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Anaerobic digestion (AD) of biowaste seems promising to provide renewable energy (biogas) and organic fer-
tilizers (digestate) and mitigate environmental pollution in India. Intersectoral analyses of biowaste management
in municipalities are needed to reveal benefits and trade-offs of AD at the implementation-level. Therefore, we
applied material flow analyses (MFAs) to quantify effects of potential AD treatment of biowaste on energy and
fertilizer supply, water consumption and environmental pollution in two villages, two towns and two cities in
Maharashtra. Results show that in villages AD of available manure and crop residues can cover over half of the
energy consumption for cooking (EC) and reduce firewood dependency. In towns and cities, AD of municipal
biowaste is more relevant for organic fertilizer supply and pollution control because digestate can provide up to
several times the nutrient requirements for crop production, but can harm ecosystems when discharged to the
environment. Hence, in addition to energy from municipal biowaste - which can supply 4-6% of EC - digestate
valorisation seems vital but requires appropriate post-treatment, quality control and trust building with farmers.
To minimize trade-offs, water-saving options should be considered because 2-20% of current groundwater
abstraction in municipalities is required to treat all available biowaste with "wet’ AD systems compared to <3%
with *dry’ AD systems. We conclude that biowaste management with AD requires contextualized solutions in the
setting of energy, fertilizers and water at the implementation-level to conceive valorization strategies for all AD
products, reduce environmental pollution and minimize trade-offs with water resources.

1. Introduction

In many low- and middle-income countries, a high content of
biodegradable matter in municipal solid waste (MSW), small collection
rates, lacking treatment and unsafe disposal cause environmental,
public health and socio-economic burdens (ISWA and UNEP, 2015;
Lohri et al., 2017). Likewise, the burning of crop residues is an unre-
solved problem that pollutes the air in agricultural regions (Gadde et al.,
2009; Sfez et al., 2017). India is characteristic for these challenges as
80% of the 0.3 billion tons MSW per year (t yr ') goes to poorly
developed dumpsites and burning of crop residues is common (CPCB,
2018; World Bank, 2018; Hiloidhari et al., 2014).

Biodegradable solid waste, hereafter called biowaste, is a promising
starting point for more sustainable solid waste management because

available technologies such as composting and anaerobic digestion (AD)
can reduce impacts on the environment and public health and recover
useful products (Lohri et al., 2017). Indian solid waste laws and guide-
lines assign municipalities the responsibility for waste management,
recommend a waste hierarchy prioritizing waste reduction over treat-
ment and landfilling, require biowaste source-segregation and promote
biological treatment for biowaste (CPHEEO, 2016; MoEFCC, 2016).
Among possible treatment technologies, AD has gained attention and is
supported by government programmes because its products — biogas and
digestate — can contribute to the supply of renewable energy and organic
fertilizers (Rao et al., 2010; Breitenmoser et al., 2019).
Waste-to-energy has been a major driver for AD in India to diversify
and improve energy supply in rural areas and to foster renewable en-
ergies (MoP, 2017; Breitenmoser et al., 2019). The theoretical energy
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Indian government programmes supporting anaerobic digestion of biowaste (adapted from Breitenmoser et al. 2019); Mun = municipal biowaste, Man = manure,

Crop = crop residues, and Ind = industrial biowaste.

Scale References

Programme Biowaste type Energy type

New National Biogas and Organic Manure Man, Crop Cooking, lighting and small-scale
Programme (NNBOMP)" electric/thermal energy conversion

Biogas based Power Generation and Thermal Man, Crop, Electricity and/or thermal energy
application Programme (BPGTP) Mun, Ind

Programme on energy from urban, industrial Man, Crop, Biogas for bio-CNG or electricity
and agricultural waste/residues (WtE) Mun, Ind

Research, Development and Demonstration Man, Crop, Various
Programme (RD&D) Mun, Ind

Individual and multiple households, 1-25 m>
biogas per day (ca. 10-200 t biowaste yr~!)
Decentral, 3-250 kW (ca. 200-16,000 t biowaste

MNRE (2014a,
2019a)
MNRE (2018b)

(heating, cooling, cooking) yr'h

No minimum or maximum, except that manure- MNRE (2018a)
based systems up to 250 kW are not supported

Decentral or central, no specific scale MNRE (2019b)

# Formerly National Biogas and Manure Management Programme (NBMMP).

potential of AD has been estimated at 374 PJ (10'° joule) yr~* for cattle
and buffalo manure, 361 PJ yr~! for crop residues, 73 PJ yr~! for
municipal biowaste and 20 PJ yr ! for industrial biowaste, in total about
2-3% of the total energy consumption in India in 2013 (Rao et al., 2010;
MOSPI, 2017; Breitenmoser et al., 2019). Additionally, ca. 3 PJ yr—!
could be generated from AD of sludge from wastewater treatment
(Singh et al., 2020). The Indian government has supported AD primarily
for renewable energy supply (Table 1) which reflects difficulties to
supply sufficient, safe and sustainable energy in India today and in the
future (Government of India [Gol] 2015). About half of rural households
have no access to electricity and two-thirds depend on burning firewood
and crop residues for cooking, which causes indoor air pollution,
deforestation and high collection efforts (CEA, 2017; Singh et al., 2014;
Lewis et al., 2017). Urban households have a more reliable and safer
access to energy, but it has considerable environmental burdens because
fossil fuels dominate for electricity generation and cooking, for which
liquefied petroleum gas (LPG) is used in 65% of households (Gol, 2011c;
CEA, 2017; Singh et al., 2014).

Digestate as fertilizer and possible trade-offs from water and energy
requirements of AD have received less attention in India. Digestate is
used in various countries to substitute chemical fertilizers partially
(Moller and Miiller, 2012; Sogn et al., 2018). In India, digestate from
household-scale AD of manure is generally used as fertilizer; however,
digestate from municipal biowaste is often discharged into sewers, water
bodies or onto land, posing environmental and human health risks
(Vogeli et al., 2014; CPHEEO, 2016). Empirical data on nutrient use
efficiency, crop yield and soil health after digestate application, e.g. due
to contaminations with heavy metals or organic pollutants, are limited
in India and studies have focused on agricultural biowaste (e.g. Kataki
etal., 2017). Also water required to dilute or moisturize biowaste during
AD deserves more attention because its supply is very limited in many
regions (UNICEF et al., 2013). Although water-saving dry’ (high-solids)
AD may bring advantages over "wet’ (low-solids) AD in regions with
water scarcity and/or large amounts of dry crop residues, wet AD is still
much more common in India (Kothari et al., 2014; Surendra et al.,
2014). Lastly, it has to be considered that required energy inputs can
range from 10% to 65% of primary energy outputs depending on tech-
nology, biowaste, climate and transport distances (Poschl et al., 2010).

AD of biowaste is promising for the environment and public health.
Diverting biowaste from disposal toward treatment and use can coun-
teract climate change, because globally 90% of greenhouse gas (GHG)
emissions of the waste sector is methane from landfills (Bogner et al.,
2008; Mertaenat 2019). Life cycle analyses (LCAs) have shown that AD
of biowaste can save resources and reduce climate change and ecotox-
icological impacts from waste, energy and agricultural sectors when
fossil fuels and chemical fertilizers are substituted (e.g. Evangelisti et al.,
2014; Turner et al., 2016; Silva dos Santos et al., 2018). These multiple
purposes of AD provide environmental advantages and additional po-
tential revenue sources compared to landfilling and composting (Tiwary
et al., 2015; Lin et al., 2018). Although in countries with unsafe solid
waste practices local impacts of biowaste on ecosystems and public

health may be more relevant for implementation than global impacts, to
our knowledge no studies have estimated the potential of AD to reduce
local pollution in Indian municipalities.

Hence, intersectoral implementation-level analyses and approaches
addressing effects of biowaste management on energy and fertilizer
supply, water demand and local pollution would be important for policy
makers, investors and planners to delimit the market potential for AD
products, appraise potential barriers, avoid overoptimistic estimates of
biowaste quantity and quality and process inputs (particularly water),
and gain support for remuneration of pollution control. Therefore, we
present and apply an approach based on material flow analysis (MFA) of
biowaste management in municipalities to quantify the potential of AD
to substitute conventional energy and fertilizer sources, to determine
trade-offs from water and energy inputs, and to estimate the potential to
reduce biowaste related emissions to the local environment. We apply
the approach in six municipalities in Maharashtra along a gradient of
population density from 700 to 18,000 inhabitants per km? and discuss
results in the context of Indian laws and programmes promoting AD of
biowaste.

2. Material and methods
2.1. Municipalities: Villages, towns and cities

We selected six municipalities in rural to urban settings along a
gradient of population density: two villages, two towns and two cities in
the state of Maharashtra, India (Fig. 1). The selected municipalities
represent characteristic biowaste management in the project region
based on previous studies (Kumar et al., 2017; MMRDA and NEERI,
2011) and refer to municipality types of the Indian national census
(villages, ’class I towns’ and "million plus urban agglomerations/cities’;
Gol, 2011a; Gol, 2011b). The villages Deolapar and Pachgaon (hereafter
called V1 and V2) have a high agricultural land cover with many
households engaged in small-scale farming. The towns Badlapur and
Ambarnath (T1 and T2) have urban centres surrounded by vast agri-
cultural areas. The cities Nagpur and Thane (C1 and C2) are adminis-
trative urban centres. We extrapolated inhabitant and household
numbers to 2017 from national census data of 2001 and 2011 (Gol, 2001
and 20114, Fig. 1). V1, V2, and C1 are in central India with hot summers
and dry conditions except during monsoon (annual rainfall 1,000-1,200
mm), while T1, T2 and C2 have warm summers and a humid climate
(annual rainfall 1,900-2,600 mm, CGWB, 2009, 2013).

2.2. Approach

MFAs were used to capture major processes and mass flows of
municipal biowaste management covering municipal biowaste (house-
hold, commercial and market biowaste), cattle and buffalo manure and
crop residues (Fig. 2A). The following steps build the main workflow:
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Villages Towns Cities
Location in India -
(not to scale)
xi
Vi %ﬂ
Gl Y
& | @
.-
Maharashtra
02 4 6

Name Deolapar Pachgaon Badlapur  Ambarnath Nagpur Thane
Abbreviation V1 V2 T1 T2 Cl C2
Population
density (inh km-2) 718 1.872 5,023 7,389 12,454 17,563
Inhabitants 4,600 4300 246,100 288,900 2,646,400 2,309,500
Area: total (km?) 6.4 23 48.7 38.9 211.5 130.4
M Builtup 0.2 0.2 7.4 17.8 160.0 47.4
M Crop land 5.4 1.7 19.2 13.9 12.1 18.0
M Plantations 0.0 0.0 8.5 0.6 0.0 2.6
M Forests, mangroves 0.4 0.0 4.1 4.4 5.6 38.9

Fallow, waste land 0.0 0.3 7.6 1.9 294 7.6
B Water bodies, wetlands 0.3 0.0 1.8 0.4 43 159
Groundwater abstraction:
(m? inh! yr1): 549 538 34 3.4 7.8 0.4

Fig. 1. Maps and background information of municipalities in the baseline (2017): villages (V1 and V2), towns (T1 and T2) and cities (C1 and C2), own visualization
based on NRSC and NESAC (2012), CGWB (2009, 2013) and Government of India (2001 and 2011b); inh = inhabitants, yr = year.

1) Modelling of baseline MFAs of biowaste management in 2017 (Sec-
tion 2.3);

2) modifying baseline MFAs to represent possible biowaste manage-
ment systems with AD of "available’ biowaste, i.e. biowaste for which
no resource competition is expected and which can be collected with
reasonable effort (Section 2.4);

3) calculating the potential of AD products to substitute conventional
cooking fuels or electricity for household appliances and chemical
fertilizers in municipalities (Section 2.5);

4) quantifying water and energy inputs for biowaste management with
AD (Section 2.6);

5) quantifying the potential of AD to reduce biowaste emissions to the
local environment (Section 2.7); and

6) identifying uncertainties to highlight limitations and research needs
(Section 2.8).

Data on biowaste properties and biochemical methane (CH,4) po-
tential (BMP) - a measure of the biogas potential of biowaste - had been
gathered in all six municipalities in 2017 (Breitenmoser et al., 2018).
Biowaste content (% of wet or fresh weight), total solids (TS, % of wet
weight), volatile solids (% of TS) and BMP at mesophilic 37°C (normal
litres CH4 per kg VS) were determined in triplicate for solid waste
sampled at municipal (residential and market) and agricultural waste
collection points during pre-monsoon, monsoon and post-monsoon
(municipal biowaste: 93 samples, crop residues: 15 samples; Brei-
tenmoser et al., 2018). Table 2 shows ranges of season-length adjusted
means of BMP values in kg CH4 per kg TS (kgcus kgfsl) from these
samples. For manure, which was not sampled, literature values from
India were used (Ravindranath et al., 2005; Krishania et al., 2013).

2.3. Baseline MFAs of biowaste management in municipalities

Geographic system boundaries were administrative municipality
borders. MFA import flows included municipal biowaste, manure and
crop residue generation; export flows were agricultural products ready
for use (i.e. crop residues fed to animals, compost and digestate), and
emissions to land/water and air. Emissions from biogas conversion to
energy (process “energy conversion’, Fig. 2A) as well as emissions until
the gate of the AD plant were within the system boundaries (flows "to
land/water’ and ’to air’ from processes 'AD, decentral’ and "AD, cen-
tral’, Fig. 2A). Biowaste mass flows were expressed as TS per inhabitant
and year (kgrs inh ! yr 1), gases and smoke as kg inh ! yr 1. MFAs were
modelled in STAN (version 2.5, e.g. Cencic and Rechberger, 2008;
Klinglmair et al., 2017). R (version 3.4.0, R Core Team 2017) and QGIS
(version 3.8, Quantum GIS Development Team, 2019) were used for
data pre- and post-processing.

MFA processes and flows were derived from municipality-level re-
ports, a MSW study in Maharashtra (MMRDA and NEERI, 2011) and
interviews with municipal officials. Stakeholder workshops and/or in-
terviews were conducted in all six municipalities during 2017 and 2018
to improve draft MFAs, discuss options for AD and for data gap filling. A
single MFA setup (Fig. 2A) was used for all municipalities with
municipality-specific import flow values and transfer-coefficients
(fractioning of process input flows between output flows).

The MFA import flows total municipal biowaste, manure and crop
residue generation (TBpmunicipal, TBManure @nd TBcrop residues, KgTs inh™!
yr~1) were calculated for each municipality with Formulae 1-3:

3

-~ M, x B, x TS,
TBMunicipa] = 7 (1)
lz:l: inh

where M, is the wet weight of MSW type t (1 = household, 2 =
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A) MFA setup applied to all municipalities
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@<=} residues: Crop residues to AD S Toland/water
local
handling Street sweeping To air
Uncollected municipal biow. < Disposal, To land/water
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Unused crop residues —
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B) Biowaste management in V1 (baseline)
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C) Biowaste management in C2 (baseline)
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) Biowaste mass flows

Fig. 2. MFA setup to analyse biowaste management in Indian municipalities (A) and example results in village V1 (B, lowest population density) and city C2 (C,
highest population density) in the baseline (2017), sub-processes and results of other municipalities are presented in Fig. A7; values in kgrg (solids and liquids) or kg
(smoke and gases) per inhabitant and year + s.d.; * energy has no mass, hence no mass flow is drawn.

commercial and 3 = market waste) generated per year (kg yr 1); By is the
municipality-specific biowaste fraction in M; (% wet weight, Table 2);
TS, is the municipality-specific TS content (kgrs kg_l, Table 2) and inh is
the number of inhabitants in 2017 (Fig. 1). Amounts of generated and
collected MSW were gathered from municipality-level reports; when
only the collected MSW was provided there, the uncollected fraction was
estimated by local municipal officials (Table A1).

2
Hx N, x M; x TS,
TBManure = ; T

2
where H is the number of households in the municipality; Nj is the
district-level average number of livestock 1 (1 = cattle and 2 = buffalo)
per rural (villages) or urban (towns and cities) household (DAHD 2012);
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Biowaste properties of municipal biowaste (HH = household, CM = commercial and MA = fruit and vegetable markets), manure and crop residues; detailed data for

each municipality in Tables A1-A3.

Biowaste type Percentage of mixed waste” (% wet weight) TS" vs? BMP* Plant nutrients in digestate”
(kgrs kg™ (kgys kgrs) (kg CH, kgvs) (g kgrs digestate)

NH{-N P K
Municipal
HH, CM 75-80 25-36 73-88 0.1-0.2 29 7 32
MA 75-98 21-36 75-89 0.1-0.2 29 7 32
Manure 100 20 80 0.2 29 9 51
Crop residues 85-95 71-77 65-91 0.1 9 2 20

# Ranges of season-length adjusted mean values presented by Breitenmoser et al. (2018) except for manure which is based on Ravindranath et al. (2005) and

Krishania et al. (2013)
b Based on Nkoa (2014), Kern et al. (2010) and Moller (2016).

M, is the amount of manure generated per livestock and year (cattle: 3,
700 kg yr~; buffalo: 5,500 kg yr 1) and TS; its TS content (0.2 kgrs kg™
for both livestock types, Ravindranath et al., 2005; Krishania et al.,
2013).

10
AxF. xY. xR, x TS,
TBCmp residues — § inh (3)
c=1

where A is the crop area (hectares, ha) measured in digital land cover
maps (NRSC and NESAC, 2012); F, is the district-level fraction (0.0-1.0)
of land area covered by the ten most common crop types ¢ (ICRISAT,
2014, Table A3); Y. is the district-level main crop yield of ¢ (kg ha™?,
ICRISAT, 2014); R, is the crop-specific residue fraction per yield (kg
kg1, Hiloidhari et al., 2014); and TS, the municipality-specific TS
content in crop residues (kgrs kgfl, Table 2).

2.4. MFAs with possible AD of available biowaste

After establishing baseline MFAs, MFAs of possible alternative bio-
waste management systems with AD were established by routing
’available biowaste’ through AD processes Fig. 2A). Only a part of total
biowaste (Formulae 1-3) was considered available (AByunicipal, ABManure
and ABcrop residues; K&Ts inh™! yr’l), from which biowaste which served
other purposes such as animal feeding (Fig. 2A: export flow ’various
uses’) and biowaste considered impractical to collect and/or segregate
was excluded. Because ’impractical’ cannot be precisely defined, for
sensitivity analysis (Section 2.8) a standard and lower estimate was
defined in Formulae 4-6:

ABMunicipat = TBMunicipa X C X E 4)

where C is the municipality-specific collected fraction of TBwmunicipal
(Table A1) and E (fraction) the estimated practically achievable source-
segregation. Uncollected biowaste is often informally used, and was
considered unavailable for AD. The standard estimate of E was 0.5 based
on international examples (e.g. about 30% and 55% of biowaste in
Europe and Switzerland, respectively, Moller, 2016; FOEN, 2016) and
the lower estimate was 0.25.

ABmanure = TBManure X S %)

where S is the assumed fraction of TByanyre (Formula 2) dropped in
stables by livestock 1 with standard estimates of S;=0.6 for cattle and
S5=0.8 for buffalo (Ravindranath et al., 2005) and lower estimates of
$1=0.3 and S,=0.4. Only manure dropped in stables was considered
available, because manure dropped outside is difficult to collect and its
collection could disturb nutrient cycling on pastures.

ABCrop residues — TBCmp residues X Ue X F (6)

where Uy is the crop-specific fraction of TBcrop residues (Formula 3) which

was unused based on Maharashtra-level data (Hiloidhari et al., 2014).
To account for spatial distribution making collection of all crop residues
unlikely, F defines the practically collectable fraction with 0.5 as stan-
dard and 0.25 as lower estimate.

Possible alternative biowaste management systems with AD were
defined with reference to Indian governmental programmes supporting
AD (Table 1) and represented in MFAs as processes 'AD, decentral’ and
"AD, central’ (Fig. 2A; Appendix section 2):

e For ABmunicipal We assumed source-segregated biowaste collection
required by Indian laws and treatment in mid- to large scale central
AD plants (capacity ca. 10,000 t yr~! wet weight) supported by the
‘Programme on energy from urban, industrial and agricultural
waste/residues’ (MNRE, 2018a).

e For ABpyanure We assumed treatment in household-scale low-tech
decentral AD plants (capacity ca. 10 t yr ! wet weight), use of biogas
for cooking and application of digestate on farmland supported by
the ‘New National Biogas and Organic Manure Management Pro-
gramme’ (MNRE, 2019a).

e For ABcrop residues We assumed local collection and treatment in
medium-scale decentral AD (capacity ca. 2,000 t yr ' wet weight)
nearby agricultural areas supported by the ‘Biogas based Power
Generation and Thermal application Programme’ (MNRE, 2018b).

Biogas post-treatment from medium- to large-scale AD (municipal
biowaste and crop residues) was modelled as purification and bottling to
biogenic compressed natural gas ("bio-CNG’) into LPG-like cylinders as
cooking fuel. While bottling to CNG cylinders as motor fuel is a standard
technology (e.g. Poschl et al., 2010), only pre-commercial trials have
been reported for bio-CNG for cooking which would require more
frequent refills or larger cylinder sizes due to a lower energy density per
volume bio-CNG compared to LPG (Kadam and Panwar, 2017; Twino-
munuji et al., 2020). Research and/or demonstration plants involving
bottling of biogas are supported by the ’'Research, Development &
Demonstration’ programme (MNRE, 2019b, Table 1). For comparison,
also electricity generation via gas-powered electricity generators was
calculated for medium- to large-scale AD, which is more common for
practical reasons, but can only convert ca. 33% of the energy to elec-
tricity (Poschl et al., 2010); heat generated in the process is difficult to
utilize in a hot climate. For household-scale AD of manure direct use for
cooking without post-treatment was assumed.

Digestate from household-scale AD of manure requires no post-
treatment and was assumed to be used as organic fertilizer. For diges-
tate from mid- and large-scale AD solid/liquid separation was assumed
which is commonly done via screw press separators and decanter cen-
trifuges (Al Seadi et al., 2013).

Methane in biogas from AD (G, kg inh™! yr™') and amounts of
digestate (Dy, kgrs inh~! yr’l,) were calculated with Formulae 7 and 8,
respectively:
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Gy = AB, x VS, x BMP,, @)
G,

D,, = AB,, — 8
0.55 ®

where AB,, is available biowaste W (ABpmunicipal, ABManure and ABcyop
residues); VSw (kg VS kg%ls) and BMP,, (kg CH4 kgfsl) are the municipality-
specific VS contents and BMP of w (Table 2); and 0(% is the produced
biogas assuming 0.55 kg CH4 per kg biogas (Wellinger et al., 2013).

Biogas losses from leaks and during operation of AD (kg inh ™! yr™!)
were calculated as:

Gy
Lw - ﬁ XIW (9)
where 0(_7“5 is the total biogas produced (kg inh™! yr~!, Formula 8) per

biowaste type w, and 1,, is the average loss of 10% of biogas produced in
household-scale AD according to a study in India (Bruun et al., 2014)
and 5% of biogas produced in mid- to large-scale AD (IPCC, 2006).

2.5. Quantification of energy and fertilizer products

The energy potential of available biowaste was quantified as useful
energy for cooking —i.e. the energy which contributes to cooking meals —
or electric energy per biowaste type w (EP,,, MJ inh~! yr™!) in each
municipality as:

EP,, = (G, — L, x 0.55) xLHV xn, (10)

where Gy is methane in biogas (Formula 7); L, x 0.55 is methane in
biogas lost through leaks (Formula 9); LHV is the lower heating value of
methane (55 MJ kg’1 CHy; Wellinger et al., 2013); and nj, the efficiency
to convert energy in biogas to its intended use p (cooking in
household-scale AD: 55%, cooking with bio-CNG: 57%; conversion to
electricity: 33%; Singh et al., 2014; Poschl et al., 2010).

The consumption of useful energy for cooking in households was
quantified per fuel i (EC;, MJ inh~! yr™!) in each municipality as:

ECi =H; x G x LHV; xn; an

where H; is the fraction of households that used mainly fuel i (crop
residues or firewood, kerosene, LPG) in 2017 (Gol, 2011e,f); C; is the
average amount of i used per inhabitant and year (kg inh ! yr~!, NSSO,
2014); and LHYV; is the energy content (MJ kg™1) and n; the conversion
efficiency to intended use for cooking (%) of i (Table 3). Electricity
consumption for household appliances was estimated as 380 MJ inh~?
yr~! in villages and 1,100 MJ inh ! yr~! in towns and cities (NSSO,
2014).

The fertilizer potential of AD of available biowaste was estimated per
plant nutrient f (N in ammonium: NH4-N, phosphorus: P and potash: K)
in digestate of biowaste type w (FPr, kg inh™! yr™!) in each munici-
pality as:

FP;y, = Dy xcry 12)

where c; is the concentration of plant nutrient f in fresh digestate (in g
kgrd, Table 2) of biowaste type w (Dy, Formula 8). P and K species in
digestate can be considered fully plant available over time and were

Table 3
Assumptions for cooking fuels (NSSO, 2014, Singh et al. 2014), LHV = lower
heating value, n = conversion efficiency to cooking energy.

Cooking fuel Consumption (kg inh ! yr™1) LHV (MJ kg 1) 0 (%)
Crop residues 208 11.0 11
Firewood 208 14.0 15
Kerosene 3.7 45.9 47
LPG (rural) 7.3 49.4 57
LPG (urban) 25.6 49.4 57
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directly compared to P and K in chemical fertilizers; NHj-N was
compared to N in chemical fertilizers as this has been suggested as in-
dicator for the overall N-fertilizer value of digestates (Moller and Miiller,
2012; Sogn et al., 2018).

The consumption of chemical fertilizers for crop production (FCt kg
inh~! yr 1) was estimated in each municipality as:

10 AxF.xRg
FC = Zale 3

where A is the crop area in the municipality (ha); F. is the district-level
fraction of crop area used for crop c; and R is the application rate of the
chemical fertilizer f (N, P or K) for ¢ (kg ha’l) based on FAO (2006,
crop-specific values, Table A4).

2.6. Quantification of energy and water inputs

Energy inputs were estimated as energy consumed for transportation
and to operate machinery in AD (energy for construction was not
included). For biowaste collection and transportation and digestate
transportation to fields we assumed 0.049 MJ kgrd per km distance
(Poschl et al.,, 2010). We estimated biowaste collection and trans-
portation distances as 5 km in villages, 10 km in towns and 15 km in
cities, representing the maximum direct line between municipality
borders, and again the same distance for digestate transportation to
fields. We assumed 0.54 MJ kgrd for pre-treatment of biowaste, 3% of
energy contained in produced biogas (Gy, Formula 7) for electric
equipment in AD operation and 2.0 MJ per m® produced biogas for
upgrading and compression to bio-CNG (Poschl et al., 2010). We did not
include heating for mesophilic AD due to the hot climate. Low-tech
household-scale AD of manure requires no energy input except
manual labour.

Water inputs (W, kg inh ! yr™!) were estimated as:

woAB TS g (14)
TSTarge(

where TS,, is TS content in available biowaste w Table 2) treated in AD
(ABy, Formulae 4-6) and TStarge is the target TS in the digester (kgrs
kg’1 digester content). For W<0 we assumed no water input; in practice,
mixing with dry biowaste may be done (Vandevivere et al., 2003).
TStarger Was 12% for wet AD. For comparison, water consumption in
water-saving dry AD was estimated with a TSrarger of 30% based on
available batch and continuous systems (20-50%, Vandevivere et al.,
2003; Rocamora et al., 2020). There is a lack of data on water inputs in
full-scale AD and estimates with Formula 14 are at the upper range of
reference values (e.g. 1 m® water per ton municipal biowaste in wet AD,
Lissens et al., 2001).

To quantify potential additional pressures on water resources, water
inputs for AD in each municipality were compared to current ground-
water abstraction (Fig. 1, CGWB, 2009, 2013).

2.7. Quantification of emissions to the local environment

Amounts of biowaste and derivates (e.g. ashes, smoke) released to
the local environment were quantified as kgrg inh ™! yr~! taken up by
land/water or kg inh ! yr! taken up by air (Fig. 2A). No differentiation
was made between uptake by land or water since this requires infor-
mation on exact locations (e.g. vicinity of a dumpsite to a water body)
which was beyond the scope of this study.

Uptake by land/water included biowaste and derivates remaining on
central and decentral dumpsites or agricultural fields (crop residues
only) after possible treatment. We assumed that 60% of disposed
municipal biowaste was openly burned and that ca. 60% of TS in burnt
biowaste become ash and 40% smoke (IPCC, 2006; Kumari et al., 2017).
Uptake by air comprised smoke from open burning, gaseous emissions
during digestate storage, leaks (Formula 9) and burned biogas.
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Longer-term emissions from biowaste decomposition were not esti-
mated, but our data can serve as inventory for future studies.

2.8. Uncertainty and sensitivity analysis

An uncertainty analysis was performed to describe the quality of data
and highlight knowledge gaps. Uncertainties of input data were scored
using the data quality indicators reliability, completeness, and temporal,
geographical and further correlations (1 = best to 4 = worst, Tables A9-
A10). These scores were converted into symmetrical coefficients of
variation (CVs, %) around the values based on an approach described by
Laner et al. (2016). CVs were entered in STAN and aggregated using
Gaussian error propagation assuming normal distribution (Laner et al.,
2016; Zoboli et al., 2016).

The sensitivity of results to different estimates of biowaste avail-
ability was assessed Formulae 4-6. Standard estimates reflect a tech-
nological potential based on international examples or, where no data
are available, estimates by the authors. Lower estimates are 50% of
standard estimates while maximum estimates are the theoretical po-
tential from total biowaste generation.

3. Results
3.1. Biowaste management in 2017

Total biowaste generation Formulae 1-3 was 13-35 kgrs inh ™! yr~!
municipal biowaste, 2-98 kgrs inh! yr_1 manure and 1-136 kgrs inh~!
yr~! crop residues in the six municipalities in 2017 (Fig. 3A-F: total
height of bars). Expectedly, agricultural biowaste generation (manure
plus crop residues) declined with increasing population density from
village V1 (192 kgrs inh™! yr™!) to C2 (3 kgrs inh™! yr™1), whereas
municipal biowaste generation was not correlated with population
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density.

MFAs of biowaste management show limited treatment and valor-
isation of collected municipal biowaste and extensive local use of
manure and crop residues (Fig. 2B-C and Fig. A7). 70-80% of total
municipal biowaste was collected and transported to central dumpsites
(in C1 a more developed landfill); the rest was disposed of in informal
dumpsites, burned or fed to animals. Source-segregated biowaste
collection existed only in C2 where collected biowaste was, however,
disposed of due to lacking treatment facilities (Fig. 2C). In C1 an un-
known fraction of mixed MSW was mechanically segregated at the
landfill and composted, but most of the compost was disposed of due to
quality and acceptance issues. Of the total municipal biowaste genera-
tion, ca. 9-26 kgrg inh ™! yr~! were taken up by land or water and 3-9 kg
inh~! yr_l emitted as smoke (Fig. 3A-F).

Manure dropped in stables was applied as organic fertilizer (37-61
kgrs inh ™! yr~! in villages and 1-2 kgrg inh ™! yr™! in towns and cities,
Fig. 3A-F). 60-80% of crop residues were used as animal feed, cooking
fuel and/or soil enhancer; the rest was burned or left nearby fields.
Through open burning of crop residues ca. 5-10 kg inh~! yr~! were
emitted as smoke in villages and towns (Fig. 3A-F).

3.2. Energy and fertilizer potential of AD of available biowaste

The biogas and digestate potential of available biowaste is indicated
as patterns in Fig. 3G-L (standard estimate, lower and maximum esti-
mates in Tables A12-A14). Due to mass conservation in MFA, the sum of
products (digestate and biogas) and emissions (leaks) equals available
biowaste Formulae 4-6, which was 5-14 kgrg inh™! yr~! municipal
biowaste, 1-61 kgrs inh ™! yr’1 manure and <1-23 kgrs inh? yr’l crop
residues (sum of patterns in Fig. 3G-L, emissions from biogas leaks are
included in ’to air’; standard estimates of available biowaste in Table
A12).
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Fig. 3. MFA export flows of biowaste management to the environment (air or land/water), as AD products (biogas, digestate) and to various uses in the baseline in
2017 (A-F) and after potential AD of all available biowaste (G-L, Formula 4-6), values in kgrg inh ! yr ! (solids and liquids) or kg inh ! yr~! (smoke and gases) + s.d.;

Mun = municipal biowaste, Man = manure and Crop = crop residues.
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Fig. 4. Biogas potential for cooking per biowaste type (Formula 10) vs. current cooking energy consumption (Formula 11) as useful energy for cooking (value =+ s.d.,
A-F); G-L: fertilizer potential per biowaste type (Formula 12) and chemical fertilizer consumption (Formula 13) as plant nutrients (value + s.d., G-L); Mun =
municipal biowaste, Man = manure, Crop = crop residues and Cons = consumption in 2017.

Table 4
Wet weight and TS of available biowaste (Mun = municipal biowaste, Man = manure and Crop = crop residues), energy in- and output, and water input to treat
available biowaste in wet or dry AD; energy output = potential of useful energy for cooking (Formula 10); + s.d.

Community  Bio- Wet weight (kg inh™' TS (kgrs inh ! Energy Water
1 1
waste y) yr ) Input (MJ inh~'  Output (MJinh~!  Input/ Output ~ WetAD (Linh™!  Dry AD (L inh"!
yr ) yr Y (%) yr ) yr )
Vi Mun 31+8 10+3 13+3 40+12 49 1
Man 174+54 35+11 0+0 95+29 116 *
Crop 30+4 23+3 28+3 69+11 163 47
Total 235+65 68+11 41+4 203+34 20 328 164*
V2 Mun 21+5 5+1 7+2 21+6 21 <1
Man 303+74 61+15 0+0 165+41 202 *
Crop 11+1 8+1 10+2 2444 58 17
Total 335481 74+15 1743 210+41 8 281 220~
T1 Mun 31+10 10+3 15+3 42415 54 3
Man 7+2 1+0 0+0 4+1 5 *
Crop 3+1 240 3+1 7+2 17 5
Total 41+12 14+3 18+3 53+15 34 76 13~
T2 Mun 54+14 13+3 20+3 54416 55 <1
Man 6+1 1+0 0+0 3+1 4
Crop 2+0 1+0 241 4+1 10 3
Total 62+15 16+3 2143 62+16 34 70 7
Cl Mun 36+8 11+3 16+3 46+13 56 1
Man 9+3 2+1 0+0 5+1 6
Crop 0+0 0+0 <1 <1 1 <1
Total 45+11 13+3 16+3 51+13 31 63 8*
Cc2 Mun 44+9 14+3 20+3 57+14 70 2
Man 9+1 2+0 0+0 3+1 6 *
Crop 0+0 0+0 <1 1+0 2 <1
Total 53+10 16+3 20+3 61+14 33 78 9%

" Dry AD was not considered for manure, total includes dry AD of municipal biowaste and crop residues plus wet AD of manure
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The potential of useful energy for cooking (EPy,, Formula 10) of
available municipal biowaste did not vary across municipalities in a
predictable way (22-55 MJ inh ! yr™!), whereas EP,, of available agri-
cultural biowaste (manure plus crop residues) was highest in villages
(155-190 MJ inh~! yr‘l) and lowest in cities (5-10 MJ inh~! yr‘l,
Fig. 4A-F).

Total EP,, of all three biowaste types declined from villages to towns
and cities from 52-62% to 8-12% of the consumption of useful energy for
cooking in 2017 (Fig. 4A-F). Fuel usage for cooking resembled the na-
tional situation as firewood dominated in villages and LPG in towns and
cities (Fig. 4A-F). In comparison, the electricity potential of available
municipal biowaste plus crop residues was 5-15% of household elec-
tricity consumption in villages (potential: 35-55 MJ inh ! yr !, demand:
ca. 380 MJ inh ! yr™1) and 2-3% of household electricity consumption
in cities (potential: 28-32 MJ inh~! yr~!, demand: ca. 1,100 MJ inh !
yr~!, NSSO, 2014).

The fertilizer potential (Formula 12) of all biowaste types combined
was ca. 100% higher in villages compared to towns and cities for NH4-N
and P and almost 1,000 times for K due to high K concentrations in
manure (Table 2; Fig. 4G-L). Plant nutrients were estimated in the
ranges of 0.3-0.7 kg NHZ-N, 0.1-0.2 kg P and 0.1-1.5 kg K inh* yr ! in
digestate of available biowaste in all municipalities (Fig. 4G-L).

The chemical fertilizer consumption (Formula 13) declined from
lower to higher inhabitant density due to lower crop areas per inhabitant
(Fig. 4G-L). The fertilizer self-sufficiency potential of digestate from
available municipal biowaste and crop residues combined increased
from villages to towns to cities from 5-10% to 40-95% to 550-900% of
chemical N-fertilizer consumption and from 15-45% to 70-170% to 970-
1,400% of chemical P fertilizer consumption (Fig. 4G-L). Manure was
already utilized as organic fertilizer in the baseline and was hence un-
likely to substitute additional chemical fertilizers.

3.3. Energy and water inputs to biowaste management

Energy inputs required for AD of available biowaste are 20% and 8%
of potential useful energy for cooking (Formula 10) in villages V1 and
V2, respectively, and 31-34% in towns and cities (Table 4). Lower values
in villages are due to a high share of household-scale AD of manure,
which requires only manual labour. 80-90% of energy inputs are
required for AD treatment and biogas post-treatment (upgrading and
bottling to bio-CNG) and the remaining 10-20% for biowaste collection
and transportation, digestate post-treatment (solid/liquid separation)
and digestate transportation (Table A5).

Table 5

Biowaste products and uptake by the environment; total solids per inhabitant and year (kgrs inh ™! yr~
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Water inputs required for AD of all available biowaste are 280-330 L
inh~! yr~! in villages and 60-80 L inh~! yr™! in towns and cities with
wet AD (Table 4). With dry AD of municipal biowaste and crop residues,
and wet AD of manure, water inputs for AD of all available biowaste are
reduced by 22% and 50% in V2 and V1, respectively, and by 80-90% in
towns and cities (Table 4). Dry AD for household-scale AD of manure is
not sensible due to its high water content, therefore the water saving
potential is more limited in villages compared to towns and cities. Water
requirements to treat all available biowaste are <3% of current
groundwater abstraction in villages and towns with wet AD and up to
2% with dry AD of municipal biowaste and crop residues (Table 4,
Fig. 1). In C2, 20% of current groundwater abstraction is needed for wet
AD or 2% with dry AD of municipal biowaste and crop residues.

3.4. Potential to reduce emissions to the local environment

AD of all available biowaste can reduce uptake of biowaste by land/
water by 25-40% compared to the baseline in 2017 (Table 5). The major
part of these reduced emissions is shifted to digestate which makes that
saving dependent on the subsequent utilization of digestate. If all
digestate is utilized in agriculture, emissions of ca. 0.2-0.3 kg NH4-N
inh™! yr™! and 0.1-0.2 kg P inh™! yr™! can be diverted away from
disposal to fertilization of crops (Fig. 4G-L).

Compared to the baseline in 2017, AD of all available biowaste can
reduce 50-60% of smoke related to open burning of municipal biowaste
and crop residues (Table 5). Leaks during AD would emit 0.6-0.7 kg
inh™! yr~! unburnt biogas (with ca. 50-60% methane content) in vil-
lages and 0.1-0.2 kg inh™! yr~! unburnt biogas in towns and cities
(Table 5). Ca. 6-7 kg inh ™! yr™! biogas in villages and 1-2 kg inh ! yr™?
biogas in towns and cities would be contained in biogas products, which
after burning are emitted to the air mainly as carbon dioxide (CO5).

3.5. Uncertainties and sensitivity to input parameters

Uncertainties of MFA export flows were within + 20-45% (= CV) of
their value (error bars in Fig. 3A-L, Table A11). Our study capitalized
from primary data of biowaste properties sampled in each municipality
(Breitenmoser et al., 2018). Main uncertainties in baseline MFAs related
to amounts of MSW reported in municipality-level reports (+ 21%),
amounts and utilization of manure taken from another study in India (+
21%) and gap filling during stakeholder interviews and workshops (+
41%).

For potential biowaste treatment with AD, Indian and international

1, solids and liquids) or mass per inhabitant and year (kg inh~*

yr~1, smoke and gases); P = products, ULW = uptake by land and/or water, UA = uptake by air; + s.d.

Biowaste management  Products or uptake by  Villages Towns Cities
the environment
A% V2 T1 T2 Cl c2
Baseline P Biogas <1 <1 <1 <1 <1 <1
(2017) Digestate <1 <1 <1 <1 <1 <1
Various uses 133 + 8 91 + 8 12 + 1 9 + 1 2 + 0 2 + 0
ULW  Mun' 18 + 2 9 £+ 1 19 + 2 26 2+ 2 21+ 1 26 9+ 2
Man' 20 + 5 37 £+ 7 1 + 0 1 + 0 1 + 0 1+ 0
Crop ! 30 + 2 12 + 1 3 + 0 2 + 0 <1 <1
UA Smoke 16 + 1 7 + 1 8 + 1 10 + 1 7 + 1 9 + 1
Biogas leaks <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
With AD P Biogas 6 + 1 7 + 1 2 + 0 2 + 0 2 + 0 2 + 0
of all Digestate 57 + 5 66 + 7 11 + 1 13 + 1 10 + 1 12 + 1
available Various uses 98 + 6 30 + 2 11 + 2 7 = 1 <1 1 + 0
biowaste ULW Mun' 11 + 1 6 + 1 12 + 1 17 + 2 13 + 1 16 + 1
Man' 20 + 4 37 + 7 1 + 0 1 + 0 1 + 0 1 + 0
Crop’ 14 + 1 6 + 1 2 + 0 1 £ 0 <1 <1
UA Smoke 9 + 1 4 £+ 1 5 + 1 6 + 1 4 £+ 1 5 + 1
Biogas leaks 06 + 0.1 07 £+ O 01 £ 00 02 £+ 0.0 01 + 0.0 01 £ 00

! Mun = municipal biowaste, Man = manure and Crop = crop residues.
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data sources where used. There is a lack of reported values of full-scale
biowaste treatment (e.g. AD, composting) in India, hence uncertainties
were relatively high (e.g. translation of BMP values to expected methane
outputs in full-scale plants: + 14%). While some data are not expected to
differ from one country to another (e.g. biogas to bio-CNG, + 20%),
others may be strongly affected by climatic and other conditions (e.g.
fertilizer potential of digestate derived from international studies, +
42%).

Applying lower estimates to calculate available biowaste reduced all
AD potential estimates presented in Figs. 3-4 by approximately 50%; for
manure it was not exactly 50% because of different fractions of manure
dropped in stables for cattle and buffalo (Table A12). The maximum
estimate, i.e. the energy and fertilizer potential from all biowaste, was 2-
3 times higher than the standard estimate (Table A12).

4. Discussion
4.1. Biowaste availability and readiness of biowaste management for AD

The MSW generation of 64-185 kg inh ™! yr~! (wet weight, Table A1)
in the municipalities of this study is within the range of 60-230 kg inh ™!
yr’1 reported elsewhere in India (Kumar et al., 2017) and MSW man-
agement is typical with little biowaste source-segregation, little formal
treatment and unsafe disposal and/or open burning. The lacking bio-
waste source-segregation in most municipalities points to a current
barrier that centralized AD will face but which municipalities have to
address according to Indian laws (MoEFCC, 2016; Chand Malav et al.,
2020). In the meantime, decentral AD at sites of high biowaste avail-
ability (e.g. fruit and vegetable markets) with on-site biogas demand (e.
g. canteens on markets which typically use gas for cooking) may be more
practicable (Voegeli et al., 2008; Hiisch 2017).

Manure and crop residues are abundant in villages and still mostly
untapped as energy source (Fig. 3A-F). Cattle and buffalo manure
dropped in stables is relatively easy to use in household-scale AD and
will not cause resource competition, because digestate has similar fer-
tilizer properties to untreated manure (Moller and Stinner, 2009).
20-40% of crop residues remain unused as animal feed or fertilizer; their
collection and treatment may be feasible in some places, especially with
water-saving dry AD (Breitenmoser et al., 2018). Sukhesh et al. (2018)
review options to establish appropriate nutrient balance and avoid
adverse effects from lignin in crop residues during AD through
co-digestion with other biowaste and pre-treatment for the Indian
context.

The sensitivity analysis showed that the theoretical AD potential of
all biowaste ("maximum estimate’, Table A12) cannot be linearly scaled
to standard and lower estimates. This underpins that contextualized
knowledge of biowaste management is essential to quantify available
biowaste, provide realistic estimates of the AD potential at the
municipality-level and avoid resource use conflicts. Lower estimates of
biowaste availability (Table A12) reflect conditions that are more
challenging for AD such as a weak implementation of biowaste-source
segregation or a reduction of the biowaste fraction in MSW. The
requirement for biowaste source-segregation in Indian solid waste laws,
growing awareness of environmental pollution and initiatives such as
the "Swachh Bharat (clean India) Mission’ provide opportunities for AD
and better waste management in general (Breitenmoser et al., 2019).

4.2. Renewable energy supply

Indian policies emphasize the possible contribution of AD to a uni-
versal access to affordable, secure and renewable energy sources, as
required by national energy policies and sustainable development goal 7
(MoP, 2017; United Nations, 2015). Our study identifies common en-
ergy sustainability challenges in municipalities, including a high
dependence on firewood for cooking in villages and on fossil fuels in
towns and cities (Fig. 4A-F).
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AD of available municipal biowaste, manure and crop residues can
substitute 50-60% of final energy for cooking in villages and about 10%
of final energy for cooking in towns and cities. While in villages all three
biowaste types have significant energy potentials, in cities only munic-
ipal biowaste is relevant (Fig. 4A-F). Household-scale AD of manure
dropped in stables as supported by the 'New National Biogas and Organic
Manure Programme’ (Table 1) can theoretically substitute 1/3 to 2/3 of
firewood (or 25-55% of the useful energy for cooking of all fuels) in the
villages of this study (Fig. 4A-B). This AD type is very common in India
for energy supply in rural households (Breitenmoser et al., 2019). In
addition, decentral AD of crop residues can supply up to 15% of cooking
energy (Fig. 4A-B) or 10% of electricity for household appliances in
villages. Such decentral plants may be particularly suitable to tackle
innovations such as bio-CNG, for which the 'Research, Development and
Demonstration’ programme provides financial incentives (Table 1).
Centralized AD from municipal biowaste can substitute ca. 4-6% of the
current consumption of useful energy for cooking (Fig. 4A-F) provided
that legally mandated biowaste source-segregation is implemented
(MoEFCC, 2016).

Although conversion to electricity has a low efficiency because 2/3
of the energy in biogas will be converted to heat, this may still be a
practical solution until bio-CNG technology for cooking or alternatively
as car fuel is widely available and proven in India (Mittal et al., 2018).
Applied research should target bio-CNG technologies and its integration
into the existing LPG cylinder distribution network (Kapdi et al., 2005;
Kadam and Panwar, 2017; Twinomunuji et al., 2020). Also, the injection
of methane from biogas into natural gas grids is an efficient option for
large-scale AD (Wellinger et al., 2013), however most Indian munici-
palities have no grid access (Vaid, 2014).

To treat all available biowaste with AD requires an equivalent of 10-
20% of the potential useful energy for cooking in villages and 30-35% in
towns and cities (Table 4); differences are mainly due to the high share
of manure on the AD potential in villages requiring no energy input.
Although the net energy output is positive, this underscores the neces-
sity to promote AD not only for renewable energy supply, but to consider
its full value proposition including energy and fertilizer products and
pollution control.

4.3. Sustainable fertilizer supply

The comparison between fertilizer potential vs. consumption shows a
reverse picture from energy with the smallest potential in villages. In
towns the fertilizer potential almost meets demand and in cities it ex-
ceeds demand by far (Fig. 4G-L). Digestate valorisation from municipal
biowaste and crop residues requires at least basic post-treatment to
reduce wetness, volatile fatty acids and/or pathogens, as well as storage
and transportation (Al Seadi et al., 2013). While low-cost options are
available (e.g. solid/liquid separation), finding affordable land for
storage is difficult in urban areas (Kothari et al., 2014; Tiwary et al.,
2015). Dewatering and post-composting of digestate leads to nutrient
loss regarding N-species (Moller and Miiller, 2012), but seems a
reasonable way to valorise digestate beyond municipal boundaries. In
addition, the relatively dry digestate from dry AD may enhance trans-
portability (Kothari et al., 2014).

The utilization of treated municipal biowaste as digestate and
compost is encouraged in Solid Waste Management Rules, the Mission
on Sustainable Agriculture, and the Policy on the Promotion of City
Compost (Gol, 2014; MOCF, 2017). Although compost and digestate still
play minor roles as fertilizers in India, encouraging small- to
medium-scale composting and AD plants exist in various places where
local initiatives and incentives by the local government (e.g. provision of
affordable/free land) have been important drivers (Zurbriigg et al.,
2004; Chand Malav et al., 2020).

A dependable and proven product quality may be a key to improve
acceptance and marketability, and to avoid adverse effects on soils and
crops (Chander, 2016; Ghosh and Di Maria, 2018)). Even though the
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Indian Fertilizer Control Order provides quality guidelines for *organic
fertilizers’, there seems to be a lack of quality control through certified
laboratories required to measure nutrient and pollutant contents (MoA,
2009). A composting plant at the landfill in city C1 illustrates this, since
quality problems were the main reason for disposal of the compost ac-
cording to operators. Applied agricultural studies on nutrient avail-
ability in digestate and possible soil risks with different biowaste types,
operational parameters, crops and soils are needed in India to minimize
risks and build trust among farmers.

4.4. Water resources

Sustaining water needs for humans and ecosystems is challenging in
many regions in India, which is likely to be exacerbated with climate
change (UNICEF et al., 2013). Water inputs for treatment of all available
biowaste with wet AD are up to 20% (in five out of six municipalities
<3%) of current groundwater abstraction, which underlines the need for
careful planning of biowaste management in the context of water supply
(Table 4). Dry AD would reduce water requirements to < 3% of
groundwater abstraction in all municipalities and seems particularly
reasonable for dry substrates such as crop residues from which it at least
matches biogas production of wet AD (Vandevivere et al., 2003; Kothari
et al., 2014). Instead of fresh water, wastewater could be used to dilute
biowaste, which may however limit the usability of the digestate in
agriculture due to heavy metals, pharmaceutical residues and other
hazards for the environment (Singh and Agrawal, 2007).

Water use efficiency is currently not dealt with in MSW rules (UNI-
CEF et al., 2013, CPHEEO, 2016) and our findings suggest that future
projects should critically reflect seasonal water availability.

4.5. Potential impacts on local and global ecosystems and public health

Current biowaste management in Indian municipalities leads to large
amounts of untreated biowaste going to dumpsites, which can be cut by
half with AD of all available biowaste (Fig. 3A-F, Table 5; Kumar et al.,
2017). Reducing disposal on unprotected dumpsites helps reducing
leachates of nutrients (Table 2) and pollutants to the environment and
minimize GHG emissions from anaerobic biowaste degradation (e.g.
Bogner et al., 2008; Wiedinmyer et al., 2014). Additionally, decentral
dry AD of crop residues with optional co-digestion of municipal bio-
waste provides an intriguing solution to reduce smoke, return nutrients
to agriculture and contribute to renewable energy supply (Sfez et al.,
2017; Kothari et al., 2014).

To avoid a shift of emissions from dumpsites to water bodies or
agriculture, a safe valorisation of digestate deserves more attention
because its utilization can partially substitute energy-intensive (N) and
globally limited (P) chemical fertilizers. Particularly when digestate
availability exceeds fertilizer demand in highly populated areas (Fig. 4K-
L), emissions to the local environment can only be significantly reduced
when surplus digestate is exported, e.g. to surrounding agricultural
villages.

For biogas, the substitution of firewood for cooking is particularly
promising in poor households in rural villages, because this will help
reduce indoor air pollution, forest degradation and firewood collection
(Lewis et al., 2017; Sfez et al., 2017).

Emissions to air during AD operation and energy conversion of
biogas depend on technology design, operations and long-term main-
tenance. Bruun et al. (2014) have shown that household scale AD in
India lose on average 10% of biogas, which due to unburnt methane is a
ca. 28 times stronger GHG than burned biogas which consists mainly of
CO5 (Bruun et al., 2014; Pachauri et al., 2014). However, also untreated
manure releases methane during storage and AD offers a way of
capturing emissions for energy conversion (Dumont et al., 2013). For
municipal biowaste and other substrates, well-maintained AD plants
were found to save GHG in Europe (Pucker et al., 2013). Given the
unsafe disposal in India on dumpsites causing methane emissions
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(Bogner et al., 2008), it seems unlikely that AD will cause significant
additional GHG emissions. It is nevertheless important to ensure
long-term maintenance of AD plants to keep GHG emissions to a mini-
mum, minimize odour emissions and avoid system failures.

Compared against other options for biowaste management, various
studies have shown that a reduction of biowaste and direct use of bio-
waste (e.g. as animal feed were allowed) are the most environmentally
sound options (e.g. Salemdeeb et al., 2017; Kibler et al., 2018). It is
therefore crucial that biowaste which is already directly used (e.g. to
feed animals) is excluded from the AD potential (Fig. 3A-F). MFAs are a
useful starting point for LCA studies in Indian municipalities to compare
AD against other options of biowaste treatment such as composting or
vermicomposting.

5. Conclusions

Our study aims to show that the municipality-level assessment of
biowaste management in the context of energy, fertilizers, water and the
environment reveals benefits, barriers and trade-offs which may be
overlooked in simpler country-level waste-to-energy approaches. The
following may be concluded:

e Household-scale AD of manure can substantially contribute to en-
ergy supply in rural households and reduce firewood dependency;
crop residues are best treated in water-saving dry AD to supply en-
ergy and reduce smoke from post-harvest burning in rural areas;
organic fertilizer supply and pollution abatement may be equally
important selling propositions as renewable energy for mid- to large-
scale AD;
decentral AD at sites of high biowaste availability with local energy
demand for cooking and safe water supply seems favourable until
source-segregated biowaste collection is established;
agricultural studies should address digestate valorisation in India,
including nutrient use efficiency, soil health and acceptance;
o the approach and tools in this study are tailored for municipalities,
use freely available software and may be hence be useful for local
planners.
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