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Abstract
The present study investigates the application of Multi Criteria Decision Modelling (MCDM) on batch anaerobic co-
digestion of kitchen food waste (FW) and the fresh septic tank sludge (STS) for robust output. The batch experiment was 
carried out at a temperature of 37 ± 2 °C. Different ratio of FW and STS (FW: STS:100:0; 75:25; 60:40; 50:50; 25:75; 0:100) 
were adopted based on volatile solid (VS) basis as co digestion strategy for 90 days digestion period. Results revealed 
that experimentally, mono-digestion of FW showed maximum biogas yield (544 ± 65 mL/g VS) followed by blending 
ratio of 75:25 (FW: STS). However, mono-digestion of STS showed only 150 ± 15 mL/g VS of biogas yield and also showed 
negative effect on co digestion with FW for every blending on VS basis as STS was high in minerals. MCDM revealed that 
the FW is the best possible alternative amongst the other blends with STS considering pH, chemical oxygen demand, 
VS reduction, alkalinity, C/N and biogas yield as output.
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1 Introduction

Anaerobic digestion for organic wastes has been widely 
applied by researchers often coupled with energy recov-
ery through biogas [1]. Minimization of carbon footprints 
is a major challenge for investigators and practitioners of 
waste and wastewater treatment [2]. Anaerobic processes 
may be helpful in minimizing waste as well as producing 
renewable energy and high value manure. On the other 
hand, aerobic processes may not helpful in reducing waste 
significantly and does not provide energy carrier.

Organic fraction present in municipal waste may be 
utilized for methane production in anaerobic condi-
tion [3]. Anaerobic digestion (AD) is a natural phenom-
enon governed by microbial consortia which converting 
organic waste into fuel (methane). The constituents of 

biogas divided into two major part as  CH4 (~ 65%) and 
 CO2 (~ 35%) along with few undesirable impurities [4]. It 
was reported that significant fraction of municipal waste 
is waste in the form of food (FW) [5] and around 1.3 billion 
tonnes of food remain unutilized and emerges as waste 
[6]. The recovery of nutrients and energy from food waste 
is an essential requirement for the sustainable develop-
ment of mankind.

Conventionally, AD has been considered as sole tech-
nique for waste treatment and minimization. However, 
digesting multiple feedstock from different origin as co-
digestion technique may maximized the output of the pro-
cess. It was also reported that digesting multiple waste 
into AD reactor helps to alleviate the quality and quan-
tity of biogas [7]. The enhancement of biogas yield from 
anaerobic digester requires co-substrates which establish 
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positive synergisms between the digestion medium and 
the co-substrates that compensate for the missing nutri-
ents. For assessing the effect of anaerobic co-digestion, 
batch test at lab scale of the selected substrate may be 
performed [8]. Koch et al. [9] asserted that that kinetic 
study and changes related to anaerobic co digestion might 
be examined in batch tests.

Marañón et al. [10] obtained maximum methane yield 
of 603  LCH4/kg VS feed with Organic Loading Rate of 1.2 g 
VS/L for the feedstock of cattle manure, food waste and 
sewage sludge in the proportion of 70:20:10 (total solid 
concentration around 4%) at 36 °C. Mashad and Zhang 
[11] studied the effect of manure particles sizes on the 
biogas yield of screened dairy manure with food waste 
under mesophilic conditions (35 °C) in batch digesters 
for a period of 30 days. After 30 days, the methane yields 
obtained were 302 L/kg VS for fine screened manure, 228 
L/kg VS for coarse screened manure and 241 L/kg VS for 
the manure that was unscreened, establishing that higher 
surface area results in higher methane yield. On the other 
hand, septic tank sludge (STS) imparts nutrients and 
organic matter in abundance as it contains a major por-
tion of human excreta [12]. The nutrients and organic mat-
ter will further increase if the septic tank sludge is added 
during treatment as supplemental feedstock with the FW, 
resulting in possible improvement in treatment efficiency.

Multi Criteria Decision Modelling (MCDM) may be help-
ful for selecting best input condition depending on the 
various output. In a reported study, MCDM helped to pri-
oritize the temperature and solid concentration for solid 
state anaerobic digestion of pearl millet straw [13]. It was 
also concluded by previous researcher that experimental 
results of anaerobic digestion may be verified using the 
MCDM. However, there is scarcity of literature on appli-
cation of MCDM on anaerobic co-digestion for robust 
output.

Thus, the objectives of present study were (a) to per-
form batch scale anaerobic co-digestion of FW and STS 
and (b) to apply MCDM on output of anaerobic co-diges-
tion of FW and STS.

2  Materials and methods

2.1  Collection of food waste and sludge

The food waste (FW) and fresh septic tank sludge (STS) 
were mixed in different proportions to conduct the bio 
methane potential test. The STS was collected from the 
recently cleaned septic tank of the faculty quarters at NIT 
Raipur (21.2497° N, 81.6050° E) after 5 days of operation. 
The FW was collected from the girls’ hostel of NIT Raipur 
for 1 week and refrigerated to achieve uniformity in the 

mixture [14]. The FW comprised of cooked rice, chapattis, 
salad, cooked vegetables, pulses and miscellaneous. For 
characterisation, a portion of food waste was incubated 
at a temperature of 70 °C for almost 8 h to preserve the 
chemical characteristics [14]. The septic tank sludge was 
also dried similarly. The dried food waste was grinded into 
smaller pieces. Dried and grinded food waste and septic 
tank sludge were analysed for heavy metals, pH, and alka-
linity and for ultimate analysis to find out the percentage 
composition of carbon, nitrogen, hydrogen and oxygen in 
order to find out the C/N ratio. Proximate analysis was con-
ducted on a portion of the grinded and the non-dried food 
waste and anaerobic sludge to find out the values of mois-
ture content, total solids and Volatile solids. To measure 
COD, the liquid was obtained by squeezing the grinded 
food waste through a dry and clean cotton cloth, which 
was used for COD analysis [15]. The COD determined here 
is soluble COD.

2.2  Preparation of inoculum

The inoculum was the fresh cow dung collected from a 
local dairy. For degassing, the inoculum was pre-incubated 
at the similar temperature as for the process temperature 
(i.e. 37 °C) for 30 days prior to conducting the experiments 
to deplete the residual biodegradable organic material 
present in it and to activate anaerobic methanogens 
[16]. The inoculum was mixed with sufficient quantity 
of distilled water to have a total solids concentration of 
1.5–2 g/L and was stored at 4 °C till further use [14].

2.3  Anaerobic codigestion of food waste and septic 
tank sludge

The different combinations of the feedstock, kitchen 
cooked food waste and anaerobic sludge, were used. The 
batch test comprised of digesters of 100 ml total volume 
capacity [16]. Initially, 65 mL inoculum, occupying two-
third of the working volume, was filled in each of the 
digester and one-third volume was left for the biogas. 
Different blends of the FW and the anaerobic STS in pro-
portions of 0:100, 25:75, 50:50, 60:40, 75:25, and 100:0 
respectively, were added to the inoculum in respective 
weights required to maintain the organic loading rate of 
2 g VS/L. A blank comprising only of inoculums was also 
digested anaerobically. All the proportions were applied 
in triplicates to minimize the error. The digesters were 
purged with nitrogen gas, then tightly closed with rubber 
stoppers and sealed completely.

All the digesters were placed in an incubator with a 
temperature of 37 ± 2 °C for a period of 90 days. All the 
digesters were carefully tilted upside down twice a day 
for uniform mixing. For an initial period of 15 days, the 
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biogas produced was measured daily by volume displace-
ment method. Later, the measurement was done on alter-
nate days for the next 2 weeks. As the biogas production 
became asymptotic, the gas measurement was done once 
in 3 days, then once in 5 days and finally once in a week.

2.4  Analytical study

The initial preparation of samples for analysis of the char-
acteristics of the feedstock and inoculum was carried out 
in accordance with the procedures described previously 
[2]. The TS, VS, moisture content, alkalinity, pH and COD 
test was performed as per Standard Methods [17]. Ulti-
mate analysis (C H N O) was determined using Elemental 
Analyzer (FLASH 2000; Thermo Scientific, USA) as per Zir-
kler et al. [18]. Heavy metals, moisture content and macro-
nutrients were determined using the methods described 
previously [19]. Protein content was analysed according 
to Nelson and Sommers [20]. Bligh and Dyer method was 
followed for the determination of lipids and Anthrone 
method was followed for the carbohydrate’s determina-
tion [21, 22]. For examination of functional group present 
in the substrates, Fourier Transform Infra-Red (FTIR) spec-
troscopy (Neon 2000; Bruker, Germany) was performed.

2.5  Multi criteria decision modelling

Multi Criteria Decision Models (MCDM) mainly focus on 
choice, ranking and sorting. MCDM are normally applied 
for both indefinite set of scenarios and definite set of sce-
narios. Anaerobic digestion of different combinations of 
FW and STS present a definite set of scenarios having a 
definite set of output. Here for anaerobic codigestion, pH, 
alkalinity, biogas yield, C/N and VS reduction may be con-
sidered as definite set of output [13]. For definite set of sce-
narios, there are many MCDM techniques such as ELECTRE 
(elimination et choix traduisant la realit´e), PROMETHEE 
(preference ranking organization method of enrichment 
evaluation), TOPSIS (technique for order preference by 
similarity to ideal solution), and VIKOR (VlseKriterijuska 
Optimizacija I Komoromisno Resenje) [13]. For present 
study, VIKOR and TOPSIS techniques have been selected 
as these two techniques have been explored for anaerobic 
digestion in solid state condition [13].

The indexes used in the analysis are VIKOR index for 
VIKOR analysis and closeness index (CI) for TOPSIS analysis 
and these are mathematical expressions. Both the VIKOR 
index for VIKOR analysis and closeness index for TOPSIS 
analysis provide ranks to the input alternatives. For VIKOR 
analysis, smallest VIKOR index is best solution employing 
VIKOR method. The VIKOR index, in general, proposes a 
solution which is close to the ideal point. TOPSIS defines an 
index called closeness index (CI) to the ideal solution. An 

alternative with maximum CI value is preferred to be chosen 
from TOPSIS analysis.

The following sequential steps are followed in VIKOR 
method:

Step 1 Create a decision matrix of alternative selected for 
experiment and output.

Step 2 Create a normalized matrix using

Step 3 After creating normalized matrix, find entropy of 
each alternative

where K = 1/ln (m)
Step 4 Calculate dispersion value of each alternative

Step 5 Find weight of each alternative

Step 6 Determine utility measure ( αi ) and regret measure 
( βi ) using weights of each alternative from decision matrix; 
obtain maximum ( Xijmax ) and minimum ( Xijmin ) value for each 
output.

(If j is benefit criterion, for j = 1, 2…m)

(If j is cost criterion, for j = 1, 2…m)

for j = 1, 2,…m
Step 7. Finally calculate VIKOR index, Ωi
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where α+
i

 and β+
i

 = max of αi and βi (i = 1, 2,…m) and 
α−
i
and β−

i
= min of αi and βi (i = 1, 2,…m).

ε is introduced as weight for the maximum value of util-
ity and (1 − ε ) is the weight of the individual regret and 
normally value of ε is taken as 0.5.

The TOPSIS (technique for order preference by similar-
ity to ideal solution) has wide applicability and is used for 
tackling ranking problems due to its simplicity. The steps 
involved in TOPSIS are as follows:

Step 1: Create a Decision Matrix. If the number of alter-
natives is M and the number of performances defining 
criterion are N then the decision matrix having an order 
of M × N is represented as:

where an element  aij of the decision matrix DMN represents 
the actual value of the ith alternative in term of jth PDA

Step 2: Create Normalized Matrix. The normalized matrix 
R = [], and the normalized value calculated as:

Step 3: Find out positive and negative ideal solution. The 
positive ideal solution (PIS) and the negative ideal solution 
(NIS) are determined based on the weighted normalized 
ratings as:

and

where

where j = 1,2,3…N
Step 4: Calculate the Euclidian distances between each 

of the alternatives and the positive ideal solution and the 
negative ideal solution
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and

where i = 1, 2…M
Step 5: Finally find out closeness index (CI) and then give 

the ranking according to best outcomes. All the alterna-
tives are then arranged in descending order according to 
the value of their closeness index. The alternative at the 
top of the list is the most preferred one. The closeness 
index (CI) of the alternatives is calculated as:

where i = 1, 2,…M

2.6  Principal component analysis

Principal component analysis (PCA) is an exploratory and 
iterative method which aims at reducing the original vari-
ables into reduced number of orthogonal (non-correlated) 
and synthesized variables or factors. These factors are 
often called Eigen vectors. In PCA algorithm, the axis is 
chosen such that when the samples are projected on it, 
the loss of variance of the projection is minimum for the 
cloud of points. PCA was applied to the batch experiments 
data to see the linear correlation between the explanatory 
output variables such as pH, COD, biogas, alkalinity, C/N 
and VS reduction. The statistical analysis was performed 
on Minitab software 2015 version.

2.7  Analysis of data

One-way analysis of variance (ANOVA) with a threshold p 
value 0.05, were applied to test statistical significance of 
the data. Microsoft Excel 2016 with solver function was 
used for statistical test. This was performed to see standard 
deviation and mean for each set, as all the experiments 
were run in triplicate.

3  Results and discussion

3.1  Characterization of feedstock and inoculum

The proximate analysis, physical and chemical character-
istics, heavy metals, nutritional content analysis and ulti-
mate analysis of the feedstock are given in Table 1.

The highest percentage of volatile solids (around 90%) 
is present in the food waste, which defines the maximum 
organic fraction of solids, making it easily amenable for 
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biogas production thereby contributing to resource recov-
ery. A significant segment of food waste is moisture laden 
(85%) accounting for its easy biodegradability. Anaero-
bic sludge obtained from septic tank has good moisture 
content as well as solids content, but it has fewer volatile 
solids content making biogas production difficult. FW has 
pH range of 5.4 ± 0.5 due to the natural acidogenesis of the 
leftover meals, which start degrading if unattended for a 
longer period of time [23]. The prevailing anaerobic condi-
tion results in the pH values of 6.9 ± 0.4 for the STS. Variety 
of organic content in the form of carbohydrates, proteins, 
lipids and fibres in FW may be the reason for a consider-
ably significant value of 344,890 mg/l of COD [24]. The high 
value of COD obtained for sludge may be attributed to the 
oxidation and fermentation of the food consumed by the 
human beings, inside their digestive tract. The consumed 
food comprises of various spices and different methods of 
preparation contributing to complex organic matter.

The availability of certain elements, as trace metals, 
often called as micronutrients, below a certain threshold 
value helps in biogas production. Micronutrients such 
as iron, zinc, manganese, nickel and calcium affect the 
metabolism of biogas production. Appropriate determi-
nation of trace elements in the substrates is essential as 
it provides an idea about the supplements required for 
the efficient treatment and management of the feedstock 

[25]. Recommended concentration for iron in anaerobic 
digestion is 1–10 mg/l and 0.28–50.4 mg/l [26, 27]. Iron 
enhances the redox property and acts as electron accep-
tor, thus maintaining the synergy between microbes and 
enhancing the biomethanation of substrate. STS has exces-
sive concentration of iron which may results in disturbing 
the synergy and ultimately leads to microbial inhibition. 
Nickel is responsible for synthesis of coenzymes [25]. 
Bozym et al. [28] reported the threshold limit for nickel 
to be 10 mg/l. For the process stability, minimum recom-
mended value of nickel is 0.005 mg/l [26]. The presence of 
manganese in a concentration of about 0.005–50 mg/l is 
essential for the occurrence of redox reaction. It activates 
the enzymes of bacteria and cofactor of various enzymes 
[25]. Davis and Greger [29] reported excretion of entire 
manganese absorbed in the body through food in the fae-
ces. As STS is having excessive concentration of nickel and 
manganese beyond the threshold value, toxicity may be 
introduced in the digester affecting the biogas produc-
tion and process stability. To overcome the adverse effects 
caused by the presence of other complex and toxic com-
pounds, zinc is required. It also acts as metallic enzyme 
activator and stimulates cell growth [25]. The maximum 
recommended limit of zinc for anaerobic digestion is 
1 mg/l [28]. The ability to resist a major change in pH is 
governed by the element calcium; as it provides buffering 

Table 1  Characteristics of 
feed stocks used for biogas 
potential study

a Oxygen value was calculated by subtracting C, N and H values from 100% [2]

AND analysis not done, BDL below detection limit < 0.00 mg/l

Parameters Units Food waste Septic tank sludge Inoculum

Moisture content (MC) % 85.27 ± 1.62 83.70 ± 1.81 74.07 ± 0.50
Total solids (TS) % 14.73 ± 1.53 16.30 ± 1.80 25.93 ± 0.44
Total volatile solids (VS) % of TS 89.83 ± 6.90 38.69 ± 2.69 43.38 ± 18.00
Fixed solids (FS) % 10.17 ± 6.00 61.41 ± 2.70 56.62 ± 18.19
pH – 5.4 ± 0.5 6.9 ± 0.4 6.7 ± 0.7
Chemical oxygen demand (COD) mg/l 344,890 8700 3400
Alkalinity mg/l as  CaCO3 40 20 10
Proteins % 18.79 AND AND
Lipids % 16.98 AND AND
Fibres % 8.88 AND AND
Carbohydrates % 47.60 AND AND
Iron (Fe) mg/l 12.80 120.00 19.80
Nickel (Ni) mg/l BDL 12.80 16.10
Manganese (Mn) mg/l BDL 87.80 5.90
Zinc (Zn) mg/l 0.90 18.50 12.60
Calcium (Ca) mg/l 352.50 3743.60 1300.90
Total carbon % 41.33 28.5 23.13
Total hydrogen % 6.96 3.96 3.21
Total nitrogen % 4 3.23 1.99
Total  oxygena % 47.71 64.31 72.45
C/N ratio 10.33 8.82 11.61
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capacity to the digester [28]. It also enhances the mem-
brane permeability of the microbes [25]. The threshold 
limit of calcium is 2800 mg/l [27]. Protein presence in the 
form of different types of pulses and lentils gave around 
4% nitrogen content whereas carbohydrates were 47.6%. 
Hence co-digestion was essential to obtain optimum C/N 
ratio of 25–30.

3.2  Effect of anaerobic co‑digestion on biogas 
production

The batch test was performed to check the feasibility 
of the substrates for biomethanation potential and the 
degree of amenability of the individual substrates as well 
as the substrates in combination with the other substrates 
for co-digestion. It is essential to determine the ultimate 
biogas potential for different combinations of solid sub-
strates to arrive at the optimal combination. In fact, this is 
a key parameter for assessing design, economics and man-
aging issues for the full-scale implementation of anaerobic 
digestion processes utilising different substrates. Due to 
the differences in equipment, operation conditions, exper-
imental protocols, and calculation methods, BMP assays of 
substrates conducted by different researchers are usually 
not comparable [16]. The residue in the digesters compris-
ing of only food waste was even less than 1% of the entire 
feed volume.

Biogas measurements were performed following the 
principle of volume displacement in water. Total biogas 
yield was summed up to observe the cumulative gas yield 
which was converted in terms of the applied loading rate. 
The cumulative biogas yield of each feedstock is presented 
through the graph in Fig. 1.

The biogas potential for FW agreed with the other 
reported studies for biogas production from FW. Moreover, 
reported biogas yields from FW may vary due to the het-
erogeneous nature of the FW and variation in nutrient con-
tent depending on the type, origin and processing of FW. 
Furthermore, as the content of the FW is reduced and the 
STS content is increased, the yield of biogas is decreased. 
This may be attributed to the fact that as the sludge was 
stabilized, the microbes didn’t find sufficient nutrition and 
food for their growth. It is also apparent that the reaction 
rate for STS is higher than for FW, due to complex nature 
of organic matter in FW.

3.3  Reactor characteristics

Determination of COD and pH involved uniform sampling 
throughout the digestate (supernatant and residue) for 
all the blends of feedstock and inoculum, whereas for 
the determination of solids, the residue was filtered and 
allowed to dry. The obtained results yielded a significant 
drop in the values of various parameters evaluated after 
the digestion in comparison to the respective parameter 
values before digestion. The results of the anaerobic diges-
tion and co-digestion are provided in Table 2 and Fig. 2 
respectively.

Maximum biogas potential is showed by the food 
waste. pH of the digestate is always in alkaline range 
(above 7) for all the blends. It is evident from increase in 
the alkalinity of the samples that the codigestion of food 
waste and septic tank sludge proves to be synergistic [30]. 
An enormous reduction of around 98% in the value of COD 
has been obtained, but a significant value of 6800 mg/l 
persists. Reduced inorganic species such as ferrous iron 
and manganese may not be oxidized completely. Up to 

Fig. 1  Experimental Biogas 
production potential of differ-
ent blends used in batch test
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Table 2  Characteristics of 
contents of different blends 
of reactor after anaerobic 
digestion

S. No. Samples PH VS reduc-
tion (% of 
TS)

VS reduc-
tion as 
g/L

COD (mg/L) Alkalinity 
(mg/L as 
 CaCO3

Biogas 
yield (ml/g 
VS)

C/N

1 Blank 7.5 17.75 0.335 6160.0 150.0 28.23 22.0
2 STS only 7.3 32.0 0.64 4060.0 150.0 150.03 15.0
3 FW only 7.8 43.0 0.86 6800.0 250.0 544.10 33.0
4 25:75 (FW: STS) 7.3 35.0 0.70 5700.0 300.0 274.54 21.0
5 50:50

(FW: STS)
7.6 36.0 0.72 6840.0 200.0 367.63 24.0

6 60:40
(FW: STS)

7.1 38.0 0.76 6896.0 300.0 462.49 27.0

7 75:25 (FW: STS) 7.7 41.0 0.82 5080.0 155.0 470.00 30.0

Fig. 2  A contour plot of output 
variables showing correlation 
among a biogas, VS reduc-
tion and COD removal and b 
biogas. C/N ratio and alkalinity
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43% volatile solids reduction has been obtained, which 
is acceptable but on the lower side as reported in litera-
ture (35–70%) [31]. This lower VS may be due to uneven 
pH and VFA accumulation resulting in inaccessibility of a 
part of the organic material [13]. A fraction of the substrate 
may have been utilized to synthesize bacterial mass, typi-
cally 5–10% of the organic material degraded. However, 
VS reduction was positively correlated  (R2 = 0.9115) with 
biogas yield. This is shown in Fig. 3. After a certain time, 
there could be limitation of other nutrient factors.

3.4  Fourier transform infra‑red analysis

Fourier Transform Infra-Red (FTIR) Spectroscopy was used 
as a tool for identification of functional groups. FTIR was 
performed to identify the types of functional groups 
present in the food waste, septic tank sludge and the 

inoculum before and after digestion. These functional 
groups were able to explain the reason behind the value of 
COD that still remained in the substrates after the anaero-
bic co-digestion.

The ordinate defines the percentage of transmittance 
against the wave number provided by the abscissa. The 
spectrum revealed the chemical composition of the 
substrates as a subset of qualitative analysis. The graph 
of FTIR data, which is described below is a part of sup-
plementary material. The peak observed near the region 
of 2850–2925 cm−1 may be attributed to the presence of 
carbohydrates and protein. The N–H stretch of amines 
and the C–H stretch of alkanes is centred to the region of 
3400–3500 cm−1 [2]. This shows that these complex com-
pounds are remaining after the digestion and contributing 
to the COD.

3.5  Multi criteria decision modelling

After the completion of batch anaerobic co-digestion, 
lots of post treatment analysis performed and data are 
generated. In this regards, pH, alkalinity, VS reduction, 
COD and C/N were calculated. Possible alternatives (FW: 
STS blending combination for digestion) were arranged 
against data obtained from post treatment analysis in 
matrix form (Table 3). After the creating decision matrix, 
normalized matrices were created using Eqs. 2 and 11 for 
VIKOR and TOPSIS method respectively (Tables 4 and 5). 
For VIKOR method, value of entropy, dispersion and weight 
of each alternative were calculated. The alternative which 
obtained highest rank by VIKOR method (Table 6) shows 
closeness to the ideal solution while highest rank secured 
by alternative through TOPSIS method (Table 7) shows the 
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Fig. 3  Loading plot of output variables

Table 3  Decision matrix for 
possible feedstock alternatives 
selected for multi criteria 
analysis

Alternatives VS reduction COD PH Biogas Alkalinity C/N

STS 32 4060 7 150 150 15
FW 43 6800 8 544 250 33
25:75 (FW: STS) 35 5700 7 275 300 21
50:50 (FW: STS) 36 6840 8 368 200 24
60:40 (FW: STS) 38 6896 7 462 300 27
75:25 (FW: STS) 41 5080 8 470 155 30

Table 4  Normalized matrix for 
VIKOR analysis

Alternatives VS reduction COD PH Biogas Alkalinity C/N

STS 0.1570 0.1623 0.1750 0.1571 0.1340 0.1881
FW 0.1928 0.1461 0.1500 0.1714 0.1443 0.1536
25:75 (FW: STS) 0.1659 0.1542 0.1750 0.1286 0.2062 0.1571
50:50 (FW: STS) 0.1704 0.1867 0.1500 0.1857 0.1546 0.1558
60:40 (FW: STS) 0.1435 0.1989 0.2000 0.1571 0.1753 0.1699
75:25 (FW: STS) 0.1704 0.1518 0.1500 0.2000 0.1856 0.1755
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best one in terms of ranking index. Though the food waste 
yielded maximum biogas as compared to other blended 
feedstock co-digestion, but the mixing ratio of food waste 
and septic tank sludge got first rank as per MCDM (TOP-
SIS). This suggests that if a bioreactor is to be considered 
for multiple responses such as biogas yield, COD reduc-
tion, optimal pH and alkalinity, optimal C/N ratio, VS reduc-
tion—co-digestion of food waste with septic tank sludge 
should be preferred. Moreover, the rank provided to the 
alternatives by TOPSIS may not be close to the ideal solu-
tion and experimental results validate this statement. 
Similar results were obtained by Paritosh et al. [13] while 
applying TOPSIS and VIKOR for prioritizing the tempera-
ture and solid concentration for solid state anaerobic 

digestion of pearl millet straw. It was reported that ranking 
provided by VIKOR analysis showed agreement with the 
experimental investigation while TOPSIS provided rank-
ing based on closeness index. In another study, Gandhi 
et al. [32] employed VIKOR for thermally pretreated food 
waste for biogas production. The alternative in which tem-
perature and time was 100 °C and 10 min, showed 41% 
increased biogas yield as compared to control. MCDM 
analysis showed that VIKOR provided similar ranking as 
per experimental results. These investigations including 
present study showed that for anaerobic digestion, VIKOR 
may provide best alternative.     

3.6  Principal component analysis

Principal component analysis was performed to see the 
linear correlation between the explanatory variables. The 
loading plot provided in Fig. 3, shows the linear correlation 
between the outputs. Each line represents a single output 
and angle between two line shows the relation between 
them. The angle tending to zero (Cosine 0° = 1), represents 
a strong correlation and angle of 180° (Cosine 180° = − 1) 
shows inverse relationship. If the angle between two lines 
is 90° (Cosine 90° = 0), there is no linear relation between 
the outputs. As per PCA analysis, biogas yield, VS reduc-
tion and C/N ratio are strongly linearly correlated which 
shows that biogas production strongly depends on C/N 
ratio and VS reduction in co-digestion process. More the 
organic content in the substrate, more readily the biogas 
formation occurs and so greater will be the volatilization 
of solids. The pH and alkalinity are not strongly correlated 
with biogas production as per PCA analyses of anaerobic 
co-digestion experiment. Since, co-digestion establishes 
synergy and symbiotic relationship in the microbial popu-
lation involved in AD, providing conditions for optimum 
gas production without additional requirement of buffers. 
The COD and biogas production show not that strong cor-
relation, as complex compounds of aromatic and hetero-
geneous nature create barriers in the biogas formation, so 
they do not get oxidized to appreciable extent.

4  Conclusion

Multi Criteria Decision Modelling may be helpful for select-
ing the best input criteria depending upon multiple out-
put. In this study, experimental results of anaerobic co 
digestion of FW and fresh STS has been validated by VIKOR 
method. Anaerobic co-digestion with STS resulted in low 
biogas production due to excessive concentration of zinc 
and manganese. FTIR details out the complex compounds 
contributing to high COD values. Apart from TOPSIS and 
VIKOR, there are other MCDM which may be employed 

Table 5  Normalized matrix for TOPSIS analysis

Alternatives VS reduction COD PH Biogas Alkalinity

STS 0.3829 0.0008 0.0259 0.0004 0.0081
FW 0.4704 0.0007 0.0222 0.0003 0.0087
25:75 (FW: STS) 0.4048 0.0007 0.0259 0.0003 0.0125
50:50 (FW: STS) 0.4157 0.0009 0.0222 0.0003 0.0094
60:40 (FW: STS) 0.3501 0.0010 0.0296 0.0003 0.0106
75:25 (FW: STS) 0.4157 0.0007 0.0222 0.0003 0.0112

Table 6  Utility measure, regret measure and VIKOR Index for rank-
ing of alternatives

Alternatives Utility meas-
ure

Regret meas-
ure

VIKOR index Rank

STS 0.235 0.041 0.182 2
FW 0.099 0.090 0.135 1
25:75 (FW: 

STS)
0.325 0.074 0.377 3

50:50 (FW: 
STS)

0.397 0.103 0.548 4

60:40 (FW: 
STS)

0.427 0.214 0.906 5

75:25 (FW: 
STS)

0.503 0.213 0.996 6

Table 7  The Euclidian distances between the positive and negative 
ideal solutions and the rank of alternatives for TOPSIS method

Alternatives Di+ Di− Di + + Di− CI Rank

STS 4.737 0.797 5.534 0.144 2
FW 4.176 0.643 4.819 0.133 4
25:75 (FW: STS) 4.472 0.670 5.142 0.130 5
50:50 (FW: STS) 4.416 0.650 5.067 0.128 6
60:40 (FW: STS) 4.261 0.660 4.922 0.134 3
75:25 (FW: STS) 4.355 0.694 5.050 0.147 1
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for further investigation. In addition to this, application 
of MCDM technique is required to be explored in the field 
of anaerobic digestion for the decision making and for 
upscaling the process for energy application.

5  Supplementary materials

Supplementary file has been attached which comprise 
of FTIR spectra before and after anaerobic co-digestion 
of food waste, septic tank sludge and inoculum respec-
tively. Details of different functional groups present is also 
mentioned.
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