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ABSTRACT 
In this paper two different approaches of the data envelopment analysis (DEA) method were used for assessing the efficiency of 

10 Bavarian agricultural biogas plants. In the first approach, biogas plants were considered as energy conversion systems using ap-
propriate parameters that are absolute. In this way, some important aspects were omitted from the assessment. In the second ap-
proach, all aspects of biogas production and utilization were considered by assessing specific parameters, i.e. characteristic per-
formance figures. In both approaches, biogas plants were ranked similarly and, consequently, efficient and inefficient plants were 
recognized. Only a relative assessment was possible with no influence on criteria importance. The ranking results could be inter-
preted and confirmed by experts. The relevance of the DEA models that were used for the analysis is hard to prove. 

Keywords: biogas plant, DEA, efficiency analysis, energy production. 

REZIME 
Zbog porasta broja biogas postrojenja u Nemačkoj, postoji potreba za ocenjivanjem njihove efikasnosti. Prepoznavanjem neefi-

kasnih postrojenja, a zatim poboljšanjem njihove efikasnosti, doprinelo bi se ukupnoj efikasnosti biogas proizvodnje. Data 
envelopment analysis (DEA) je često korišten metod za analizu efikasnosti. U radu su prikazana dva različita prilaza DEA metode za 
ocenjivanje efikasnosti 10 poljoprivrednih biogas postrojenja u Bavarskoj. U prvom prilazu biogas postrojenja su smatrana sistemi-
ma za pretvaranje energije, a ocenjena odgovarajućim apsolutnim parametrima. Na ovaj način, neki važni parametri su izostavljeni 
iz ocene efikasnosti. Da bi se ovo sprečilo, moguće je da se efikasnost postrojenja oceni posebno u odnosu na proizvodnju, a posebno 
na korišćenje biogasa. Međutim, ocena ukupne efikasnosti više ne bi bila moguća, što je bio i prvobitni cilj korišćenja metode. U dru-
gom prilazu u oceni efikasnosti su uključeni svi aspekti proizvodnje i korišćenja biogasa, a korišteni specifični parametri koji pred-
stavljaju karakteristike učinka. U oba prilaza, biogas postrojenja rangirana su slično, a zatim identifikovana efikasna i neefikasna 
postrojenja, dok rezultati poretka mogu biti interpretirani i potvrđeni od strane eksperata. U DEA metodi, moguće je sprovesti jedino 
relativnu ocenu efikasnosti, u okviru grupe razmatranih postrojenja. Zatim, nemoguće je da se utiče na važnost kriterijuma za ocenu 
efikasnosti, što je od suštinske važnosti. Relevantnost korištenih DEA modela u analizi je teško potvrditi. U daljem razvoju metodolo-
gije, težiće se apsolutnoj oceni efikasnosti, a umesto računanja ukupne efikasnosti, metod bi svrstavao biogas postrojenja u određene 
grupe efikasnosti (npr. odlična, dobra, loša). 

Ključne reči: biogas postrojenje, DEA, analiza efikasnosti, proizvodnja energije. 
 

INTRODUCTION 
By the end of 2009, Germany as a leading European country 

in biogas production had 1.7 GW of installed electrical capacity 
and around 4,600 biogas installations. Biogas production has be-
come an important branch of agriculture in this country, due to 
continuously growing usage of agricultural raw materials (e.g. 
corn and cereal silages, animal manure) for anaerobic digestion. 
Potential impacts of biogas production are described in (Effen-
berger et al., 2004; Gronauer et al., 2004). In Germany, electric-
ity production from biogas accounts for roughly 1% of the total 
electricity demand. In the Federal State of Bavaria the share is 
around 3%. The large number of biogas plants suggests the need 
for their assessment and comparison with respect to process effi-
ciency. In order to reach more efficient operation, inefficient 
biogas plants should be identified. Raising the efficiency of in-
dividual biogas plants will improve the overall efficiency of bio-
gas production in Germany. 

The process chain of biogas production and utilization is 
characterized by its complexity and described with manifold pa-
rameters. A comprehensive overview of characteristic perform-
ance figures conducted from monitoring biogas plants in practice 
is given in (Strobl and Keymer, 2006; Schöftner et al., 2006; 
Braun et al., 2007; Bachmaier and Gronauer, 2007; Effenberger 

et al., 2009; Effenberger et al., 2010). Due to the complex and 
multidisciplinary nature of efficiency assessment, it would be 
extremely difficult for an (individual) expert to assess process 
efficiencies in a comprehensive, reproducible and consistent 
way. Therefore, methodologies to assess the efficiency of biogas 
plants are needed. 

Data Envelopment Analysis (DEA) is a method originally 
developed by (Charnes et al., 1978) and commonly used for ef-
ficiency assessment. Methodological developments of DEA are 
reviewed in (Cook and Seiford, 2009). An overview of success-
ful DEA applications in many energetic and environmental stud-
ies of electric utilities is given in (Zhou et al., 2008). For the as-
sessment of biogas plants, DEA has been rarely applied. In 
(Madlener et al., 2009), a multi criteria decision making method 
(MCDM) and DEA were used complementarily for assessing the 
biogas plants using economic, environmental and social criteria. 
In (Đatkov et al., 2009), DEA was applied treating biogas plants 
as energy conversion systems. 

The objective of this paper is to show possible DEA ap-
proaches and their capabilities for assessing the efficiency of 
biogas plants. Further objective is to determine and emphasize 
the limitations of the method, which should be overcome in the 
future development of methodology for efficiency assessment of 
biogas plants. The goal is to rank and consequently compare 



Đatkov and Effenberger / Data Envelopment Analysis for Assessing the Efficiency of Biogas Plants: Capabilities and Limitations 

50 Journal on Processing and Energy in Agriculture 14 (2010) 1 

biogas plants and to distinguishing efficient from inefficient 
ones. 

MATERIAL AND METHOD 

Set of biogas plants 
The efficiency of 10 biogas plants was assessed over a period 

of one year. The ten plants reflect the diversity of technical con-
cepts and geographical locations of biogas installations in Bava-
ria. They represent agricultural biogas plants, i.e. only manure 
and energy crops were used as input materials (Table 1). A 
closer description and technical characteristics of the plants are 
given in (Effenberger et al., 2009; Effenberger et al., 2010). 
Data used in this paper were derived from automatic data loggers 
and operators’ manual records. Additionally, chemical analyses 
of samples of the input materials and the digested residue were 
carried out and individual material and energy flows were calcu-
lated. 
 

Table 1. Input materials for anaerobic digestion for the ten 
biogas plants 

 

Plant ID A B C D E 
Input material, 
w/o W, % (m/m) 

CM (16) 
EC (84) 

PM (4) 
EC (96) 

CM (20) 
EC (80) EC (100) ChM (25) 

EC (75) 
Plant ID F G H I J 
Input material, 
w/o W, % (m/m) 

ChM (17) 
EC (83) 

PM (27) 
EC (73) EC (100) CM (32)

EC (68) 
C/PM (35)

EC (65) 
CM: solid cattle manure; PM: liquid pig manure; ChM: solid 
chicken manure; EC: energy crops (maize silage, grass silage or ce-
reals whole crop silage); w/o W: without Water. 

Efficiency analysis with DEA 
DEA is a method commonly used for assessing the relative 

efficiency of a set of ‘units’. The assessed units are supposed to 
be comparable and homogeneous, i.e. they perform the same 
task by transforming multiple inputs (Is) into multiple outputs 
(Os). The assessed group of 10 biogas plants is homogeneous, as 
all of the plants perform the same primary task of electricity 
production from anaerobic digestion of agricultural raw materi-
als. In terms of DEA, units to be assessed (e.g. biogas plants) are 
commonly called decision making units (DMUs). In order to 
improve the efficiency of a DMU, Is should be decreased and Os 
should be increased. DEA is a non-parametric approach, since 
no functional relationships are required between Is and Os (Sei-
ford and Thrall, 1990). General DEA procedures have been dis-
cussed in (Golany and Roll, 1989; Dyson et al., 2001). 

The efficiency value obtained from DEA has the meaning of 
how efficient an assessed unit is in transforming Is into Os. As a 
result from DEA procedure, a measure of efficiency is obtained 
for each DMU as well as optimal weights for Is and Os. The 
measure of efficiency takes a value between 0 and 1, where the 
“best” (most efficient) units reach a value of 1 while the “worst” 
(least efficient) units reach the lowest value (larger than zero). 
The most efficient DMUs constitute an efficient frontier which 
envelopes the inefficient DMUs. The measure of efficiency of 
inefficient DMUs is derived as the distance from the efficient 
frontier. The set of optimal weights of each particular DMU 
gives information on how important the parameters (Is and Os) 
are for the calculated efficiency of the respective DMU. 

DEA assessment of biogas plants 
In this paper, two different approaches of the assessment by 

means of DEA are presented. In the first approach, it is supposed 
that a biogas plant represents an energy conversion system (Ta-
ble 2). Biogas is produced from the input materials (I1 – manure 

and/or energy crops) and is subsequently utilized in a cogenera-
tion unit (CGU) to produce electricity (O1) and heat. As for the 
output of heat, only the amount supplied to external users (O2) is 
considered. Additionally, a certain amount of electricity (I2) is 
consumed to run the various devices at the biogas plant, and 
some labor input (I3) is “invested” in order to operate and main-
tain the plant. To include an environmental aspect in the assess-
ment, emissions of green house gases (GHG) are considered as 
an “undesirable” output (O3). 
 

Table 2. Selected parameters for efficiency assessment in 
DEA, first approach 

Parameter Unit DEA criterion 
Amount of ODM kg I1 
Labor Lh I2 
Electricity for own demand kWh I3 
Produced amount of elec-
tricity 

kWh O1 

External heat use kWh O2 
GHG emissions t CO2eq O3 

1) ODM: organic dry matter, 2) I: input, 3) O: output; 4) Lh: Labor 
hours; 5) GHG: greenhouse gas. 
 

In general, some pairs of parameters in subset of Is (Os) 
could show strong positive correlation, while other Is could also 
exhibit extremely weak correlation with some Os. In this case, 
some of the parameters may have to be excluded from the as-
sessment. The results of a linear regression analysis (correlation 
coefficients) show that all of the selected parameters satisfy this 
condition (Table 3). A negative correlation between I2 and all 
other Is and Os shows that, with an increase of any other value 
of the parameter, the value of I2 decreases. This could be inter-
preted as follows: with the enlargement of the capacity of a bio-
gas plant, less labor is required due to the automation of the 
processes. 

According to (Seiford and Zhu, 2002), there are at least five 
possible ways to treat undesirable outputs (UOs) and to use them 
in DEA-BCC models. Correspondingly, several DEA models 
were applied and UOs were treated in different ways: 1) Super-
CCR model excluding O3 from the analysis; 2) Super-efficiency 
BCC with O3 used as an input; 3) Super-efficiency BCC treating 
O3 with linear and monotone decreasing transformation (1/y). 
(Cooper et al., 2006; Saitech, 2006) describe models that include 
UOs in calculation such as the so called “Bad output model” 
which was used as well. This model assumes that decreasing 
UOs is possible not only by decreasing desirable Os, which is 
the case with biogas plants where GHG emissions could be 
avoided or emitted. 
 

Table 3. Correlation matrix of inputs and outputs, first ap-
proach 

 

Pa-
rame-

ter 
I1 I2 I3 O1 O2 O3 

I1 1.0000 -0.0786 0.4753 0.9510 0.6923 0.6612 
I2 -0.0786 1.0000 -0.0744 -0.1440 -0.1030 -0.4158 
I3 0.4753 -0.0744 1.0000 0.3704 0.2514 0.5370 
O1 0.9510 -0.1440 0.3704 1.0000 0.8147 0.5700 
O2 0.6923 -0.1030 0.2514 0.8147 1.0000 0.4009 
O3 0.6612 -0.4158 0.5370 0.5700 0.4009 1.0000 

 

According to (Seiford and Zhu, 2002), there are at least five 
possible ways to treat undesirable outputs (UOs) and to use them 
in DEA-BCC models. Correspondingly, several DEA models 
were applied and UOs were treated in different ways: 1) Super-
CCR model excluding O3 from the analysis; 2) Super-efficiency 
BCC with O3 used as an input; 3) Super-efficiency BCC treating 
O3 with linear and monotone decreasing transformation (1/y). 
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(Cooper et al., 2006; Saitech, 2006) describe models that include 
UOs in calculation such as the so called “Bad output model” 
which was used as well. This model assumes that decreasing 
UOs is possible not only by decreasing desirable Os, which is 
the case with biogas plants where GHG emissions could be 
avoided or emitted. 

 

Table 4. Matrix with normalized values for the ten biogas 
plants (A-J), first approach 

 

DMU I1 I2 I3 O1 O2 O3 
A 0.3004 0.4083 0.2541 0.3061 0.0000 0.2274 
B 0.2744 0.1875 0.5247 0.2515 0.0000 0.3285 
C 0.3858 0.0985 0.3390 0.4512 0.7090 0.3118 
D 0.2839 0.0291 0.2358 0.3034 0.1714 0.2097 
E 0.3294 0.7275 0.3059 0.3183 0.3492 0.0572 
F 0.5300 0.1608 0.4242 0.4699 0.5377 0.6889 
G 0.2187 0.2797 0.1784 0.2357 0.0744 0.2684 
H 0.1785 0.3171 0.2805 0.1986 0.1456 0.2911 
I 0.1678 0.1585 0.2252 0.1788 0.1214 0.1435 
J 0.3278 0.1685 0.2338 0.3132 0.1230 0.2089 

 

In the second approach, DEA was conducted by using spe-
cific parameters instead of absolute ones. These specific parame-
ters represent performance figures, i.e. indices of efficient biogas 
production and utilization (see Table 5). Numerous performance 
figures were derived from the data pool obtained from monitor-
ing the 10 biogas plants (Effenberger et al., 2010). The most im-
portant used in this study were selected with the following aims: 
1) to allow for the comparison of biogas plants with different 
sizes, concepts, input materials, etc. and 2) to cover all aspects of 
biogas production and utilization: technical (C1-C4), environ-
mental (C5 and C6) and economic (C7 and C8). The detailed 
description of the performance figures is beyond the scope of 
this paper. 

The use of specific parameters is characteristic for multi cri-
teria decision making (MCDM) methods. These performance 
figures are divided into minimizing and maximizing criteria, and 
consequently used as Is and Os (see Table 5). For some criteria, 
negative values could be obtained, e.g. for C5, since it is possi-
ble to achieve absolute GHG savings by using biogas for elec-
tricity production. In order to use criteria with negative values in 
the DEA method, their values are translated into positive values 
using the following function: 

1+x+ x= y minii  (1) 

with xmin = the smallest value of the considered criterion 
among all biogas plants. Hence, the smallest negative value is 
assigned a value of 1. The matrix with standardized (normalized) 
criteria values for the ten biogas plants is presented in Table 6. 
 

Table 5. Selected performance figures for efficiency assess-
ment in DEA, second approach 

 

Crite
rion Performance figure Unit DEA 

criterion 

C1 Relative methane yield % I1 
C2 Methane productivity Nm3/(m3*d) I2 
C3 Utilization ratio of CGU % I3 

C4 Degree of methane utili-
zation 

% I4 

C5 Specific GHG emissions g CO2 eq/kWhel O1 

C6 Cumulated energy de-
mand 

kWh/kWhel O2 

C7 Profit €/kWhel I5 
C8 Labor input Lh/kWhel O3 

GHG: greenhouse gases, CGU: cogeneration unit. 
 

 

 
Table 6. Matrix with normalized criteria values, second ap-

proach 
Criterion DMU

C1 C2 C3 C4 C5 C6 C7 C8 
A 0.4693 0.4234 0.3915 0.3055 0.2776 0.3496 0.2038 0.2430
B 0.3654 0.4503 0.2092 0.3369 0.2501 0.2944 0.2009 0.0180
C 0.0871 0.0470 0.2376 0.3105 0.2850 0.3347 0.4367 0.3575
D 0.3413 0.3024 0.1485 0.3275 0.3602 0.2834 0.3308 0.4271
E 0.0018 0.0067 0.5535 0.2988 0.3557 0.3470 0.3278 0.4025
F 0.1966 0.0201 0.2781 0.2132 0.2799 0.3262 0.3895 0.3943
G 0.3432 0.4503 0.4077 0.3080 0.3655 0.3435 0.2826 0.3125
H 0.4730 0.4368 0.3065 0.3377 0.2719 0.3296 0.3406 0.2225
I 0.2708 0.3226 0.1768 0.3821 0.4239 0.2093 0.2864 0.1939
J 0.2615 0.1613 0.2214 0.3157 0.2388 0.3180 0.2839 0.3575

RESULTS AND DISCUSSION 
Results from the models used in the first approach, where O3 

(GHG emissions) were treated differently, are presented in Ta-
ble 7. The influence of O3 on the results for plants D, E and F is 
obvious in comparison to the Super-CCR model where O3 was 
excluded from the assessment. Different efficiency scores were 
obtained from the various models, while the ranking order was 
similar and efficient (C) or inefficient plants (A, B, G and I) 
could be recognized, at least. Still, it remains hard to prove 
which particular model is relevant for the assessment. 

Plant C was rated as efficient or second efficient in all mod-
els used in the first approach. It has a low labor input and own 
electricity demand, a high electricity production, and efficient 
heat use (see Table 4). Plants A, B, G and I were rated as ineffi-
cient. They have low or no external heat use (A, B and G) and 
high own electricity demand (A, B and I). Therewith, the results 
(ranking order) could be interpreted by experts. It is important to 
note that efficiency scores are not directly comparable. This 
means that when two biogas plants are given efficiency scores of 
0.5 and 1, the latter plant is not two times more efficient than the 
first one. 

Considering the biogas plants as systems for energy conver-
sion, they are assessed by Is and Os, which enter or leave the 
process chain. Hence, there is a lack of important intermediate 
results, e.g. the amount of methane production. There may have 
been several reasons for a low electricity production with respect 
to ODM input such as: a low specific methane yield due to poor 
digestibility of the input material; uncontrolled losses of biogas 
to the atmosphere; or a low electrical efficiency of the CGU, etc. 
This may be solved by splitting the assessment into biogas pro-
duction and biogas utilization. On the other hand, the overall 
ranking which was the goal of DEA procedure would be lost in 
this way. 
 

Table 7. Efficiency scores and ranking of 10 biogas plants, 
first approach 

Super-CCR Super-BCC1 Super-BCC2 Bad output DMU
Score Rank Score Rank Score Rank Score Rank 

A 0.904 7 0.932 6 0.926 7 ~0 6 
B 0.783 10 0.800 7 0.800 8 ~0 6 
C 2.005 2 2.666 1 2.131 2 1.000 1 
D 2.274 1 1.000 5 1.000 6 1.000 1 
E 0.826 9 1.000 5 2.545 1 1.000 1 
F 0.831 8 1.041 3 1.041 3 0.547 2 
G 0.990 4 1.000 5 1.000 6 0.319 5 
H 0.951 5 1.033 4 1.033 5 0.348 4 
I 0.910 6 1.000 5 1.000 6 0.418 3 
J 1.006 3 1.048 2 1.034 4 1.000 1 

1) O3 used as an input; 2) O3 treated with linear and monotone de-
creasing transformation. 
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In Table 8 optimal weights of the parameters used in the first 
approach for the Super-CCR model and reference sets for the 
assessed biogas plants are presented. It is obvious that among Is, 
ODM and own electricity demand had greater influence on the 
efficiency than labor input, and among Os, amount of electricity 
production had greater influence than external heat use. Practi-
cally, external heat use is omitted from the efficiency calculation 
(except for D), which is a shortcoming of the method. Plant C 
was identified as the reference biogas plant in most cases, which 
confirms the ranking presented in Table 7. For the inefficient 
plants (e.g. B) this means that efficiency could be improved by 
reaching the level of (efficient) operation of plant C. Therewith, 
efficiency assessment is only relative among biogas plants as-
sessed here. Nevertheless, in some cases the efficiency im-
provement might not be feasible due to different concepts of the 
plants and technological constraints. 
 

Table 8. Optimal weights in Super-CCR model and reference 
sets, first approach 

 

Optimal weights Reference 
set DMU 

I1 I2 I3 O1 O2 I II 
A 0.102 0.000 4.232 3.266 0.000 C J 
B 4.649 0.000 0.000 3.975 0.000 C - 
C 0.555 2.883 0.000 0.000 1.410 D F 
D 0.000 15.090 0.000 3.295 0.000 C - 
E 3.674 0.000 0.000 3.141 0.000 C - 
F 0.000 0.040 2.820 2.127 0.000 C J 
G 0.132 0.000 5.494 4.241 0.000 C J 
H 5.888 0.000 0.000 5.034 0.000 C - 
I 6.540 0.000 0.000 5.592 0.000 C - 
J 0.000 0.000 4.249 3.192 0.000 C - 

 

Results from the second approach are presented in Tables 9 
and 10. As in the first approach, plant C was rated most efficient. 
Plants D, E, F and J were assigned to the efficient group, consid-
ering both ranking order and the reference set. However, it is 
hard to determine the efficient group based on efficiency values. 
Again, some of the criteria were omitted from the efficiency cal-
culation (C2, C4 and C7). Profit (C7) was defined as the key 
figure for the overall success of the biogas plant operation. If the 
operation is not economically justified, overall success of the 
operation could not be compensated by other efficient actions. 
Therefore, it would be desirable to know the importance of the 
individual criteria according to experts. 

 
 
 
 

Table 9. Efficiency scores and ranking of 10 biogas plants, 
second approach 

CCR Super-CCR DMU 
Score Rank Reference set Score Rank Reference set

A 0.5499 10 C D - 0.5499 10 C D - 
B 0.8160 7 C D I 0.8160 7 C D I 
C 1.0000 1 C - - 1.8697 3 E F I 
D 1.0000 1 D - - 1.8781 2 I J - 
E 1.0000 1 E - - 58.643 1 C - - 
F 1.0000 1 F - - 1.4473 4 C E - 
G 0.5750 9 C D I 0.5750 9 C D I 
H 0.6279 8 C D - 0.6279 8 C D - 
I 1.0000 1 I - - 1.2362 5 C D - 
J 0.9250 6 C D - 0.9250 6 C D - 

1) O3 used as an input; 2) O3 treated with linear and monotone de-
creasing transformation. 
 

 
 

Table 10. Optimal weights in CCR model, second approach 
 

DMU C1 C2 C3 C4 C5 C6 C7 C8 
A 0.0000 0.0000 2.8601 0.0000 0.7396 0.0000 0.0000 3.7575
B 1.9544 0.0000 1.1596 0.0000 1.2091 0.0000 0.0000 3.7436
C 2.9893 0.0000 0.0000 0.1642 0.0000 13.436 0.0000 1.5477
D 3.0531 0.0000 0.0000 0.0000 0.0000 0.6399 0.0000 5.4292
E 3.3467 0.0000 0.0000 0.0000 539.04 0.0000 0.0000 0.0000
F 0.0000 0.0000 0.0000 0.0000 0.0368 1.8521 2.5355 3.4348
G 0.0000 1.5049 1.3095 0.0000 1.2938 0.0000 0.0000 3.1754
H 0.0000 0.0000 3.0332 0.0000 0.7843 0.0000 0.0000 3.9849
I 2.6165 0.0000 0.0000 0.0000 1.9190 0.0000 0.0000 2.7148
J 0.0000 0.0000 3.1438 0.0000 0.0000 0.8540 0.0000 4.2595

CONCLUSION 
Two different approaches of the DEA method were used for 

assessing the efficiency of 10 Bavarian biogas plants. In the first 
approach, absolute parameters were assessed considering biogas 
plants as energy conversion systems. In this way, some impor-
tant parameters were omitted from the assessment. By splitting 
the assessment in two parts, i.e. biogas production and biogas 
utilization, an overall ranking of the plants is no longer possible. 

In the second approach, specific parameters or performance 
figures of biogas production were used, as it is common in multi 
criteria decision making (MCDM) methods. Therewith, all as-
pects of biogas production and utilization were covered: techni-
cal, environmental and economic. 

As far as efficient and inefficient plants are concerned, re-
sults from both approaches and all DEA models used in this pa-
per showed similarity. Still, it remains hard to prove which 
model is relevant for the assessment. The obtained rankings 
could be interpreted and confirmed by experts, but efficiencies 
were not directly comparable. The results for optimal weights 
showed that some Is or Os were excluded from the analysis, 
which is undesirable. The reference sets for inefficient plants 
could show possible actions for improving efficiency, but these 
actions might be unfeasible. By giving insight into the reasons 
for efficient or inefficient operation, first steps for raising the 
efficiency could be defined. 

The future development of the methodology aims for the ab-
solute assessment of biogas plants. Rather than calculating 
“overall” efficiency, the method should be able to assign biogas 
plants to certain efficiency groups (e.g. excellent, good, poor). 
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