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1 INTRODUCTION 

The production of biogas by anaerobic digestion is often described as unstable, particularly when subjected to a 

change in the nature of the feedstock (Nain and Jawed, 2006). Volatile fatty acids (VFA) are considered good 

indicators of the stability of biogas reactors and are therefore suitable parameters for monitoring. VFA levels which 

suggest process imbalance are specific to a particular digester (Ahring et al. 1995), therefore frequent VFA 

monitoring is required which can be expensive and time consuming when the traditional off-line gas 

chromatography method is employed. Near infrared spectroscopy (NIRS) is a suitable method for measuring VFA in 

biogas processes (Hansson et al. 2002; 2003; Holm-Nielsen et al. 2008; Jacobi et al. 2009) as the method is rapid, 

non destructive and can easily be automated. The studies mentioned above produced calibrations based on 

unchanging substrates, yet it is often the changing nature of substrates which causes process instability. Co-digestion 

plants are frequently subjected to such changes in feedstock and a study of Danish co-digestion plants has shown 

that poor process monitoring can lead to process imbalances (Nielsen and Angelidaki, 2008). A biogas plant 

operating on a single unchanging feedstock (for example a farm based manure digester) can be dimensioned to suit 

the expected input in terms of quantity and quality and therefore instability is unlikely to be an issue. Lomborg et al 

(2009) have suggested that changes in the feed would require an NIRS model to be updated. Updating of the model 

would require collecting and analyzing a selection of samples covering a range of concentration values of the target 

analyte and then adding these samples to the existing calibration set. In a commercial plant with a large number of 

potential feedstocks this would require an unfeasibly large amount of samples which represent all mixtures of 

possible feedstocks at a wide range of VFA values 

In this study, NIRS VFA calibrations for pig slurry mixed with maize silage and chicken manure were 

made separately. The models were used to predict VFA of samples from the other material and new samples from a 

cattle manure reactor. In addition, models were made from combined data.   

 

2 MATERIALS AND METHODS 

2.1 Analytical methods 

VFA concentration was determined by means of a gas chromatograph (Hewlett Packard 6850A) with flame 

ionization detector (FID). The column was an HP-INNOWax, 30 m × 0.25 mm × 0.25 µm. The carrier gas was He. 

The temperature of the column was gradually increased from 110°C to 220°C at a rate of 10°C min
−1

. 

NIRS analysis of all samples was carried out on a Bomen QFA Flex Fourier transform spectrometer (Q-

Interline A/S, Københavnsvej 261, 4000 Roskilde, Denmark). The spectrometer was fitted with a 300mm long and 

12.7mm diameter stainless steel diffuse reflectance probe with a 5mm sapphire window (Q-interline QIA2050). The 

probe was connected to the spectrometer by a 4.5m long optical fibre bundle of 40 cores out and 40 cores back. 

Spectra were collected using Q-interline INFRAquant software. The probe was checked against a 50mm diameter 

reflective ceramic reference disc every four hours when a large number of samples were consecutively measured 

(experiment 1) or before each measurement when measurements were taken infrequently on or at-line (experiments 

2 and 3). All experiments used the same settings for spectral acquisition, with averaging of 256 scans at a resolution 

of 32cm
-1

. All data were analysed with The Unscrambler v9.8 software (CAMO Software A/S, Oslo, Norway). All 

models were created using partial least squares (PLS-1, suitable for single constituent determination). All models 

were validated using leave-one-out cross validation.  
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2.2 Experiment 1: Pig slurry with maize silage 

A thermophilic (52°C) methanogenic CSTR reactor of 30 m
3
 was used. The reactor was constructed of stainless 

steel and heated by an external water jacket. The reactor was fed directly from a feeding vessel of 800 litres 

maximum capacity. The feeding vessel functioned as a pre-heating unit in addition to the dosing and mixing of 

feedstock. The volumetric gas production was measured on-line using pressure differential gas meters. All pumping 

of slurry and digestate was by Mono eccentric screw pumps. The pig slurry to maize silage ratio was 5.8:1 in terms 

of fresh weight, and the volatile solids ratio was approximately 1.3:1. The mean organic loading rate (OLR) was 5.7 

kg VS m
-3

 d
-1

 with a hydraulic retention time (HRT) of 12.3 days. 

One litre samples were collected from a sample port in the vertical outlet pipe of the reactor and stored at 

-20°C. The samples were subjected to off-line NIR analysis after heating to 52°C.  The NIR probe was suspended 

from a laboratory stand above a 1 litre beaker containing the sample. The beaker in turn was placed on two rotary 

shakers placed on top of each other to give a larger rotational radius with a degree of randomness in the movement 

to present as much of the sample to the probe as possible. 

2.3 Experiment 2: Chicken manure 

Experiment 2 used a smaller 130 litre pilot scale reactor. The reactor was mixed by gas recirculation and heated by a 

water bath from which water was pumped to a coil heat exchanger inside the reactor. Biogas volume was measured 

on-line by an oil displacement cylinder constructed in house. The reactor was fed manually five days a week (OLR 

of 7.1 kg VS m
-3

 d
-1

) due to the high dry matter and presence of stones in the feedstock which led to pumping 

difficulties. Weekend feeding did not occur.  

The digester was modified to fit the reflectance probe directly into the reactor wall for on-line 

measurement. Digestate samples for GC VFA analysis were collected from a sample port situated at a similar height 

to the probe but on the opposite side of the reactor. The reactor was mixed thoroughly during sample collection and 

stopped immediately before NIRS measurement to reduce the number of gas bubbles passing the probe. 

2.4 Experiment 3: Model checking with cattle manure 

The reactor used in experiment 1 was the source of samples for experiment 3, but operating with cattle manure at a 

mean OLR was 3.9 kg VS m
-3

 d
-1

 and an HRT of 15.2 days. NIRS measurements were taken on-line by placing the 

probe inside a sample port in the vertical outlet pipe of the reactor. This port was approximately 1 metre above the 

port used to collect samples for GC analysis which was believed would provide a representative sample. 

 

3 RESULTS AND DISCUSSION 

3.1 Experiment 1 

The parameters for calibration models of the five most abundant VFAs are tabulated in tables 1 – 5. The data 

include model R
2
, RMSECV (the root mean square error of cross validation, the average error of the model upon 

validation), the standard deviation of the VFA data, the RPD (residual prediction deviation, the ratio of standard 

deviation to RMSECV) and the number of outliers removed after inspection of the score plots. 

The results show that most of the good models are for the prediction of acetic and propanoic acids, the 

two measured components which had the greatest concentrations. RPD values greater than 3 are considered to be 

most useful for measurement purposes whereas RPD values of 2-3 are suitable for approximations of the parameter 

of interest. Most calibrations for experiment 1 and 2 exceed an RPD value of 2. The best models overall were from 

experiment 2 which used the reflectance probe fitted directly into the reactor. It was hoped that experiment 3 would 

provide even better models as the sampling and NIRS measurement techniques were positioned in the same pipe run 

allowing for collection of a sample which was highly representative. However, experiment 3 models appear to be 

particularly poor although comparison of the RMSECV and SD against experiments 1 and 2 shows that the range of 

VFA concentrations in this dataset was too small to produce a good quality model as the SD was often less than the 

RMSECV of the other models. 

Combining the experimental datasets to produce generic models gave results which were poorer than the 

models from experiments 1 and 2 but were in many cases suitable for providing an indication of changes in VFA if 

monitored continuously to show trends in the data. 
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TABLE 1 Data and model parameters for acetic acid calibrations 

Data source R
2 

RMSECV SD RPD outliers 

Pig slurry with maize 0.919 340 1215 3.58 5 

Chicken manure 0.808 584 1350 2.31 6 

Cattle manure 0.234 313 346 1.10 1 

Pig slurry with maize + chicken 0.797 693 1536 2.22 6 

Pig slurry with maize + chicken + cattle 0.851 643 1674 2.53 10 

 

TABLE 2 Data and model parameters for propanoic acid calibrations 

Data source R
2 

RMSECV SD RPD outliers 

Pig slurry with maize 0.835 316 787 2.49 5 

Chicken manure 0.969 139 788 5.67 1 

Cattle manure 0.165 248 264 1.06 1 

Pig slurry with maize + chicken 0.856 364 932 2.56 6 

Pig slurry with maize + chicken + cattle 0.870 379 1043 2.75 10 

 

TABLE 3 Data and model parameters for 2-methyl propanoic acid calibrations 

Data source R
2 

RMSECV SD RPD outliers 

Pig slurry with maize 0.530 249.7 365.6 1.46 5 

Chicken manure 0.949 33.2 144.9 4.36 1 

Cattle manure NA 13.7 12.9 0.94 1 

Pig slurry with maize + chicken 0.435 243.5 320.9 1.32 1 

Pig slurry with maize + chicken + cattle 0.569 215.9 320.2 1.48 6 

 

TABLE 4 Data and model parameters for butyric acid calibrations 

Data source R
2 

RMSECV SD RPD outliers 

Pig slurry with maize 0.783 23.3 47.3 2.12 0 

Chicken manure 0.786 12.8 27.7 2.16 5 

Cattle manure NA 10.5 9.7 0.92 1 

Pig slurry with maize + chicken 0.676 29.6 51.8 1.75 1 

Pig slurry with maize + chicken + cattle 0.708 28.3 52.1 1.84 1 

 

TABLE 5 Data and model parameters for 3-methyl butyric acid calibrations 

Data source R
2 

RMSECV SD RPD outliers 

Pig slurry with maize 0.706 41.2 75.2 1.83 0 

Chicken manure 0.961 39.3 196.5 5 5 

Cattle manure NA 16.9 24.9 1.47 0 

Pig slurry with maize + chicken 0.799 72.2 162.9 2.26 1 

Pig slurry with maize + chicken + cattle 0.827 67.9 162.3 2.39 1 

 

Prediction of VFA in a material not included in the calibration set was not possible; all such models 

displayed an unacceptably high RMSEP (root mean square error of prediction). More promising results were 

obtained when prediction of VFA in a material included in the calibration set was attempted. This can be seen in 

Figure 1 (chicken manure predicted by a model calibrated on chicken manure + pig slurry with maize silage) where 

a close relationship between model and ideal regression lines can be observed and the RMSEP is acceptably low. 
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FIGURE 1 Prediction of propanoic acid in chicken manure (experiment 2) with a model calibrated on 

chicken manure and pig slurry mixed with maize silage (experiment 1 + experiment 2). 

4 CONCLUSIONS 

This study has shown that NIRS is not suitable for measuring parameters in a material which was not included in the 

calibration set. It also suggests it may be possible to make a single calibration which can be used on several manure 

types, although the work carried out so far has not concentrated on varying the proportions of mixed feedstocks. 

Future work should investigate the possibility of creating a calibration set based on a combination of defined 

materials, for example manure with increasing amounts of silage. Such a calibration would be useful for a plant which 

wishes to control the biogas production, for example varying production to suit heat demand. 
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