
 

TRITA-LWR Degree Project 12:14               

ISSN 1651-064X 

LWR-EX-12-14 

EXERGY SAVINGS AND EXERGY 

PRODUCTION IN MUNICIPAL  
 WASTEWATER TREATMENT, FOCUS  

ON THERMODYNAMICAL CONCEPTS 

AND MEASUREMENT DEVICES 

Pegah Piri 

August 2012 



Pegah Piri                                                                                        TRITA-LWR Degree Project 12:14

 

ii 

© Pegah Piri 2012  

Degree Project for the masters program Water System Technology  

Department of Land and Water Resources Engineering 

Royal Institute of Technology (KTH) 

SE-100 44 STOCKHOLM, Sweden 

Reference should be written as: Piri, P (2011) “Exergy savings and exergy production in 
municipal wastewater treatment focus on thermodynamical concept and measurement 
devices” TRITA LWR Degree Project 12:14, 39. 



Exergy saving and exergy production in municipal wastewater treatment

 

iii 

SUMMARY IN SWEDISH  

Denna rapport redovisar en övergripande syn på hur termodynamiska 
studier kan utnyttjas för avloppsverk med begrepp som exergi, emergi 
och entropi. Därtill görs en introduktion till kalorimetri. En vanlig 
parameter för bedömningar vid avloppsverk är kemisk syreförbrukning 
(COD). Emellertid är exergi och emergi bättre mått för att bedöma 
uthållighet för industriell verksamhet inklusive avloppsvattenrening. 
Utifrån beräkningar redovisade i rapporten har försök gjorts med att 
korrelera samband mellan COD och exergi för att underlätta bedömning 
av uthållighet för ett avloppsverk. Kalorimetriska mätmetoder använda 
inom livsmedelsindustrin kan även tillämpas för avloppsverk. Det är 
därför möjligt att ersätta BOD och COD med kontinuerliga 
kalorimetriska mätningar. Försök har gjorts att finna samband mellan 
exergi värde och kalorimetriskt innehåll. Om kalorimetriska värden för 
inkommande och utgående avloppsvatten föreligger kan de överföras till 
exergi värden. Energi- och exergi produktion har studerats med en 
mikrobiell bränslecell konstruerad vid laboratorium och uppmätta värden 
för erhållen ström p.g.a. mikrobiell aktivitet har analyserats. Vid fortsatta 
studier kan exergi direkt användas vid modellering av avloppsbehandling 
och för förbättring av existerande avloppsverk. 
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ABSTRACT  

This report represents an overall view on thermodynamical studies of wastewater 
treatment plant, concepts like exergy, emergy and entropy. In addition, there has been 
an introduction of calorimetry. A common unit of measurement of organic contents 
in wastewater treatment facilities is COD. However, the unit of measurement which 
shows the sustainability of an industry is exergy and emergy. According to the 
calculations represented in this report it has been tried to make a correlation between 
the COD and exergy in order to make it easier to assess the sustainability of a 
treatment plant. The calorific measurement methods which have been used in the 
food science can also be used in wastewater treatment industry. Therefore, it is 
possible to replace COD and BOD measurement devices with online calorific 
measurements. It has been tried to find a correlation between exergy value and 
calorific contents. Accordingly, if the calorific values in wastewater input and output 
are known they can be transferred into exergy values. The energy and exergy 
production from wastewater has been observed in a Microbial Fuel Cell made in the 
laboratory and the measured values of current produced by the microbial activities has 
been analyzed in this report. For future studies, exergy can be used directly in 
modeling a wastewater treatment plant and improving an already made one.  

Keywords: calorimetry, emergy, exergy, Microbial Fuel Cell 

1. INTRODUCTION 

Domestic wastewater contains 10 times the energy required for 
treatment (Pant et al, 2009). According to California energy commission 
WasteWater Treatment Plants are the largest electricity (exergy) 
consumers in a single municipality (Cited from electric power research 
institute (Pesific Gas And Electric Co., 2003). 2% of total US electricity 
consumption is used in activated sludge processes. In Sweden 1% of 
total electricity is used in these processes (Jonasson, 2007).besides, 
Today’s technology has not been able to fully facilitate the use of 
renewable energy sources economically as their facilities need large area 
and they need high technologies which are not available 
yet (Jonasson, 2007).  

As the population is increasing, the amount of the wastewater produced 
and consequently the amount of the energy needed for treatment will 
increase. Moreover, the more strict discharge regulations have also led to 
more energy need in the treatment plants. This should be consider also 
that larger treatment plants use energy more efficient than smaller 
treatment plants (pe<5000) (Jonasson, 2007). Considering the above, 
Energy and mass balances in a treatment plant can give important 
information about the efficiency of the treatment process and help to 
find strategies to improve them and decrease the electricity 
consumptions in WWTPs. It can be used for benchmarking for 
comparing the treatment facilities and each treatment unit among the 
similarly designed WWTPs. In this report COD and exergy concept has 
been used for the measurement of energy and mass balances in a 
treatment plant in Stockholm as an example. 

1.1. Energy entering the plant 
Wastewater entering the treatment plant is composed of: micro 
organism, biodegradable organic matter, organic materials such as 
detergents, pesticides, fat, oil and grease, coloring materials, solvents, 
nutrients (N, P, NH4+) and trace metals such as Cr, Cu, Ni, Hg, Pb, Cd 
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plus other inorganic material such as acids (e.g. hydrogen sulfide) and 
bases (Henze et al, 1996). 

The energy entering the treatment plant is a combination of calorific and 
thermal energy. However, there are three kinds of energy which can be 
gained from wastewater, namely: thermal energy, electrical energy and 
synthesis energy.  

Calorific energy: The biological processes are the agents of producing 
calorific energy from wastewater composites. The aerobic processes 
produce thermal and calorific energy using the energy entering the plant. 
This has been calculated (e.g. environmental report of Käppala treatment 
plant) by the concept of Gibb’s free energy and exergy using COD as the 
measuring unit. The relationship between the calorfic values and COD 
has been studied later on this report. The anaerobic digestion is able to 
produce biogas which can be used to make the treatment plant totally 
energy efficient. In fact the microorganism is taking up energy by 
metabolizing the input pollution to the plant (exergy uptake) in the 
aerobic processes and this amount of energy can be gained in the 
anaerobic processes and be used to provide the energy for the treatment 
plant. Therefore, the more efficient these metabolizing organisms take 
up the pollution (which means higher amount of pollution storage in the 
resulting sludge) and give it back in the anaerobic process, the more 
sustainable the treatment will be (Jonasson, 2007). 95% of the calorific 
energy in the influent will be decreased thanks to the microorganism 
activities in the biological, chemical and physical 
processes (Jonasson, 2007). 

Thermal energy: According to Jonasson (Jonasson, 2007), the thermal 
energy entering to the treatment plant will be increased 4% in the 
effluent compared to the influent thermal energy from hot wastewater. 

1.2. Energy consumed in the plant 
General processes in a treatment plant consist of primary treatment, 
secondary treatment and tertiary treatment and at the end disinfection. 
The main energy consumers in a treatment plant are pumps and blowers. 
The use of the pumps can be at the beginning of the treatment process 
in order to pump wastewater into the treatment plant (but as the 
treatment plants are usually located topographically in the lowest area of 
a municipality mainly this is being done using gravity head). The primary 
processes mostly need little energy to be done and the flow is passing 
through them by gravity gradient. In the secondary processes blowers are 
the main energy consumers for aerating the reactors which contain the 
microorganism that use the substrate (entering pollution to the plant).  

These processes mainly use 30-60% of the total electricity being 
consumed by the treatment plant. In the old treatment plants coarse 
aeration systems have been used which need less amount of energy; the 
amount of the oxygen availability for the microorganism is lower 
compared to the basin in which finer aerators are used. The finer 
aerators need more maintenance and use more energy but they provide 
more available oxygen for the process. Aeration can also be done using 
mechanical surface mixers. The flow transfers through the entire primary 
to the secondary process using pumps or by gravity head. 

Tertiary processes have been introduced recently to the treatment plants 
as there is a growing need to decrease the amount of the nutrients in the 
effluent. Nitrification/denitrification is a process which prevents nitrates 
presence in the effluent. This process needs an anoxic compartment 
which does not need to be aerated but it needs to get simple organic 
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carbon molecules like methanol. They will be used by the denitrifier 
bacteria. If the secondary process (which is mainly for BOD removal) is 
supposed to remove ammonia as well, there is an additional need for 
energy in order to increase the aeration (4.5 g of oxygen is needed for 
each g of ammonium nitrogen). Phosphorus removal can be 
implemented using chemical processes and\or biological processes. In 
the chemical processes, the flocculation/coagulations are main energy 
consumers for their mixers. However, the biological phosphorous 
removal is being done in anaerobic state and there is only a need for 
energy to run the mixer.  

Disinfection process is usually being done using chlorine products but 
considering the carcinogenic by-products produced during the process 
there is an increasing trend to use UV facilities, which can make the 
disinfection process an energy intense process.  

In the activated sludge processes there are two flows of sludge: Waste 
Activated Sludge and Return Activated Sludge. WAS contains 1-3% of 
influent and RAS contains 25-30% of the influent. In both of these 
sludge flows low headpumps are being used. The RAS will be returned 
to the secondary treatment reactors and WAS will go to the sludge 
treatment process, where it can be thickened, stabilized (biogas 
production) and dewatered. In order to decrease these energy 
consumptions, devices like Variable Frequency Drives can be used. They 
decrease energy consumed by a pump up to 45% through helping the 
device to start up softer; therefore, there is less electrical and mechanical 
surge on the device. Premium efficiency motors are other devices 
helping less energy consumption (Pesific Gas And Electric Co., 2003). A 
treatment plant needs also energy for heating services. 

Other than electric energy consumptions mentioned above in WWTP 
the chemical materials which are added to the flow can be considered as 
the energy consumption. One of the main chemicals is the sources of 
simple organic carbons like methanol which are added to the 
denitrification process. Addition of other chemicals like lime for example 
can be also considered as energy consumption. Chemical consumptions 
can be measured by their mass balances but they can be viewed also as 
energy consumption of the plant because for example the energy being 
spent to extract lime from lime stone is high. Also adding lime to the 
sludge in order to increase the pH decrease the amount of biogas being 
produced from the sludge, therefore, it is more economical to decrease 
lime use as much as possible. High chemical consumption in a treatment 
plant can be an indicator of inefficient processes. In this study it has 
been tried to measure this chemical energy added to the processes using 
COD as the unit of measurement of these material by measuring the 
exergy amount imbedded in them (using the environment report of 
Käppala treatment plant).  

1.3. Parameters affecting the energy gain from the plant 
In a treatment plant the higher is the amount of the load the less is the 
energy being used. However this is vice versa when there are stringent 
effluent characteristics. The amount of energy consumed to reach these 
regulations increases the energy consumptions of the plant.  

In the aerobic process the entrance COD turns into carbon dioxide 
(40%) and sludge (60%), but in the anaerobic process the products of 
the respiration are sludge (10%) and methane (90%) (Elmitvali, 2005). As 
the Sludge Retention Time increases, the amount of biogas produced 
from the sludge goes higher. A well-functioning Combined Heat and 
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Power unit can only turn 30% of the energy in the biogas into electricity. 
Gas powered engines also can be used to gain electricity from the biogas. 
However most part of the energy demand of the plant is provided by the 
central municipal electricity which itself can be produced from 
hydropower, nuclear power, fossil fuels, renewable energies or 
district heating. 

Biogas can be gained from anaerobic sludge digestion using mesophilic 
or thermophilic processes. The latter gives more biogas because of 
higher activities of the microbes in the higher temperatures (Jonasson, 
2007). A more polluted sludge gives more energy yield (more biogas). 
The heat produced from the process can be collected using heat pumps 
or heat exchangers which then can be added to district heating system. 
Jonasson in his article has cited from Lundkvist that if all the energy 
imbedded in the wastewater and biogas could be extracted as electricity, 
it would be twice the amount of the electricity being used in Sweden by 
all WWTPs (Jonasson, 2007). Today in Sweden only 9% of the electricity 
demand of the plant is being gained from the wastewater in the form of 
biogas (Jonasson, 2007). 

Therefore, apart from using devices which are efficient, the main 
concern is how to improve usage of biogas or in other words how to 
make the highest possible use of the exergy the microorganism take up 
from its metabolic activities using the calorific and thermal sources 
entering the treatment plant. Using methods to increase sludge 
production just with the aim of increasing biogas amount is not the 
solution because according to the thermodynamic of the process the 
emergy used to produce public electricity is lower (Björklund et al, 2001). 
This makes the former unreasonable. 

1.4. Anaerobic digestion 
Sludge is composed of microorganisms that have grown by metabolizing 
the exergy imbedded in the influent wastewater. This exergy can be 
gained in the anaerobic sludge digesters as produced biogas and the 
remaining material have no chemical activity or in other words they 
contain zero exergy if the sludge digestion is efficient enough. 

The anaerobic digestion is in fact the fermentation activity implemented 
by a series of microorganisms:  

- Fermentative bacteria 
- Hydrogen-producing acetogenic bacteria 
- Hydrogen-consuming acetogenic bacteria 
- Aceticlastic methanogens 

The process is being done in four steps: first, the heavy molecules like 
protein, fat and carbohydrates need to get hydrolyzed in order to 
penetrate into the cell membrane. Through the hydrolysis step, the 
proteins turn into amino acids, fat turns into alcohol and carbohydrates 
into sugar. This step is highly temperature sensitive and the design of the 
anaerobic digestion is according to this step.  

The second step is called acidogenesis. In this step the hydrolyzed 
material goes into the cell. There they are anaerobically oxidized or 
fermented. The acidification process produces mainly Volatile Fatty 
Acids (therefore it is called acidogenesis process), H2, carbon dioxide, 
lactic acids, ethanol and ammonia.  

Acetogenesis step is the third step, in which the produced fatty acids 
from the previous step are converted to acetate, hydrogen and carbon 
dioxide by the acetogenesis bacteria. The specification of this step is that 
the Gibb’s free energy here is positive which means the acetogenesis 
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reaction are thermodynamically unfavorable and the only drive of the 
reactions are to keep the concentration of the hydrogen low.(hydrogen is 
the main product of this step. In the last step which is called 
methanogenesis, the methanogenic bacteria use hydrogen gas as one of 
the sources to produce methane plus the acetate and carbon dioxide 
produced from the previous steps. The hydrogen producing 
microorganisms has syntrophic association together with hydrogen 
consuming bacteria, which means they need each other in order to 
continue living.  

The anaerobic digestion can be done by the anaerobic filters, the upflow 
Anaerobic Sludge Blanket (UASB), the fluidized and expanded bed 
reactors and the baffled reactors.  

The UASB is the most widely used process which is being implemented 
in a reactor that can be circle or rectangular. The flow goes up through 
the anaerobic sludge blanket where it loses the organic material. This 
blanket consists of flocs and highly settleable granules. The organic 
material gets trapped in the blanket and the result is biogas and sludge. 
The biogas goes up to the top of the reactor where it gets separated by 
gas-solid separators.  

Only two thirds of the biogas is methane which is highly explosive and 
requires high safety facilities to handle it. Biogas can be used as heat 
source or electricity source for the treatment plant; however, in order to 
use this gas as energy source it has to get purified, which itself is an 
expensive process and needs to use electrical facilities. But as the price of 
the fuel is increasing the usage of the biogas as fuel for vehicles can be 
the best way. 

Biogas contains mainly methane, carbon dioxide and smaller amounts of 
the hydrogen sulfide and ammonia. The gas is saturated with vapor water 
and there are trace amounts of hydrogen, nitrogen, oxygen, dust, and 
siloxane. The gas purification is being done in order to increase the 
energy content of the gas. The presence of the hydrogen sulfide in the 
gas injected into the pipe leads to the corrosion also the burning biogas 
containing this gas and leads to production of sulfur dioxide which leads 
to acid rain. The presence of the vapor and siloxane in burning biogas 
form microcrystalline silica deposits on spark plugs, pistons, valves, 
cylinder heads and metallic surfaces in the turbines and engines and leads 
to fouling and abrasion (Greer, 2010).The presence of vapor in the gas in 
high amounts leads to production of acids in the mixtures with H2S and 
CO2. This makes it necessary to dry the gas. CO2 is also the inert part of 
the gas which should be removed if the gas is supposed to be used in the 
pipe line or as the fuel (Greer, 2010). 

1.5. Laws of thermodynamics 
In thermodynamic science the world is divided into the system and the 
surrounding. In the environmental science which is study of life forms in 
the biosphere, system is composed of biotic and abiotic components 
which are in interaction with each other (Jørgensen and Johansen, 1989). 
The system can be in three modes considering its relations with its 
exterior world: Isolated system, closed system and open system. An 
isolated system has the exchange of neither matter nor energy from the 
exterior world (there is no real isolated system in the world except the 
universe itself (Kondepudi, 2008).  

A closed system, however, has the ability to exchange energy with the 
world outside but not matter. The open system can exchange both 
energy and matter from the exterior world.  
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The system can be in two states either in equilibrium or non-equilibrium 
state. In the former the macroscopic qualities of the system such as 
temperature, pressure and volume are constant in time. However in the 
latter the opposite governs. The nonequilibrium system needs to 
exchange matter and/or energy to sustain. This is not the case for the 
equilibrium system. There are three main laws governing in the closed 
and isolated systems in the science of thermodynamics. The first law is 
about the conservation of energy, which states that the amount of the 
energy in the universe is constant. It cannot disappear or produce but 
can only transfer one form to another (transformation of solar energy 
into chemical energy through the photosynthesis can be described with 
the first law of thermodynamics (Jørgensen and Johansen, 1989) : 

Solar energy captured by the plant= chemical energy of the plant tissue 
+ heat energy of respiration 

The second law of thermodynamic, however, states that the universe or 
in small scale the system tends to increase its entropy. Second law 
describes the reason why ecosystem or the microorganism cell can 
maintain order. A system spontaneously tends towards increasing 
disorder in the surrounding and more order inside itself (Jørgensen and 
Johansen, 1989). Third law states that the entropy of the system becomes 
zero at the absolute zero temperature. The formulations of these three 
laws are present in the appendix at the end of this document.  

The open system has inflows, outflows and recycling flows and it is in 
equilibrium state when there is no change in storages. In other words the 
storages, cycles, flows, and structures have constant pattern (Jørgensen 
and Johansen, 1989). Every living creature can be considered as an open 
system which can exchange organic and inorganic matter plus energy 
with the exterior environment and use them to evolve itself 
spontaneously. The net production of the metabolic activity is as 
following (Jørgensen and Johansen, 1989): 

Net production = intake of food – respiration – excretion - waste food 

And the net efficiency of this process can be defined as below 
(Jørgensen and Johansen, 1989): 

Net efficiency = (net production) / (intake of food) 

Cellular growth can be described at certain conditions as a first order 
reaction (Jørgensen and Johansen, 1989): 

dx/dt=μm.x                                                                                          (1) 

μm= growth rate [1/T] 

x = cellular mass concentration 

t = time 

It dissipates heat and produce entropy, which should both get off the 
creature or the open system in order that the creature can survive or the 
system can sustain. The open systems or which Prigogine calls dissipative 
structures can be described by non-equilibrium thermodynamics 
(Kondepudi, 2008), (Sybesma, 1989). 

Here it has been tried to consider wastewater treatment plant as a living 
structure like human body or microorganism cells or an ecosystem. The 
input to the treatment plant is called aquatic detritus (Bendoricchio, 
1997). Human body takes in food and turns it into new cells and excreta 
plus heat. Through this process, low ordered (low entropy) material goes 
into the body and higher ordered (high negentropy or high quality) 
material plus some heat and some excreta are produced which gets out 
of the system through the skin. If this process does not happen, the 
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human or the system will disappear. This heat drain has been called as 
the energy tax which if it gets eliminated the system will collapse 
(Bendoricchio, 1997).  

The system tends to increase the negative entropy or negentropy 
(produce more ordered or higher quality material) inside itself in order to 
survive. This kind of system is called dissipative system as Prigogine 
defines and it dissipates energy and entropy. The methods that are used 
in the food science for analyzing the calorie-contents can also be used 
for the wastewater treatment plant in order to evaluate the processes, 
flows and storages (Bendoricchio, 1997). The rate of flow of useful 
energy is power and in SI system it can be measured by joules per unit of 
time or watt 

1.6. Thermodynamic view of the treatment plant 
In biological treatment units in a treatment plant, the bacteria digest the 
biodegradable material flowing in the treatment plant and use them to 
run the catabolic and anabolic reactions of their cells.  

If the microorganism is imagined as a human body its metabolism can be 
described with the above described view using classical thermodynamic 
concepts like entropy, Gibb’s free energy and enthalpy. This way 
thermodynamic science can tell if a specific biological reaction is possible 
to happen (Von Stockar et al, 2006). The biological life in the treatment 
plant can also be a basis for description of treatment plant as a human 
body which metabolizes wastewater. 

Another view to the treatment plant can be achieved from the 
description of the ecosystem by Odum where in his book he says “an 
entity can be considered an ecosystem as long as the major components 
are present and operate together to achieve some sort of functional 
stability, even if for only a short period of time.” He mentions that the 
main feature of all the ecosystems is that in all of the ecosystems 
autotrophic and heterotrophic components have interaction with each 
other (Odum et al, 2004). This is similar to what is happening in the 
treatment plant. The pollution entering the treatment plant introduces 
entropy into the facility which turns into information and ATP (exergy) 
in the microorganisms through their respiration process.  

The Second law of thermodynamic which describes the entropy change 
of an open system is as follows: 

dS(t) = de S(t) + di S(t)                                                                         (2) 

de S(t) = Entropy provided by the surrounding to the system (Entropy 
flow) associated with the flow of energy and matter 

di S(t) = The entropy produced inside the system by 
irreversible processes 

di S(t) = dQ(t)/T(t)                                                                              (3) 

dQ (t)= heat production caused by irreversible processes inside 
the system 

T (t) = current temperature (◦K) at a given point in the system 

Β = dS/dt = (de S)/dt+ (di S)/dt                                                          (4) 

β = rate of entropy production or energy dissipation 
(dissipative function) 

This law says diS must be zero for reversible transformations and should 

be positive for irreversible transformation of the system. However,     
can be zero, positive or negative for an open system. For adiabatic 
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systems (a system which can exchange neither matter nor heat from the 
surrounding), dS can only be positive.  

1.7. Thermodynamic indicators 
Environmental manager should be able to diagnose problems with an 
ecosystem and for this purpose he needs to have a list of indicators (goal 
function) to assess the ecosystem health or in other words ecosystem 
integrity. Among these indicators the thermodynamic health indicators 
(orientors) like emergy, exergy, the energy flow pattern (energy flow in a 
system show the behavior of the energy in that system and it is always 
end up to lower quality energy (Jørgensen and Johansen, 1989)), 
calorimetry, entropy and their ratios can be used (Jørgensen, 2001). 
According to the Le Chatelier’s Principal the formation of biomass can 
be described as below (Jørgensen, 2001): 

Energy + nutrients = molecules with more free energy (exergy) and 
organization. 

Pollution introduction into the treatment plant is entropy introduction 
which puts its effect on microorganism’s population in that system and 
shifts their interactions. The populations will sacrifice themselves to 
ecosystem integrity and function (Jørgensen and Johansen, 1989). The 
energy flow rates can show which type of the population is surviving in 
the system. Changes in the energy flows in a live system means change in 
the function of that system. Treatment plant has been considered as a 
live system (consisting of biotic and abiotic system with boundaries), 
where these indicators can be used to assess the health of the 
treatment processes. 

1.8. Emergy 
Emergy is the measure of the value of the resource as the solar emergy 
joules (sej) which is specified by multiplying the available energy of the 
resource and solar transformity (Björklund et al, 2001). Another 
definition for emergy is a weighting factor taking the energy quality into 
account (Jørgensen, 2001). Björklund et al. (Björklund et al, 2001) 
mention that the solar transformity is the solar energy needed to make 1 
Joule of that type of resource. They additionally have mentioned from 
Odum that if a resource has a higher solar transformity it has higher 
potential impact on the environment. For example, an untreated 
wastewater with higher solar transformity can drastically change the 
environment it is released into. In the hydrological cycle of the basin, 
solar energy can be considered as the emergy source for the basin and 
wind and rain are originating from it. They are the driving forces of the 
hydrological cycle. In this cycle, rain is the main contributor to emergy 
(Björklund et al, 2001). 

Wastewater contains a large amount of emergy. Björklund et al. 
(Björklund et al, 2001) define wastewater in their article as the by-
product of the outcomes from emergy used in the food and water by 
people in a city plus the chemical materials used in the household, 
industry and leftovers on the surfaces which are being washed by the 
rain and go into treatment plant as storm water. Although biogas 
produced in the treatment plant has the ability to produce electricity 
(exergy), there is no economical preference for the use of processes 
which produce more biogas; that is because the emergy being used to 
produce this electricity is twice higher than the emergy used for 
producing public electricity (Björklund et al, 2001). 

As Jørgensen in an article describes (Bendoricchio, 1997), emergy of a 
given type of energy is the distance from the basic solar energy. As an 
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example, he describes that if there are two plants growing one in shade 
and one in sunlight, the one in the shade will have larger leaves and/or 
higher amount of chlorophyll but lower amount of emergy comparing 
the plant grown in the light. 

Odum has introduced two different concepts: Gross Primary 
Productivity (GPP) and Net Primary Productivity (NPP) which are so 
similar with the concept of emergy and exergy (exergy will be discussed 
later in this document) (Odum et al, 2004). GPP is the total rate of 
photosynthesis including the organic matter used up in the respiration 
during the measurement period. NPP, however, is the rate of storage of 
organic matter in plant tissues in excess of the respiratory utilization by 
the plant during the period of the measurement. The latter is very similar 
to the emergy content of a plant and the former is so similar to the 
exergy content of it. The plant in shade has lower storage of organic 
matter although it has higher leaf area index and therefore is lower in 
emergy content. The study of the plant growth is very applicable in the 
studies of the ecosystem and any other systems like wastewater 
treatment plant. 

1.9.  Entropy 
An entire system (here wastewater treatment plant) contains all the 
inflows, outflows and the conversions:  

 =-k P 
 
 =1                                                                                        (5) 

S = system entropy 

  = number of permitted states for the total system 

K = Boltzmann constant 

Pj = probability for all the permitted states which is standardized to get 
one for the sum 

If the state of the system is for sure specific, the probability of the 
system to be in that state is equal to one and the entropy is equal to zero 
(equation 5) which means Order is complete (Wall, 1977). If there is no 
knowledge about the states of the system, the total number of the states 
that the system will take is   and the probability of each state to occur is 
1/ . This will lead to entropy for the total system to become as follows: 

                                                                                                  (6) 

This is the maximum entropy that a system can take and there is 
complete disorder in this level. The entropy measures the quality of 
energy, disorder or lack of information on molecular details or the 
amount of unavailable energy. High quality energy means low entropy 
and vice versa. All energy transformation involves energy of high quality 
to energy of low quality (potential energy to heat for example). 
Organism, ecosystem or treatment plant thermodynamics’ characteristic 
is that they are creating and maintaining a high state of internal order or 
low entropy. Order is maintained in the system by respiration and 
continually produces disorder (entropy) and heat in the surroundings 
(Jørgensen and Johansen, 1989). 

1.10. Exergy 
Exergy is a measure of work capacity of a resource which release until it 
gets in the state of thermodynamic equilibrium with its 
environment (Jørgensen, 2001): 

Exergy in living matter = physical and chemical exergy + embodied 
information (Jørgensen, 2001). 
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Therefore the ratio between emergy and exergy can be an indicator for 
system efficiency (Jørgensen, 2001). Biological treatment processes in the 
treatment plant are designed by human in a way to have higher efficiency 
ratio compared to the natural systems. The forth law can be formulated 
by the concept of exergy as the exergy is the distance of the system from 
the thermodynamic equilibrium with the surrounding. This makes exergy 
an indicator of the development (increased gradient and structure) of the 
system. Exergy obviously is not a state function because it is related to 
both the state of the system and the surrounding (Jørgensen, 2003). It 
has been a lot used to model an ecosystem. Jørgensen has mentioned 
from Odum and Pinkerton (1955) that an ecosystem can be considered 
as a system which act in a way to increase its power output (the 
information inside). However, according to the second law optimization 
the operators of the treatment facilities should have the purpose of 
minimizing entropy production (pollution) rate in the surrounding 
(Zvolinschi, 2006) using biotic and abiotic functions. According to this, 
the biological life in a treatment plant is a biotic system which tends to 
evolve to increase its power output (information content). This power 
has been defined as sum of the goal functions which make each flow 
path of energy in the biological life in the treatment plant. This goal 
function should be maximized in order to have the highest level of 
evolution in the system.  

The microorganisms in the treatment plant metabolize the substrate in 
the wastewater. The process of metabolism is the process of maintaining 
exergy. Therefore in the design of the biological life in a treatment plant 
the goal function can be to maximize exergy stored in the mixed liquor 
suspended solids (Bendoricchio, 1997). The accumulated exergy should 
be released and it should reach to a chemical equilibrium state with the 
environment. This will happen in the sludge digestion tank. Exergy can 
also be defined as the ability of the creature in the system to utilize the 
substrate. In fact in the passage of energy and matter in the system, they 
are continuously being converted to each other but with the expense of 
increasing the quality along this passage. It is the quality (Negentropy or 
order) that is produced or consumed not the energy or matter inside the 
system. The quality does not decrease or deteriorate but the lack of the 
quality or entropy increases outside the living system (Wall, 1977).  

Quality of energy has been described as quantity of Negentropy per unit 
of energy for that specific form of energy. Energy types with the highest 
amount of exergy have the highest amount of quality. With this concern 
electricity and mechanical energy have the highest amount of quality as 
they are the purest kind of energy. Entropy for these two types of energy 
is zero. Heat however has the lowest quality among other energies and 
its quality decreases with the temperature. 

1.11. Definition in natural science 
There are five spheres specified on the planet earth: lithosphere, 
hydrosphere, atmosphere, biosphere and sociosphere. Energy and matter 
are flowing through these spheres; through their passage, they carry 
exergy. In fact, exergy is the tool which these spheres use to 
communicate with each other. Exergy is the driving force for the flows 
of energy and matter between these spheres. The only source of the 
exergy into the planet is sun. The energy of the photon turns into matter 
in the biosphere through the process of photosynthesis. Exergy of light 
turns into chemical energy stored in the matter by photosynthesis and 
this matter will be consumed by the consumer and the exergy through 
the passage of the matter and energy conversions will be consumed. At 
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last when the microorganism decomposes the matter the remaining part 
of the exergy which cannot be used by the microorganism will be stored 
in peat. Peat in the matter of time turns into oil or coal.  

Part of the input exergy (sun light with short wave length which is high 
quality energy) to the system (planet earth) will be reflected out as long 
wavelength with low quality energy. The difference between the visible 
sunlight and invisible sunlight reflected from the planet is the motive 
force of all the processes happening on earth (Wall, 1977). 

All the resources on the planet are divided into energy sources and other 
material. The quality index is a factor which specifies the exergy amount 
of an specific type of energy and in this way the highest quality index 
(100) belongs to electrical energy, potential energy (stored in water 
resources situated in a high level position) and kinetic energy stored in 
waterfall and nuclear fuel. The chemical energy stored inside the oil, gas 
and coal have the quality index of about 95 and the sunlight has 93. The 
heat radiation reflected from the earth thus has zero amount of the 
exergy (Wall, 1977). 

The quality index also has another definition which shows the amount of 
the elements in ordered form. In this case the quality index is high for an 
energy type containing high exergy content or an element in high 
ordered form. The Einstein’s relation between energy and matter here 
can be used to relate these two concepts so to say exergy in matter and 
exergy in energy together: 

                                                                                                   (7) 

Equation 7 shows that exergy in the form of extra high quality energy 
can be converted into exergy in a shape of high ordered form of 
matter (Wall, 1977). 

As another example, exergy is consumed to turn the mineral form of an 
ore into pure form of it. A power plant is turning the exergy inside the 
coal or oil into electricity but this process of course happens with losses. 
These losses are around 60% and even higher for nuclear power plant 
which is around 70% (Wall, 1977). 

1.12. Definition in thermodynamic 
Exergy is the part of the energy which is convertible to all other form of 
the energies (a definition by H.D Baehr). In an environment which 
contains a system, the exergy of the system is the amount of the 
maximum mechanical work that can be extracted from the system.  

In an ordinary battery, the reaction happens inside, changes the chemical 
material into another material and electricity (one form of pure exergy); 
this means the chemical material inside the battery has a higher exergy 
comparing to the dead battery. 

Another definition for exergy is the distance of the system from the 
equilibrium state of its environment:  

                                                                                    (8) 

U = energy content of the system  

U0 = energy content of the system after transfer of entropy to the 
environment 

∆U = increase of the free energy or entropy in the environment  

                                                                               (9) 

E = exergy 

U = internal energy of the system 
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P0 = pressure in the environment 

V = volume of the system which has been considered constant because 
the expansion or detraction of the system does not produce a 
useful work. 

T0 = temperature of the environment 

S = entropy of the system 

    = chemical potential of the environment 

   = number of mole of different chemical elements in the environment 

                                                                                   (10) 

Combining equitation 11 and 12 the following is achieved: 

E=S (T-T0)-V (p-p0) +     (μi-μi0)                                                    (11) 

Equation 11 shows that in the system when T = T0 and P = P0, exergy 
will be equal to the chemical potential of the system and thermodynamic 
information which means Gibb’s free energy. What makes the processes 
in the system irreversible is the increase of the entropy in the 
environment (where there is zero life) or in fact loss of exergy of the 
system which means the same (Jørgensen, 2001). 

Another definition for the exergy has been described by Göran Wall as 
follows: ‘The exergy content in a given quantity of a certain material can 
be considered as the quantity of exergy needed to produce this material 
from the given standard environment by reversible processes.’ The 
concept of reversible process is a theoretical concept and it is not 
possible to have reversible process in the real world because of inevitable 
losses during the process. The best possible way to keep these losses 
down is to have the conversions happening in a low rate. The 
conversions include the energy and material conversion; they are the 
carriers of exergy.  

The interesting fact is that, if there is a system in an environment which 
is deprived of energy, it can carry exergy from the environment as it 
takes in matter or energy from the environment. An example for this can 
be a piece of ice in room temperature. This temperature difference can 
run a heat engine and give useful energy.  

The quality of a material also can be expressed using the exergy concept. 
For purest material which has known elements, entropy is almost zero. 
However, diluted material has higher entropy and lower quality and 
therefore lower exergy. Exergy for a material is defined as ‘the amount of 
element in the ordered form’.  

In all the irreversible processes of real systems exergy is lost and entropy 
in the environment is increased. The best tool to describe these sorts of 
processes is not entropy but the exergy as the exergy has the unit of 
energy and it includes temperature and it also refers to the environment.  

One bit of the information in the system includes exergy equal to       
where k is the Boltzmann constant and T is temperature. 

1.13. Definition in ecological system 
The higher the exergy of a creature, the more capable it is in utilizing the 
material and therefore the more dominant it will be in the media 
(Bendoricchio, 1997). This ability has been called specific exergy by 
Jørgensen (Bendoricchio, 1997) and formulated by him as the following: 

                                                                                            (12) 

  = The quality factor (shows the amount of information regarding 
that creature)  
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    The biomass concentration of that creature relative to the total 
biomass concentration in the environment 

The equilibrium state of a system in the thermodynamic science means 
the system is thermally, mechanically, radioactively and chemically 
constant (Hlidqvist Skuladottir, 2005). The term exergy has been used to 
model ecosystems which define the distance from the chemical 
equilibrium. In other words, exergy is the maximum amount of work 
that the system performs in order to bring the system into equilibrium 
with its environment (information content = 0). In order to study the 
structure and information which exist as life in the system the term 
exergy is useful. There are two types of exergy: Technological and 
ecological. The aim in the ecological modeling is to determine the 
difference between the exergy content of the system when it contains life 
and when there is no life (only contains inorganic compounds at their 
highest oxidation level; the state of the death of the biological strata) 
(Jørgensen and Nielsen, 2006). With this view, the concept can be called 
eco-exergy. 

Eco-exergy has been defined by Jørgensen and Nors Nielsen (Jørgensen 
and Nielsen, 2006) as the energy needed to decompose the system 
completely. In this view the treatment can be modeled and the evolution 
of biological growth can be monitored and controlled.  

To study the eco-exergy difference in a system (in this case treatment 
plant), the difference in the temperature and the pressure can be 
considered zero and only the chemical potential of the system 
is considered.  

In Microbial fuel cell, there is an evolution of life. This cell can be 
considered as a system and its chemical potential can be measured in 
order to control and improve its performance. The formula used in this 
case is the Nernst equation. The ion travels through a membrane 
because of the difference in voltage and concentration between the two 
sides of the membrane. The equilibrium state will be achieved when the 
resultant of these differences becomes zero. The free energy change 
(work of transportation) of the system resulted when the driving force 
for the chemical element (A) travel between the system (low 
concentration of A) and the surrounding (high concentration of A) is the 
concentration gradient which can be calculated as following: 

∆Gconc = nRTln (CA2/CA1) = n∆μA                                                    (13) 

R = gas constant 

T = absolute temperature, ◦K 

CA1 = concentration of the element inside the system 

CA2 = concentration of the element outside the system 

Equation 14 shows the definition for chemical potential of an element A: 

  
     

                                                                                   (14) 

μA
0 = chemical potential in standard state of the element A 

The travel of the chemical element A with the charge content of z, where 
the driving force is the charge difference can be calculated as follows: 

∆Gvolt = zFV                                                                                      (15) 

z = valence of the ion 

F = Faraday’s constant 

V = electric potential difference between the sides of the membrane 
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In order to reach the chemically equilibrium state, the following should 
be valid:  

∆Gconc+∆Gvolt = 0                                                                              (16) 

Chemically equilibrium state means that there is no work being done 
when the element travels in between the system and the surroundings. 

This results in Nernst equation: 

V = RT/zFln C0/Ci                                                                            (17) 

In the ecological modeling, ∆Gvolt has been considered as the chemical 
potential difference between the inside and outside of the system. 

The resulted formula will be as follows:  

V = RT/zFln (CA2/CA1)                                                                   (18) 

In the metabolism process the ADP changes to ATP and stores in the 
cell. This is called the phosphorylation of ADP. During this process the 
protons and electrons are transferring between the inside and outside 
the cell.  

1.14. Forth law of thermodynamics 
All living systems are non-equilibrium systems. The biosphere itself 
where the living creature exists is also a non-equilibrium system and its 
driving force is solar energy. In an ecosystem organisms which can 
efficiently use their captured energy will survive. In fact the forth law of 
thermodynamics formulates systems which are working toward 
increasing their information content (complexity) and entropy in their 
surrounding at the maximum rate they can find (Morel and Fleck, 2006), 
(Jørgensen, 2001). Exergy flow through the system will lead to 
development of the system by increasing the negentropy inside the 
system and entropy in the environment and this way the system will go 
farther from equilibrium state (system evolution). This process is being 
formulated by the forth law of thermodynamics.  

The exergy flow can happen through different path but the one which 
leads to highest negentropy production inside the system will be the 
dominating one. It is the path which takes the system more away from 
thermodynamic equilibrium. The entropy increase outside the system is 
the result of the chemical and mechanical work inside the system under 
second law of thermodynamic. Increase of the entropy in the past, will 
be present as information inside the system in future. The system 
evolves in a way to increase its capacity to hold more information or in 
other words more exergy. This amount of exergy can be measured using 
exergy index because the exergy itself is a relative concept. The amount 
of ATP formed during a metabolic activity can show the amount of the 
exergy produced during the process (Jørgensen, 2001): 

1 ATP=42 kJ exergy 

The forth law of thermodynamic uses exergy as a goal function which 
measures the structural changes inside a system. Information index 
measures the amount of biological evolution inside the system. 

1.15. Calorimetry 
All the microbial growth or in other words all the open systems are 
evolving with the release of the heat inevitably. This amount of the heat 
can be measured using calorimetric analysis.  

Calorimeter is a device which is used to measure the energy embedded in 
a material. There are different types of calorimeter being used today:  

- Differential scanning 
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- Isothermal microcalorimetry 
- Accelerated rate  
- Constant pressure  
- Constant volume calorimeter (bomb calorimeter). 

The same as exergy, the concept of calorimetry can be used to calculate 
the mass and energy fluxes of the biological processes inside the 
treatment plant. One calorie (Cal) is the energy needed to increase the 
temperature of one kilogram of water at 15°C up to one degree of 
Celsius. This definition is used in food science but the method to 
measure this amount is by burning completely the food in a device called 
bomb calorimeter. The human body cannot do this; only part of the 
food is absorbable and in fact it is the exergy content of the food that 
body uses to work with (Zvolinschi, 2006). Calorific value of a specific 
mass of a fuel is the amount of the heat it releases when it is burned with 
oxygen in a container with a constant volume under high pressure of 
oxygen (30 atm). This process happens in bomb calorimeter. 

1.16. Bomb calorimeter 
The sample in this device is combusted under almost 30 atm of oxygen 
pressure. The differences in the temperature of the bomb will be 
measured and multiplied to the specific heat value of the bomb. This 
way the amount of calorie content of the sample is specified. In the 
wastewater treatment, use of this device can be for measurement of 
calorific value in the influent and the effluent of each process. The 
difference in the calorific value will give the removal efficiency. It has 
been tried to find a correlation between these values and COD content 
in some food samples. Additionally, the amount of protein, carbohydrate 
and fat in the flow can be specified if one of them is known to the 
operator. These amounts can play roles in deciding what type of 
processes can be useful for treatment.  

In food science the following energy values is generally being used: 

- Protein= 17kJ/g.  
- Fat= 37 kJ/g  
- Carbohydrate= 17 kJ/g. 

The mean amount of nitrogen in the protein (mainly as amino acid) has 
been specified as 16%. 

1/0.16=6.25                                                                                       (19) 

The amount of nitrogen content can be calculated by dividing the 
protein content of the influent by 6.25 (FAO food and nutrition 
report, 2002). 

Studies have been done on measuring the energy content of urine 
(mainly contain nitrogen) which has showed bomb calorimetry is a useful 
method for such measurements. The difference between the energy 
content of the food and the urine and stools gives the metabolizable 
energy of the food. 

The metabolizable energy content of the influent by the treatment plant 
can also be measured this way (Rodrigues et al, 2005). However, this 
should be considered that there is a difference between nitrogen in the 
food and in urine. The nitrogen in the food mainly is in the protein. 
However, in urine from a healthy human body there is only a trace 
amount of protein. The un-oxidized matter in the urine produces 7.9 
calories which is equal to almost 1.25 calories per gram of absorbed 
protein (Merrill and Watt, 1973): 

(7.9/6.25)≈1.25                                                                                  (20) 
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The nutrient content in the urine and faeces has been measured by 
different researchers (Table 1). 

1.17. Relation between growth yield and energy available 
General formula for growth yield is: 

Growth yield from substrate = (biomass concentration) / 
(substrate concentration) 

Yave = YX/S/Yave/S                                                                       (21) 

As another description (Nagai, 1979): 

Yave = Growth yield based on available electron from the substrate 
g/av e 

Yave/S = Electron available from substrate av e/mol 

The number of electrons required for the reduction of one molecule of 
oxygen is four. If this number is multiplied by the amount of the oxygen 
required for combustion of a substrate, the number of electrons can be 
measured. One mole ATP is required for transporting 180 gram glucose 
and 3 moles ATP is required for the transportation of 180 gram acetate. 
The transport of acetate into cells needs three times more energy 
compared to glucose.  

Growth yield based on total energy available from the medium which 
contains mainly carbohydrate can be measured as following: 

Ykcal = ∆X/ (∆Ha.∆X+∆Hc )                                                           (22) 

Ykcal = growth yield based on total energy available, g/kcal 

∆X = difference in dry cell concentration, g/l 

∆Ha = heat of combustion of dry cell, kcal/g 

∆Hc = heat generation by catabolism, kcal/l 

Energy for reduction of oxygen equals 106 kcal/mol. According to the 
amount of oxygen being consumed for the combustion of the material  

the amount of the calorie inside the substrate can be measured 
(Nagai, 1979). 

The following equation also gives the amount of the carbon in the 
substrate based on the heat of the combustion when the resource 
contains mainly carbon products like carbohydrates rich 
substrates (Nagai, 1979): 

∆Hs. (-∆ ) = ∆Hs. (-∆SM) + ∆Hs. (∆Sw) + ∆Hs. (-∆sc)                    (23)  

∆Hs = heat of combustion of the substrate kcal/mol 

∆Hs. (-∆ ) = total substrate consumed 

∆Hs. (-∆ M) = substrate consumed for maintenance metabolism 

 

Table 1 Nutrients content in urine, faeces, per capita per day 
(JÖNSSON et al, 2005). 

parameters urine Faeces 
and 
toilet 
paper 

Gray water, 
house hold 
wastewater 

Household 
wastewater 

Compostable 
household 
waste 

TS 7 19 26 26 25 

N_tot 4 0.5 0.6 0.6 0.6 

P_tot 0.33 18 0.25 0.25 0.1 

S_tot 0.26 0.06 0.17 0.17 0.05 

K_tot 0.88 0.33 0.29 0.29 0.23 
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∆Hs. (∆Sw) = substrates spent in biosynthetic activity 

∆Hs. (-∆sc) = substrate used in cellular components 

1.18. Application of thermodynamic orientors 
Thermodynamic orienotrs mentioned above namely as emergy, exergy 
and entropy plus calorie can be used to describe the metabolic activities 
of bacteria. 

1.19. Thermodynamic of growth 
Metabolism in Greek means change which in other words is the 
organism’s chemical processes to maintain life. It is composed of 
catabolism and anabolism. The bacteria’s general cell composition is 
C18H19O9N (Henze et al, 1996). Consequently it needs to take up these 
elements from its surrounding to keep its cell alive. 

The major energy source for the bacteria is carbon and the most 
available product for this element is glucose. Lipid is important in the 
structure and functioning of the cell membrane. Nitrogen is an essential 
element of amino acids, nucleotides, protein and DNA.  

The bacteria growth is a function of energy use of the released energy 
from the flow of electrons from the donors to the acceptors. However, 
the proton gradient between inside and outside of the membrane of the 
cell is the main drive of the ATP production (Franks and Nevin, 2010).  

Bacteria are being considered as open systems with irreversible processes 
in which energy and matter can path through the cell membrane. The 
dominating species in the media are the ones which have been able to 
transfer electrons more rapidly and capture the most possible released 
energy from this process. 

The free energy of the electron at unit activity is considered as zero by 
convention. Typical electron acceptors are oxygen, nitrate, sulfate, and 
carbon dioxide. With oxygen as the electron acceptor, the energy 
released from the electron transfer process is the highest; whereas, this 
energy is the lowest when the electron acceptor is carbon dioxide.  

Considering one cell metabolic reactions, following equations can 
be considered (Fig.1) (Von Stockar et al, 2006):  

  

  
 

  

 
                                                                      (24) 

  

  
 = entropy change inside the cell 

  

 
 = rate of heat transfer between the cell and the environment 

          = metabolites transferring into and out of the cell 

    = partial molar entropy of ith metabolite 

    = molar rate of exchange of ith metabolite 

        = newly produced biomass leaving the cell with molar rate of 

   .      denotes the partial molar entropy of the biomasses produced in 
the cell, which is low due to highly organized matter being produced.  

       = denotes the rate of entropy production by irreversible processes 

inside the cell (anabolism).  

Microbial growth is highly irreversible process as it happens 

spontaneously (Von Stockar et al, 2006).        is highly positive and is 

the real driving force for the microbial growth. In fact, it is denoting the 
negentropy or in other words the information created by the cell. 



Pegah Piri                                                                                        TRITA-LWR Degree Project 12:14

 

18 

According to equation 24, the biomass produced by the cell is high in 
negentropy (information). The metabolism is not opposite the second 
law of thermodynamic meaning that it goes as to increase the overall 
entropy in the environment. The new produced biomass is in highly 
ordered state:  

It is low in entropy but high in the amount of information stored in it in 
the shape of DNA. This sometimes is called ‘negative entropy’ or 
negentropy (Pattabhi and Gautham, 2002). Sprod is highly positive and the 
cell should get rid of this increased amount otherwise it will die because 
of increasing temperature and structural disorganization (Pattabhi and 
Gautham, 2002). This will be done by having the overall result of the 
other elements in the equation to be negative;therefore, the result will 
be zero.  

  

  
                                                                         (25) 

  

  
 = rate of enthalpy change in the cell 

   = work done on the cell (in the photosynthesis cells this amount is 
positive as the photons are entering the cell.) 

    = partial molar enthalpy  

A bacteria cell needs energy to move and to construct itself. The process 
of metabolism is the transformation of energy from food to the bacteria 
cell. Food can be considered as a material which can provide electrons. 
Therefore, all electron donors can be considered as food for a cell. 
Depending on the type of the energy source, bacteria can be classified as 
phototrophic and chemotropic. Phototrophic bacteria use solar energy as 
their energy source. They are divided into oxygenic phototrophs and 
anoxygenic phototrophs. Chemotrophic bacteria can be classified as 
chemolitotrophic and chemoorganotrophic. Chemolitotrophic can be 
called as autotrophic and chemoorganotrophic as heterotrophic. The 
process of eating food is a redox process or in other words all the 
degradation (oxidation) is more or less dehydrogenated and the 
produced H+ goes to the electron acceptor (cathode electrode in MFC) 
to get electrons. 

The electron is being removed from the electron donor and is 
transferred to the electron carrier inside the cell. However this process 
depends on the proton motive force produced across the cell membrane. 
This force is being established through the electron transfer reactions. 
The electron carriers are two groups: 

- freely diffusible in the cytoplasm  
- Attached to enzymes in the cytoplasmic membrane  

 

 

 

 

 

 

 

 

 

 Fig. 1. Open system entropy balance graph for a growing cell (Von 
Stockar et al, 2006).  
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The freely diffusible carriers have coenzymes such as Nicotinamide-
Adenine dinucleotide (NAD+) and Nicotinamide-Adenine dinucleotide 
phosphate (NADP+). The type of energy carrier depends on the energy 
level of the primary electron donor and the final electron acceptor.  

NAD+ + 2H+ +2e- = NADH + H+                       r0= 62 kJ/mole         (26) 

NADP+ + 2H+ +2e- = NADPH + H+             ∆Gr0= 62 kJ/mole         (27) 

In above equations, two electrons and two protons have been removed 
from the food or from the molecules being oxidized. If the food is 
glucose and there is aerobic respiration taking place, the first step of 
respiration will be glycolysis and the second will be kerp cycle. During 
glycolysis, 2 mole pyruvate will be produced. 2 mole ATP and 2 mole 
NADH will also be produced. Each NADH is equal to 2-3 ATP 
depending on the type of elelctron transfer chain happening in the 
metocondria of the cell. In the presence of oxygen pyruvate will turn 
into CO2 and H2O and the result will be production of 2 ATP, 6 NADH 
and 2 FADH2. Each FADH2 is equal to 2 ATP and as the result the 
aerobic respiration of glucose in the mitocondria is equal to production 
of 36-38 mole ATP. This is not the case if the oxygen is not present. The 
pyruvate produced from the glycolysis process will turn into ethanol by 
yeast cells (as in the Microbial Fuel Cell lab experiment). There will be 
only 6-8 ATP production from fermentation process availabe. As the 
NADH (NADPH) gives the electron to another carrier, it turns back 
into NAD+ (or NADP+) and some energy will be released. If it is an 
aerobic respiration, the ultimate electron acceptor is the oxygen.  

NADH + H+ = NAD+ + 2H++2e-           ∆Gr0= -62 kJ                    (28) 
 

 
                                    ∆Gr0= -157 kJ                   (29) 

NADH + 
 

 
  + H+ = NAD+ + H2O      ∆Gr0= -219 kJ                    (30)  

In the cell the released energy is being used to turn Adenosine 
diphosphate (ADP) into ATP. The energy carrier in the cell which makes 
the cell to continue living is ATP. ATP stands for adenosine three 
phosphates, a complex molecule which has a three-phosphates group 
and a nucleoside adenosine.  

ADP+Pi=ATP + H2O                           ∆Gr0=31kJ/mole                (31) 

It means that one mole ADP takes 31kJ to turn into ATP which is 
higher in energy level.  

If the electron acceptor is nitrate, the energy released is close to the 
aerobic respiration. However this is not the case with the electron 
acceptors sulphate and methane. Although the energy release in 
anaerobic process is smaller than the energy level needed to turn the 
ADP into ATP, because of the proton motive force phenomena, the 
ATP formation still continues.  

In equation 28 (Hlidkvist Skuladottir, 2005) one H+ is being produced. 
This proton is discharged out of the cell membrane. This leads to a 
charge imbalance and pH gradient across the membrane which can be 
considered as a chemical energy like a usual battery. This energy can be 
used for the production of ATP or movement on the cell or 
transportation of the ions through the membrane. However, this 
chemical energy should reach a specific level in order to make 
transformation of the ADP into ATP possible. Before this happens, 
there are other electron transfer processes happening in the cell which 
leads to production of H+ outside the cell membrane.  
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1.20. Exergy calculation for a treatment plant using environmental data 
based on COD measurements 

In order to improve the operation of the treatment plants, the process of 
benchmarking is used which needs to introduce indicators that can be 
easily compared between the treatment plants to be able to make it 
possible to choose the best processes going on. In the next step, the 
specifications of those best processes are used in other treatment plants 
to improve their operation. In this case, Bengt Hultman (Hultman, 2010) 
has tried to introduce the concept of exergy as an indicator to compare 
the processes implemented in Himmerfjärdsverket and Käppala 
treatment plants in Stockholm.  

The exergy calculation can be used to compare the overall operation of 
the treatment plants or it can be used to compare a specific process 
inside the facilities and use this measurement criterion to improve the 
process. Energy use in Käppala treatment plant has been studied and 
exergy consumption has been analyzed. 20% of the electricity used in 
this treatment plant is spent on aeration. The online DO measures have 
made it possible to have control the aeration process in order to prevent 
inefficient aeration (Thunberg et al, 2009). 

The exergy input and output of these treatment plants has been 
measured using environmental report published by these facilities. The 
data used from these reports are as follows: 

- Population served 
- Industrial connection 
- Inflow 
- Total COD influent, effluent 
- Total N influent, effluent 
- Dewatered digested sludge  
- Total solid in sludge 
- Dried sludge 
- Electrical consumption 
- Methanol consumption 
- Other oil product consumption 
- Biogas production 

Hultman (Hultman, 2010) has tried to change the measured values which 
are mainly on COD unit into exergy and the calculations are as below: 

1 watt = 1 Joule work per second = (1 kg (mass) ×1 m/s2 (acceleration) 
×1 m (distance))/ (1 s (time))                                                             (32) 

1 MWH = 3.6 MJ                                                                               (33) 

 

Methanol electron donator:  

1/6 CO2+ H++e-→1/6 CH3 OH + 1/6 H2 O 36.84 kJ/e-                            (34) 

Oxygen electron acceptor:  

1/4 O2+ H++e-→1/2 H2 O                              -78.72 kJ/e-               (35) 
------------------------------------------------------------------------------------------ 
1/6 CH3OH + 1/4 O2→1/6 CO2+1/3 H2 O   -41.88 kJ/e-               (36) 
 

The resulted negative Gibb’s free energy makes the process possible to 
happen. The following gives the energy value of one gram COD: 

energy value (kJ) of one gram COD = (energy value (kJ)/(electron 
equivalent as e- )×((electron equivalent as e-) )/(electron equivalent as 
oxygen (O))×(electron equivalent as oxygen (O))/(g substance)×(g 
substance)/(g COD)                                                                           (37) 
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Energy value calculation for one gram COD from methanol:  

(Energy value) / (electron equivalent as e-) = 41.88 kJ                        (38) 

(Electron equivalent as e-)/ (electron equivalent of (O)) =2                (39) 

(Electron equivalent)/ (g substance) =0.188                                       (40) 

(g substance)/ (g COD) = 0.67                                                           (41) 

(Energy value)/ (g COD) = 10.6kJ/ (g COD)                                    (42) 

Methane as electron donator:  

1/8 CO2+H++e-→1/8 CH4+1/4 H2 O      25.53 kJ/e-                      (43) 

1/4O2+ H++e-→1/2 H2 O                     -78.72 kJ/e-                         (44) 
------------------------------------------------------------------------------------------ 
1/8 CH4+1/4 O2→1/8 CO2+1/4 H2 O    -53.19 kJ/e-                      (45)  
The reaction is thermodynamically possible considering the resulted 
negative value. The energy value of one gram COD of methane is: 

(energy value )/(electron equvalent as e- )= 53.19 kJ                           (46) 

(electron equivalent as e-)/(electron equivalent of (O) )=2                  (47) 

(electron equivalent)/(g substance)= 0.5                                             (48) 

(g substance)/(g COD)= 0.25                                                             (49) 

(energy value)/(g COD)= 13.3kJ/(g COD)                                        (50) 

According to equations 42 and 50, the mean energy value of COD has 
been considered as 12 kJ/g COD (Fig. 2). However these values can be 
measured for other products depending on the dominating substance in 
the inflow of the facility. In the framework below the substrates fed into 
a MFC can be based on for instance glucose or acetate as nitrate and the 
energy value of 1 g of COD of these substrates can be measured as 
the above. 

Half reactions in the MFC containing glucose: 

(energy value)/(g COD) = 13.3kJ/(g COD)                                       (51) 

6O2+24H++ 24 e-→12 H2O                                                              (52) 

------------------------------------------------------------------------------------------ 

C6 H12 O6+6O2→6CO2+6H2O+electricity (exergy)                           (53) 

Half reactions in the MFC contain acetate: 

CH3COOH+2H2 O→2CO2+8H++8e-                                              (54) 

2O2+8H++8e-→4H2O                                                                       (55) 

------------------------------------------------------------------------------------------ 

CH3COOH+2O2→2CO2+ 2H2O+ electricity (exergy)                      (56) 

Influent COD to the wastewater treatment plant in general configuration 
in advanced wastewater treatment, first goes through the aerobic and 
anoxic processes for nitrification and denitirification processes. In case 
of phosphorous removal there will be anaerobic biological and/or 
chemical processes in the plant. Finally, there will be anaerobic sludge 
digestion with the aim of biogas production. The remaining COD which 
goes out from the treatment plant will be in two forms: either as inert 
COD in the effluent or as dewatered digested sludge.  

COD influent to a typical treatment plant is removed in different steps 
of the treatment processes and 28% of the input COD will end up in the 
effluent of the treatment plant (Fig. 3) (Hultman, 2010): 

- 8% of the influent COD is inert material which will end up in the 
effluent of the treatment plant. 

- 20% of the influent COD will be collected as the contents in the 
dewatered digested sludge. 
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- 72% of the influent COD will be removed in the biological and 
chemical processes in the treatment plant. In the anaerobic 
processes the COD removed will be collected as biogas. In anoxic 
treatment processes, 4 g COD per nitrate will be removed in the 
heterotrophic denitrification. Finally the COD removal in the 
aerobic treatment processes can be measured by influent COD 
minus all above removals.  

- Volume of 1 mole gas under standard state pH = 7, 1 atm, 0°C = 
22.4 L. 

- 1 g methane = 1.4 L 
- COD value of 1 g methane = 4 g COD/methane. 
- 1 L methane gas = (4 /1.4) g COD/L 
- Mean Gibb’s free energy of COD value of methane gas = 12 kJ/ 

(1 g COD) 
- Gibb’s free energy of 1 L methane gas = 4× 12/1.4 kJ = 34.286 

kJ/L = ((34.284/1000 MJ)/L)/ (3.6 MJ/MWh) = 0.0095 MWh/L 

COD removed in biogas: The following are to be considered in this 
part: Methane gas content of 1 L biogas is 2/3 of the volume. Therefore 
the above values should be multiplied with 2/3 in order to get values for 
biogas (Table 2). 

1.21. COD removal in anoxic processes  
COD will be removed during the anoxic processes of nitrogen removal, 
in the nitrification-denitrification and/or anammox processes. The 
nitrogen removed during these processes will be in the form of either 
sludge or gas phase (the former does not consume any COD) and can be 
assumed to have the following typical values (Hultman, 2010): 

1.22. Nitrogen as nitrate in the sludge phase 
- Nitrogen removed in the anammox reaction 
- Nitrogen removed by magnesium ammonium phosphate 
- Nitrogen removed as ammonia 

 

Fig. 2. Curve of exergy in 1 g COD for different organic 
substances as a function of the quotient TOC/COD. 
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  Fig. 3.  Typical COD flowchart in advanced wastewater 
treatment. 

- Nitrogen removed in digested sludge (assumed to be 0.45 g N/g TS 
removed as digested sludge)  

1.23. Nitrogen removed as gas (no COD consumption) 
Either as nitrogen gas during the denitrification and anammox processes 
or as free ammonia. Instead of measuring COD, treatment plants in 
Stockholm are trying to implement TOD measurement. COD 
measurements need materials which are toxic and therefore this index is 
being replaced by TOD. Hultman has also tried to relate the exergy 
concept to TSS and has introduced a new way of measurement to the 
treatment processes. 

1.24. Exergy calculation for a treatment plant using environmental data 
based on BOD measurements 

Treatment processes efficiencies can be assessed by measuring the 
amount of the BOD being removed; therefore, the following calculations 
can be considered in these kinds of units:  

1 g organic matter=1.39 g BOD5 
1 g organic matter=18.7 kJ exergy 

------------------------------------------------------------------------------ 

1 g BOD5=13.45 kJ exergy 

According to the typical values of removal mentioned above for COD, 
and considering the relationship between COD and BOD the 
calculations can be applied for data based on BOD measurements (BOD 
= 0.5 COD). 

Table 2 biogas energy values. 

COD value if one L biogas (2/3)×(4/1.4) 1.9 g 

Gibb’s free energy of 1 L 
biogas 

0.0095×(2/3)MWh/L 0.0063 MWh/L 

100% CODinflu 

28% CODeff 

20% COD dewatered digested 

sludge 

8% CODinert  

72% CODbiodegradable 

anoxic processes 
(nitrification-

denitrification & 
anammox) 

anearobic processes 
(biogas) 

aerobic processes 
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1 g biogas=43 kJ exergy 

There have been measurements for the exergy values of some of the 
products (McCarthy and Rittman, 2000).  

The exergy content in element with lower TOC/COD values is higher 
and this will get decreased as the TOC/COD ratio in the element 
increases (Fig. 3). Additionally, there is a correlation between the number 
of H in the element and the energy value per gram of the COD in the 
element (Fig. 4). 

1.25. Microbial Fuel Cell 

Electrochemical cells: The electro chemical reaction in which a 
substance is decomposed by the use of an electrical current is called 
electrolysis. In this cell the electrical energy converts into 
chemical energy. 

Galvanic cell is an electrochemical cell which the reactions in the 
electrode happen spontaneously (Hamann et al, 2007). The potential 
difference between the electrodes depends on the electron motive force 
(EMF) in the cell which is related to the free energy of the overall 
cell reaction.  

MFC mechanism: Like electrochemical cells, microbial fuel cell also is 
made up of anode and cathode. The bacteria inside the MFC use the 
substrate to turn ADP into ATP. During this process, the bacteria 
produce electrons and protons which can be used to run an electrical 
circuit to produce electricity. 

The electrons produced from the process of ATP production transfer 
from the anode to the cathode through an external electrical connection. 

The proton however travels through a semi permeable membrane to the 
cathode. In the cathode chamber, the electrons and the protons and 
oxygen together make water.  

In order to increase the power output of the MFC, the anode potential 
should be as negative as possible but electron transfer should be done 
still in this situation (Logan, 2008). The more H+ is produced out of the 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Substrate structure prediction by number of H in the 
molecular structure. 
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membrane of the cell, the more electricity can be achieved from the 
oxidation of the material. However if the redox potential of substrate 
and the anode electrode are too different the metabolism of the bacteria 
will be enhanced because the chemical potential which is needed to exist 
between the inside and outside of the membrane is provided by the 
anode instead of proton production by the cell itself. This leads to lower 
maximum attainable voltage by the MFC because there is less need to 
produce protons outside the cell membrane of the bacteria. 

In order to keep proton production of the cell high, the anode potential 
should be kept down but not lower than a specific limit because then the 
cell will go to fermentation respiration (Logan et al, 2006). The protons 
produced in the metabolism process are being used to move the turbine 
shape protein which is in the membrane of the cell to make ATP from 
ADP and pi. The electrons will attach to the final electron acceptors like 
for oxygen after passing through electron transfer chain (which takes 
them from a higher energy level to a lower energy level). Though, the 
final product of the respiration is water. This process of water 
production in bio-fuel cell has been taken deliberately to the cathode 
compartment. Therefore; the process of ATP production is then 
interrupted manually. This has led to less production of biomass 
comparing to aerobic respiration. (Logan et al, 2006) 

1.26. How to measure the amount of electricity being produced:  
The half reaction in each cell should be used to measure the amount of 
produced electricity which is called the electron motive force. Electron 

motive force or      shows the potential difference between the anode 
and the cathode can be calculated according to equation (Wall, 1977) 
which calculates the electron motive force in pH=7 as the pH of the 
cytoplasm is 7 (Jørgensen, 2001). 

Eemf = E0 - [RT/nFln(π)]                                                                    (57) 

E0= standard (pH=0) cell electron motive force 

R = 8.31447 J/mol-K the gas constant 

T = absolute temperature (◦K) 

n = number of electrons transferred 

F = 96.485 C/mol faraday’s constant  

Π = [products]P/[reactants]r                                                               (58) 

Products = reduced species 

Reactants = oxidized species 

Oxidized spices + e-→reduced species                                               (59) 

If these calculations are done with Gibbs free energy, the following will 
be in use: 

∆Gr = ∆Gr0+RT ln(π)                                                                       (60) 

∆Gr = the Gibbs free energy for the specific conditions (J)  

∆Gr0 = Gibbs free energy under standard conditions usually 298.15 K, 1 
bar pressure and 1 M concentration and pH=0 for all species  

Cell electron motive force is the potential difference between the 
cathode and anode. The work produced by the cell is calculated 
as follows: 

W = E0 Q = -∆Gr0                                                                             (61) 

Q = nF                                                                                               (62) 

The charged transferred in the reaction, expressed in coulomb (C) in 
which n is the number of electrons per reaction mol.  
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F = Faraday’s constant 9.64853×104 C/mol. 

E0 = -(∆Gr0)/nF                                                                                (63) 

The standard electron motive force changes to other states using the 
equation 57. The following can be achieved for the cell electron 
motive force:  

Eemf = Ecat - Ean                                                                             (64) 

For larger differences between the anode and cathode, the result output 
voltage will be higher. 

Cathode: Half reaction in cathode compartment can be as follows if the 
electron acceptor is oxygen and the cathode is placed in aerated water: 

O2+ 4H++4e-→2H2O                                         E0(v) = 1.229          (65) 

E0(v) = Standard cell electron motive force 
Cathode electrode can also be placed in the air.  

Anode: Wastewater is pumped into the anode compartment. The anode 
electrode can be graphite foams, reticulated vitreous carbon or graphite 
and electrons are transferred to the electrode using one of the electron 
transfer processes.  

The half reaction in the anode compartment depends on the substrate 
being used by the bacteria but the situation is usually anoxic. The anode 
reaction if the substrate be acetate is as follows: 

2HCO3
-+9H++8e-→CH3COO-+4H2O                E0(v) =0.187          (66) 

Carbon dioxide is produced as an oxidation production. 

1.27. Electron transfer process 
The outer surface of the cell wall in most type of the bacteria is non-
conductive made up of lipids peptidoglycan and lipopolysacharides and 
this layer hinders the electron transfer to the anode (Du et al, 2007). This 
non-conductivity is required to maintain the membrane potential on 
order to the production of ATP (Park and Zeikus, 2000). However there 
are types of bacteria which naturally have other means to transfer the 
electron to the anode. Therefore the electron transfer process to the 
anode from the bacteria can be classified as direct and indirect. In the 
indirect method the electron is transferred from the bacteria surface 
either through the conductive pili (nanowires) or mediators. Cyclic 
Voltammetry is a method to measure the electrochemical activity of the 
bacteria and it shows whether the bacteria are using the direct or indirect 
process in transferring the electron to the anode. If the substrate 
completely is oxidized by the bacteria and the produced electrons 
completely transferred to the anode, the efficiency of the microbial fuel 
cell (columbic efficiency) is the highest. Different bacteria have different 
methods to do this process. Bacteria which have been able to almost 
completely oxidize the substrate have been identified (Table 3) (Franks 
and Nevin, 2010). 

1.28. Mediators 
The outer layer of the majority of the microbial species is composed of 
non-conductive lipoid membrane peptidoglycan and lipopolysacharides 
that hinder the direct electron transfer to the anode. Cell mediators are 
materials which accelerate the transport of electron to the electrode. 
Electron mediators with more negative redox potentials provide higher 
driving force for electron transfer and consequently the amount of 
electricity produced by the reaction is higher. The concentration of the 
influent also has effect on the amount of electricity being produced. 
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Mediators in an oxidized state can easily be reduced by capturing the 
electrons from within the membrane. The mediators move across the 
membrane and release the electrons to the anode and become oxidized 
again in the bulk solution in the anodic chamber. This cyclic process 
accelerates electron transfer rate and thus increases the power output.  

1.29. Suitable mediators  
Suitable mediators are able to cross the cell membrane and are able to 
grab electrons from the electron carriers of the electron transfer chain. 
They possess a high electron reaction rate and additionally they solve 
well in the anolyte. They should be non-biodegradable and non-toxic to 
microbes and as cheap as possible. A mediator with the lowest redox 
would in theory give the lowest anodic redox and the maximum redox 
difference between anode and cathode. It would not necessarily be the 
most efficient at pulling electrons away from the reduced intracellular 
systems within the microbes. The toxicity and instability of synthetic 
mediators limit their applications in MFC. Some microbes can use 
naturally occurring compounds including microbial metabolites 
(endogenous mediators) as mediators. Mediatorless MFCs are 
advantageous in wastewater treatment and power generation because of 
high cost. For those microbes that do not readily release electrons to the 
anode, activation polarization is an energy barrier that can be overcome 
by adding mediators. 

Culture: Using complex mixed culture allows much wider substrate 
utilization. It means that MFC have much wider substrate specificity 
when mixed than do pure culture.  

In the mixed culture MFCs with anaerobic sludge, there are electrophiles, 
anodophiles and groups that use natural mediators together in the same 
chamber ( Logan et al, 2006).  

1.30. Activation polarization 
This concept is an activation energy that must be overcome by reacting 
species. Adsorption of reactant species, transfer of electrons across the 
double layer cell membrane, desorption of product species and the 
physical nature of the electrode surface all contribute to the activation 
polarization. A good MFC should minimize concentration polarization 
by enhancing mass transfer (Logan et al, 2006). 

1.31. Geobactersulfurreducens 
These bacteria are famous for its capability in reducing the metal ions 
like Fe3+ and Mn4+ considered as extra cellular electron acceptors. 
Geobactersulfurreducens can make biofilm on the anode and they are 
good in producing pilis or nanowires. These pilis are able to access the 
anode surface through the thick biofilm and transfer the electron directly 
to the anode. Pilis actually conduct electron through the biofilm. 
Electrons can also transfer to the anode by c-type cytochrom. 

Geobacter is low in c-type cytochrom. Selective pressure can be good in 
highly regulated, complex physiological media in order to make a desired 
microorganism. Several studies have demonstrated that the current 
densities of complex microbial communities in microbial fuel cells can 
increase over time or with serial transfer (Yi et al, 2009). 

1.32. Measuring MFC efficiency 
The surface area of cathode relative to that of anode and the surface of 
the membrane affects the power produced by the cell. The larger the size 
of the electrodes, the larger the electricity produced.  
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1.33. Columbic efficiency 
This concept shows the ratio between the amounts of coulomb 
transferred from the substrate to the anode compared to the maximum 
possible number of coulombs that can be extracted from the substrate 
(Logan et al, 2006). In other words it is an index which shows the cell 
ability to extract electron from a substrate (Sun et al, 2009). This amount 
is depended on the type of oxidizing microorganism and the type of the 
substrate. Different microorganisms have different methods in 
transferring electrons to the anode (Franks and Nevin, 2010). The 
columbic efficiency of a fuel cell that is run in batch mood is as follows 
(Franks and Nevin, 2010): 

εCb = (M    
  
 

)/(FbvAn ∆COD)                                                       (67) 

M = molecular weight of oxygen 32 

B = number of electron exchanged per mole of oxygen 

vAn = volume of liquid in the anode part 

tb = the time the process is being done  
∆COD = the difference between the input and output COD 
If the process is in continues mood the formula will be as follows: 
εCb = MI/Fbq∆COD                                                                          (68) 
q = the volumetric inflow to the anode compartment (Franks and 
Nevin, 2010): 
The pH in the anode changes as the oxidation process goes ahead in the 
anode compartment. The resulted electrons are accepted by anode but 
the protons produced will remain in the biofilm and cause the pH drop 
in it. The optimal activity of the biofilm however happens in the pH 
above 7. In order to keep pH in high level, a sort of buffer should be 
added to the anode compartment (Marcus et al, 2011). 

1.34. MFC application  
There are different applications recognized for Microbial Fuel Cell which 
is described below: 

MFC as sensor: BOD measurement is being done in a period of 5 days 
or higher and, therefore, the result of the analyses is not available for real 
time monitoring and process control (Di Lorenzo et al, 2009). However, 
there is sometimes a big need for having this information online for the 
present time. MFC can provide this opportunity if can correlate the 
column production of the device and the concentration of BOD in the 
sample. In order to achieve this goal the conceptual idea is to measure 
the COD of the sample and measure the columbic production of the cell 
and make a relationship for that sample. There has been shown on an 
experiment that there is a linear relationship between the coulomb 
production of a sample and the BOD content of it (Kim et al, 2003). It is 
important that a sensor constant in the process of operation in order to 
provide reliable measurements. Researchers in South Korea have 
announced that the MFC they are using has constantly been in operation 
during more than five years and therefore it has been a reliable 
measuring device which can be used to measure online BOD (Fig.5). 
The typical BOD measurement which is working according to DO 
measurements is not reliable due to nature of DO probes (Kim et 
al, 2003). 
Air cathode is better than two-chamber type, as the latter needs chemical 
regeneration of catolyte and aeration but the former is smaller, more 
compact and with lower operation costs. Another fact is that the range  
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Table 3 Comparison between columbic efficiency produced form 
three types of bacteria by oxidizing different substrate (Logan et 
al, 2006). 

Bacteria 
Columbic efficiency Material being 

oxidized 

Geothrixfementans 94% Acetate 

Geobacterspieces 100%, 84% Acetate, benzoate 

Rhodoferax 83% Oxidizing glucose 

of BOD that an MFC can measure depends on the amount of oxygen 
available in the cathode (operation efficiency of the cathode) that this is 
higher in the single chamber MFC with air cathode comparing two-
chamber MFCs (Kim et al, 2003). 

MFC for treatment: MFC can be used in denitrification and the 
electricity being produced can be used for electrochemical technologies 
in wastewater treatment. MFC can be coupled with a Microbial 
Electrolysis Cell in order to perform electrochemical treatments such as 
electro floatation, electro coagulation and electrochemical deposition 
technology for metal recovery or heavy metal effluent treatment (Chen, 
2004). Additionally, electrolysis cell can be used to produce hydrogen gas 
from wastes plus this device is more efficient compared to the 
fermentative hydrogen production method.  

Another study however has shown that the single chamber MFC with a 
producing reactors (Sun et al, 2009). In the electrolysis cell electricity is 
needed to combine the electron with the protons in the cathode in order 
to get the hydrogen gas. MFC can be used as the provider of this 
electricity for the MEC (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. BOD and Columb relationship (Kim et al, 2003). 
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The required voltage for MEC process is 0.6-0.8 V (Sun et al, 2009) 
(>0.2 V (Wang et al, 2011)). MFC is able to provide at most 0.4 V (Wang 
et al, 2011) energy and this makes it possible to use this device to 
provide energy for the MEC in combination with a fermentative H2 
production facility (Fig. 7) (Wang et al, 2011). In this way energy 
production and waste treatment can be implemented simultaneously 
(Sun et al, 2009). This combination will work more efficient with lower 
internal resistance and readily biodegradable substrates like volatile fatty 
acids (Sun et al, 2009). However, if enough voltage is not being produced 
for the MEC, COD regeneration will happen (Wang et al, 2011). In 
order to have more efficient facility it is possible to have MEC and MFC 
in different configurations (Fig. 8). Studies have shown that the 
combination of one MEC with two MFCs is the best (Table 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6. MFC-MEC couple configuration (Sun et al, 2008). 

 

 Fig. 7. Dark fermentation plus MEC-MFC coupled model (Wang et 
al, 2011). 
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Table 4 Performance comparison of hydrogen production of 
three different process (Wang et al, 2011). 
    Yield   Production rate, Q 

(((m
3
 H2)/m

3
 )/d) 

Energy efficiency, 
cellulose (%) 

Energy 
efficiency
, COD 
(%) 

Dark 
fermentation 
process MFC-
MEC 

14.3 mmol     
cellulose 

0.24 23 ------ 

Fermentation 10.1 mmol     
cellulose 

0.24 16 ------- 

Combination of 
two MFCs with 
one large MEC 

9.8 mmol     
COD 

0.28 -------- 19 

In MEC in the 
combination of 
two MFCs with 
one large MEC 

33.2 mmol     
COD 

0.48 -------- 64 

1.35. MFC for electricity production 
If MFC is put to series and parallel configuration the electricity produced 
can be increased and using convertor it can be changed into AC 
electricity. Connecting MFCs in series leads to increase in voltage 
production and their parallel connection leads to increase in the current 
production. Consequently in both configurations the power production 
will increase. However, the efficiency of the MEC will be higher as the 
input voltage increases therefore the serial shape will be more effective 
when it is used with the MEC. In combined configurations, the electron 
produced from the anode in a MFC will not be used in the cathode of 
that MFC but it goes to the cathode in the next MFC (Sun et al, 2009). 
However, real world application of this device is limited because of the 
low power density level of several thousand MW/m2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. MEC with two MFCs     A) in series     B) in parallel (Sun et 
al, 2009). 
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1.36. Benchmarking 
Benchmarking is a management process in which an organization 
compares its processes with the other organizations that the same 
processes have been done successfully in order to improve their own 
processes. The implementation of continues benchmarking helps the 
manager to operate their facilities in a cost effective way (EWA and 
DWA, 2009). Benchmarking in organizations can be implemented 
considering processes or using metric benchmarking. Metric 
benchmarking considered the overall business in case of development in 
quality, environmental development or costs during a specific period of 
time but the process benchmarking is focusing on each process in 
a facility. 

Considering the latter, the organization first should find the problematic 
process. Then other organizations should be specified which are 
implementing similar process successfully and try to find out what are 
the measures and practices they are doing on that process and implement 
those practices on their own processes to get the same results. In order 
to assess the quality of the data and the value of the given information, 
the concept of performance indicators (pi) can be used which have been 
introduced by IWA and is a concept which helps to identify the best 
practices (EWA and DWA, 2009). For example, in case of investment 
costs, the process indicators can be calculated based on formalized 
transformation of investment into capital costs and this has been 
understood through the cost and investment benchmarking that there is 
a correlation between capital cost, low operating costs and treatment 
efficiency costs. 

In this study, it has been tried to compare treatment plants considering 
exergy in order to improve their operations and decrease electricity 
consumption (e.g. Austria has been able to decrease electrical energy use 
by 30% through this method (Jonasson, 2007)). The chemicals added to 
the treatment processes also can be considered as energy consumption 
of the overall process. The major energy contain chemical is of course 
the external carbon sources used in processes like denitrification.  

The most common carbon sources being used in Europe are ethanol, 
methanol and glycol. In the chemical phosphorous removal the cost for 
the chemicals (metal salts) are high (Jonasson, 2007). Other materials 
used are lime and polymers. The energy benchmarking shows its 
importance for example in the lime consumption amounts which this is 
being understood that usage of lime on the sludge decreases the energy 
extractable from the sludge therefore the less the lime is being used for 
the sludge treatment processes the more energy can be extracted for the 
organic material in the sludge and this makes the processes more cost 
effective (Jonasson, 2007). Larger plants are able to use energy more 
efficiently than smaller plants considering population equivalent. 
Benchmarking between treatment plants in Austria and Sweden has also 
showed that the stringent characteristics of the effluent also make the 
energy consumption higher in the countries like Sweden with sensitive 
water bodies.  

2. MATERIAL AND METHODS  

The first step of the experiment started with the design of the simplest 
possible microbial fuel cell in order to make a biofilm grow on the anode 
electrode (Fig. 9). The duration of this step was 5 weeks. In the second 
step the process repeated with the grown biofilm on the anode. Duration 
of this step was 24 hours. The electrodes were cut out from carbon cloth  
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as this material showed 0   resistances which is an advantage comparing 
to other materials (Fig. 10). The solution made in 250 ml boiled distilled 
water in order to make an anaerobic situation in the anode. In order to 
have a bacterial growth on the electrode, the bacteria from UASB in the 
Käppalla treatment plant in Stockholm were used.  

A solution was prepared for anode in the first step of the experiment 
(Table 5). The volume of both anode and cathode compartments were 
130 ml. According to equation 55, one mole glucose equals to 6 mole 
oxygen. Therefore, the COD value of the anode solution at the 
beginning of the experiment can be calculated as following: 

Molar weight of the glucose = 180 g 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Microbial fuel cell configurations. 

 

 

Fig. 10. Carbon cloth electrode 
configurations. 
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Table 5 Material used in the solution of supply to anode part in 
the first step of the experiment. 

material amount 

Distilled water 250 ml 

NH4HCO3 0,05 gr 

KH2PO4 0,9 gr 

MgSO4 0,025 gr 

NaCl 0,0025 gr 

Na2MoO4 0,0025 gr 

CaCl2 0,0025 gr 

MnSo4 0,00375 gr 

FeCl2 0,000695 gr 

Yeast 0,5 gr 

glucose 1,25 gr 

Glucose concentration in the anode compartment:  (1,25 g)/(250 ml) = 
5000 mg/l .      

5 g/l ÷ 180 g/ (mol glucose) = 27.8 ×10 -3(mol)/l    glucose. 

27.8 ×10-3 (mol)/l  glucose ×6 mole O2 = 1/6 mole O2/l solution. 

1/6×32 = 5.3 g O2/l = 5333mg/l COD. 

The anode solution after a period of 5 weeks has the COD value of 650 
mg/l. Comparing the COD value 5333 mg/l at the beginning and 650 
mg/l at the end the COD removal in the anaerobic situation in the 
anode compartment has been about 4653 mg/l (about 88% removal). 

After 5 weeks the solution were renewed in the anode compartment 
(Fig. 11, 12). The cathode solution made from a 10 mM solution of 
permanganate ((0.395) g in 250 ml distilled water). The salt bridge were 
prepared by adding agar to hot distilled water (100gr/l). This solution 
was saturated with salt (NaCl) and poured in to the tube and left for one 
night to get dried. The pH was measured for cathode and anode prior to 
running the cell (Table 6). 

The higher difference between the pH in anode and cathode solutions 
makes the proton transfer easier and it can be one criterion to improve 
electron production in the process. However, there is a limit for this 
difference. All the spaces between the compartments where sealed using 
hot glue which could be removed from the device for the next step of 
the experiment. A resistance of 560  was put in the circuit with the 
anode and cathode and the device left in the lab for 5 weeks. 

After 5 weeks the solution in the cathode part became almost colorless. 
That is because the KMnO4 had turned into MnO2 according to the 
following equation: 

MnO4
-+4H++3e-→MnO2+2H2O                                                      (70) 

There were gas bulbs in the anode part after 5 weeks. The solution was 
renewed in the anode part meanwhile a layer of gloomy biofilm could be 
seen on the anode electrode. The device left for one night before the 
amperage and voltage measurement process. 

Table 6 pH value in anolyte and catolyte solution prior to start 
of the experiment. 
anode 5.87 

cathode 7.32 
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Table 7 energy values of two types of food products according 
to the data written on their package. 
Energy content 
juice 146 kJ/34 kcal per 100 ml 

carbohydrate 8.4 g 

other 0 

Energy content milk Arla 3.5% 

Fat 3 g     =51 kJ 

Carbohydrate 5 g     =85 kJ 

Protein 3.3 g     =122.1 kJ 

There were gas bulbs in the anode part after 5 weeks. The solution was 
renewed in the anode part meanwhile a layer of gloomy biofilm could be 
seen on the anode electrode. The device left for one night before the 
amperage and voltage measurement process. 

2.1. COD measurements of food products 
In this part of the experiment the COD content of the type of juice and 
milk (3.5% fat) were measured using cuvette tests (HACH DR/2010 
Spectrophotometer). The energy values of juice as well as the milk stated 
on the packages (Table 7) were compared with the measured values of 
COD content. 

3. RESULTS AND DISCUSSION 

The microbial fuel cell left for 5 weeks to get the biofilm and after this 
time it re-runned again. The following graphs are the products of the 
measurement of the amperage and the voltage over the resistance in the 
circuit. According to the following calculations about 3.846 mA/m2 
could be produced from this microbial fuel cell. The average amperage 
produced from the microbial fuel cell is 3 microampere (Fig.11) which 
can be evaluated as following: 

1.3 × 6 = 7.8 cm2=7.8×10-4 m2                                                          (71) 

(3 μA) / (7.8 ×10-4  m2 )=3.846 mA/m2                                             (72) 

This amount of the electricity production is equal to 4653 mg/l COD 
removal during the experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 11. Amperage produced from the microbial fuel cell. 
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The average amount of the voltage produced from the microbial fuel cell 
was around 1.5 microvolt (Fig. 12). In the food products measurements 
achieved has given the following results: The COD measured for a 
solution of 10 g/l of juice sample was 1212 mg/l. COD value of the 
diluted milk (1 mg/l) was equal to 186 mg/l.  

According to the energy label on the sample package the energy value of 
100 g sample is 146 kJ. If it is considered to be a linear correlation 
between the COD content and the weight of the sample, 100 g sample 
will have 12120 mg/l COD. 100 g sample juice corresponds to 146 kJ 
energy, 8.4 g carbohydrate (Table 7), and 12120 mg/l COD; therefore, 
one gram carbohydrate in this sample juice corresponds to 12.120/8.4 = 
1.44 COD. 

The milk solution was diluted till 0.001 mg/l. The COD measured for 
this solution was 186 mg/l. The energy values for milk on the package 
were as following: 

100 ml milk has 258.1kj   260 kJ 

Meanwhile 0.001 mg/l milk corresponds to 186 mg/l COD, which 
means 100 g milk corresponds to 105 × 186 g COD.  

4. CONCLUSIONS  

Human life should be as sustainable as possible. The changes caused by 
human activities made on the environment should be decreased. In order 
to do this these changes should be measured and manipulated. In this 
way the concept of exergy is useful (Wall, 1977) and it can be used in the 
benchmarking activities to improve the treatment facilities and decrease 
their energy consumptions. 

The microbial fuel cell made in this thesis work could produce  
reasonable amount of energy compared to its elementary construction 
design. The 88% COD removal during the experiment were equal to 
3.846 mA/m2.  

 

Fig. 12. Voltage produced from the microbial fuel cell. 
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In order to conclude about the results on the food calculations and the 
relationship between the COD values and the fat, carbohydrate and 
protein content of the food there is a need to have more samples to run 
the COD measurement method. These two samples were not enough to 
gain a reliable result.  
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