignocellulosic biomass has
advantages, such as improving the calorific value of the resulting HC and improving
combustion behaviour [12,13].

Another approach for processing PM is biomethane generation through AD. Generally,
PM needs to be co-digested with other feedstocks to ensure a suitable C:N ratio and
avoid inhibition. The co-digestion of PM with agri-residues and grasses is feasible and
can enhance biomethane yields [1]. AD is generally considered to be the most suitable
approach for generating energy from PM [14], and is the most mature technology. The
biomethane produced can be used to generate heat and power, and the digestate can be
used as a biofertiliser. This can be directly applied to land for recovering the majority of
nutrients from the original feedstocks [1]. Zhang et al. [1] found substantial GHG mitigation
opportunities from the AD of PM, with these opportunities being greatly enhanced by
co-digestion with grass. Furthermore, studies by Dargahi et al. [15], Shokoohi et al. [16],
and Almasi et al. [17] have identified significant GHG mitigation opportunities from AD of
organic wastes.

The co-processing of PM with feedstocks, such as grass by HTC or AD has clear ad-
vantages for mitigating GHG emissions. The GHG mitigation from the different processing
options is influenced by the carbon intensity of the grid in operation in the different regions.
Grid energy carbon intensity refers to the equivelent CO2 emissions associated with using
a set amount of main energy and is usually measured in kgCO2/kWh. Therefore, the
carbon intensity of grid energy required for heating the HTC process, the emissions offset
by generating energy from AD, and GHG mitigation associated with chemical fertiliser
substitution by direct spreading of PM or digestate to land will vary considerably in the
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different regions [18–21]. As a result, the carbon intensity will affect the choice of mitigation
technology in the different regions, and thus, it is useful to compare and contrast how the
choice of technology for treating PM (HTC or AD) would differ in regions with different
grid carbon intensities. However, a comparison of these technologies and the effect of grid
carbon intensity has yet to be made.

The UK has a relatively low grid energy carbon intensity of roughly 0.17 kgCO2/kWh,
as well as relatively low GHGs associated with chemical fertilisers, 1.39 kg CO2eq per kg N
and 1.08 kg CO2eq per kg P (Table 1). The UK would have lower GHGs associated with
net energy inputs, such as from HTC, as well as a lower GHG mitigation from net energy
generation and high chemical fertiliser generation, such as with AD.

Overall, the EU has a slightly higher grid energy carbon intensity when compared
to the UK (0.28 kgCO2/kWh), as well as the same relatively low GHGs associated with
chemical fertilisers, 1.39 kg CO2eq per kg N and 1.08 kg CO2eq per kg P (Table 1). This
results in slightly higher GHGs associated with net energy inputs and a slightly higher GHG
mitigation from net energy generation, when compared to the UK. However, mitigation
from chemical fertiliser substitution would remain the same per kilogram generated. China
has a significantly higher grid energy carbon intensity of 0.58 kgCO2/kWh, as well as
higher GHGs associated with chemical fertilisers containing nitrogen at 3.04 kg CO2eq
per kg N; however, GHG mitigation for phosphorous is the same as for the UK and EU at
1.08 kg CO2eq per kg P (Table 1).

Table 1. Pig manure estimation and product emission/mitigation potential in each country.

UK EU China References

Feedstock quantities
Pig number (millions) 4.1 141.7 449.22 [5,6]

Tonne volatile solid (VS)/pig 0.16 0.16 0.16 [21]
Manure total per year (tonne of VS) 0.66 22.67 71.88
GHG emission/mitigation figures

Energy intensity (kgCO2/kWh) 0.168 0.28 0.58 [18,19]
N substitution mitigation per kg N 1.39 1.39 3.04 [20]
P substitution mitigation per kg P 1.08 1.08 1.08 [21]

This research investigates the practical implications of both co-digestion of PM and
grass by AD and HC utilisation and peat substitution, such as the impact of HC quality
and differences between peat and HC. This paper, for the first time, compares the GHG
mitigation potential for AD and HTC of pig manure with grass, in China, EU, and UK, and
the effect of energy intensity. To the authors knowledge, no study has specifically assessed
the comparative GHG mitigation potential of the different approaches in the selected
regions. The assessment can be used to help policy makers understand the theoretical
opportunities for HTC and AD in the different regions.

2. Materials and Methods
2.1. Methods Outline

A quantitative assessment of the total mitigation potential (total MT CO2eq/year),
as well as the average mitigation potential per tonne of PM volatile solids (tonne of
CO2eq/tonne of PM VS) was carried out across each region: UK, EU, and China. The HC
was assumed to substitute horticultural peat use, while the PW was anaerobically digested
to generate energy to power the HTC process, as well as contributing to nutrients in the
digestate. Second, the co-digestion of PM with grass via AD is assumed to produce biogas
to generate heat, in order to substitute natural gas and electricity to substitute grid energy,
while the digestate is used to substitute chemical fertilisers.
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2.2. GHG Mitigation Scenarios

Figure 1 illustrates the two GHG mitigation scenarios explored. The HTC scenario
involves the treatment of PM, as well as the co-processing of PM and grass. This scenario
considers GHG mitigation from atmospheric emissions avoidance of PM storage, as well as
GHG mitigation from using HC generated to substitute peat usage in horticulture. This
scenario includes the GHG emissions associated with the net energy input requirements
for HTC, as well as the reduced biofertiliser production compared to the business as usual
(BAU) scenarios of direct land application of PM. The AD scenario includes the digestion of
PM, as well as the co-processing of PM and grass. This scenario considers GHG mitigation
by avoiding atmospheric emissions from PM storage, as well as GHG mitigation from
generating heat and power, with the energy generated substituting grid energy in the region.
In each case, the carbon intensities of grid energy for power generation and production of
chemical fertilisers are considered for each of the different regions.
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Figure 1. GHG mitigation scenarios explored.

For the AD scenario, it is assumed that 1.5% of N is lost during the AD process, and
fugitive NH3 and N2O emissions are negligible [1]. For both scenarios, it is assumed that
all of the PM storage emissions could be avoided by continuously feeding the HTC unit or
the anaerobic digester. Moreover, it is assumed that there would be sufficient quantities of
grass available to co-feed the HTC and AD units with a 50:50 mixture (on a VS basis).



Agriculture 2023, 13, 479 5 of 17

Total quantities of PM generated in each region were estimated from the literature,
based on pig numbers and typical VS quantities per pig, per year (Table 1).

2.3. PM Storage Emission Avoidance

The mitigation from avoided PM storage was calculated to be 0.71 TCO2/TPMVS, as
obtained from a study by Zhang et al. [1]. This figure is based on the atmospheric emissions
of methane and nitrous oxide. The PM methane production capacity was assumed to be
0.26 m3 CH4/kg VS, with the factor converting CH4 from m3 to kg as 0.67 [22,23]. The N2O
emission factor from raw manure storage was 0.38% of the total N, while the N2O emission
factor from atmospheric deposition was 0.01 kg N2O–N/kg N and from leaching/runoff
was 0.0075 kg N2O–N/kg N [1].

2.4. Description of the HTC Peat Substitution Scenario

The HTC scenario assumes that all of the PM generated in each region is processed by
HTC alone or co-processed with equal amounts of grass (on a VS basis).

Two HTC temperatures (200 and 250 ◦C) are considered, each with a reaction time of
60 min. The feedstocks were processed as received with a moisture content of 75% and
81% for grass and PM, respectively. The HC is utilised as a soil amendment product in
horticulture to substitute the current peat usage and mitigate 830.52 kgCO2/THC [9], while
the digestate is used as a biofertiliser to substitute chemical fertiliser usage onsite, with a
mitigation per tonne N varying in each country [20]. HC and carbon yields were obtained
from the experimental work. The net energy inputs were calculated using models proposed
by Borbolla-Gaxiola et al. [24], based on subtracting the energy generated from AD of the
PW from the energy required to hydrothermally carbonise the PM and grass. HTC energy
inputs have been calculated using Equation (1), while the PW energy output was calculated
using Equation (2). Moreover, it was assumed that 40% of the N [10] and 19% of the P [11]
would partition into the PW.

Energy input (KJ) = −1970 + 8.4 T (◦C) − 0.2 RT (min) + 47 MC (%)0.0393 T
(◦C)*T (◦C)0.0541 RT (min)*RT (min)0.46 MC (%)*MC (%) + 0.0986 T (◦C)*RT

(min) + 0.080 T (◦C)*MC (%)0.002 RT (min)*MC (%)
(1)

PW energy(KJ) = −1389 + 5.51T(◦C) − 1.3 RT(min) + 21.6MC(%) + 0.0060
T(◦C)*T (◦C) + 0.0430RT(min)*RT (min) − 0.005 MC(%)*MC (%) − 0.0218

T(◦C)*RT (min) − 0.0912T(◦C)*MC(%) + 0.032RT(min)*MC (%)
(2)

In Equations (1) and (2), T is temperature, RT is retention time, and MC is moisture content.

2.5. Description of the AD Heat and Power Generation Scenario

The AD scenario assumes that all of the PM generated in each region is digested alone
or co-digested with equal amounts of grass (on a VS basis). The biogas generated is used
for heat and power (using a CHP boiler) and the digestate is used to substitute chemical
fertiliser use onsite. The biomethane potential for mono-digestion of PM was estimated to
be 154 mL CH4/g VS, rising to 251 mL CH4/g VS when PM was co-digested with grass
on a 50:50 mixture on a VS basis [25]. A CHP boiler would be used to generate heat and
power with respective efficiencies of (55%) for heat and (30%) for power. The parasitic
loads were 19% for heat and 20% for energy. The biomethane content of the biogas was
assumed to be 70% and the methane calorific value was assumed to be 9.8 kWh/m3, based
on data provided by an AD supplier. It was assumed that the fugitive CH4, NH3, and N2O
emissions from anaerobic digesters are negligible, and thus, were discounted [26].

2.6. Grid Energy Use/Substitution and Heat Substitution

GHG mitigation figures for grid energy substitution were calculated for the different
regions, where the energy generated from AD would be used to contribute directly toward
the national grid energy supply, while the net energy required for the HTC process would
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be obtained directly from the national grid supply. The grid energy use and substitution
was performed by multiplying the net energy generation (GWh) by the grid carbon intensity
(Kg CO2 eq/kWh) (displayed in Table 1), as shown in Equation (3).

GWF (grid) = E(total) × CIgrid (3)

In Equation (3), GWF (grid) is the total CO2 eq mitigation from grid substitution/usage,
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).

Heat generated by AD would be used to substitute natural gas in the different coun-
tries, with natural gas having a carbon intensity of 0.185 kgCO2/kWh [27].

2.7. Fertiliser Substitution

While it was assumed that digestate from the AD scenario would retain the same
quantity of N and P for synthetic fertiliser substitution as the direct land application of PM,
in the HTC scenerio, some of the N and P would be retained in the HC and would not be
available as a biofertiliser. It was assumed that 40% of the N [10] and 19% of the P [11]
would be released into the PW, leading to a 60% loss in biofertiliser substitution potential
of N and an 81% loss of P. In reality, the HC would contain the rest of the nutrients and
would be applied to land; however, it would be used to replace peat, which has similar
levels of N and P, and thus, the associated GHG mitigations are accounted for with peat
substitution. The reduced mitigation potential from chemical fertiliser substitution was
calculated as detailed in Equation (4).While it is likely that P fertiliser emissions would
differ in the different regions, a lack of literature comparing the carbon intensity of P
fertiliser production in the UK, EU, and China indicates that a single figure is needed to be
applied for all regions.

GWF (fertiliser) = (N(total) × CinN) + (P(total) × CinP) (4)

In Equation (4), GWF (fertiliser) is the total CO2eq mitigation from fertiliser substi-
tution, N(total) is the total reduction in N generated (in biofertiliser form), CinN is the
carbon intensity of chemical N fertiliser, P(total) is the total reduction in P generated (in
biofertiliser form), and CinP is the carbon intensity of chemical P fertiliser.

2.8. Mitigation Per Tonne of PM VS

Total GHG mitigation figures (MT CO2 eq) were converted into GHG mitigation
per tonne of PM VS (TCO2/T PM) by dividing the total mitigation (MT CO2 eq) by the
quantities of PM VS generated in each region, with the PM quantities (Table 1). The
calculation is shown in Equation (5), where grass is co-processed with PM, the mitigation
per tonne of PM VS includes the net mitigation from avoided PM storage and spreading
from 1 tonne of PM VS, as well as the mitigation from the HTC or AD of both 1 tonne of
PM VS and 1 tonne of grass VS.

MpPM = GWF (total) ÷ PMvs (5)

In Equation (5), MpPM is the CO2 eq mitigation per tonne of PM (TCO2/T PM), GWF
(total) is the total GHG mitigation for the different mitigation options (MT CO2 eq), and
PMvs is the total PM (in VS) for the PM in the different regions (MT).

3. Results

The results first include regional-specific findings for the UK, the EU, and then China
and include the individual contributions of the GHG mitigation components: (i) GHG
mitigation from avoided GHGs from PM storage; (ii) GHG mitigation through the energy
generated from PM and PM-grass HTC to substitute peat; and (iii) heat and power mitigation
from AD of PM and PM-grass. Both technologies are compared for each of the regions.
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3.1. UK Greenhouse Gas Mitigation Potential

The GHG reductions per tonne of total PM VS for the different GHG mitigation
scenarios have been calculated for HTC (Table 2) and AD (Table 3). Avoided PM storage
and spreading has the greatest GHG mitigation, representing 0.37 MT of equivalent CO2
and reducing the GHGs associated with UK PM by 0.56 tonnes of CO2 eq for every tonne of
PM VS generated in the country. HTC of PM with subsequent peat substitution had a total
mitigation of 0.14 MT of CO2 eq and 0.21 tonnes of CO2 eq per tonne of VS when processed
at 200 ◦C for 1 h. This reduces by slightly over a third (35.7%) to 0.09 MT of CO2 eq and
0.14 tonnes of CO2 eq tonne of VS when the process temperature is increased to 250 ◦C, due
to a greatly increased net energy input and a slight reduction in peat substitution. These
figures assume a like-for-like substitution of peat for hydrochar, which assumes high humic
content in the hydrochar.

Table 2. UK GHG mitigation from HTC of PM and PM-grass blend.

Feedstock and HTC Temperature Pig Manure
200 ◦C

Pig Manure
250 ◦C

Grass and Pig Manure
Blend 200 ◦C

Grass and Pig Manure
Blend 250 ◦C

Net HTC GHG mitigation (TCO2eq/TVS) 0.21 0.14 0.20 0.13
Net GHG mitigation from avoided PM

storage and spreading emissions per tonne of
pig manure VS (TCO2eq/TVS)

0.56 0.56 0.56 0.56

Total Net GHG mitigation per tonne of VS
PM (TCO2eq/TVS) 0.77 0.70 0.96 0.82

Manure total per year (million tonnes of VS) 0.66 0.66 0.66 0.66
Total GHG mitigation from HTC (million

tonnes of CO2eq/year) 0.14 0.09 0.26 0.17

Total GHG mitigation from avoided storage
(million tonnes of CO2eq/year) 0.37 0.37 0.37 0.37

Total GHG mitigation/year (million tonnes of
CO2eq/year) 0.51 0.46 0.63 0.54

Table 3. UK GHG mitigation from AD of PM and PM-grass blend.

Feedstock and HTC Temperature Pig Manure Grass and Pig Manure Blend

Net AD GHG mitigation (TCO2eq/TVS) 0.19 0.30
Net GHG mitigation from avoided PM

storage and spreading emissions per tonne of
pig manure VS (TCO2eq/TVS)

0.71 0.71

Total Net GHG mitigation per tonne of VS
PM (TCO2eq/TVS) 0.90 1.31

Manure total per year (million tonnes of VS) 0.66 0.66
Total GHG mitigation from AD (million

tonnes of CO2eq/year) 0.12 0.40

Total GHG mitigation from avoided storage
(million tonnes of CO2eq/year) 0.47 0.47

Total GHG mitigation/year (million tonnes
of CO2eq/year) 0.59 0.86

The addition of grass to PM results in a near-doubling in the total GHG mitigation,
from 0.14 to 0.26 tonnes of CO2 eq tonne of VS (200 ◦C for 1 h) and from 0.09 to 0.17 tonnes
of CO2 eq tonne of VS (250 ◦C for 1 h), which is largely due to the increased HC yields.
This implies that the co-processing of PM with feedstocks that increase HC yields (such as
woody biomass), may increase GHG mitigation further. The net GHG mitigation per tonne
of VS for the PM-grass blend was slightly lower, compared to processing PM alone. This is
due to a slightly higher net energy input requirement for HTC, as well as a slight decrease
in the quantity of peat substitution per tonne of VS processed. Altogether, the maximum
total GHG mitigation for the HTC of PM (200 ◦C for 1 h), associated with avoided storage,
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corresponds to 0.51 MT of equivalent CO2, rising to 0.63 MT eq CO2 when co-processed
with grass.

The overall GHG mitigation potential from AD is higher than HTC in the UK (Table 3).
The key explanation for the enhanced net GHG mitigation results from the net avoided
PM storage and spreading, which is 27% higher than HTC (0.47 MT CO2eq/year and
0.77 TCO2eq/TVS). This is mainly due to the digestate retaining all of the nutrients from
the feedstock, as opposed to HTC, where there is nutrient loss. AD of PM generates a
GHG mitigation of 0.12 MT CO2eq/year, compared to 0.14 MT CO2eq/year with HTC.
Conversely, when co-digested with grass, AD of PM had a greater GHG mitigation than
HTC (0.40 MT CO2eq/year with AD, when compared to 0.26 MT CO2eq/year with HTC).
This is due to the addition of grass increasing biomethane yields.

3.2. EU Greenhouse Gas Mitigation Potential

Higher PM quantities result in higher GHG mitigation potentials than the UK, while
higher grid carbon intensities had significant impacts on both HTC (Table 4) and AD
(Table 5). As with the UK, avoided PM storage and spreading has the greatest GHG
mitigation, representing 12.8 MT CO2eq and 0.56 tonnes of CO2 eq for every tonne of PM
VS generated (same as the UK). Moreover, HTC of PM and peat substitution had a total
mitigation of 4.39 MT of equivalent CO2 and 0.19 tonnes of CO2 eq tonne of VS when
processed at 200 ◦C for 1 h. This reduced by almost half (47.4%) to 2.29 MT of equivalent
CO2 and 0.10 tonnes of CO2 eq tonne of VS when increasing the process temperature to
250 ◦C for 1 h. This reduction was higher for the EU than the UK, due to the EU’s higher
grid carbon energy intensity and higher GHGs associated with the increased energy input
requirements. As with the UK, the addition of grass to the PM results in almost a doubling
of GHG mitigation from HTC. Total GHG mitigation increased from 4.39 to 8.12 tonnes of
CO2 eq tonne of VS when processed at 200 ◦C for 1 h (2.29 to 4.23 tonnes of CO2 eq tonne of
VS) when increasing the process temperature to 250 ◦C for 1 h. Altogether, the maximum
total GHG mitigation for HTC of PM at 200 ◦C for 1 h, associated with avoided storage
corresponds to 17.16 MT of equivalent CO2, rising to 20.89 MT of equivalent CO2 with the
addition of grass.

Table 4. EU GHG mitigation from HTC of PM and PM-grass blend.

Feedstock and HTC Temperature Pig Manure
200 ◦C

Pig Manure
250 ◦C

Grass and Pig Manure
blend 200 ◦C

Grass and Pig Manure
Blend 250 ◦C

Net HTC GHG mitigation (TCO2eq/TVS) 0.19 0.10 0.18 0.09
Net GHG mitigation from avoided PM

storage and spreading emissions per tonne of
pig manure VS (TCO2eq/TVS)

0.56 0.56 0.56 0.56

Total Net GHG mitigation per tonne of VS
PM (TCO2eq/TVS) 0.76 0.66 0.92 0.75

Manure total per year (million tonnes of VS) 22.67 22.67 22.67 22.67
Total GHG mitigation from HTC (million

tonnes of CO2eq/year) 4.39 2.29 8.12 4.23

Total GHG mitigation from avoided storage
(million tonnes of CO2eq/year) 12.77 12.77 12.77 12.77

Total GHG mitigation/year (million tonnes of
CO2eq/year) 17.16 15.06 20.89 17.00

The overall GHG mitigation potential from AD is substantively higher than HTC
for the EU (Table 5). Mono-digestion of PM generated a slightly higher GHG mitigation
than HTC of PM of 5.08 MT CO2eq/year (when compared to 4.39 MT CO2eq/year with
HTC). AD in the EU had a greater GHG mitigation per tonne of VS than the UK, due to an
enhanced GHG mitigation from AD with a higher carbon intensity of grid energy. Moreover,
when co-digested with grass, AD of PM had a substantively greater GHG mitigation than
HTC (16.55 MT CO2eq/year with AD, when compared to 8.12 MT CO2eq/year with HTC).
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Table 5. EU GHG mitigation from AD of PM and PM-grass blend.

Feedstock and HTC Temperature Pig Manure Grass and Pig Manure Blend

Net AD GHG mitigation (TCO2eq/TVS) 0.22 0.37
Net GHG mitigation from avoided PM

storage and spreading emissions per tonne of
pig manure VS (TCO2eq/TVS)

0.71 0.71

Total Net GHG mitigation per tonne of VS
PM (TCO2eq/TVS) 0.93 1.45

Manure total per year (million tonnes of VS) 22.67 22.67
Total GHG mitigation from AD (million

tonnes of CO2eq/year) 5.08 16.55

Total GHG mitigation from avoided storage
(million tonnes of CO2eq/year) 16.10 16.10

Total GHG mitigation/year (million tonnes
of CO2eq/year) 21.18 32.65

3.3. China Greenhouse Gas Mitigation Potential

Increased quantities of PM in China result in higher overall GHG mitigation potential
than both the UK and EU. Additionally, substantively higher carbon intensities associated
with grid energy and chemical fertilisers have a major impact on both HTC (Table 6)
and AD (Table 7). In the HTC scenario, avoided PM storage has the greatest mitigation,
totalling 32 MT of equivalent CO2. On the other hand, net GHG mitigation per tonne of VS
associated was slightly lower than the UK and EU (0.44 compared to 0.56 tonnes of CO2 eq
per tonne of PM VS). This was due to the fact that less biofertiliser was generated in the HTC
scenario, and the synthetic nitrogen fertiliser was more carbon-intense in China. Moreover,
HTC of PM and peat substitution had a mitigation totalling 10.43 MT of equivalent CO2,
but only 0.15 tonnes of CO2 eq tonne of VS when processed at 200 ◦C for 1 h. When
processing at 250 ◦C for 1 h, GHG emissions from HTC energy inputs outweighed the
GHG mitigation from peat substitution, leading to net emissions of 0.16 MT of equivalent
CO2. The addition of grass to the PM results in an increase in the net GHG mitigation
from HTC at 200 ◦C for 1 h (from 10.43 to 18.29 tonnes of CO2 eq tonne of VS). On the
other hand, co-processing with grass at 250 ◦C for 1 h results in a net increase in GHG
emissions (from -0.16 MT of equivalent CO2 to -1.67 MT of equivalent CO2). Altogether,
per quantity of feedstock, HTC performed less well in China than the other regions, due
to high grid carbon intensity levels, making HTC a carbon intense process, particularly
at higher processing temperatures. Overall, there was a maximum total GHG mitigation
(from peat substitution and avoied storage), with HTC at 200 ◦C for 1 h of 42.13 MT of
equivalent CO2, rising to 49.99 MT of equivalent CO2 when co-processing with grass.

Table 6. Chinese GHG mitigation from HTC of PM and PM-grass blend.

Feedstock and HTC Temperature Pig Manure
200 ◦C

Pig Manure
250 ◦C

Grass and Pig Manure
Blend 200 ◦C

Grass and Pig Manure
Blend 250 ◦C

Net HTC GHG mitigation (TCO2eq/TVS) 0.15 0.00 0.13 −0.01
Net GHG mitigation from avoided PM

storage and spreading emissions per tonne of
pig manure VS (TCO2eq/TVS)

0.44 0.44 0.44 0.44

Total Net GHG mitigation per tonne of VS
PM (TCO2eq/TVS) 0.59 0.44 0.70 0.42

Manure total per year (million tonnes of VS) 71.88 71.88 71.88 71.88
Total GHG mitigation from HTC (million

tonnes of CO2eq/year) 10.43 −0.16 18.29 −1.67

Total GHG mitigation from avoided storage
(million tonnes of CO2eq/year) 31.70 31.70 31.70 31.70

Total GHG mitigation/year (million tonnes of
CO2eq/year) 42.13 31.54 49.99 30.03
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Table 7. Chinese GHG mitigation from AD of PM and PM-grass blend.

Feedstock and HTC Temperature Pig Manure Grass and Pig Manure Blend

Net AD GHG mitigation (TCO2eq/TVS) 0.33 0.55
Net GHG mitigation from avoided PM

storage and spreading emissions per tonne of
pig manure VS (TCO2eq/TVS)

0.71 0.71

Total Net GHG mitigation per tonne of VS
PM (TCO2eq/TVS) 1.04 1.8

Manure total per year (million tonnes of VS) 449.22 449.22
Total GHG mitigation from AD (million

tonnes of CO2eq/year) 24.04 78.36

Total GHG mitigation from avoided storage
(million tonnes of CO2eq/year) 50.82 50.82

Total GHG mitigation/year (million tonnes
of CO2eq/year) 74.86 129.18

The GHG mitigation potential from AD is higher than HTC for China (Table 7).
Avoided storage and spreading emissions were considerably higher, due to the increase
in biofertiliser generation (compared to HTC) and the high carbon intensity of chemical
fertiliser in China. Moreover, specific GHG mitigation from AD of PM generated more
than double the GHG mitigation than the HTC of PM (24.04 MT CO2eq/year, compared to
10.43 MT CO2eq/year). Moreover, when co-digested with grass, AD of PM had a GHG
mitigation many times higher than HTC (78.36 MT CO2eq/year with AD, when compared
to 18.29 MT CO2eq/year with HTC).

3.4. Comparison of Greenhouse Gas Mitigation Potential in the UK, EU, and China

GHG mitigation from the HTC and AD scenarios showed real differences in the UK,
EU, and China (Table 8). Differing carbon intensities of grid energy and fertilisers, as well
as the total PM generation levels in the countries had key implications on the findings.

Table 8. Comparing total GHG mitigation from HTC and AD in the UK, EU, and China.

Feedstock and HTC
Temperature

Pig Manure
HTC 200 ◦C

Pig Manure
HTC 250 ◦C

Grass and Pig
Manure Blend

HTC 200 ◦C

Grass and Pig
Manure Blend

HTC 250 ◦C

Pig Manure
AD

Pig Manure
and Grass

Co-Digestion AD

UK Total Net GHG
mitigation per tonne of
VS PM (TCO2eq/TVS)

0.77 0.70 0.96 0.82 0.90 1.31

EU Total Net GHG
mitigation per tonne of
VS PM (TCO2eq/TVS)

0.76 0.66 0.92 0.75 0.93 1.45

China Total Net GHG
mitigation per tonne of
VS PM (TCO2eq/TVS)

0.59 0.44 0.70 0.42 1.04 1.8

UK Total GHG
mitigation/year (million
tonnes of CO2eq/year)

0.51 0.46 0.63 0.54 0.59 0.86

EU Total GHG
mitigation/year (million
tonnes of CO2eq/year)

17.16 15.06 20.89 17.00 21.18 32.65

China Total GHG
mitigation/year (million
tonnes of CO2eq/year)

42.13 31.54 49.99 30.03 74.86 129.18

Considering GHG mitigation per tonne of PM VS, HTC performed the best in the
UK, due to lower energy inputs associated with less carbon intense grid energy. On the
other hand, AD performed the least well in the UK, due to lower GHG mitigation from
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energy generation associated with the low grid energy carbon intensity. Conversely, the
high carbon intensity of grid energy and fertilisers in China indicated that it had the lowest
GHG mitigation from HTC (due to high energy inputs) and greatest GHG mitigation from
AD (due to high mitigation substituting grid energy and fertiliser). HTC at 200 ◦C had
a greater GHG mitigation than at 250 ◦C in all countries, primarily due to higher energy
input requirements.

Regarding the overall GHG mitigation potential, China has a significantly greater
PM generation than the EU and UK, leading to substantially higher GHG mitigation
opportunities. Overall, China could mitigate 75 MT CO2eq/year with PM AD, rising to
130 MT CO2eq/year when co-digesting PM with grass. GHG mitigation levels in the EU
were significantly lower at 21 MT CO2eq/year with PM AD, rising to 33 MT CO2eq/year
when co-digesting PM with grass. This was due to the lower total PM generation levels
and a lower level of GHG mitigation from the AD scenarios. Nevertheless, UK GHG
mitigation levels are still lower (0.59 MT CO2eq/year with PM AD, rising to almost 0.86 MT
CO2eq/year when co-digesting PM with grass). This was resultant from the lower PM
generation and GHG mitigation per tonne of PM VS when anaerobically digested.

4. Implications of Current Trends and Future Policy
4.1. Current Trends in Pig Manure Generation in the UK, EU, and China

In the UK and EU, domestic pork industries and related PM decreased in 2022, due to
a decline in pig numbers (8% and 4% reduction in the UK and EU, respectively) [28,29]. On
the other hand, pig numbers and associated PM generation levels are increasing in China
[9% in 2022]. These changes indicate a decrease in GHG mitigation opportunities in the UK
and EU from the PM treatment, but an increase in opportunities in China.

4.2. Relevant Policies in the UK, EU, and China

Between 2000 and 2020, the carbon intensity of grid energy reduced by half in the
UK [30], almost half in the EU [31], and by over a third in China, with reductions set to
increase into the future. Moreover, the UK and EU have set a target to reach net zero
CO2 eq emissions by 2050, while China has targeted net zero by 2060 [30,31]. Energy
decarbonisation has been identified as a key contributer to this target in all regions, through
improving energy efficiency and using cleaner energy sources [30,31]. With this in mind,
co-digestion of PM and grass could play a role in decarbonising the energy sector of the
different regions. Conversely, the GHG mitigation benefits related to AD in the UK, EU,
and China will likely decrease in the future based on current trends, due to the rapid
decarbonisation of the energy mix in the respective regions.

The UK and EU are currently trying to phase out peat usage in horticulture, with the
UK, Ireland, Germany, and Norway in the EU targeting a 100% reduction by 2030 [32,33].
Therefore, the generation of a peat-substitute product through HTC of PM could greatly
assist in the phasing out of peat use, by offering the potential for a plentiful supply of
peat-like soil amendment product [9]. Moreover, net GHG mitigation levels from HTC of
PM would increase in the future, due to a decarbonisation of grid energy and resultant
decrease in the GHGs associated with energy input requirements.

4.3. Contrast among EU Countries

While conclusions can be drawn for the EU as a whole, the EU is a very diverse
union of countries, with vastly different pig manure generation rates and energy intensities
(Table 9). The country with the highest PM generation (Table 9) is Germany, with over
26 million tonnes per year, almost 5 times the EU average. Moreover, Germany displays a
relatively high grid energy carbon intensity of 406 gCO2/kWh (41% higher than the EU
average). Therefore, Table 9 suggests that Germany is highly suitable for the utilisation of
PM through AD, which would offset its relatively carbon intense grid energy. Conversely,
France has the third highest PM generation in the EU (14.4 million tonnes of PM slurry
annually) along with a low grid carbon intensity of 54 gCO2/kWh (Table 1). Therefore,
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France’s low carbon energy makes it suitable for processing PM through HTC, in order to
generate a soil amendment product to substitute peat usage.

Table 9. PM opportunities in different EU countries.

Country EU Average Germany Spain France Poland Denmark Sources

Pig manure generation (slurry
1000 tonnes/year) 5500 26,073 25,494 14,362 13,847 11,195 [33]

Carbon intensity of grid
energy (gCO2/kWh) 287 406 276 54 789 189 [17]

5. Practical Considerations for the Utilisation of Pig Manure
5.1. Practical Issues of Hydrochar as a Soil Amendment Product

The theoretical GHG mitigation benefits from using HTC of PM to generate a peat-like
soil amendment product are clear; however, in reality, HC has very different properties
to peat. HTC is known to promote the production of ‘humic-like substances’ in HC;
however, the yields and properties of these materials vary across feedstocks and processing
conditions. As a result, the assumption of a like-for-like replacement is not yet proven. HCs
have been proven to be beneficial in terms of aiding plant growth through the slow release
of nutrients and stimulation of soil microbes. Moreover, HC may increase water retention
in soils, aid carbon sequestration [34], and reduce N2O and CH4 emissions during crop
production [35]. HC has previously been identified as a suitable material for substituting a
proportion of peat in horticultural growth mediums [36,37]. However, these studies suggest
that HC should be combined with peat, in order to form a high-quality soil amendment
product, and thus, cannot fully replace peat alone [36,37]. Furthermore, HC has been
proven to be phytotoxic, and thus, is problematic as a soil amendment product without
further treatment [38].

Various solutions have been indentified to address problems pertaining to HC phy-
totoxicity. The simplest solution is natural ageing, where HC is added to the soil for a
minimum of 9 weeks before crops are planted in the HC-amended soil. During this time,
all phytotoxic properties were mitigated [38]. HC can also be washed with water or organic
solvents (e.g., acetone) to reduce phytotoxicity levels between 79% and 96%, through the
reduction in harmful compounds, such as HMF, furfural, catechol, and cresol [39]. Another
solution to overcome HC phytotoxicity includes composting with microbally-active com-
post [40]. Roehrdanz et al. [41] found that HC composted for 12 weeks performed only as
well as peat-based gardening products. Composting of HC results in some losses in C and N
and a reduction in overall mass. Perhaps the quickest option for reducing the phytotoxicity
is the pyrolysis of HC. Heating the HC (200–600 ◦C) under oxygen-free conditions between
1 and 5 h leads to a removal of the majority of phytotoxic elements [42]. However, the
process is very energy intensive [40], and thus reduces the net GHG mitigation potential
from the soil amendment production from PM.

5.2. Practical Issues Associated with Anaerobic Digestion of Pig Manure and Grass

While it is clear that there would be a huge potential for GHG mitigation from the AD
of PM, in reality, PM is a potentially problematic feedstock for AD. PM contains numerous
pathogens, which require sterilisation [43]. Thermophilic AD of PM is preferable due to its
capacity for sanitising the PM. On the other hand, thermophilic AD of PM is known to be
highly problematic due to the high ammonia content inhibiting biomethane production [44].
Moreover, PM has high sulphur content, leading to the stimulation of bacteria that feed off
sulphates, with these bacteria competing against methanogens, reducing biomethane yields,
and leading to increasing H2S formation [43]. Furthermore, PM has a below optimal C/N ratio
(of around 13:1) [45], when compared to the optimal C/N ratio for AD (of around 30:1) [46].
The low C/N ratio of PM suggests that the digestion of PM alone would not be suitable [44].
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Numerous studies have looked at methods to tackle the challenges for AD of PM, with
the co-digestion of PM with grass seen as a possible solution. Co-digestion of PM with
grass cuttings can assist in reducing ammonia and sulphate generation, as well as reducing
the associated methanogen inhibition [46]. Additionally, co-digestion can improve the C/N
ratio of the feedstock [47], increasing biomethane yields [46].

In addition to feedstock-related issues, AD as a technology has certain risks associated
with its operation. There is potential for methane to be released from AD into the atmo-
sphere through leakages, contributing to GHGs in the form of fugitive emissions, rather
than mitigating GHG emissions. Methane is a potent GHG, contributing to climate change
at a rate that is 25 times higher than CO2 per quantity of gas released (British Standards
Institution, 2011). Fugitive emissions can be negligible (as assumed in this assessment), and
are often assumed to be around 1.5% of the total CH4 production [48]. However, fugitive
emissions can increase to over 15% of the total CH4 generation [49], depending on the
quality of the equipment and operation management. Management approaches, such as
feedstock feeding rate, can also influence biogas composition [50]. In this study, it was
assumed that the AD process would be optimized, in order that methane would make up
62% of the total biogas content [25]; however, the proportion of methane in biogas can drop
below 50% if the AD process is not optimised [50]. Therefore, if the proposed AD system
is not run effectively (as assumed in the assessment), then the associated GHG mitigation
levels would be substantially lower than calculated.

In addition, ammonia leaching from the digestate applied to land could be a consid-
erable issue associated with AD. Ammonia leaching is an issue, due to the fact that it can
cause acidification and eutrophication of sensitive ecosystems. Moreover, particulate NH3
can negatively impact human health, and ammonia leaching can eventually lead to the
release of GHGs through secondary conversion to other particles [51]. Zhang et al. [1]
estimated that almost 22 kg of ammonia would be leached from digestate into land for
every tonne of PM VS digested.

6. Potential of Hydrothermal Carbonisation and Anaerobic Digestion of Pig Manure
and Grass for Greater Decarbonisation

Table 10 shows large variations in the scale of GHG mitigation for using PM in HTC
and AD across each region. China displays the greatest total GHG mitigation across all
scenarios, although it also has the greatest national GHG emissions. China has the greatest
proportion of national GHGs that could be mitigated through AD, with AD of all of China’s
PM having the potential to mitigate 0.61% of China’s total GHG emissions, rising to 1.05%
if co-digested with grass. Alternatively, Table 10 shows that the AD of PM and grass could
mitigate 0.92% of total EU emissions and 0.19% of GHG emissions in the UK.

Table 10. Total and proportional GHG mitigation from PM and grass HTC, and in the UK, the EU,
and China.

Pig Manure
HTC 200 ◦C

Grass and Pig
Manure Blend

HTC 200 ◦C
Pig Manure AD

Pig Manure
and Grass

Co-Digestion AD

Total Annual GHGs
(MT CO2eq)

[52,53]

Percentage of UK
GHGs mitigated 0.11 0.14 0.13 0.19 447.9

Percentage of EU
GHGs mitigated 0.48 0.59 0.59 0.92 3567

Percentage of Chinese
GHGs mitigated 0.34 0.40 0.61 1.05 12,355

When considering GHG mitigation opportunities from HTC, the EU has the greatest
potential for GHG mitigation, with the possibility to mitigate 0.48% and 0.59% of regional
emissions when utilising PM and PM with grass, respectively. Additionally, HTC of PM
and grass could mitigate 0.40% of total Chinese emissions, but only 0.14% of UK emissions.
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Altogether, it is clear that overall and proportional GHG mitigation potential from AD and
HTC of PM and grass are higher in China and the EU, when compared to the UK. This
is due to the fact that they are larger regions, with significantly greater numbers of pigs
(and associated PM), as well as significantly larger, established pig farming industries on a
regional level, when compared to the UK [5,6].

While there is a lack of literature to quantify the GHG mitigation from AD and HTC of
PM that is directly applied to land and unutilised grass, Li et al. [3] identified the enormous
GHG mitigations that are associated with methane and nitrous oxide emitted during the
storing and spreading of pig manure. In another study, Zhang et al. [1] found that the AD of
PM could greatly reduce the atmospheric emissions associated with the direct application
of PM to land, and the heat and energy generated could greatly enhance GHG mitigation.
Moreover, Zhang et al. [1] found that co-digestion of PM with grass enhanced the GHG
mitigation associated with AD. Similar findings were identified by Mehta et al. [54], while
investigating the GHG mitigation associated with PM and grass co-digestion. Additionally,
Amado et al. [55] found that utilising PM for AD to generate energy and biofertiliser resulted
in significant GHG reductions, and proved highly cost-effective. Furthermore, a study by
Roy et al. [9] found that treating organic wastes through hydrothermal carbonisation and
utilising the HC as a soil amendment product for the substitution of peat could have the
potential to bring about significant reductions in GHG emissions.

When comparing the GHG mitigation potentials of various organic treatment strate-
gies, Salemdeeb et al. [56] and Kim et al. [57] found that AD has the greatest GHG mitigation,
due to its net energy outputs and biofertiliser generation. Moreover, a study by Davison
et al. [13] found that organic waste treatment strategies with energy generation associated
had a greater GHG mitigation potential from energy generation in countries with higher
grid energy carbon intensity levels, such as China when compared to the EU, as shown in
this study with the AD scenario.

While it is clear that AD is the best performing technology, and that the addition
of grass enhances the GHG mitigation associated with AD more than HTC, it may be
possible to utilise other resources to greatly increase the opportunities associated with
HTC. There is a plentiful supply of unutilised lignocellulosic biomass, such as agricultural
residues, garden waste, and woody biomass that are typically unsuitable for AD, due to
recalcitrant structures that often require pre-treatment [58]. However, these feedstocks
could be hydrothermally carbonised to increase the feedstock supply chain availabiltity and
associated GHG mitigation [9]. Moreover, co-processing PM with lignocellulosic biomass
would increase HC yields and humic content, improving its properties as a soil amendment
product [58]. On the other hand, the addition of lignocellulosic material may decrease the
biodegradability and biomethane generation potential of the PW [12], and in turn, increase
the net energy input required to power the HTC process. Furthermore, it is clear that reduc-
ing the process temperature of HTC from 250 to 200 ◦C substantively improved the GHG
mitigation potential, through increased HC yields and reduced net energy requirements.
Nevertheless, operating the HTC process at a lower temperature would likely increase the
associated GHG mitigation, with a temperature of 180 ◦C often being used when generating
soil amendment products [58]. Moreover, the lower temperature conditions have the added
benefit of improving the quality of the HC by reducing the phytotoxicity of the HC [59].

7. Conclusions

This study explored the benefits and limitations associated with HTC and AD of
PM, which was currently directly applied to land across the UK, EU, and China. Options
were explored for processing PM alone and co-blending with grass cuttings. China had
the greatest total GHG mitigation potential and the greatest GHG mitigation potential
per quantity of PM treated. AD had a greater GHG mitigation than HTC in all cases.
Co-processing with grass enhanced the GHG mitigation associated with both AD and HTC.
Altogether, co-digestion of PM and grass could play a role in GHG mitigation in China,
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the EU, and to a lesser extent in the UK (around 1% of China’s and EU’s GHGs could be
mitigated, but only 0.2% of UK’s GHGs).

The implications of future changes to the energy and horticultural industries in the
different regions, and practical implications associated with the proposed AD and HTC
scenarios have been examined. In regard to the practical implications of HC replacing
peat, this study has identified that the phytotoxicology of the HC would be an issue, and
methods, such as washing, composting, or pyrolysis of the HC would likely be required
for the HC to be a suitable soil amendment product. In regard to issues associated with
PM HTC, it was identified that PM has numerous problematic qualities that negatively
affect biomethane production when digested alone. Furthermore, it was identified that
co-digestion with grass would mitigate the majority of these issues.
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