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Abstract
Biomass from various sources such as cow dung is a significant source of renewable energy (as biogas) in many regions 
globally, especially in India, Africa, Brazil, and China. However, biogas production from biomass such as cattle dung is a 
slow, inefficient biochemical process, and the specific biogas produced per kg of biomass is relatively small. The improve-
ment of specific biogas production efficiency using various dilution ratios (and, hence, total solids [TS]) is investigated in 
this work. A wide range of feed dilution (FD) ratios of cow dung: water (CD: W) was tested in batch biogas digesters with 
total solids ranging from 1% to 12.5% and FD ratio ranging from 2:1 to 1:20. To further verify the results from the above 
batch experiments, semi-batch experiments representative of field-scale biodigesters were conducted. Semi-batch reactors 
have a steady-state process, unlike batch reactors, which have an unsteady state process. Our results suggested that specific 
biogas production (mL/g VS) increased continuously when the total solids decreased from 12.5% to 1% (or when dilution 
increased). Our experiments also indicate that the commonly used 1:1 feed dilution ratio (TS ~ 10% for cow dung) does not 
produce the maximum specific biogas production. The possible reason for this could be that anaerobic digestion at higher 
total solids is rate limited due to substrate inhibition, mass transfer limitations, and viscous mixing problems that arise at 
higher total solids concentration. Hence, a higher feed dilution ratio between 1:2 and 1:4 (TS between 4 and 6.7%) is recom-
mended for a more efficient biomass utilization of cowdung. Empirical relationships were also developed for variation of  
specific biogas yield with the total solids content of the cow dung slurry.
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Novelty statement

1. The effect of total solids on biogas yield from cow 
dung has been studied at a wide range of a wide range 
of dilutions (2:1–1:19) and corresponding total solids 
(1%–13.5%), and at very low total solids (TS < 4%).

2. A mathematical form of the relationship between TS% 
and specific biogas yield (mL/g VS) has been developed 
for cow dung.

3. Most of the previous studies have used batch experi-
ments only. In this study additionally semi-batch experi-
ments (which represent actual field-scale digestors) were 
conducted to study the feed dilution ratio on biogas 
yield.

4. The effect of feed dilution ratio (and, hence, total solids) 
on substrate inhibition and biogas yield has been inves-
tigated systematically under both controlled tempera-
ture conditions and ambient temperature conditions.

5. A new method that was more accurate to measure the 
total solids content for manure and viscous biomass has 
been used.

6. It has been shown that the use of higher dilution of 
feed dilution of cow dung in semi-batch experiments 
increased the biogas yield by more than 30%. The com-
bined use of controlled mesophilic temperature and a 
higher dilution ratio can increase biogas production by 
nearly 40%–45%. This combined increase has not been 
reported.

7. A review and comparison of experimental data are made 
from literature for the effect of total solids on specific 
biogas production for cow dung, and the best total solids 
and feed dilution ratio range is reported.

Introduction

Solid waste disposal is increasingly becoming a challenge 
due to population rise, and the importance of renewable 
green energy is now more than ever. The cattle population 
in the world has grown steadily and is estimated to be around 
1.6 billion [1]. Improper disposal of cattle dung is an envi-
ronmental and health challenge that can be overcome by 
using cattle dung in biogas plants, which simultaneously 
produces valuable cooking gas and organic fertilizer. There 
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are over 4.5 million biogas plants in India and over 27 mil-
lion biogas plants in China alone [2]. Thus, the potential 
for biogas production from cattle manure and agricultural 
waste is very high. Even a slight increase of 25% in biogas 
production efficiency can cut down the use of fossil fuels by 
a significant amount.

However, biogas production is a slow biochemical pro-
cess, and the biogas yield per kg of biomass is low. The 
present study attempts to increase the efficiency of biogas 
production (by > 30%) and, thus, the overall productivity by 
optimizing the feed dilution ratio and the total solids.

Improvement of biogas production

Previous research has suggested that biogas yield can be 
increased by using several methods such as a mesophilic 
continuously stirred tank reactor, hydrothermal fiber lique-
faction process, and the bacteria species such as Fibrobacter 
Succinogenes [3]. An increase in biogas production from 
15% to 20% can be obtained through such methods. The 
effects of feed to inoculum ratio and co-digestion on biogas 
production increase have also been studied [4].

Pretreatment of agricultural wastes using alkali, ultra-
sound, acid, or mechanical maceration has been shown to 
increase the biogas yield [5–8]. Several studies have reported 
using mineral additives for increasing biogas production, 
such as iron-oxides, ferric chloride, ferrous sulfate, and 
nickel chloride [9–13]. Some of these techniques may be 
costly, involve more energy, or are too high-tech for use in 
farms by peasants.

Total solids/dilution ratio

Total solids (TS) and temperature were shown to be impor-
tant factors affecting biogas production [14–16]. The total 
solids of anaerobic digestors are determined by the dilution 
level of the feed mass, which can be represented by the dilu-
tion ratio (FDR). FDR is defined as the ratio of the mass of 
feed substrate to the mass of water used for dilution.

Feed dilution ratio or dilution ratio is defined as the ratio 
of the mass of feed substrate to the mass of water used for 
dilution. Since the specific gravity of cow dung and water 
nearly equal to 1, so FD ratio can be approximated as the 
ratio of respective volumes.

In a field-scale biogas plant, practically, the dilution ratio 
(FDR) decides the TS of the digester. Hence, biogas produc-
tion’s efficiency and is, therefore, the most critical operat-
ing parameter of a biogas plant. The dilution ratio, which 
gives the maximum specific biogas yield (MSBY) per gram 

Feed Dilution Ratio (FDR) =
Mass of feed biomass

Mass of water
.

of substrate, is particularly of interest for the most efficient 
biomass valorization.

Effect of dilution ratio/TS on biogas production 
from food waste

For food wastes, recent studies have shown that the biogas 
yield was found to be higher at lower total solids (higher 
dilutions) of 4.5% total solids [17] and 7.5% total solids [18]. 
Leite et al. [19] studied co-digestion of food waste and sew-
age sludge and showed that the highest biogas yield was at 
a lower total solid of 3% and the smallest size of particles. 
Battista et al. [20]studied the digestion of olive oil produc-
tion wastes. They suggested that dilution increased the spe-
cific biogas production (per kg substrate) due to the elimi-
nation of inhibition effect by polyphenols and suggested the 
most efficient TS was 8%. For agricultural wastes, Chandra 
et al. [21] found that a dilution ratio of 1:4 was best for Jat-
ropha Curcas seed powder and 1:3.5 for Pongamia Pinnata 
seed powder.

Effect of dilution ratio/TS on biogas production 
from cow dung

Traditionally in India, biogas plants are run at a dilution 
ratio of cow dung: water of 1:1 [22], which corresponds to 
a total solid of approximately 10% [15]. The total solids of 
fresh cow dung have been reported to be around 17%–21% 
[15, 23, 24]. The previous studies on the effect of dilution 
ratio or total solids on biogas yield have not given uniform 
results. Several studies have reported different values for the 
best TS (and dilution ratio) for maximum specific biogas 
yield (L/kg-substrate, L/kg-TS, L/kg-VS). Itodo and Awulu 
[23] suggested that the specific biogas yield increased with 
decreasing TS for cattle, piggery, and poultry wastes and 
recommended biogas production at lower TS values (high 
FDR) for maximum specific biogas yield. The reduction in 
specific biogas yield with higher TS was attributed to inhibi-
tion, mixing limitations, and mass transfer issues [25–27]. 
In another study, a dilution ratio of 1:2 (cow dung: water), 
(TS ~ 6.6%) was found to have higher biogas yield [28]; 
however, higher dilution ratios were not studied. Zennaki 
et al. [29] suggested that a TS of 7%–9% gave better biogas 
yield in biogas reactors. In contrast, Singh et al. [15] sug-
gested that a total solid of 9–13.5% (FDR = 0.5–1.22) was 
suggested for biogas production. However, both these studies 
were based on total biogas yield (L biogas/L reactor volume) 
and not based on specific biogas yield (L/kg-TS. Similarly, 
the effect of total solids on biogas yield for cattle manure 
using three different TS values was studied by [30], who 
suggested that 8% TS (FDR = 1.5) was the most efficient TS 
for producing biogas.
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Many of the above studies have focused on maximum 
total biogas (mL) yield and not maximum specific biogas 
yield (mL/g VS). Also, most of the above studies were done 
in batch reactors (except [15]), and studies from batch reac-
tors and cannot be directly applied to continuous running 
biodigesters, which operate in semi-batch mode [31]. For 
example, the extent of biomass degradation and biogas gen-
eration was different in batch and semi-batch by nearly 20% 
[31]. Some of the earlier studies were done in batch experi-
ments without a controlled temperature (e.g., [23]). Hence, 
it is required to study in detail the effect of feed dilution 
ratio under controlled temperature and ambient temperature 
conditions in both batch and semi-batch reactors. Some of 
the earlier studies were done in batch experiments without 
a controlled temperature (e.g., [23]). Hence, it is required 
to study in detail the effect of feed dilution ratio under con-
trolled temperature and varying temperature conditions in 
both batch and semi-batch reactors.

Most biogas plants (operated by farmers and peasants) in 
India and China commonly use a dilution ratio of 1:1 mix-
ture of cow dung and water, based on studies from the 1980s 
[15, 22]. In this twenty-first century era of the quest for high 
energy efficiency, the dilution ratio needs to be reinvesti-
gated to find the dilution ratio (and, hence, TS) for the high-
est specific biogas production (L/kg-biomass). There is some 
incongruence in the literature about the best feed dilution 
ratio and total solids to be used, causing confusion in the 
best operation and design practices of biodigesters for maxi-
mum specific biogas yield and energy efficiency. Authors 
could not find any recent research with conclusive values 
of feed dilution ratio or TS, which gives the maximum spe-
cific production of biogas from cow dung using daily-fed 
semi-batch reactors over a long retention time and for nearly 
40 days required for the stabilization of the reactor.

The objective of this paper was to clearly study the effect 
of feed dilution ratio (and a wide range of total solids) on 

maximum specific biogas yield for cow dung in batch and 
semi-batch reactors and to determine the feed dilution ratio 
for the maximum specific biogas yield. The authors have 
presented herein the experimental data of work done over 
three years and nearly 1000 man-days of experimental work. 
The authors have also reviewed and summarized the relevant 
findings from the literature.

Experimental methods

Experiments in batch reactors

To study the effect of different feed dilution ratios for biogas 
optimization, experiments were conducted in batch reac-
tors and semi-batch reactors. The batch experimental setup 
used is given below in Fig. 1. A number of such reactors 
were made and operated in parallel. The batch biodigest-
ers shown in the figure below consisted of a 1.25 L reactor 
vessel, which was covered with aluminum foil. 1 L volume 
of the reactor was used for reactor feed, and the rest 0.25 L 
was empty.

A thermostat was used to control the temperature at 37 °C 
for control temperature experiments by placing the reactor 
in a water bath. Most of the experiments except the ones 
mentioned as controlled temperature) were conducted under 
room temperature conditions where no water bath and ther-
mostat were used. The biogas generated was released into 
an inverted vessel bottle with water. The water displacement 
method was used to measure the volume of biogas produced. 
The water displaced is collected in a measuring jar. The 
whole system was made airtight so as to make it anaero-
bic after feeding was done. During the start-up period, the 
biogas reactors were inoculated with 50 g digestate from an 
existing biogas plant along with 950 g of cow dung slurry. 
Thereafter, the reactor was left for 2–4 days before starting 

Fig. 1  Schematic representation 
of the batch experimental setup. 
Several such reactors were used
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to measure the biogas. After that, the daily reading of biogas 
produced was taken for nearly 40 days or till the biogas 
production stops. The biogas collected was tested for the 
percentage of carbon dioxide and methane produced (this 
procedure was carried out using the needle from a syringe). 
Ambient temperature reactors were denoted by the letter A 
or AT, and the ones with temperature control were denoted 
with the letter C.

Specific cow dung: water ratio (CD: W) was maintained 
in all the reactors. For example, in the 1:1 FD ratio reactor, 
1000 g of cow dung was taken with 1000 mL of dilution 
water, which had 100 mL of inoculum in it.

Experiments in semi‑batch reactors

The semi-batch system shown in Fig. 2 below was represent-
ative of a field-scale biogas plant. Each of these experiments 
took nearly two months to complete. The semi-batch reactor 
shown below consisted of a 2.25 L reactor vessel covered 
with aluminum foil and placed in a temperature-controlled 
water bath. The reactor had an inlet to feed the biomass and 
an outlet for the digestate (this provision was not present in 
the batch reactor). A number of such semi-batch reactors 
were operated in parallel. A thermostat was used to con-
trol the temperature at 37 °C for some experiments (control 
experiments denoted by C). Some of the experiments were 
conducted under ambient (room) temperature conditions 
(denoted by the letter A or AT), where no water bath and 
thermostat were used. The whole system was made airtight 
so as to make it anaerobic. The inlet and outlet pipes were 
narrow and had a water seal. The inlet was capped after 
feeding the reactor. The biogas generated was collected in 
an expandable tire tube. The water displacement method was 
later used to measure the volume of biogas produced. The 
water displaced was collected and measured in a measuring 
jar.

The required feed dilution ratio of cow dung: water ratio 
(CD:W) was maintained in all the reactors. For example, in 
the 1:1 FD ratio experiment, 1000 g of cow dung was taken 
with 900 mL of dilution water and 100 mL of inoculum, 
amounting to a total of 2 L of the slurry. The daily feed to the 
semi-batch reactors was calculated based on the hydraulic 
retention time of the cow dung (40 days).

The reactor was initially left for four days before starting 
to measure the biogas, after which the daily feeding of 50 
g of cow dung slurry was started. The daily feed of 50 g of 
slurry included cow dung and water in the respective feed 
dilution ratio of each reactor. For example, for the 1:1 FD 
ratio reactor, 25 g of raw cow dung was fed with 25 g of 
distilled water.

The biogas volume readings were taken once in three 
days. The semi-batch reactors reached a steady state after 
20–25 days. The experiment was continued until 50 days 
until the biogas production reached a steady state. The 
biogas collected was tested for the percentage of carbon 
dioxide and methane produced using a GC. 

Analysis of parameters

Total solids (TS)

The determination of total solids is commonly done using 
the standard method by American Public Health Authority 
or solids (APHA [31]). The standard procedure for measure-
ment of total solids (APHA [31]) for water and wastewater 
was as follows: A known weight of cow dung was taken in a 
petri dish. The sample was dried at a temperature of 105 °C 
for 6 h. The final weight was noted, and the total solids (TS) 
% was taken as the percentage of the weight of the final 
sample/weight of the initial sample. However, the authors 
noticed that for cow dung during oven drying process, 
there was the formation of lumps and top crusts, leading to 

Fig. 2  Schematic diagram of 
the semi-batch reactor setup. 
Several such reactors were used
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non-uniform drying and trapped moisture, which can cause 
errors in TS measurement.

Hence, a new procedure (dilution method) was developed 
for measuring the total solids of cattle manure. A known 
weight of cow dung (2 g) was diluted with a known volume 
of water (5 mL) in a petri dish. The resultant slurry was 
mixed well to crush any lumps and to form a uniform and 
dilute slurry. The mixture was dried in a preheated oven at 
105 °C for 5 h. This procedure avoided non-uniform drying 
due to lump and crust formation and gave consistent results 
in less time.

Volatile solids and fixed solids

The fixed solids were measured by incineration of a known 
weight of a sample using a muffle furnace at 500 °C for 2 h 
and measuring the residue. The volatile solids were calcu-
lated by subtracting the fixed solids from the total solids.

Biogas analysis

Biogas composition was determined with a gas chromato-
graph (Chemito GC-8610 model) with a thermal conduc-
tivity detector (TCD), using a packed column (Spherocarb 
column 3 m 1/8 in, SS). The carrier gas was nitrogen (col-
umn flow: 27 mL/min). The oven was kept at an isothermal 
temperature of 50 °C, and injector and detector temperatures 
were kept at 200 °C, respectively. A calibration curve for 
different methane gas compositions using standard  CH4 gas 
(obtained from Bhuruka gases Ltd) was plotted.

Results

Experiment set 1: effects of feed dilution ratio (FD 
ratio) on biogas yield in batch reactors

Various feed dilution ratios (ranging from 1:1 to 1:4) of 
the mass of cow dung to a mass of water were studied to 
compare the biogas production in batch reactors shown 
in Fig. 1. The total solids of the cow dung used were 
measured to be 16.22%, and the volatile solid content was 
12.69% of the weight. For example, in the 1:1 FD ratio 
experiment, 500 g of cow dung was taken with 450 g of 
distilled water and 50 g of inoculum, which was 1:1 dilu-
tion in mass since the density of water and the inoculum 
was taken as approximately as 1 g/mL. The digestion 
process was carried out in 1 L batch experimental setups 
shown in Fig. 1. Several such reactors were operated in 
parallel. The dilution of the raw feed helps in better mix-
ing in the digester. The amount of biogas produced was 
normalized to 1 kg of cow dung so as to compare it with 

the rest of the experiments. The results are shown in Fig. 3 
below.

In the above graph (Fig. 3), it was observed that the 1:1 
FD ratio produced the least amount of biogas. As the dilu-
tion increased, the biogas production per kg of cow dung 
increased. The 1:2.5 FD ratio reactor produced around 
17% more biogas when compared to the 1:1 FD ratio 
The 1:3 dilution ratio reactor produced around 30% more 
biogas when compared to the 1:1 dilution ratio. When the 
FD ratio increased to 1:3.5 and 1:4, there was no further 
significant increase in biogas production. The biogas yield 
per gram of VS was 227 mL, 265 mL, 273 mL, 270 mL, 
and 277 mL for 1:1, 1:2.5, 1:3, 1:3.5, and 1:4 FD ratios, 
respectively. From these results, we can infer that the 1:1 
FD ratio reactor could be inhibited, and the inhibition was 
removed by the dilution and higher FD ratio up to 1:3 
(CD:W); beyond 1:3 FD ratio, there was no further appre-
ciable increase of biogas production.

Experiment set 2: effects of feed dilution ratio 
(FD ratio) on biogas yield in batch reactors 
under ambient temperature conditions

The previous experiment sets 1 was done under controlled 
temperature conditions using a thermostat and water bath. 
However, the actual biogas reactors in the field are under 
varying temperature conditions. The ambient temperature 
increases during the day and decreases at night in a cyclic 
fashion. To study the effect of feed dilution ratio under such 
varying temperature conditions, experiments were con-
ducted furthermore under ambient conditions without the 
use of the water bath and thermostat. Various feed dilution 
ratios (ranging from 1:1 to 1:4) of the mass of cow dung to a 
mass of water were studied to compare the biogas production 
in four batch reactors in one-liter batch experimental setups, 

Fig. 3  The cumulative graph to compare biogas yield at different feed 
dilution ratio. CD cow dung, W water
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as shown in Fig. 1. The total solids of the cow dung used 
were measured to be 19.22%, and the volatile solid content 
was 79.1% of the TS. The amount of biogas produced was 
normalized to 1 kg of cow dung so as to compare it with 
the rest of the experiments and is shown in the graph below 
(Fig. 4). Methane percentage is reported in Table 1.

The experimental results are shown in the graph above 
(Fig. 4). It is observed that the 1:1 FD ratio produced the 
least amount of biogas. As the dilution increased, the biogas 
production per kg of cow dung increased. When the FD ratio 
increased to 1:3.5 and 1:4, there was a slight increase in 
biogas production.

When the FD ratio increased to 1:4, there was no further 
increase of biogas production and produced almost the same 
amount of biogas yield as the 1:3 FD ratio reactor, and the 
results followed an almost similar trend as experiment 1. The 
biogas yield per gram of VS was 153 mL, 203.6 mL, 237 mL, 
and 285 mL for 1:1, 1: 2, 1:3, and 1:4 FD ratios, respectively. 
These results show that under ambient varying temperature 
conditions, the biogas produced increased with dilution until 
the dilution up to 1:4. The results our semi-batch reactor exper-
iments [32] support the above findings in batch reactors sug-
gesting our results apply to field-scale biogas digesters.

Experiment set 3

The previous experiment sets 1 and 2 were done under a 
limited dilution ratio range. To further study the effect of 

total solids, a wide range of dilution ratios from 2:1 to 1:20 
were investigated in experiment Set 3. Various feed dilution 
ratios (ranging from 2:1 to 1:20) of the mass of cow dung to 
a mass of water were studied to compare the biogas produc-
tion in four batch reactors in one-liter batch experimental 
setups as shown in Fig. 1. The experiments were done under 
room temperature (ambient) conditions. The experiment was 
conducted in batch reactors for 56 days for detailed observa-
tion of biogas production. The gas produced was measured 
every three days to observe the daily production. The biogas 
produced was collected into empty tire tubes, and readings 
were taken by releasing the gas to an inverted measuring 
cylinder filled with water in a tub of water. The total solids 
of the cow dung used were measured to be 20.32%, and the 
volatile solid content was 78.83% of the TS. The amount of 
biogas produced was normalized to 1 kg of cow dung so as 
to compare it with the rest of the experiments and is shown 
in the graph below (Fig. 5).

The lowest specific biogas production was at an FD ratio 
of 2:1. The specific biogas production increased in the 
order 2:1 < 1:1 < 1:2.5 < 1:3 < 1:4 < 1:5 < 1:7 < 1:9 < 10:19. 
The biogas produced was flammable even at an FD ratio 
of 1:19, which had only 1% TS. This indicates that the FD 
ratio has a significant effect on specific biogas production. At 
higher FD ratios > 1:9, higher specific biogas production can 
be expected. Also, the lag period of biogas production was 
reduced at very low TS (< 2%) which had FD ratios > 1:9. 
The maximum cumulative biogas yield occurred at an FD 
ratio of 1:19, and biogas production increased almost line-
arly day 56 days. Methane percentage is reported in Table 2.

Experiment set 4: effect of FD ratio in semi‑batch 
reactors

Since the previous experiments were done under batch con-
ditions, to further investigate the effect of feed dilution ratio 
on biogas production, the authors conducted studies in semi-
batch reactors. The authors also conducted this experiment 
4 under controlled temperature and ambient temperature 
conditions to see if the increase of specific biogas produc-
tion with an increase in dilution would take place under both 
ambient and controlled temperature conditions. Unlike batch 
reactors which have an unsteady state, the semi-batch reac-
tor system closely represents a real biogas plant and has 
a steady rate of biogas production. The semi-batch reactor 
system shown in Fig. 2 was used in experiment set 4. The 
effect of different feed ratios and the effect of temperature 
were studied in semi-batch reactors. There were three sets 
of reactors, which were 1CD:1W(A) which had 1:1 FD ratio 
under ambient conditions, 1CD:1W(C), which had 1:1 FD 
ratio and was under controlled temperature conditions of 
37 °C, 1CD:3W(C), which had 1:3 FD ratio and was under 
controlled temperature conditions of 37 °C. The experiments 
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Table 1  Methane % of different 
reactors

SI. no. Ratio Methane%

1 1CD: 1W 43.6
2 1CD:2W 44.2
3 1CD:3W 41.5
4 1CD:4W 42.6
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were carried out in duplicate. The total experiment duration 
was 55 days. The cumulative biogas yield was plotted vs. 
time (days) in Fig. 6. From Fig. 6, we can observe that com-
pared to the ambient temperature reactor (1:1A), the higher 
controlled temperature (1:1C) had higher biogas production 
by about 21%. The higher FD ratio and higher temperature 
1:3C has nearly 27% more biogas compared to 1:1C and 
52% more biogas compared to 1:1A. Figure 6 shows the 
cumulative yield of the biogas at different FD ratios, and it 
can be seen that the daily biogas yield was higher in the 1:3 
FD ratio than the 1:1 FD ratio. The pH and methane % of 
various batches are given in Tables 3 and 4.

The total solids (TS) of the cow dung used was 20.13%, 
and the volatile solid content was 16.19% of the weight. 
The biogas yield per gram of VS was 232 mL, 278 mL, and 
319 mL for the 1:1A, 1:1C, and 1:3C reactors.

Experiment set 5: semi‑batch reactor comparing 1:1 
and 1:3 feed dilution ratios

In the final experiment, again, the FD ratios of 1:1 and 1:3 
were again repeated to compare for their biogas production 
in another set of semi-batch experiments to see the differ-
ence between the two ratios. The reactors with FD ratios 
of 1:1(C) and 1:3(C) were kept at the same controlled tem-
perature condition of 37 °C. The total experiment was done 
for 45 days, and the results are given in Fig. 7. From Fig. 7, 
we can observe that reactor of FD ratio 1:3 produced almost 
42% more biogas compared to that of 1:1 reactor. These 
results reinforce the fact that higher FD ratios of about 1:3 
are better than 1:1 for increased biogas production. Figure 8 
shows the daily biogas production from semi-batch reactors. 
It can be seen that a steady state was reached after around 
20 days. The daily yield of biogas at different FD ratios 
also consistently higher in the 1:3 FD ratio (C) than the 1:1 
FD ratio (C). The pH (Table 5) and methane % of various 
batches were very similar (Table 6) or slightly higher for 
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Table 2  Methane % of different dilution reactors

SI. no. Ratio Methane%

1 FDR 2:1 41.4
2 FDR 1:1 52.6
3 FDR 1:2 58.9
4 FDR 1:2.5 49.9
5 FDR 1:3 39.3
6 FDR 1:4 45.1
7 FDR 1:5 41.2
8 FDR 1:7 43.3
9 FDR 1:9 41.7
10 FDR 1:19 54.5

Fig. 6  Cumulative graph to compare biogas yield at different FDR in 
semi-batch reactors. CD cow dung, W water, A ambient conditions

Table 3  pH values

SI. no. Name of the batches Initial pH value

1 1CD:3W control-1 6.79
2 1CD:3W control-2 6.54
3 1CD:1W control-1 6.43
4 1CD:1W control-2 6.25
5 1CD:1W A-1 6.4
6 1CD:1W A-2 6.71



105Journal of Material Cycles and Waste Management (2022) 24:97–110 

1 3

the 1:1 batch. However, this increase may not be significant 
and may be offset by the overall increase in the total biogas 
volume in the 1:3 reactors. The total solids (TS) of the cow 
dung used was 19.38%, and the volatile solid content was 
15.06% of the weight. The biogas yield per gram of VS was 
235 mL, and 356 mL for the 1:1 control reactor and 1:3 
control reactors.

Discussion

The experiments were repeated several times over a period 
of a three-year period, and similar trends in biogas produc-
tion with varying dilution were observed. A total of over 
1000 man-days of experiments were conducted. We have 
investigated the effect of feed dilution ratio on substrate 
inhibition and biogas yield systematically under controlled 
temperature conditions and ambient temperature condi-
tions. The 1:2 FD ratio reactor produced more biogas than 
the 1:1 FD ratio, and the 1:3 FD ratio reactor produced 
more biogas when compared to the 1:2 FD ratio. The use 
of 1:3 feed dilution of cow dung in our experiments has 
shown to increase the yield by nearly 30% per kg of cow 
dung. After the dilution ratio of 1:3 or 1:4, there is no fur-
ther significant increase in biogas production. Similarly, 

for the distillation bottom product vinasse, it was shown 
that the dilution ratio of 1:3 produced the highest biogas 
production per gram of COD [33]. The use of a combina-
tion of controlled temperature and 1:3 feed dilution ratio 
can increase the biogas production by nearly 40–50% 
(Fig. 7) in semi-batch reactors. This can be done using 
waste solar heat from solar water heaters and using ther-
mal insulation for biogas plants. Also, the inlet and outlets 
of the biogas plants have to be sealed to prevent evapora-
tive cooling.

Total solids and dilution ratio

Total solids (and, hence, feed dilution ratio) are an essential 
factor affecting biogas productivity. However, the feed dilu-
tion ratio or dilution factor is more comfortable to measure 
and is less prone to measurement errors and delays when 
compared to total solids. For example, the measurement of 
total solids requires about 5–6 h of heating in an oven at 
105 °C, which is a cumbersome procedure for most farmers. 
Measurement of dilution ratio is done much faster in a few 

Table 4  Methane % of different reactors

SI. no. Name of the batches Methane%

1 1CD:3W control-1 68
2 1CD:3W control-2 65
3 1CD:1W control-1 76
4 1CD:1W control-2 71
5 1CD:1W A-1 64
6 1CD:1W A-2 71
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Table 5  pH values of different 
reactors

No. Biogas reactor pH

1 1CD:1W control-1 6.82
2 1CD:3W control-2 6.71

Table 6  Methane% of different reactors

No. Biogas reactor Methane%

1 1CD:1W control-1 69
2 1CD:3W control-2 67
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minutes using simple tools. Since the density of raw cow 
dung is almost 1000 kg/m3 [34], it can be approximated to 
the volume ratio. Hence, the determination of the dilution 
ratio, which gives the maximum specific biogas yield, is 
useful. Also, we have noticed that for cow dung, there is a 
chance of formation of lumps and crusts during oven drying 
leading to non-uniform drying and trapped moisture while 
measuring total solids, which can cause errors. The use of 
the dilution ratio eliminates these errors.

Dilution factor DF, which is commonly used in chemistry, 
is defined as the ratio of the mass of feed substrate to the 
total weight (mass of substrate plus the mass of water used 
for dilution). Since the specific gravity of raw cow dung and 
water is nearly equal to 1 [34], DF can be approximated as 
the ratio of respective volumes.

As the dilution increases, the dilution ratio and dilution 
factor increase, and the total solids decrease, and this is rep-
resented in Fig. 9 below.

Results from our batch experiments are plotted as spe-
cific biogas yields (mL/g VS) together with the results of 
other studies in Fig. 9. The relationship between the dilu-
tion ratio, dilution factor, and total solids are also shown in 
Fig. 9. The figure also compared these results with litera-
ture-based results [28, 35–37]. Most of the studies showed 
that specific biogas production increased with dilution, i.e., 
increased with a decrease in total solids. Santana and Pound 
[37] studied biogas production at total solids of 1%–8% for 

Dilution factor =
Mass of feed biomass

(Mass of feed biomass +Mass of water)
.

cattle dung and suggested that 8% had maximum total biogas 
production. A study by Budiyano et al. [38] indicated that 
the best total solids for biogas production were between 7 
and 9%. However, they used a very high ratio of rumen fluid 
of 50 mL per 100 g of cow dung and varied the total volume 
of the reactor, and the methane percentage was not meas-
ured. Also, the use of tap water can cause errors due to the 
chlorine content in tap water. The recent studies [28, 35, 39] 
support our results that specific biogas yield increases when 
total solids decrease. A linear relationship exists between TS 
and specific biogas yield when the TS is greater than 5%, 
and when the TS is < 4%, a power-law type of relationship 
exists as shown in Fig. 9 where V is the specific biogas yield 
(mL/g VS). Ts is the total solids (mass %). The R2 value of 
fitting ~ 0.95 suggested a good fit. The specific biogas pro-
duction increases linearly with a decrease in total solids up 
to a total solid of 4% and then increases non-linearly.

The relationship equations for specific biogas yield (V, 
mL/g VS) as a function of total solids (Ts, %) is summarized 
in Table 7 below.

For a total solids greater than 5%, a linear relationship 
exists between specific biogas yield, V and total solids (Ts) 
as V = − 21.35Ts + 351.4, which was got for experiment 2. 
A similar relationship V = − 20Ts + 538.9, was got from lit-
erature data [35]. Also, Santana and Pound [37] found a 
similar relationship as V = − 20.21Ts + 358.13. The R2 value 
is nearly 0.95 or more, which indicates a good fitting of 
equation. The equations reveal that an increase in biogas 
production of 20–21 mL/g VS for every 1% decrease in TS. 
The intercept of the equation around 350 mL/g VS corre-
sponds to the maximum biogas production at very low sub-
strate concentration. The slopes of the equations are similar 
(− 21.35 and − 20.0), which suggests that the increase in 
biogas production with a decrease in TS follows a similar 
trend of nearly an increase of 20 mL/g VS for every 1% 
reduction in TS. At a TS below 3%, a power-law type rela-
tionship best described the curve V = 12,996 Ts

−1.6, which 
was obtained from experiment 3. The R2 value of fitting 
was 0.985, suggesting very good agreement. This equation 
indicates that at low TS%, the specific biogas yield increases 
rapidly at lower total solids. Similar results were observed in 

Fig. 9  Variation of specific biogas yield (mL/g VS) with total solids 
%. A summary of experimental and literature data for biogas yield at 
different TS, at different feed dilution ratio (FDR) and dilution fac-
tor (DF). Each color represents one set of experimental data. FDR 
is shown in continuous black line and DF as a continuous blue line 
(color figure online)

Table 7  Empirical relationship equations for specific biogas yield (V, 
mL/g VS) as a function of total solids (Ts) %

No. Equations R2 Source

1 V = − 21.35Ts + 351.4 0.943 Exp. set 1
2 V = − 20.0Ts + 538.9 0.964 Karim et al. [35]
3 V = − 20.21Ts + 358.13 0.786 Santana and Pound [37]
4 V = − 20.85Ts + 416.14 Average of 1, 2, 3
5 V = 129,96Ts

−1.6 (at lower 
total solids)

0.985 Exp. set 3
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earlier studies [19, 23, 27]. This could probably explain why 
several swamps and polluted water bodies catch fire due to 
the anaerobic decomposition of organic matter at low TS%. 
However, this phenomenon needs further investigation at 
very low total solids (< 1%). 

Figure 9 suggests that the feed dilution ratio had a major 
and almost linear influence on the biogas yield in both batch 
digesters in the range of 4%–15% total solids %. The com-
parison of Experiment set 1 (37 °C) and Experiment set 
2 (ambient room temperature condition, which is around 
25 °C) showed that the improvement of biogas production 
at higher temperatures is less pronounced at lower TS. The 
temperature effect on biogas production is more noticeable 
at higher TS than at lower TS. Also, the specific biogas pro-
duced in different experiments and literature values varied 
(Fig. 9), though the substrate was cow dung in all the above 
studies. This could be due to differences in experimental 
conditions, variation in the fodder used, and the different 
breeds of cattle [37]. Nevertheless, the trend of biogas pro-
duction curves was similar, suggesting similarity of specific 
biogas production with change in total solids in all the lit-
erature data.

The FD ratio of 1:1, 1:2 and FD ratio up to 1:3 are eco-
nomically more viable, and higher dilutions are not used 
commonly due to reactor volume constraints. This FD ratio 
range corresponds to the TS of 4 to 10% if the initial TS of 
the cow dung is 20%. We also can see that the total solids 
of around 4%–6% are better for higher specific biogas yield 
(corresponding FD ratio is 1:3–1:4). The results our semi-
batch reactor experiments [32] support the findings in batch 
reactors suggesting our results apply to field-scale biogas 
digesters. However, these lower solid reactors require larger 
dilution, which means the volume of the reactor increases if 
we assume the hydraulic retention time to be constant.

Figure 10 shows the comparison of total biogas yield (L/L 
of reactor volume) and specific biogas yield (mL/g VS) at 
different initial TS from our experiments and previous stud-
ies [28, 38]. Only data from batch experiments are shown 
in this figure. From Fig. 9 above, we can see that the total 
biogas yield (L biogas/L of reactor volume) increases with 
the total solids. In contrast, the specific biogas production 
decreases with the increase of total solids. This is because 
the increase in the total solids means the availability of more 
substrate per liter of the reactor, which increases the biogas 
yield. However, the specific biogas yield reduces with the 
increase in total solids. This is similar to an example, where 
the burning of more petrol in the engine leads to more power 
output, but the efficiency of the engine per liter of petrol 
reduces.

The total biogas yield in shown in dashed lines and spe-
cific biogas yield is shown in continuous lines of same color. 
The intersection of these lines indicates the optimum range 
where good total biogas yield and specific biogas yield are 

achieved. From Fig. 10, we can see that the straight lines 
for total biogas yield (L biogas/L of reactor volume) and 
specific biogas yield (mL/g VS) intersect between 5 and 8% 
TS. This suggests that the best TS range, where the specific 
biogas yield is high, total biogas yield (L/L reactor volume) 
is high, and the FD ratio is also reasonably low is between 
5 and 8%. If economy and size of reactor are constraining 
factors, and a lower size of reactor is desired, then we can 
choose a dilution ratio of 1.5–2. This is in contrast with 
earlier studies which have suggested using TS in the range 
of 8%–15% [15, 29, 30, 37, 38]. The recommended TS and 
feed dilution ratio for better specific biogas yield of cow 
dung is summarized in Table 4 After a TS of 12%–13%, the 
total biogas production reduces due to inhibition, hence it is 
not good to operate at > 12.5% for cow dung-based biogas 
plants. A similar observation was made by previous stud-
ies [15]. A summary of recommended TS and feed dilution 
ratio for higher specific biogas yield of cow dung is given 
in Table 8 below. Also, in our experiments, we noted at 
TS = 12.5% (FDR of 2:1), the slurry is too thick and leads to 
gas being trapped in the slurry, which leads to slurry being 
levitated into the gas pipes. This phenomenon could lead 
to choking of the gas outlet, which in turn leads to pressure 
increase in the reactor, which causes the reactor to structur-
ally fail and leak.

Discussion on inhibition

The commonly used feed dilution ratio of 1:1 could be lim-
ited due to substrate inhibition, mixing problems, and mass 
transfer issues [25–27]. Higher dilution leads to lower vis-
cosity of the slurry, and hence better movement of the mixed 
microorganisms and also better mass transfer. Lower volatile 
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solids concentration could also prevent substrate inhibition. 
Several earlier studies have suggested that at higher total sol-
ids, substrate inhibition could take place. Battista et al. [20] 
found that that polyphenols could inhibit biogas production 
at lower dilution ratios during the biodigestion of olive oil 
production wastes. Higher concentrations of ammonium ions 
and free ammonia causes inhibition of anaerobic digestion 
[40, 41]. Several studies have shown that mixing improves 
biogas production [35] by reducing the mass transfer limi-
tations. Hence, the commonly used 1:1 FD ratio is inhib-
ited, and the specific biogas production can be increased 
by dilution.

Hydraulic retention time

When the FD ratio is increased from 1:1 to 1:2 onwards, the 
reactors need to be suitably increased in size so as maintain 
the hydraulic retention time (HRT) required. Thankfully, 
many of the older reactors have been over-designed, so the 
dilution ratio can be increased even in older biogas reactors 
without affecting the HRT much. Future biogas plants can be 
designed at a higher FD ratio of 1:2 or 1:3 or low TS around 
5%–8% for the maximum specific biogas yield and higher 
efficiency. Higher HRT also gives improved specific biogas 
yield [40]. Hence, an HRT of 50 days may be used instead 
of 40 days. However, the limitation of using the higher dilu-
tion ratio is that it will also require a larger reactor size, 
which will increase the initial investment of the biogas plant. 
Hence, an optimum value of HRT and total solids must be 
chosen to keep the initial investment within the budget and 
have a lower payback period on investment. Thus although 
the lower total solid of 5%–6% gives a better maximum spe-
cific yield, due to higher costs, it may not be viable to adopt 
the lower total solids in plant design. If economy and size of 
reactor are constraining factors, and a lower size of reactor is 
desired, then we can choose a dilution ratio of 1.5–2. Also, 
more water will be required for higher dilutions. Neverthe-
less, water is usually available on farms, and the effluent 
from the biogas plant can be reused for agriculture and as 
a fertilizer.

However, if a higher total biogas yield per unit volume 
of the reactor is desired in already existing biogas plants, 
then higher total solids such as may be used. In this case, 
the effect of inhibition will be overcome by the total increase 
of higher total solids available in the reactor. Though such 
a reactor will be biomass/energy inefficient and the specific 
biogas yield will be lower, its overall biogas output will be 
higher due to the higher biomass used.

Semi‑batch vs. batch reactors

Studies from batch reactors cannot be applied to directly field-
scale biogas plants, which operate in semi-batch mode [31]. 
The biogas production in batch and semi-batch reactors are 
different (e.g., Figs. 4, 5, 6, and 7). The overall biogas batch 
production in batch reactors reaches a plateau after 50 days, 
whereas the biogas production in semi-batch reactors keeps 
increasing linearly. For example, the extent of biomass degra-
dation and gas generation was different by nearly 20% [31] in 
batch and semi-batch. In batch reactors, the microorganisms 
undergo lag phase, log phase, and decay phase [41], whereas 
a steady stage is established in semi-batch reactors.

The biogas production increase in the 1:3 FD ratio was 
more prominent in the semi-batch reactors when compared 
to the batch reactors. This increase could be due to the 
steady-state process in the semi-batch reactors. This obser-
vation is supported by Singh [15], who suggested that bio-
degradation in semi-batch reactors was nearly 20% higher 
than in batch reactors.

Semi-batch reactors gave a higher biogas yield than the 
batch reactors and were more stable in biogas yield. The 
methane percentage in the semi-batch reactors was also 
higher than the methane % of the batch reactors.

Conclusions

As the FD ratio is increased from 1:1 to a higher FD 
ratio  (cowdung  slurry dilution is increased), the spe-
cific biogas production increased significantly. A larger 

Table 8  Recommended TS and 
feed dilution ratio for higher 
specific biogas yield of cow 
dung, at a initial total solids of 
20%

No. Range of TS% Dilution ratio References Comments

1 8% 1:0.8 Santana and Pound [37]
2 7–9% 1:1–1:2 Budiyono et al. [38] Used high rumen inoculum % up to 25%
3 9% 1:1 Singh et al. [15]
4 10% 1:1 Acharya [22]
5 2.85–4% 1:4–1:6 This study Extra-large reactor size (very high effi-

ciency)
6 4–6.7% 1:2–1:4 This study Large reactor size (high efficiency)
7 6.7–8% 1.5–1:2 This study Medium reactor size (Medium efficiency)
8 8–10% 1:1–1:1.5 This study Small/compact reactor size (low efficiency)
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FD ratio possibly reduced the inhibition caused by mass 
transfer, mixing limitations, and ammonia concentrations. 
A plot of total solids (TS) vs specific biogas production 
was done by compiling available experimental and litera-
ture data. This plot clearly showed that the specific biogas 
production (mL/g VS) increases as the total solids (%) 
reduces. A negative linear relationship exists between TS 
and specific biogas yield at TS > 4%, and when the TS 
is < 4%, a power-law type of relationship exists. Semi-
batch experiments suggest that a combined total increase 
of nearly 40%–50% yield may be obtained using the higher 
mesophilic temperature (37 °C) combined with a higher 
FD ratio of 1:3, compared to using a 1:1 FD ratio under 
ambient temperature reactors. The results from semi-batch 
reactors support the findings in batch reactors suggesting 
that our batch experiment results could apply to field-scale 
biogas digesters.

The author recommended TS and feed dilution ratio 
for higher specific biogas yield of cowdung is summa-
rized in Table 8. To achieve a higher specific biogas yield 
efficiency, the authors recommend using lower total sol-
ids of around 4%–6.7% (FD ratio of 1:2–1:4) for biogas 
plants compared to the conventionally used total solids of 
8%–10% (FD ratio of 1:1 to 1:1.5. Further, using a stable 
higher mesophilic range temperature of 30–40 °C in com-
bination with lower TS is recommended for the produc-
tion of maximum specific biogas yield. The optimum total 
solids range, where the specific biogas yield is high, total 
biogas yield (L/L reactor volume) is also high, and the 
FD ratio is also reasonably low is between 6.67 and 8% 
(1:1.5–1:2).
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