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Development of scenario-based benchmarks involving 
conventional wastewater treatment plants

Water management and waste disposal are significant cost factors in the brewing industry, thus prompting 
breweries to install in-house wastewater treatment plants to reduce discharge costs. Conventional biological 
wastewater treatment consists of anaerobic processes or aerobic processes or a combination of anaerobic 
and aerobic processes to pre-treat the wastewater prior to direct or indirect discharge. Microbial fuel cells 
(MFCs), which can simultaneously degrade organic compounds in wastewater and generate electricity, 
have the potential to be used in combination with current wastewater treatment technologies. The energy 
efficiency and wastewater treatment performance required for MFCs to be effective in the treatment of brewery 
wastewater has not yet been quantified. To evaluate the application possibilities of MFCs in real-life situations, 
wastewater treatment plants in two breweries were examined for direct and indirect discharge. The plants were 
divided into sections and sub-sections to distinguish different treatment stages. Based on the data obtained 
from this examination, benchmarks for MFCs were determined for different application scenarios and feasible 
energy recoveries were calculated. From an energy perspective, the energy-intensive aerobic process 
(scenario 1A and 1B) is the most realistic to replace because of its negative energy balance, thus making 
MFCs an attractive option if self-sufficient treatment is provided. An overall energy efficiency of at least 18 % 
for direct discharge (scenario 2B) or 23 % for indirect discharge (scenario 2A) is required for MFCs to 
achieve an energy gain that is comparable to the energy gain in the anaerobic stage. Based on an energy 
perspective, a realistically achievable efficiency of 4.5 % (scenario 4B) is sufficient to replace the complete 
biological wastewater treatment in the case of direct discharge with several stacked MFCs. In terms of the 
required treatment performance, MFCs could achieve the chemical oxygen demand removal benchmarks for 
all the scenarios evaluated in this study, even if a longer hydraulic retention time (HRT) is currently required. 
Due to the compactness, stackability and direct power generation ability of MFCs, they could be very attractive 
for small breweries as a replacement for the aerobic stage or as a pre-treatment before aerobic treatment to 
reduce energy costs.
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1 Introduction

In the brewing industry, large quantities of water are consumed 
during the brewing process; the water is used not only as a product 
in the brewing process but also for cleaning processes [12]. The 
specific wastewater volume is in the range of 0.25–0.45 m³/hl 

of beer produced [12]. Therefore, water management and waste 
disposal are significant cost factors in the brewing industry [31].

The wastewater in breweries is often biologically pre-treated with 
anaerobic treatment or aerobic treatment or a combination of both 
the treatments to comply with the limits for direct or indirect discharge 
of the wastewater and consequently save costs [33]. Coupling of 
different treatment processes as two- or three-stage processes 
can enhance economic and energy efficiency [31]. For example, 
a positive energy balance can be achieved with the combination 
of anaerobic (energy generation in the form of biogas) and aerobic 
(energy intensive) treatment of brewery wastewater [9].

In addition, microbial fuel cells (MFCs), which have great potential 
for treating brewery wastewater, can be combined with conven-
tional treatment processes [31]. In MFCs, organic compounds in 
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wastewater can be degraded by exoelectrogenic microorganisms 
in the anode chamber with simultaneous generation of electrons, 
which are transferred together with the protons to the cathode, 
where the reduction of oxygen can take place (Fig. 1). 

MFCs have several operational and functional advantages over 
currently used technologies for energy production from organic 
compounds. Some of these advantages are (1) the direct conver-
sion of substrate energy into electricity, (2) operation performed 
at ambient temperature, (3) no gas treatment requirements and 
(4) no aeration requirements [31].

Presently, there are proposals to integrate MFCs into the con-
ventional wastewater treatment systems of municipal wastewater 
treatment plants [15]. Moreover, possibilities have been identified 
for using MFCs in combination with conventional treatment systems 
[3, 24, 26]. However, presently there are no detailed energy- and 
wastewater-related benchmarks that can be used to quantify the 
requirements for industrial wastewater treatment with MFCs, es-
pecially the treatment of brewery wastewater. 

Therefore, this paper aims to answer the following questions: 
what are the efficiency requirements for MFCs to compete with 
state-of-the-art technology for direct and indirect dischargers for 
brewery wastewater treatment? What treatment performance 
must be achieved by MFCs to be suitable for brewery wastewater 
treatment? Benchmarks for different scenarios were determined 
based on the detailed analysis of the wastewater treatment 
plants of two breweries: one with direct discharge and the other 
with indirect discharge. For this purpose, the processes of the 
wastewater treatment plants were divided into sections and 
sub-sections to allocate the energy consumption, energy gain 
and chemical oxygen demand (COD) degradation efficiency to 
individual treatment steps. All energy consumers are taken into 
account, and the possible electrical energy gain in the form of 
biogas is calculated. In this way, the potential energy recovery 

that is achievable using MFCs at different 
COD degradation rates can be calculated. 
Thus, the various possible applications of 
MFCs in the treatment process of brewery 
wastewater can be evaluated.

2 Data basis and evaluation
methods

The operating data of the wastewater treat-
ment plant of two breweries were analysed 
to calculate specific key parameters. The 
investigation period for both the cases was 
one year with 365 days (2017), which allowed 
an overview of all product-specific and sea-
sonal fluctuations to be taken into account. 
Both breweries documented the total energy 
demand for the entire wastewater treatment 
process, including consumption by auxiliary 
consumers (e.g. light and wastewater analyt-
ics), which was measured and recorded on a 
daily basis. Additionally, to allocate the total 

energy requirement to individual energy consumers, the operating 
hours of the specific consumers (e.g. pumps and stirrers) were 
documented for four months in 2018 at both breweries.

Brewery 1 (B1) discharges the wastewater indirectly to a municipal 
wastewater treatment plant via a municipal sewer system. For 
breweries in Germany (Brewery 2, B2), the following specific limit 
values must be complied with for direct discharge, which are defined 
in the Waste Water Ordinance in Germany: 25 mg/L Biological 
oxygen demand (BOD

5); 110 mg/L COD; 10 mg/L NH4-N, 2 mg/L 
Pges; 18 mg/L Nges [27].

2.1 Classification of the wastewater treatment plants
of the two breweries

The wastewater treatment plants were divided into three sections 
for balancing the energetic and treatment efficiencies of the different 
treatment steps. A detailed delimitation of plant components within 
the overall plant is possible, thus allowing for energy comparisons 
between various components. 

The wastewater treatment plants were classified into the following 
sections:

� I wastewater treatment plant
� II gas route
� III exhaust air treatment

For clarity, only section I of the breweries is depicted schematically 
in figure 2. To compare the different treatment steps, section I was 
further divided into the following sub-sections:

� I.1 pre-treatment
� I.2 anaerobic treatment
� I.3 aerobic treatment

Fig. 1 Working principle of microbial fuel cells treating brewery wastewater (adapted 
from [3]).
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Comparing the wastewater treatment plants of B1 and B2 (Fig. 2), 
some differences in design and process engineering can be ob-
served, which are described below: 

� Pre-treatment: the position of the screening unit in B1 is located 
after the mixing and equalisation tank; this is in contrast to B2 
in which the screening unit is located at the beginning of its 
treatment plant to remove larger particles. 

� Pre-treatment: In B2, the treatment is called single-phase an-
aerobic treatment because there is no additional pre-acidification 
tank. According to Rosenwinkel et al. (2015), a stable operation 
can be guaranteed by the separation of the pre-acidification tank 
from the anaerobic tank because targeted pre-acidification with 
adjustable hydraulic retention time (HRT) can be used [28]. The 
pre-acidification tank in B1 was assigned to the pre-treatment 
step because pre-acidification can take place in the mixing and 

equalisation tank in B2, which has a longer HRT than B1. In 
addition, the pre-acidification tank in B1 was connected to the 
gas system to feed the gas produced there (including H2 and 
H2S) into the gas system.

� Anaerobic treatment: The reactor type of the anaerobic stage 
in B1 is the R2S reactor (which is a further development of an 
expanded granular sludge bed (EGSB) reactor) and in B2, it is 
the upflow anaerobic sludge blanket (UASB) reactor. This might 
lead to different specific space loads in B1 and B2.

� Aerobic treatment: The most important differences between 
B1 and B2 can be found in the aerobic treatment sub-section 
(I.3). B1 only requires an aerobic tank for aeration to further 
reduce the wastewater compounds and minimise odour as 
the wastewater is indirectly discharged into the municipal 
wastewater treatment plant. In contrast, B2 requires a large 
activated sludge tank, clarifier and sludge storage tank to 

Fig. 2 Scheme of the wastewater treatment plants of B1 and B2



January / February 2021 (Vol. 74)          30

Yearbook 2006
The scientific organ
of the Weihenstephan Scientifi c Centre of the TU Munich
of the Versuchs- und Lehranstalt für Brauerei in Berlin (VLB)
of the Scientific Station for Breweries in Munich

of the Veritas laboratory in Zurich

of Doemens wba – Technikum GmbH in Graefelfing/Munich www.brauwissenschaft.de

BrewingScience
Monatsschrift für Brauwissenschaft

treat the wastewater to reach the quality 
necessary for direct discharge. 

2.2 Wastewater quantity and quality
of the two breweries

The wastewater quantity of B1 is almost 
five times greater than the daily or annual 
wastewater quantity of B2 (Table 1), which 
indicates a higher production quantity of B1. 
The specific wastewater quantity typically 
ranges from 0.25–0.45 m³/hl produced beer 
[12]. The quantity of wastewater of both 
breweries is relatively low for two days a week 
because no production occurs on weekends, 
resulting in a significantly lower quantity of 
wastewater. 

The brewery wastewater characteristics are 
listed in table 1, which is measured at the 
outlet of the mixing and equalisation tank in 
B1 and at the inlet of the anaerobic reactor in B2. The composi-
tion of the brewery wastewater fluctuates depending on factors 
such as work processes, equipment and cleaning chemicals [12]. 
Overall the composition of the wastewater in both the cases is in 
the typical range seen for brewery wastewater [1]. The C:N:P ratio 
of 800:5:1 is ideal for anaerobic treatment; thus, significantly less 
nitrogen and phosphorus are required in comparison to the quan-
tity of carbon required [29]. Therefore, the brewery wastewater of 
B1, which had a C:N:P ratio of 800:16:11 (COD:TN

b:Ptot), and B2, 
which had a C:N:P ratio of 800:18:14 (COD:Ntot:Ptot), is generally 
suitable for anaerobic treatment.

2.3 Evaluation of the wastewater parameters

For the analysis of the extensive data from the two breweries, meth-
ods using descriptive statistics were applied. To obtain robust data, 
the position parameters including the median were calculated and 
used to evaluate the wastewater parameters of B1 and B2, which 
is useful for ordinal and metric-scaled data [22, 23]. Outliers were 
identified in the data, and data for the calculation of the medians 
were adjusted as the outliers are caused by maintenance-related 
conditions. However, the outliers must be taken into account when 
calculating totals (e.g. annual wastewater quantity) as these are 
absolute values.

2.4 Calculation of key parameters

The energy gain of the plants in brewery wastewater treatment 
is the result of the biogas produced, which was used for heating 
processes but not directly used as electrical energy for the waste-
water treatment plant. Therefore, the daily electrical energy gain 
(Pel (kWh/d)) could be calculated from the product of the biogas 
quantity produced daily (Vbiogas (m³/d)), concentration of methane 
in the biogas (cmethane (%)), electrical efficiency of a combined heat 
and power plant (ηel = 35 %) and heating value of methane (Hmethane

= 9.97 kWh/m³).

            (Eq. 1)

For further evaluation of the wastewater treatment system and 
MFCs, the HRT (h) and COD removal efficiency (ΔCOD, g/L) 
are calculated.

                                                                         (Eq. 2)

                                   (Eq. 3)

VR Volume of the reactor or tank (m³)

Q Wastewater flow rate (m³/h)

COD0 COD concentration (g/L) in the beginning

CODt COD concentration (g/L) after time t

Additionally, by calculating the normalised energy recovery (NER) 
of the anaerobic system, the benchmark for MFCs can be deter-
mined. The power (P) generated indirectly by biogas (calculated 
with equation 1) or by MFCs is thereby normalised to the degraded 
COD concentration (NERkgCOD) or to the treated wastewater volume 
(NERvol) [11]. 

                                                       (Eq. 4)

                                    (Eq. 5)

P Electrical power output (kW)

Vtreat Treated wastewater volume in HRT (m³)

In addition to the performance parameters, the overall efficiency 
(ηMFC) of MFCs can be described with two types of efficiencies: 
Coulombic efficiency (CE) and voltage efficiency (VE) [14, 32]. 

Table 1 Wastewater composition of B1 (outlet mixing and equalisation tank) and B2 (inlet 
of the anaerobic reactor); (Qww: wastewater flow rate).

parameter unit
B1 B2

Median Min Max Median Min Max

Qww

m³/a 421757 – – 88190 – –

m³/d 1424 0 2160 281 2 444

pH – 7.6 5.8 12 6.8 5.8 7.7

COD mg/L 3500 2000 5200 3750 1900 6300

BOD5 mg/L – – – 2400 1200 4500

organic acids mg/L 872 274 1577 – – –

TNb mg/L 78 53 83 – – –

Ntot mg/L – – – 84 39 166

NH4-N mg/L 447 – – – – –

NO3-N mg/L 2.5 1.9 14.7 – – –

Ptot mg/L 51.6 44.8 70.8 64.3 18.9 113.6

PO4-P mg/L 44 35.2 57.2 – – – 
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                            (Eq. 6)

VE is the ratio between the generated voltage (EMFC) and theoretical 
maximum voltage (Eemf). The standard potential Eemf can be as-
sumed to be 1.1 V, which is determined via the Nernst equation by 
assuming that the MFC is operated with acetate as the substrate 
and oxygen as the electron acceptor [20, 34].

                                                                       (Eq. 7)

Furthermore, the fraction of the degraded substrate effectively 
converted into electrons can be described with the CE [20].

                                        (Eq. 8)

M molar mass of oxygen (32 g/mol)

I produced current (A) integrated over time t (s)

F Faraday’s constant (96,485 C/mol)

n number of electrons exchanged per
molecule of oxygen (4)

VMFC liquid volume of the MFC (L)

ΔCOD degraded concentration of the COD 
(g/L)

3 Results and discussion

3.1 Energy analysis of the wastewa-
ter treatment plants

The differences in the energy balance be-
tween B1 and B2 become apparent when 
analysing the distribution of energy demand 
among the energy consumers and possible 
energy gain in the form of biogas. Therefore, 
for each biological treatment step, the cor-
responding NERvol and NERkg values can be 
calculated as benchmarks for MFCs.

Energy demand

A comparison of the median total energy 
demand of the wastewater treatment plants of 
the two breweries reveals that B1 consumes 
almost twice as much energy (1,041 kWh/d) 
as B2 (532 kWh/d), with energy demands 
of B1 ranging between 211–1,772 kWh/d 
and B2 ranging between 304–663 kWh/d. 
However, if the quantity of wastewater from 
the two breweries (Table 1) is considered, 
the quantity of wastewater from B2 is only 
20 % of that from B1; therefore, the specific 

energy demand in relation to the quantity of treated wastewater 
is significantly higher for B2. By calculating NERvol, this difference 
between B1 and B2 that have values 0.72 kWhel/m³ and 1.89 kWhel/
m³, respectively, can be quantified (Eq. 4). 

One possible reason for this difference is the energy demand of 
both breweries in a week; the energy demand during weekends 
decreases much more in B1 than in B2. Nevertheless, the main 
explanation for this difference is probably the different require-
ments for discharge quality, resulting in the aerobic treatment in 
B2 being much more energy intensive than B1. By delimiting the 
entire wastewater treatment plants into sections and sub-sections 
(Fig. 2), the most important energy steps can be identified and 
attributed to specific energy consumers.

In both the cases, the major energy demand consumer is wastewater 
treatment (section I), which accounts for about 80 % and 90 % of 
the total energy demand in B1 and B2, respectively. Accordingly, 
the energy demand for the gas line (section II), which is 19 % in the 
case of B1 and 6 % in the case of B2, and exhaust air treatment 
(section III), which is 1 % in the case of B1 and 3 % in the case of 
B2, is relatively low (Fig. 3). To determine the energy demands of 
the individual treatment steps, section I was further divided into 
the following sub-sections: pre-treatment, anaerobic treatment 

Fig. 3 Total energy demand of B1 and B2 divided into sections and subsections
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and aerobic treatment. Considering the total energy demand, the 
main energy consumers in B1, which shows indirect discharge, 
are the pre-treatment and anaerobic treatment sub-sections. This 
is in contrast to B2, which shows direct discharge, where aerobic 
treatment accounts for over half of the energy requirement of the 
entire wastewater treatment plant. The high-energy demand for 
stand-alone aerobic wastewater treatment is already known [16, 
18]; thus, the combination of anaerobic and aerobic treatments 
has reduced the total energy demand in both cases. 

The energy demand is caused by several energy consumers, which 
were divided into categories such as pumps, stirrers, compres-
sors and plant and screening technology, thus allowing the main 
energy consumers and their impact on the total energy demand 
to be identified in section I (Fig. 4). Pumps are the main energy 
consumers in both cases (B1: 54 %, B2: 51 %); compressors are 
a significant energy consumer in both cases (B1: 22 %, B2: 41 %) 
and are the second highest energy consumer in B2.

With regard to the pre-treatment step, the energy consumers differ 
significantly between B1 and B2 because B1 uses considerably 
more stirrers than B2. In B1, a stirrer is used in the mixing and 
equalisation tank and in the pre-treatment tank; in B2, a pump is 
used in the mixing and equalisation tank. The plant and screening 
technology account for the lowest proportion of the total energy 
consumption. 

In conclusion, the main energy consumers in both breweries are 
pumps in the pre-treatment and anaerobic stages and the com-
pressors require the most energy in the aerobic treatment stage. 

Energy gain in the form of biogas 

In both breweries, the energy gain is the result of the biogas pro-
duced in the anaerobic reactor. In B1, the energy gain includes the 
biogas produced in the pre-acidification tank. In both breweries, 

the biogas produced is monitored 
in volume and composition. The 
total quantity of biogas produced, 
which is 1,319 m³/d for B1 and 258 
m³/d for B2, correlates with the total 
quantity of wastewater produced, 
thus resulting in a similar specific 
quantity of biogas for B1 and B2, 
which is 0.92 m³biogas/m

3
wastewater and 

0.93 m³biogas/m
3
wastewater, respectively.

A decisive factor in energy pro-
duction is the methane content of 
biogas, which in breweries is in the 
range of 70–85 % [9]. In the two 
breweries studied, the average 
methane concentration was 83 % 
in B1 and 75 % in B2, which is in 
the range. H2S proportion has to be 
below 3 % because of its inhibitory 
effect toward methane formation 
[28], which was the case at both 
breweries.

A theoretical electrical energy gain of 3,820 kWh/d for B1 and 675 
kWh/d for B2 can be calculated using equation 1. Consequently, 
the NERvol values for B1 and B2 can be calculated as 2.683 kWhel/
m³ and 2.403 kWhel/m³, respectively.

Energy Balance

Finally, the energy recovery from wastewater treatment in both 
breweries can be balanced based on the calculated energy demands 

Fig. 4 Energy demand of B1 and B2 for different energy consumers in section I and subsections 
I.1, I.2 and I.3

Fig. 5 Normalized energy recovery (NERvol) of B1 and B2
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Table 2 Specific key figures of B1 and B2 for each treatment step (n.a. not applicable)

Brewery 
(type of 

discharger)
Parameter

I.1 
Pre-treatment

I.2 
Anaerobic 
treatment

I.3 
Aerobic treatment Total 

treatment 
efficiencymixing and 

equalisation 
tank

pre-acidifica-
tion tank

UASB-/ R2S-  
reactor aeration tank activated 

sludge tank clarifier

B1 
(indirect)

VR [m³] 635 635 468 293

n.a.

–

HRT [h] 11 11 8 5 34

CODin [mg/L] 3500 3500 3300 371 –

ΔCOD [mg/L] – 200 2929 157 3286

ΔCOD [%] – 6 89 42 94

B2 
(direct)

VR [m³] 698

n.a.

222

n.a.

698 83 –

HRT [h] 60 19 60 7 145

CODin [mg/L] 3750 3750 594 –

ΔCOD [mg/L] – 3156 552 3708

ΔCOD [%] – 84 93 99

and gains (Fig. 5). The energy recovery of the total wastewater 
treatment is 1.964 kWh/m³ for B1 and 0.511 kWh/m³ for B2. In 
theory, the treatment is therefore self-sufficient, and additional 
energy gains can be achieved by both breweries because of the 
calculated electrical energy gain from biogas, which is not directly 
used in the operation of these wastewater treatment plants. 

The NERvol estimate of B1 is significantly greater than that of B2 
because of the following reasons: 

� A slightly higher energy gain is possible because of the higher 
methane content of the biogas in B1.

� A slightly lower energy demand can be observed in the pre-
treatment and anaerobic treatment sub-sections because of 
the higher volume of wastewater in B1.

� A significantly lower energy demand can be observed in the 
aerobic sub-section because of different discharge qualities 
of B1 and B2. 

Consequently, the energy recovery of a wastewater treatment plant 
is most significantly influenced by the required discharge quality, 
but overall a positive energy balance can be achieved.

3.2 Treatment efficiency

To achieve the required wastewater quality, the focus of breweries 
is on treatment efficiency and in particular on COD reduction, and 
energy recovery is additionally done to reduce costs. Due to the 
organic components in brewery wastewater, this wastewater is 
characterised by high initial COD concentration [1, 9]. Therefore, 
a high COD removal rate must be achieved to meet the discharge 
conditions.

In general, the COD removal efficiency of wastewater treatment in 
breweries is about 70–80 % in the anaerobic stage, and up to 98 % 
of the COD can be removed in the subsequent aerobic stage [31].

The wastewater treatment plants of B1 and B2 achieve an overall 
median COD removal of 94% and 99 %, respectively (Table 2). 

Most of the COD degradation takes place in the anaerobic reactor 
(B1: 89 % or a concentration of 2,929 mg/L; B2: 84 % or a con-
centration of 3,156 mg/L). The anaerobic reduction of the COD is 
almost identical in B1 and B2, and the small difference of 5 % may 
be because of the different reactor types or microbial composition. 
In the aerobic section of B1, a further COD reduction of only 42 
% (157 mg/L) is required to meet the discharge limits. In contrast, 
aerobic treatment in B2 removes an additional 93 % (552 mg/L) of 
the COD content, as the limit for direct discharge is much lower. 

In addition, the HRT in B1, which is 34 hours, is considerably 
shorter than in B2. The long HRT in B2, which is 145 hours, is the 
result of low discharge limits. Consequently, the NER

kgCOD can 
be calculated using equation 5 and the following values: 0.597 
kWh/kgCOD for B1 and 0.137 kWh/kgCOD for B2.

Further nutrient removal must not be neglected because there are 
thresholds that have to be achieved or influence the COD treatment 
efficiency. In particular, nitrogen and phosphorous compounds are 
strictly regulated for direct discharge. In the wastewater treatment 
plant in B2, nitrogen and phosphorus were reduced to a median 
concentration of 1.3 mg/L (Ntot) and 6.0 mg/L (Ptot), respectively, 
at the end of treatment, and in B1, nitrogen and phosphorous 
compounds remained almost constant at 74 mg/L (TNb) and 52 
mg/L (Ptot), respectively, at the end of treatment. Consequently, 
intensive aerobic treatment was required to reduce nitrogen and 
phosphorus compounds.

For the evaluation of the MFC, a high COD treatment efficiency 
must be achieved in addition to the energy benchmark. Moreover, 
in the case of direct discharge, nitrogen and phosphorus concen-
trations must especially be taken into account.

3.3 Benchmark for the application of microbial fuel 
cells

In general, the same energy efficiency must be achieved with 
MFCs as calculated according to the state-of-the-art for brewery 
1 and 2, resulting in a comparable energy recovery benchmark 
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for MFCs (1.964 kWh/m³ for indirect discharge; 0.511 kWh/m³ 
for direct discharge). A combination of conventional treatments 
(anaerobic and aerobic treatment) with MFC treatment might be 
beneficial and should not be considered as competing with each 
other [10, 24]. Several possibilities have already been suggested 
to replace conventional treatment steps with MFCs [3]. Specific 
key parameters for each treatment step, four different scenarios 
for brewery wastewater treatment can be evaluated (Fig. 6, Ta-
ble 3). This allows the required energy efficiency and treatment 
performance of MFCs to be considered for the replacement of 
different treatment steps.

In scenario 1, MFCs replace energy-intensive aerobic treatment 
to reduce energy consumption. The substitution of anaerobic 
treatment in scenario 2 can be beneficial due to the direct gain in 
electrical energy instead of the indirect gain in the form of biogas. 
In scenario 3, the same pre-treatment is used, but the energy-
intensive aerobic treatment and the necessary 
gas treatment in the anaerobic step can be 
avoided with stacked MFCs. Replacing the 
complete state-of-the-art treatment system 
with stacked MFCs in scenario 4 can bring 
further advantages in terms of the required 
energy efficiency.

The key parameters for the different scenarios 
summarized in table 3 has been calculated 
for each treatment step. The degraded COD 
concentration (ΔCOD in %, mg/L) and HRT 
were calculated in table 2 for each treatment 
step for B1 and B2, respectively. Thus, these 
figures can be used for the direct and indirect 

discharge scenarios in table 3. In terms of degradation rates, the 
final target COD concentration should be approximately less than 
200 mg/L for indirect discharge and approximately less than 50 
mg/L for direct discharge. The NER

vol of the individual treatment 
steps have already been shown in figure 5. Thus, for each sce-
nario, the key parameter NERvol can be calculated with them. By 
normalising the NERvol with the degraded COD concentration for 
each step, the NERkgCOD can be estimated. 

In the first scenario, MFCs are planned to replace aerobic treatment. 
In this context, the energy demand for MFCs should not be higher 
than −0.114 kWh/m³ for indirect discharge (1A) and −1.020 kWh/
m³ for direct discharge (1B). Thus, the benchmark set by B1 or 
B2 can also be achieved with MFCs, even if energy is consumed. 
However, positive energy balances of 0.034 kWh/m³ and 0.0092 
kWh/m³ have been reached by MFCs in the treatment of brewery 
wastewater and municipal wastewater, respectively [8, 36]. 

Fig. 6 Schematic representation of the different scenarios for the application of MFCs

Table 3 Key parameters for different scenarios (A: indirect discharge, B: direct discharge)

Scenario NERvol

kWh/m³
NERkgCOD

kWh/kg
ΔCOD

[%]
ΔCOD
[mg/L]

HRT
[h]

1
A –0.114 –0.726 42 157 5

B –1.020 –1.847 93 552 67

2
A 2.503 0.855 89 2929 8

B 2.106 0.667 84 3156 19

3
A 2.390 0.774 88 3086 13

B 1.086 0.293 99 3708 86

4*
A 1.964 0.598 94 3286 34

B 0.511 0.138 99 3708 145

*NER incl. consumer in BII + BIII
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Also, the feasibility of treating the effluent of an anaerobic digester 
with MFCs has been investigated in several studies [5, 7, 10, 13, 
17, 30]. MFCs can further reduce the COD concentration of the 
anaerobic effluents so that they can be placed after the anaerobic 
stage [10]. However, when comparing MFCs treating brewery 
wastewater with and without an intermediate anaerobic digester, 
the direct treatment of brewery wastewater shows higher power 
densities due to the higher organic loading rates [5]. 

In addition to COD removal, the removal of other nutrients should 
not be neglected because the treated wastewater should meet all 
requirements for direct and indirect discharge. In general, MFCs 
can reduce nitrogen, total suspended solids (TSS) and sulphates 
[3]. In the combined system of anaerobic treatment and down-
stream MFC treatment, nitrogen components could be removed 
within MFCs [5, 17].

In summary, it is energetically possible to achieve the aerobic 
treatment limits and COD thresholds using MFCs. In this case, the 
challenge is to meet the requirements for other nutrients such as 
nitrogen, phosphorus, TSS and sulphate compounds.

In the second scenario, anaerobic treatment is replaced by MFCs. 
The benchmark NERvol estimate of 2.503 kWh/m³ (indirect dis-
charge) and 2.106 kWh/m³ (direct discharge) is currently difficult 
to achieve, and only a median energy recovery (energy gain) of 
0.097 kWh/m³ (0.058 kWh/kg) could be achieved when treating 
industrial wastewater with MFCs [3]. However, with the combination 
of a MFC with an anaerobic fluidised bed membrane bioreactor 
on a laboratory scale, an energy-neutral treatment of domestic 
wastewater was possible [25]. 

The COD removal efficiency benchmark of greater than 3,000 mg/L 
(84–89 %) can be achieved with MFCs, but 
a longer HRT is currently required [3]. In the 
treatment of brewery wastewater with MFCs, 
for example, an average COD removal ef-
ficiency of 83 % in 48 h could be achieved 
on a laboratory scale [4] and a maximum 
removal efficiency of 87–95 % was achieved 
on a pilot scale with a minimum HRT of 48 
h [8, 21, 37]. 

Consequently, although the COD removal 
performance is achievable, energetically the 
MFC should be considered as a pre-treatment 
stage for aerobic treatment, which can reduce 
high-energy costs. In addition, direct electricity 
generation is an advantage of MFCs [19, 26].

In scenarios 3 and 4, stacking systems of 
MFCs connected in series could enable the 
replacement of conventional biological treat-
ment. Using power management systems 
with power tracking and storage units, the 
power output of the MFCs can be maximised 
[2]. However, an energy gain of 0.511–2.390 
kWh/m³ (scenarios 3 & 4) would be as dif-
ficult to achieve as the benchmark in sce-

nario 2. With the above-mentioned energy management system, 
0.015–0.060 kWh/m³ could be achieved with a 1,000-litre MFC stack 
system (64 x 16.25 L) for the treatment of municipal wastewater 
in long-term operation [2]. When treating brewery wastewater with 
a 2 x 10 L and 40 x 0.25 L MFC stack system, it was possible to 
attain the following values: 0.120 and 0.288 kWh/m³, respectively 
(calculated on the basis of the data in these paper) [21, 37].

With regard to COD removal, the same aspects discussed in 
scenario 1 are crucial; COD removal would be possible, but the 
removal of other nutrients would be a challenge. Furthermore, in 
scenario 4 without mixing and equalisation tank, the sometimes 
high fluctuations in brewery wastewater composition are not 
buffered. Consequently, the microbiology in the first MFC must 
be very robust against these fluctuations (e.g. pH), otherwise the 
microbiology would often have to be reactivated. 

The 1,000-litre stack system treating municipal wastewater was 
already evaluated for over one year as a stand-alone treatment 
in which the COD concentration (80–95 %), ammonia (48 %) and 
phosphorous (up to 0.59 mg/L) could be reduced [2]. Therefore, in 
this case, the COD removal has achieved the legal requirements of 
a COD threshold of > 45–60 mg/L and a removal of > 80–85 % [2].

In conclusion, currently only self-sufficient treatment with MFCs can 
be considered realistic from an energy point of view. Consequently, 
the replacement of aerobic treatment or pre-treatment steps before 
aerobic treatment would be the most attractive measure to reduce 
energy costs. With regard to the treatment performance, the COD 
limits can be met in each scenario, and only the further removal of 
other nutrients to meet the required limits could be a challenge. As 
scaling-up the usage of MFCs is presently a huge challenge, MFC 
will be attractive for small breweries due to its compact design and 

Fig. 7 NERkgCOD thresholds (values in brackets) of different scenarios dependent on VE 
and CE



January / February 2021 (Vol. 74)          36

Yearbook 2006
The scientific organ
of the Weihenstephan Scientifi c Centre of the TU Munich
of the Versuchs- und Lehranstalt für Brauerei in Berlin (VLB)
of the Scientific Station for Breweries in Munich

of the Veritas laboratory in Zurich

of Doemens wba – Technikum GmbH in Graefelfing/Munich www.brauwissenschaft.de

BrewingScience
Monatsschrift für Brauwissenschaft

ability to directly generate electricity so that no combined heat and 
power plant (CHP) is needed.

3.4 Modelling of energy recovery using MFCs

After the benchmarks for different scenarios were determined, 
the required efficiency of MFCs could be calculated. The required 
efficiencies can be determined independent of the HRT; thus, 
the kinetics of the COD removal efficiency determination are not 
relevant in this case.

NERkgCOD can be formulated as a function of VE and CE using a 
combination of equations 5, 7 and 8 and the calculation of electrical 
power represented by the product of voltage and current. In this 
way, figure 7 shows possible NERkgCOD estimates independent of 
the treated wastewater volume and COD removal efficiency. The 
NERkgCOD estimates of scenarios 1A and 1B are not taken into 
account here as they are negative and can therefore already be 
achieved with a neutral energy balance of MFCs. 

Considering the CE and VE of a MFC to be independent of its 
COD removal performance, the benchmarks of scenarios 1A and 
1B are the easiest to achieve. In addition, it is most realistic to 
reach the benchmark of scenarios 4B and 3B with 0.138 kWh/kg 
and 0.293 kWh/kg, respectively. The maximum measured open-
circuit voltage is only about 0.8 V, which is because of potential 
losses at all types of internal resistances [6]. Currently, an average 
voltage of 0.3–0.6 V is reported with glucose or acetic acid as the 
substrate, starting from a theoretical value of 1.1 V [20, 35]. Due to 
different inocula and wastewater composting, the CE in industrial 
wastewater treatment varies greatly, having a range of 1–65 % 
and a median value of 15 % [3]. For example, assuming a VE of 
30 % and CE of 15 %, scenario 4B seems realistic and scenario 
3B is a possible target that can be reached. Nevertheless, the 
energy consumption of MFCs has to be taken into account in the 
energy balances.

To achieve the other benchmarks, MFC tech-
nology needs to be improved, and strategies 
to optimise power output are already being 
reported [6].

As a consequence, only considering the 
electrical energy efficiency of MFCs, the 
replacement of aerobic treatment (scenarios 
1A and 1B) and the MFC as a stand-alone 
option for direct discharge (scenario 3B and 
4B) are both currently possible. 

For the complete evaluation of MFC technol-
ogy, COD removal efficiency must also be 
taken into account especially in wastewater 
treatment, where it is very important. In this 
way, the possible NER

vol estimates can be 
depicted in relation to the overall efficiency 
of an MFC and the COD removal efficiency 
(Fig. 8) independently of the treated waste-
water volume. From the product of the as-
sumed VE (30 %) and CE (15 %), an overall 
efficiency, ηMFC, of 4.5 % can be calculated 

using equation 6. With the removal of 157 mg/L and 552 mg/L 
(benchmark scenarios 1A and 1B), NERvol estimates of 0.026 kWh/
m³ and 0.092 kWh/m³ can be achieved with MFCs, respectively.

Considering the higher COD removal in scenarios 3B and 4B with 
3,708 mg/L, a significantly higher NERvol with 0.615 kWh/m³ can 
be achieved, making the benchmark of scenario 4B with 0.511 
kWh/m³ achievable. Again, the energy demand of the MFC treat-
ment is not taken into account. The efficiency of MFCs must be at 
least 23 % and 18 % if the benchmarks of scenarios 2A and 2B, 
respectively, are to be achieved. 

In summary, it can be concluded that with regard to COD removal 
efficiency, the NERvol estimates of scenarios 1A, 1B and 4B can 
be realistically achieved if the same COD concentration can be 
removed as in conventional wastewater treatment. 

4 Conclusion 

Through the analysis of the two brewery wastewater treatment 
plants, energy efficiency and treatment performance benchmarks 
could be determined for four different scenarios (depicted in Fig. 6) 
and a distinction could be made between direct and indirect dis-
charge. Considering energy, the replacement of aerobic treatment 
(scenarios 1A and 1B) is the most favourable option because there is 
a negative energy balance in the cases. In the case of self-sufficient 
wastewater treatment with MFCs, the challenge lies in complying 
with the limits for direct or indirect discharge. Replacing the com-
plete wastewater treatment plant in the case of direct discharge 
with MFCs with or without pre-treatment (scenario 3B and 4B) is 
the most realistically achievable option in terms of energy. Taking 
into account the COD degradation efficiency, MFCs with an overall 
efficiency of 4.5 % can reach the benchmarks of scenario 4B. The 
benchmarks of the anaerobic treatment replacement scenarios with 
MFCs (scenarios 2A and 2B) can only be achieved with an energy 

Fig. 8 Correlation of NERvol with the overall efficiency η and degraded COD concentra-
tion ΔCOD
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efficiency of at least 23 % and 18 %, respectively.

In summary, the efficiency of COD treatment with MFCs could 
be achieved in all proposed scenarios, but the energy efficiency 
of the MFCs needs to be increased. If self-sufficient treatment is 
adequate for brewery requirements, the compact MFC system with 
direct power generation can become attractive for small breweries. 
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