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Abstract
This study presents a classic case of realizing wealth from waste through effective biomass management in two slaughter-
houses having a slaughtering capacity of 1000 buffalos per day. On average, 32 to 35 tonnes of dung solids per day, either 
partially or fully digested, were recovered from the lairage (where animals are retained before slaughtering) and paunch 
sections (where intestinal contents are removed after slaughtering), respectively. The recovered dung solids with average 
moisture content (MC) of 85 % were dewatered using a screw press and dried up to ≤ 10% MC with a rotary sludge dryer. 
Then, briquettes were manufactured without using any binder. Fourier-transform infrared spectroscopy (FTIR) and UV-auto-
fluorescence (UV-AF) studies revealed the binding mechanism of dung solids was due to the presence of lignin. Furthermore, 
owing to the presence of cellulose, hemicellulose, and lignin, the finished biomass briquette’s calorific value was observed 
to be 3032 Kcal/kg. The manufactured briquettes’ heavy metals concentration was lower than the briquettes derived from 
wood waste and vine shoots. The toxicity characteristics leachability procedure (TCLP) and waste extraction test (WET) 
analysis showed that the ash produced after the briquettes’ combustion is safe for disposal/landfilling. The emission of vent 
gases such as CO,  CO2,  SO2, and NOx was lower than wood chips and forest waste. The full-scale demonstration of dung 
management using dewatering, drying, and briquetting system offers a net profit of Rs. 1,560,000 (21,016 USD) annually. 
The proposed system has huge potential for replication in livestock/dairy farms for dung management.
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Highlights  
• Recovered dung from lairage and paunch sections was dewatered 
and dried, and briquettes were manufactured without using any 
binder.
• The briquettes have moderate gross calorific value (GCV), very 
low concentration of heavy metals and leachability, and minimum 
vent gases emissions.
• A slaughterhouse with the capacity of 1000 buffalos per day 
offers 5–6 tonnes of briquettes/day with a net annual profit of Rs. 
1,560,000 (21,016 USD).
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Abbreviations
APEDA  Agriculture and Processed Food Export Devel-

opment Authority
AF  Auto-fluorescence
ASTM  American Society for Testing and Materials
BMP  Biochemical methane potential
DAF  Dissolved air flotation
EFRDF  Externally fed rotary drum filter
EHCA  Electrically heated controlled atmosphere 

chamber
EPA  Environment Protection Act
FSSAI  Food Standards and Safety Authority of India
FTIR  Fourier-transform infrared spectroscopy
GCV  Gross calorific value
HACCP  Hazard Analysis and Critical Control Points
HRT  Hydraulic retention time
ICP-OES  Inductively coupled plasma-optical emission 

spectrometry
IS  Indian Standards
ISO  International Standards Organization
Kcal  Kilocalories
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Kg  Kilograms
MC  Moisture content
NREL  National Renewable Energy Laboratory
ppm  Parts per million
SDG  Sustainable Development Goal
TCLP  Toxicity characteristics leachability procedure
Tg  Glass transition temperature
TPD  Tonnes per day
TPH  Tonnes per hour
TS  Total solids
USD  US dollars
UV  Ultraviolet
VS  Volatile solids
WET  Waste extraction test

1 Introduction

The “affordable and clean energy,” “responsible consumption 
and production,” and “increase industry, innovation, and infra-
structure” are three of the 17 sustainable development goals 
(SDGs), 2015 to achieve a better and more sustainable future for 
all by 2030. The industries are the key components to achieve 
the aforesaid SDGs by becoming energy and resource-efficient 
[1]. To do so, it is essential to find an alternative to conventional 
fuels. Over the past few years, biomass has gained popularity 
as an alternative to traditional fuels. Biomass-based fuels can 
be made from numerous waste materials such as peanut shell 
and sunflower stalk [2], sugarcane bagasse [3], coconut shell 
[4], groundnut shell [5], oil palm mesocarp fiber [6], palm oil 
mill sludge [7], and olive mill solid waste [8]. The most widely 
used biomass energy sources are bioenergy crops, agricultural 
residues, and forestry waste [9].

In the past, studies have been carried out by several 
researchers to exploit energy from slaughterhouses. Ware 
and Power [10] demonstrated that biogas could be pro-
duced using anaerobic digestion of slaughterhouse waste 
such as paunch, soft offal (intestinal residue, fat and meat 
trimmings, and some blood), and the sludge from the dis-
solved air flotation (DAF) unit. The methane potential of 
the waste streams was observed to be in the range of 49.5 
to 650.9  mLCH4 .g−1 VS over a period of 30 to 50 days. 
Similarly, Wang et al. [11] showed that the average BMP 
of slaughterhouse waste such as manure, blood, viscera, 
and DAF sludge was 370  mLCH4 .g−1 VS and suggested 
hydraulic retention time (HRT) of 30 to 60 days in anaero-
bic digesters. Ali et al. [12] evaluated the biogas production 
potential of slaughterhouse waste such as blood, rumen, 
and manure in selected African countries. They suggested 
an HRT of 30 days for a dome-shaped biogas digester to 
handle slaughterhouse waste. Rhee et al. [13] calculated 
BMP of slaughterhouse waste such as heart, liver, lung, 
and large intestine in Korean slaughterhouse and found 

it to be in the range of 357.8 to 737.6  mLCH4 .g−1 VS. 
Likewise, Siddiki et al. [14] evaluated the biogas produc-
tion of slaughterhouse waste such as rumen, blood, and 
manure in Bangladesh, and biogas yield was found to be 
between 300 to 700 mL .g−1 TS. Salehiyoun et al. [15] 
conducted anaerobic co-digestion of slaughterhouse waste 
with sewage sludge to improve the BMP. As far as exploit-
ing energy from the slaughterhouses is concerned, the lit-
erature revolves mostly around the anaerobic digestion of 
slaughterhouse waste. The literature review indicated that 
the minimum HRT required in anaerobic digesters while 
handling slaughterhouse waste to exploit maximum biogas 
is 30 days. Given the quantum of waste generated in the 
slaughterhouses, longer HRT warrants a very high volume 
of digesters resulting in increased land area requirement, 
capital cost, and limited practical applicability. The litera-
ture review also indicated that biomass briquette manu-
facturing from the slaughterhouse has yet not been tried. 
Hence, it is important to come up with an alternative route 
to use a sizable fraction of organic waste from a slaugh-
terhouse in a techno-economic and sustainable manner. 
Therefore, the major objectives of the studies were to iden-
tify the areas in a slaughterhouse wherein waste can be 
exploited to generate energy in the form of biomass-based 
fuels and demonstrate it on a full scale.

2  Materials and methods

2.1  Study area

This study was carried out in two slaughterhouses situated in 
the state of Uttar Pradesh (U.P.), India. Both slaughterhouses 
are export oriented and offer fresh boneless buffalo meat. 
They follow International Standards and are HACCP, ISO 
22000:2005, and ISO 9001:2015 certified. Industries are clas-
sified as a “large slaughterhouse” since their annual slaugh-
tering capacity exceeds 40,000 cattle or dry live weight per 
day exceeding 70 tonnes as per EPA Act (India) 1986. They 
have consent to slaughter 1100 buffalos per day from APEDA, 
Ministry of Commerce, GoI, and consent to operate from the 
Uttar Pradesh Pollution Control Board. It is also licensed by 
the Food Standards and Safety Authority of India (FSSAI) 
under the Food Safety and Standards Act, 2006.

2.2  Identification of slaughterhouse waste 
for biomass‑based fuel

All the slaughterhouse processes and operations were stud-
ied in detail, and field investigations studies were conducted 
in order to assess various categories of effluent generation 
viz. dung, blood, salt, and fat streams. In addition, a detailed 
literature review was conducted to identify the areas or 
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sections in a slaughterhouse wherein waste is produced that 
can be recovered and manufactured into biomass briquettes 
(Fig. 1).

2.3  Quantification of waste

The screened solids from the solid-liquid separation units, 
dewatered solids from the filter press, recovered solids from 
the lairage, and the paunch section are stored in trolleys. The 
weights of the trolleys were taken using a weighing bridge. It 
was found that the average net weight of contents in a trolley 
is 3000 kg. Thereafter, the number of trolleys per day was 
counted and multiplied by 3000 kg to work out the quantity 
of separated dung solids.

2.4  Moisture content of waste

The dung solids from the lairage and paunch sections were 
collected. The moisture content of the dung solids was meas-
ured as per ASTM: E871-82, 2014 [16]. The dung solids (50 
g) were weighed in a cleaned container using an electronic 
weighing balance. Then, the samples were dried in an oven 
at 103 ± 1 °C for 16 h. The dried samples were then allowed 
to reach room temperature by keeping them in a desiccator. 
The final weights were taken to estimate the moisture con-
tent on a wet weight basis as per Eq. (1).

2.5  Dewatering, drying, and briquetting system

In a slaughterhouse, dewatering such a sizable fraction of 
organic matter with 85% moisture content is one of the 
major challenges since it is a well-established fact that the 
ideal moisture content required for briquetting should be 
less than 10 %. Thus, while designing biomass dewatering, 
drying, and briquetting systems, it was necessary to strike 
a balance between the energy required for dewatering, dry-
ing and briquetting, and the energy available from the fin-
ished briquettes. Therefore, a multi-intervention approach 

(1)Moisture content(wet weight%) =
Initial weight − Final weight

Initial weight
× 100

was necessary to bring down the moisture content from 85 
to less than 10 %. Hence, a two-stage dewatering and dry-
ing system was developed and adopted to improve biomass 
handling. Figure 2 presents the overall schematic for the 
management of dung solids.

The first step is to dewater the recovered dung solids 
using a screw compactor. The screw compactor squeezes 
out the moisture of biomass and reduces the moisture. The 
screw compactor also facilitates feeding dewatered dung to 
the second stage, i.e., to rotary sludge dryer, where mois-
ture is targeted to bring down up to 10 % or below. The 
dry solids with moisture content ≤ 10% are then fed to 
the briquetting plant for manufacturing the briquettes. The 
technical specifications for the screw compactor, rotary 
sludge dryer, and briquetting plant are provided in sup-
plementary material in Tables S1, S2, and S3, respectively.

2.6  Characterization of finished briquettes

2.6.1  Proximate and ultimate analysis

The proximate analysis of the dung briquettes was done as 
per Indian Standard (IS): 1350 Part 1, and the gross calo-
rific value (GCV) was analyzed as per the Indian Standard 
(IS): 1350 Part 2. The ultimate analysis was done using 
Elementar Vario MACRO CUBE (CHNS Analyzer). The 
instrument operates on a principle of high-temperature 
combustion or pyrolysis of the sample and converting the 
elements into gaseous products. The gases are then sepa-
rated by purge and trap chromatography and detected by a 
thermal conductivity detector (TCD).

2.6.2  Heavy metals analysis

For heavy metals analysis, the briquettes and ash were 
digested by taking 1 g of the sample and dissolving it in 
a mixture of 90 mL distilled water and 10 mL nitric acid 
(Fisher Scientific, 70% v/v, trace metals grade) and heat-
ing for 2 h on a hot plate at 150 °C. The digested samples 
were then analyzed in ICP-OES (Thermo Fisher ICAP 

Fig. 1  A Lairage section where 
animals are rested before 
slaughtering. B Cutting and 
emptying of paunch (partially 
digested food from the paunch 
of buffalo) (photographs by the 
authors)
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6300 DUO). Merck makes multi-element standard solu-
tion (No: IV) containing major concerned elements was 
taken as reference standards for the analysis.

2.6.3  TCLP and WET analysis

The toxicity characteristics leaching procedure (TCLP) 
and waste extraction test (WET) were conducted on the 
ash generated from the combustion of the briquettes in 
the solid fuel boiler in accordance with the procedure 
mentioned in USEPA Test Method 1311 (July 1992) and 
waste extraction test (WET) procedure, Appendix II of 
section 66261 of Title 22 of California Code regulation 
(CCR) respectively.

2.6.4  Vent gases emissions

The finished briquette obtained after the biomass dewater-
ing, drying, and briquetting system was crushed using pestle 
and mortar. The crushed sample was then weighed to 50 g 
in a crucible and kept in an electrically heated controlled 
atmosphere chamber (EHCA) furnace (Make Therelek). The 
temperature in the combustion chamber was maintained at 
500 ± 2 °C. This combustion temperature was chosen to 
more or less mimic the conditions in a solid fuel boiler, 
which was proposed to be fed with finished briquettes. The 
flue gases emissions were monitored at every 5-min interval 
for 165 min using a gas analyzer (Make: ACE 9000XT). The 
gas analyzer can measure  O2,  CO2, CO,  SO2, and  NOx. The 

Filter PressHydrasieve EFRDF

Recovered solids from a 
slaughterhouse

Dewatered Solids 

Paunch 
Section Settled dung solids 

from primary clarifier

Screw Press

Dried solids

Feeder
Rotary Dryer

Reuse in Solid Fuel Boiler or 
Sell in Market

Lairage

Biomass Briquetting Machine

Finished briquettes for hot 
air generation

Briquettes

Fig. 2  Schematic of biomass dewatering, drying, and briquetting system
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measurement of all the gases except  CO2 (derived) is sen-
sor based. The  O2 sensor consists of an anode, electrolyte, 
and air cathode. At the air cathode, oxygen is reduced to 
hydroxyl ions which in turn oxidize the metal anode. The 
generated current is proportional to the concentration of  O2. 
The measurement of CO,  SO2, and  NOx was based on the 
concept of electrochemical sensors of the micro fuel cell 
type. The sensors use capillary diffusion technology, yield-
ing a low-temperature coefficient and a direct response to 
concentrations.

2.6.5  Fourier‑transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) measure-
ment was done using PerkinElmer Series FTIR-Spectrum 2 
in the spectral range of 400 to 4000  cm−1, and the spectra 
were collected at a resolution of 4  cm−1 with 16 scans. The 
results from this study were compared with the FTIR results 
obtained by Charis et al. [17], who also studied FTIR spectra 
of sawdust and acacia-based biomass. To confirm the pres-
ence of cellulose, hemicellulose, and lignin, the FTIR spec-
tra of the analytical grade cellulose, hemicellulose (Make: 
Himedia), and lignin (Make: Merck) were taken and com-
pared with that of the biomass from the slaughterhouse.

2.6.6  Ultraviolet (UV)‑auto‑fluorescence (AF) 
and brightfield microscopy

The cylindrical biomass briquette was broken using hands 
along its radius perpendicular to its height. This was done 
specifically to avoid any cuts on the material while using a 
knife or blade. The fractured portion of the biomass was then 
taken for analysis. UV-AF images were taken using Leica 
DM 2500 (excitation at 320–380 nm, dichroic mirror at 400 
nm, emission at 425 nm) to ascertain the spread of lignin 
within the biomass briquettes. As per Kaliyan and Morey 
[18], lignin present in a sample shines bluish-white or bril-
liant blue when subjected to UV. The images are presented 
along with the scale.

The fractured portion of biomass was also observed using 
Leica MZ 10F stereomicroscope (brightfield), and an image 
was captured to study the various binding mechanisms. The 
image is presented in the grayscale.

2.7  Business model

The cost estimates for operation and maintenance of the bri-
quettes manufacturing unit have been arrived at considering 
the power consumption, manpower required, maintenance, 
and repair. The maintenance and repair costs for civil works 
and mechanical/electrical equipment are taken as actual 
based on the industries’ secondary data. The power cost is 
calculated based on the power rating of the equipment, hours 

of operation, and the existing electricity tariff in the state of 
Uttar Pradesh.

3  Results and discussion

3.1  Waste for biomass‑based fuel

In a slaughterhouse, fully digested dung solids are pre-
sent in the lairage section (Fig. 1A), wherein buffalos are 
retained before slaughtering. Usually, dry scrapping of cat-
tle dung is done to recover it as much as possible in the dry 
form. The rest of the solids on the floor are washed with 
high-pressure nozzles, which generate wastewater contain-
ing suspended solids (SS). In addition to the dung solids 
from the lairage section, cattle paunch or rumen is another 
major waste source that contains partially digested food in 
the stomach of cattle. The wet weight of a paunch material 
ranges between 22 and 31 kg per cattle [19]. After slaughter-
ing, the paunch is opened, and the contents are emptied in a 
container (Fig. 1B) before rinsing the paunch in a separate 
container. The paunch contents that stick onto the wall of 
rumen are introduced in the wastewater while rinsing. The 
wastewater characteristics from the lairage and paunch sec-
tion are described in detail in Shende et al. [20].

In addition to the dry scrapping of dung from the lairage 
section and recovery of intestinal content from the paunch 
sections, a primary wastewater treatment system consist-
ing of hydrasieve and externally fed rotary drum filter 
(EFRFDF) is installed in both the industries to recover dung 
solids from the lairage and paunch sections, respectively. 
Furthermore, the primarily settled dung solids from the 
clarifier are dewatered using a filter press.

3.2  Waste quantification

In a slaughterhouse with a slaughtering capacity of 1000 
buffalos/day, it was found that about 30 to 32 tonnes/day of 
dung solids were recovered, having a moisture content of 
86 ± 2 % from the hydrasieve, EFRDF, lairage, and paunch 
sections. Simultaneously, nearly 2 to 3 tonnes/day of dung 
solids were recovered from the filter press, and its average 
moisture content was 65 ± 5 %. Thus, a total of 32 to 35 
tonnes/day of the dung solids can be recovered with an aver-
age moisture content of 85 %. Based on the quantity and the 
high moisture content, a biomass dewatering, drying, and 
briquetting system was designed.

3.3  Performance of biomass dewatering, drying, 
and briquetting system

The performance of the biomass dewatering, drying, and 
briquetting system is presented in Table 1. It was found that 
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the screw compactor reduces the moisture content of the 
separated solids from 85 to 45 ± 5 % with a feed capacity of 
5 tonnes per hour (TPH). At the rate of 5 TPH, the dewatered 
solids’ quantity at the screw press outlet was 1.6 to 2.2 TPH. 
The dewatered solids from the screw press outlet were fed 
to a rotary dryer for further drying with the conveyor belt at 
the rate of 1.6 to 2.2 TPH. The dried solids at the outlet of 
the rotary dryer had the MC of less than 10 %. It is impor-
tant to note here that the MC of the dried solids has to be 
necessarily less than 10 % for making it suitable to feed in 
the briquetting machine. Thus, 5 to 6 tonnes of briquettes per 
day are manufactured in a slaughterhouse with a slaughter-
ing capacity of 1000 buffalos per day.

The manufactured briquettes were used in the hot air 
generator of the rotary dryer, and its consumption was 200 
to 300 kg/h. The specifications of the finished briquettes 
and other important characteristics are shown in Fig. 3. The 
diameter of the finished briquette was 90 mm, and length 
varied between 100 and 500 mm with an average density 
of 1240 kg/m3.

3.4  Proximate and ultimate analysis

As shown in Table 2, the GCV and an ash content of dung 
briquettes are 3032 Kcal/kg and 28.6 %, respectively, which 
is comparable with the Grade G15 coal in India (GCV: 2801 
to 3100 Kcal/kg and Washery Grade IV coal (ash content: 
28 to 35 %) [21]. The calorific value obtained in this study 
was higher than the previously reported values by Archana 
et al. [4] for coconut husk (2398 Kcal/kg); Chiou and Wu 
[22] for pulp (2085 Kcal/kg), and textile (2864 Kcal/kg) 
sludge and at par with agricultural residues such as corn 
stalk (3293 Kcal/kg), rice husk (3196 Kcal/kg), and olive 
refuse (3104 Kcal/kg) [23]. The calorific value of the tan-
nery waste reported by Onukak et al. [24] was between 4450 
and 5288 kcal/kg. However, the tannery waste had a very 
high chromium content of more than 4000 mg/kg; thus, de-
chroming was done as a pre-treatment.

It is important to note here that binders in the manufac-
turing of briquettes add to the finished product’s calorific 
value. Since no binders were used in this study, the calorific 

Table 1  Performance of biomass dewatering, drying, and briquetting system

* Finished briquettes (200 to 300 kg/h) are required for hot air generation in a rotary sludge dryer

Equipment Total quantity of dung solids han-
dled in tonnes per day (TPD)

Feed in tonnes per 
hour (TPH)

Output in tonnes per 
hour (TPH)

Input moisture 
content in %

Output mois-
ture content 
in %

Screw press 32–36 5 1.6–2.2 85 47 ± 4
Rotary sludge dryer* 9.6–11 1.6–2.2 0.9–1.1 47 ± 4 ≤ 10
Briquetting plant 5–6 1.5 1.5 ≤ 10 ≤ 10

Fig. 3  Manufacturing of 
briquettes in progress and the 
specifications of the finished 
briquettes (photograph by 
authors) Diameter: 90 mm

Length: 100 to 500 mm
Moisture content: less than 10 %
Density (Avg.): 1240 Kg/m3

Calorific value: 3032 Kcal/Kg
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value presented is the actual value of the briquetting mate-
rial used alone. The dung briquettes’ carbon content was in 
the range of 35.93 to 36.76 %, which is comparable with 
briquettes manufactured using textile sludge (32.15 %) and 
textile industry solid residue (41.4 %), as shown in Table 2. 
The sulfur content of dung briquettes varied between 0.063 
and 0.083%, which is very less than the sulfur content of 
Indian Coal (0.3 to 0.55%) [27].

3.5  Heavy metals

A comparison of heavy metals concentrations in both bri-
quettes and ash under this study and that reported by Moreno 
et al. [28] is presented in Table 3. As can be seen, none 
of the heavy metal concentrations is significant, except Fe 
and Mn. Nevertheless, the Fe and Mn concentrations in the 

briquettes and ash were significantly less than the values 
reported by Moreno et al. [28] for furniture wood waste, 
solid wood, engineered wood, and vine shoots whose prin-
cipal source is naturally occurring trees.

3.6  TCLP and WET

As shown in Table 2, the ash content of the biomass bri-
quette was 28.6 %, which may pose difficulties for its ulti-
mate disposal. However, landfilling can be an alternative to 
manage ash effectively. Hence, TCLP and WET analysis of 
the ash was carried out. The results are presented in Table 4. 
The leachable concentration of all the heavy metals from 
the ash is less than the concentration limits of class A and is 
safe for disposal/landfilling, etc. Moreover, the possibility 
of using ash for bricks manufacturing and soil amendments 
has to be explored to earn incentives from it.

Table 2  Proximate and ultimate analysis of the dung briquettes and reported values for other industrial waste

ND, not detectable

Parameters Finished Dung 
Briquettes (This 
study)

Industrial waste-derived fuel briquettes

Pulp sludge Textile sludge Tannery waste Textile industry 
solid residue

Cashew 
industry 
waste

[22] [24] [25] [26]

Proximate analysis
  Moisture percentage by mass,% 6.5 - - 1.02–6.75 - 9.72
  Volatile matter percentage by mass,% 49.1 7.94 5.12 9.41–14.50 90.2 ± 0.38 77.81
  Fixed carbon percentage by mass,% 15.8 8.06 4.16 75.96–87.22 0.86 ± 0.21 19.14
  Ash percentage by mass,% 28.6 54.29 53.60 2.35–3.45 8.93 ± 0.20 3.05
  Gross calorific value 3,032 2085 2,864 4450–5288 3,535 4,963

Ultimate analysis
  Carbon,% 35.93 to 36.76 18.48 32.15 - 41.4 -
  Hydrogen,% 4.83 to 5.0 1.78 5.73 - 5.9 -
  Sulfur,% 0.063 to 0.083 N.D. 164 - 0.4 -
  Nitrogen,% 0.68 to 0.70 0.83 1.36 - 1.1 -

Table 3  Comparison of heavy 
metal concentrations in dung 
briquettes and ash

ND, not detectable; all values are in mg/kg

Elements This study Moreno et al. [28]

Briquette Ash Furniture wood waste Solid wood Engineered wood Vine shoots

Cd 0.001 ND 1.0 ± 0.1 0.1 ± 0.02 0.2 ± 0.06 0.01 ± 0.01
Co 0.028 0.020 1.1 ± 0.1 0.05 ± 0.004 0.3 ± 0.01 0.3 ± 0.01
Cr 1.670 0.040 6.7 ± 1.4 2.0 ± 1.3 9.6 ± 2.1 6.5 ± 2.0
Cu 0.124 0.562 6.4 ± 0.7 1.4 ± 1.4 4.3 ± 0.3 5.7 ± 0.3
Fe 81.504 30.704 280 ± 30 260 ± 50 730 ± 100 5170 ± 110
Mn 5.807 1.607 40.0 ± 3.6 46.8 ± 7.1 70.8 ± 10.6 20.7 ± 0.03
Ni 0.137 0.067 1.2 ± 0.3 0.04 ± 0.07 1.7 ± 0.5 0.6 ± 0.04
Pb 0.074 0.030 6.3 ± 3.6 0.04 ± 0.06 12.3 ± 4.3 0.4 ± 0.1
Zn 0.558 0.345 69.4 ± 2.0 7.7 ± 0.9 26.7 ± 1.8 13.9 ± 0.1
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3.7  Vent gases emissions

The average concentration of the vent gases is presented in 
Table 5 (detailed results are provided in Table S4 of Appen-
dix), along with the comparison with the previously pub-
lished data. It is evident that the emissions from the finished 
briquettes in this study were lower than the emissions from 
olive mill waste, rice husk, wood chips, spent coffee beans, 
and forest waste. The lower values of  SO2 and NOx can be 
attributed to very low concentrations of S (0.063 to 0.083 
%) and N (0.68 to 0.70 %) in the briquettes, as mentioned 
in Table 2.

3.8  FTIR analysis

The results from the FTIR analysis are shown in Fig. 4. In 
the biomass briquettes, the peak around 3339.45, 1731, and 
1029.50  cm−1 correspond to hydrogen-bonded OH stretch, 
C=O stretch, and esters/ethers, respectively that may be 
associated with cellulose, hemicellulose, and lignin. Thus, 
in order to further ascertain, the FTIR spectra were matched 
with that of the cellulose, hemicellulose, and lignin, as 
shown in Fig. 4. The peaks in lignin around 1651 and 2929 

 cm−1 resemble peaks in biomass from slaughterhouse, i.e., 
1650 and 2974  cm−1. Similarly, the peak around 896  cm−1 
due to ß-glucosidic linkages between monosaccharides 
is common in hemicellulose and biomass [33]. The peak 
around 2885 and 2906  cm−1 corresponding to C-H stretch in 
glucose unit is common in both cellulose and biomass [34]. 
It is possible to quantify cellulose, hemicellulose, and lignin 
as per National Renewable Energy Laboratory’s (NREL’s) 
Biomass compositional analysis procedures. However, in 
this case, the same was not applicable owing to the interfer-
ence of ash content which should be less than 10 %. How-
ever, the presence of cellulose, hemicellulose, and lignin 
contributed to the calorific value of the finished biomass 
briquettes.

3.9  UV Auto‑fluorescence

The results are presented in Fig. 5. The lignin can be seen in 
bright blue color almost across all parts of the fractured parts 
of the biomass briquettes. The presence of lignin accompa-
nied by suitable glass transition temperature  (Tg) and lower 
moisture content favors the natural binding process, as stated 
by Tumuluru [35].

In this study, it is likely that the required  Tg must have 
been generated during high-pressure densification in the bri-
quetting machine because of the force of friction. This was 
also evident from the temperature measurement of the fin-
ished briquettes immediately which ranged between 55 and 
68 °C. The temperature was measured using an infrared ther-
mometer (Make: Hanna). The  Tg of lignin is reported as 50 
to 100 °C [36]. Above  Tg, lignin behaves as a viscous mate-
rial, and once it cools down, it solidifies and binds materials 
with which it comes in contact. In a study conducted by 
kaliyan and Morey [18], while making pallets from corn 
stover and switchgrass, the lignin can be seen in abundance 
in the fractured portion of their biomass. However, in the 
present study, lignin is not as abundant as compared to Kali-
yan and Morey [18]. The probable reason is that lignin from 
the grass, leaves, or straw might have been altered during the 
digestion process.

Table 4  TCLP analysis of ash content

ND, not detectable

Sr. no. Constituents Ash Concentration limit based on 
class A leachable conc. limits 
(mg/L)

Concen-
tration 
(mg/L)

1 Cd ND 1.0
2 Co 0.011 80.0
3 Cr (III) ND 5.0
4 Cu 0.316 25.0
5 Mn 0.011 10.0
6 Ni 0.047 20.0
7 Pb ND 5.0
8 Zn ND 250

Table 5  Vent gases emissions 
from the burning of biomass 
briquettes and its comparison

* Denotes ppm

Briquetting material O2 % CO2 % CO ppm SO2 ppm NOX ppm References

Briquettes from dung 
of lairage and paunch 
section

14.68 4.34 6.47 4.66 7.91 This study

Olive mill waste 5.3 7.47 178 66 377 [8]
Rice husk - 11–15 465–1128 - 37–154 [29]
Wood chips - 813 - 24 [30]
Spent coffee beans - 21,332* - - 4.07 [31]
Forest waste 8.80–19.50 1.4–3.9 1018–2918 - 35–114 [32]
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3.10  Brightfield microscopy

The presence of lignocellulose such as straw, grass, and hay 
in paunch content has been reported by Tritt and Schuchardt 
[37]. In this study, the straws are distinctly visible as shown 
in Fig. 6 in elongated circles. The grass and hay might have 
been bitten well and digested by buffalos. Nevertheless, the 
color of paunch materials is green, as shown in Fig. 1b, thus 
indicating the presence of grass, hay, or any other plant’s 
leaves-based contents.

As shown in Fig. 5, lignin was spread well across the 
biomass of briquettes. Moreno et  al. [28] reported that 
the lignin, starch, and carbohydrates in waste materials 
act as a natural binder since they form inter-particle solid 
bridges under pressure. In this study, the presence of starch 

and carbohydrates was not evaluated. However, as stated 
by Tumuluru [35], lignin is a basic binder in herbaceous 
and woody biomasses. In Fig. 6, various binding mecha-
nisms such as mechanical inter-locking, adhesion, and solid 
bridges are clearly visible and in line with the findings of 
Moreno et al. [28], Kaliyan and Morey [18], and Tumuluru 
[35]. Moreover, the void spaces (around 0.1 to 0.5 mm size) 
were observed in between biomass which may be due to the 
non-uniform size of biomass leading to differential densifi-
cation during briquetting, thus creating void spaces.

3.11  Business model

Recurring cost estimates and economics of dung dewater-
ing, drying, and briquetting plant is shown in Table 6. In a 

Fig. 4  FTIR of biomass bri-
quettes from the slaughterhouse
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Fig. 5  UV-AF image of a cross-section of biomass briquettes (fractured portion), brilliant blue color represents lignin a lignin at surface (40×), b 
lignin at the binding point where materials are woven in each other (20×), c spread of lignin within the biomass (4×)
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slaughterhouse with a capacity of 1000 buffalos per day, 
the net production of briquettes is 3.6 TPD, and the daily 
expenditure required for its manufacturing is Rs. 10,766 
(145 USD). Considering the market prize of the finished 
briquettes as Rs. 5000 (67.36 USD) per ton, the net profit 
which can be gained by selling the finished product is Rs. 
7324 (98.67 USD) per day. Alternatively, the finished bri-
quettes can also be used in the slaughterhouse operating an 
in-house solid fuel boiler. Moreover, the capital cost on the 
briquetting plant can be saved if the dried dung can be fed 
directly in the solid fuel boiler.

An industry usually operates 26 days a month. Con-
sidering the average profit of Rs. 5000 (67.36 USD) per 
day (industry does not operate on full slaughtering capac-
ity daily); the monthly and annual profit gained by selling 
finished materials is Rs. 130,000 (1751.35 USD) and Rs. 
1,560,000 (21,016 USD) respectively. The total expenditure 
incurred for setting up the dung dewatering, drying, and 
briquetting plant was Rs. 5,500,000 (74,095 USD). Thus, 
the return on investments (RoI) would be achieved after 3.5 
years.

The cost of managing the 32 to 35 TPD dung solids with a 
moisture content of 85 % will also be saved by implementing 
the dung dewatering, drying, and briquetting plant. The cost 
saved to handle 32 to 35 TPD dung solids in the absence of 
the dung dewatering, drying, and briquetting plant is not 
considered while arriving at the RoI.

The total power consumption per day to run the briquette 
manufacturing plant is 796 kW/day (68,4437 Kcal/day), as 
shown in Table 6. The biomass net production is 3.6 TPD 
having a calorific value of 3032 Kcal/kg, which implies that 

the total calories available from the finished briquettes are 
10.915 million Kcal/day. Thus, this study demonstrates a 
classic case of effective dung management in a slaughter-
house with the added advantage of net gains and meeting 
the SDGs.

4  Conclusions

The slaughterhouse having a slaughtering capacity of 1000 
buffalos per day has the potential to recover nearly 32 
to 35 tonnes of dung solids per day (either partially or 
fully digested). The recovered solids were converted to 
useful resource “biomass” following dewatering, drying, 
and briquetting without the use of binders. For briquet-
ting, the MC of dung was reduced from 85 to 10 %. The 
calorific value of the finished biomass briquette from the 
slaughterhouse was 3032 Kcal/kg, and the volatile per-
centage by mass was 49.1 %. Heavy metal concentration 
in the briquettes and the ash was lower than the previ-
ously reported values for biomass-based fuels. The TCLP 
and WET analysis showed that the ash produced after the 
briquettes’ combustion is safe for disposal/landfilling. 
The vent gases emissions from the burning of biomass 
briquettes were lower than wood chips, forest waste, etc. 
The binding mechanism was due to the presence of lignin 
which enabled solid bridges, adhesion of biomass. By 
implementing the developed dewatering, drying, and bri-
quetting system, it is possible to gain a net profit of Rs. 
1,560,000.00 (21,016 USD) annually. The system can even 
be replicated in livestock/dairy farms.

Fig. 6  Microscopic image of 
the fractured portion from the 
biomass briquettes (grayscale)

Void spaces 
between biomass

Mechanical inter-
locking

Adhesion
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