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Abstract  The EU-funded project òPOWERSTEPó aims on a full scale demon-

stration of energy positive sewage treatment plant concepts t o-

wards market penetration. In different case studies, innovative 

technologies for waste water treatment plants (WWTP) are deve l-

oped, deployed and assessed. In the domain of heat -to -power 

technologies, the heat and power cogeneration plant (CHP) of a 

WWTP in Braunschweig, Germany was equipped with a thermo e-

lectric genera tor (TEG) in order to boost the electrical efficiency of 

the CHP. This report summarizes the work that has been performed 

in TEG development and deployment at the case study site in 

Braunschweig; it performs a comparative analysis with an 

SRC/ORC unit and finally provides the technical and economical 

performances of options for full -scale heat electricity conversion in 

WWTP. 
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Executive summary  

The EU-funded project òPOWERSTEPó aims on a full scale demonstration of energy pos i-

tive sewage treatment plant concepts towards market penetration. In different case 

studies, innovative technologies for waste water treatment plants (WWTP) are deve l-

oped, deployed and assessed.  

This report introduce s different heat -to -power technologies; it described in detail the 

design and manufacturing and field deployment of a TEG for the CHP installation in 

Braunschweig and it concludes with a comparative technico -economical analysis of 

the two technol ogies of t hermoele c tric conversion and Rankine cycle (ORC/SRC).  

The construction and design of the thermoelectric generator has been closely aligned 

with the CHP system of the case study site in Braunschweig. One of the main important 

topics was the selection of the  right thermoelectric material for the application te m-

perature range: High performance Bi 2Te3 was chosen to be the best solution for exhaust 

gas temperatures of 450°C -180°C and coolant temperatures of 60 -80°C. For the pilot 

integration, several possible po sitions on the exhaust line have been studied and mea s-

urement electronics along with a saf ety concept have been developed and d e-

ployed. The final implementation and field test s lead to important insights on practical 

issues, like the operation in harsh industrial environment  and more . The lessons learned 

give  an important input for the future  development of TEG.  

The comparative technico -economical analysis based on the Braunschweig scenario 

showed, that the  TE-technology allows raising the CHP electrical yield by +1.5  %. Assum-

ing a future specific investment cost of 4  000 EUR/kWel, it is expected to amortize in a p-

proximately 5.3 years. As today some prototype part costs are still more than 10 times 

higher th an targeted, the authors expect that a significant impact is needed from high 

volume markets in order to reach into the target cost ranges for this application  class. 

The supply chain for the technology is still under development  and  the main bui lding 

blocks are heat exchangers, thermoelectric modules and power electronics.  

In direct comparison with SRC/ORC technology, potential main benefits of thermoele c-

trics are low investment costs as well as the low operation and maintenance cost. The 

levelized cost of electricity production from the TEG could be around 15  ct/kWh (with a 

utilization of 4  207 h/a).  

For the studied CHP si ze of 710  kWel, using SRC potentially outperforms the TEG by a fa c-

tor of 4 -5 in electricity production. The electrical yield improvement could reach up to 

+6 % for SRC or even +8  % in case of usage of an ORC. Despite the fact , that both i n-

vestment costs and maintenance costs are higher than for TEG, new ORC technology 

could allow reaching a levelized cost of electricity of 5.5 to 8.9  ct/kWh. However, exis t-

ing ORC implementations like in WWTP Hetlingen can also range at higher values with 

20 ct/kWh (with a uti lization of 2  500 h/a).  

It can be concluded that a future TEG would be based in a competitive cost range 

among electricity production from Biogas technology; however, as explained above 

the latest ORC technology could be potentially cheaper and more effect ive in this a p-

plication class. The results may give a first indication that TEG is a technology that is f a-

vourable for smaller CHPs.   
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1. Introduction  

The implementation of safe and efficient wastewater treatment systems is essential to 

satisfy the global wate r demand, safeguard the environment, protect public health 

and meet sustainability goals. Energy -positive wastewater treatment plants (WWTPs) 

create an enabling environment for greener, smarter and more circular cities.  

The EU-funded project òPOWERSTEPó [1]  aims on a full scale demonstration of energy 

positive sewage treatment plant concepts towards market penetration. In different 

case studies, innovative technologies for WWTP are developed, deployed and a s-

sessed. 

In the domain  of heat -to -power (H2P) technologies, the heat and po wer cogeneration 

plant (CHP) of a  WWTP in Braunschweig, Germany wa s equipped with a thermoelectric 

generator (TEG) in order to boost the electrical efficiency of the CHP . The motivation 

wa s to make use o f excess heat at WWTP, which frequently have net surplus heat from 

CHP operation. The goal w as to demonstrate the new technology of TEG at a WWTP -

CHP (design, oper a tion, performance) and to meet the challenge of choosing the co r-

rect design for  the  availabl e temperature levels.  In parallel the pe rformance data of a 

comparable  Rankine cycle unit was  investigated as an alternative means to generate 

electricity from heat  and to compare economic feasibility/payback between the H2P 

approaches . 

This report summari zes the work that has been performed in TEG development and d e-

ployment at the case study site in Braunschweig , it performs a comparative analysis 

with an SRC/ORC unit  and finally provides the  technic al and economic al  performances  

of options for full-scale heat electricity conversion in WWTP . 

1.1. Cogeneration of heat and power  

The method of cogeneration of heat and power (CHP) is a key solution to improve e n-

ergy efficiency and thus to reduce CO 2 emissions. This following introduction was orig i-

nally published in [2]  and [3] . 

A CHP plant consists of an electrical generator combined with equipment for recove r-

ing and using the heat produced by that generator. The generator can  be a prime 

mover such as a gas tu rbine or a reciprocating engine. Alternatively, it may consist of a 

steam turbine generating power from high -pressure steam produced in a boiler.  

Gas-engine CHP packages are available in a range of electrical outputs ð from less 

than 50  kWel to around 1 000 kWel. The electrical generating efficiency of these pac k-

ages is typically around 30  %, and units can be operated at reduced load with very 

little drop in engine efficiency. The ratio of recovered heat to electricity generated in a 

gas-engine package is t ypically around 1.5:1.  

The gas engines used in CHP packages are internal combustion engines that operate 

on the same familiar principles as the engines in vehicles: they use spark plugs to ignite 

the fuel in the engine and are sometimes referred to as ôspark-ignition enginesõ. These 

engines have been designed for operation on a gaseous fuel, most commonly natural 

gas. Many engines can operate on supply pressures as low as 0.1  bar gauge (barg), the 

pressure at which gas is usually available from the gas supp ly system. In situations where 
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the gas pressure is inadequate, a small pressure booster unit can be installed as part of 

the CHP package.  

Since the CHP engine drives an electrical alternator, the engine must be designed to 

operate at constant speed and at  exactly the same frequency as the mains supply, 

even though the fuel input and electrical output of the CHP package may be variable. 

The gas engines used in CHP packages typically operate at 1  500 rpm: units above 

1.3 MWel may operate at 1  000 rpm.  

Engine s and their lubricating oil must be cooled to prevent overheating. This cooling 

system provides heat in the form of hot water, which is produced whenever the engine 

is running, irrespective of whether or not it can be used. In a packaged CHP unit, the 

engi ne/lubricating oil cooling system is usually connected to a heat exchanger that 

also recovers heat from the engine exhaust  gases . This helps to maximise the combined 

thermal and electrical efficiency of the engine. Cooling system heat and exhaust heat 

are recovered in roughly equal proportions from a gas engine CHP package. The heat 

from the engine is typically recovered at around 80  °C, but some engines can operate 

using pressurised hot water, which delivers heat at up to 120  °C. The exhaust gas, which 

is used as an additional heat source, may vary in a wide temperatures range from 450 -

650°C, depending on the engine type and fuel.  

If the recovered heat is not all required by the site, the surplus must be dissipated using 

a cooling system. Alternatively, the  power output must be modulated to match the 

heat demand. The cooling system is similar in principle to a vehicle engineõs radiator 

and needs to be of sufficient capacity to maintain the flow of water to the engine at 

the correct temperature. All engines a re equipped with automatic controls, which shut 

down the engine if it starts to overheat.  

Gas engines vibrate, and the package design usually incorporates supports to dampen 

the effect of any vibrations on the floor beneath the package and on pipework. Th e 

noise levels from gas engines can also be a nuisance, particularly if the noise resonates 

within a building, and nearly all CHP packages are designed to act as effective acou s-

tic enclosures to limit this problem. The enclosure itself is ventilated to avo id overhea t-

ing.  

All engines have moving parts, some of which suffer gradual wear and, therefore, r e-

quire maintenance or replacement at regular intervals. Some of the routine maint e-

nance tasks may be carried out while the engine is operating, but regular s hutdowns for 

maintenance and servicing are also required. The total downtime is not excessive and 

high levels of engine availability can be achieved (typically 90  %). 

1.2. Heat to power technologies  overview  

The term h eat to power technolog ies (H2P) summarizes the technologies that can be 

used to convert heat into other kinds of power, e.g. into mechanical or electrical po w-

er. 

In the context of a CHP with internal combustion engine the most widespread source of 

heat being utilized for H2P is the exhaust heat of the engine. Although the engines in 

power generation which are already very efficient they still have a significant waste 
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heat power flow that can be exploited to achieve an even higher electrical  and/or 

mechanical  output.  The following two technologies ar e discussed in this  document . 

1.2.1. Rankine cycle  

The most wide spread technology for H2P is the Rankine cycle . It can be considered as 

a heat engine with a vapour power cycle. The common working fluid is wa ter  (SRC) or 

organic fluids  (ORC) . Power can be extract ed either electrically, using a generator set, 

or mechanically, by directly applying  the rot a tion of the turbine. The vapour power c y-

cle consists out of four main steps as shown in  Figure 1. 

 

Figure 1: Schematic diagram of Rankine cycle  [4] .  

They can be explained  as follows:  

Step 1 to 2: Isentropic expansion inside a steam turbine - An  isentropic process, in which 

the entropy of working fluid remains constant.  Steam expansion causes movement of 

the turbine and thus allows extracting mechanical energy.  

Step 2 to 3: Isobaric heat rejection in a c ondenser  unit - An isobaric process, in which 

the pressure of working fluid  remains constant.  

3 to 4: Isentropic compre ssion by a p ump  - During the isentropic compression process, 

external work is done on the working fluid by means of pumping  operation.  

4 to 1: Isobaric heat supply using a s team generator or boiler  - During this process, the 

heat from the high temperature source  (=CHP exhaust)  is added to the working fluid to 

convert it into superheated steam.  

1.2.2. Thermoelectric conversion  

Another technology for H2P is the thermoelectric conversion. The thermoelectric effect  

was discovered in 1821 by Thomas Johann Seebeck. He o bserved that a temperature 

difference between two dissimilar electrical conductors or semiconductors produces a 

voltage difference between the two substances.  Ever since the ratio between the ge n-
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erated voltage and the causing temperature difference is call ed the Seebeck -

coefficient.  

Modern society uses thermo electrics mostly for electrical cooling applications like small, 

portable refrigerators, cooling boxes, or chip coolers in telecommunications. In deep 

space applications so called radioisotope thermoele ctric generator s (RTGs) have been 

successfully deployed to convert heat from radioactive decay into electricity in order 

to power satellites during their mission [5] . 

In more recent times, the automotive industry has discovered  that the technology of 

converting heat -to -power by thermoelectrical conversion could allow to save fuel and 

to reduce the CO 2 emissions of modern passenger cars or trucks. Today, large R&D e f-

forts aim on developing the right materials and robust, cost -eff icient designs to establish 

thermoelectric generators as automotive standard components  [6] , [7] , [8] , [9] , [10] . 

The main technological benefits are compactness, low weight, scalability and a 

maintenance -free  operation.  

Thermoelectrics are typically applied in the form of modules (TE -modules). They consist  

out of n - and p -type  TE materials (legs) which are connect ed thermally in parallel and 

electrically in series. The waste heat is converted by creating  a heat flow through the TE 

module  (Figure 2) which generates an electrical current. The electrical connection b e-

tween the  TE legs is realized by brazing  or soldering the legs onto a ceramic carrier su b-

strate with metallic conductor pads . The numbers and dimensions of the TE legs differ 

according to the intended application of the module.  The correct TE-material choice is 

strongly depending on the operation temperatures of the modules (see chapter 

3.2.2.3). 

 

Figure 2: Thermoelectric module design by Fraunhofer IPM  

1.3. Case study  overview  

The WWTP in Braunschwei g (Figure 3) was built in 1979  and upgraded several  times 

(1986, 1991, 2001). It is located in the suburb Braunschweig Steinhof, in the north of the 

city and is connected to approx. 140  000 households, treating 350  000 PE or 22 billion 

cubic meters of waste water per year  [11] . This number includes the leachate water 

from the nearby landfill site in Watenbüttel.  
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Figure 3: Waste water treatment plant (WWTP) in Braunschweig  [11] .  

From the mechanical and biological treatment of sewage  and leachate water , the 

WWTP produces large amounts of sludge which is converted to biogas in anaerobic 

digestion and then co -fired  in a CHP together with  landfill gas from Watenbüttel  and 

bio gas from an attached composting facility . 

The heat and electrical energy produced by  the CHP plant are either consumed d i-

rec tly on site, or sold/ fed into the available grid. Please see the POWERSTEP deliverable 

3.4 òRecommendations for im proved energy management at waste water treatment 

plantsó for details on optimal usage strategies . 

The Braunschweig cogeneration plant was built  in1991 and last modernized  2009. It in-

cludes  four 16-cylinder gas engines  / CHP units (Figure 4) that can be selectively ope r-

ated  in order to ensure maximum fl exibility . In sum the theoretical total capacity is  

2.84 MWh el and 2.72 MWh th (when utilising exhaust gas heat exchangers) . To reach an  

optimal co mbustion, the methane content of the gas is adjusted by mixing  biogas and 

landfill gas . The target methane content is  min.  50 % (lean burn) . Today the plant ope r-

ation is mostly based on the electricity  demand.  

 

Figure 4: Four 16 -cylinder gas engines  (CHP units) installed in the CHP plant in Braunschweig . 
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Today , according to the manufacturer MWM , the efficiency reached by one  CHP unit is 

approximately  41.5 % in electricity production and 39.7 % in the production of useful 

heat. The useful heat can be split into 355 kWth from engine cooling and 330 kWth from 

exhaust gas heat,  which is  generated by cooling the gas from 450  °C to 180  °C with an 

exhaust gas heat exchanger . The heat to  power  ratio  (H/ P) of the unit  is 0.957 which 

represen ts a high electrical efficiency in compare to the state -of -art  CHPs. By integra t-

ing novel heat to power technologies like SRC, ORC or TEG into the exhaust line of the 

CHP unit, this ratio can be further  improved, thus resulting into a longer, electrically 

more efficient, operation when supplying a given heat demand.  
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2. Rankine cycle  unit  

The Rankine cycle unit that had been installed in Braunschweig was developed by the 

company CONPOWER Technik Projekt GmbH & Co. KG  in Kaufungen. The operation is 

based on a high temperature steam Rankine cycle (HT -SRC) using a 4-cyclinder piston 

expander ( Figure 5). The major benefit of using water as a medium for producing s u-

perheated steam is that it can be directly evaporated witho ut intermediate thermo -oil 

circuit  using evaporati on temperatures of up -to 500  °C [12] . This allows raising the  ove r-

all  efficiency. In the installation, the  direct -evaporator is place instead of conventional 

exhaust gas heat exc hanger  of one CHP unit  (see cha p ter  3.2.1for tec hnical data).  

 

Figure 5: HT SRC unit with 4 -cylinder piston expander.  

The unit in Braunschweig was designed to work in combination with the  MWM TCG 

2016C V16 engine installed in the CHP . The target  performance data of the HT -SCR is 

given in Table 1. The underlying technical parameters are given in Table 2. 

Table 1: Target performance of HT -SCR system 

Heat input  ~282 kWth (+80 kWth heat collect system)  

Heat output  ~305 kWth 

Electricity production  ~43 kWel 

Conversion efficiency (electricity/heat input)  ~15 % 

Unfortunately the suppli er had to file for bankruptcy before the system was put in ope r-

ation. In chapter 4 the target performance will compared against other heat -2-power 

systems. 
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Table 2: Technical parameters o f HT-SCR system 

Input exhaust gas temperature  ~ 450 °C 

Output exhaust gas temperature (target)  ~ 180 °C 

Mass flow exhaust gas side  ~ 3,746 kg/h  

Backpressure exhaust gas side (max.)  20 mbar  

Exhaust gas medium  Exhaust gas from natural gas firing  

Input c oolant temperature  45 - 65 °C 

Output coolant temperature (target)  85 °C 

Volume flow coolant side  11.1 m³/h  

Backpressure coolant side (max.)  100 mbar  

Coolant medium  Water (H 2O)  
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3. Thermo-electrical generator for CHP  

Beginning with a general introduction  to thermoelectric generators for CHP this chapter 

explains the design of the TEG unit applied in Braunschweig.  

3.1. General aspects  

The application of thermoelectric generators to cogeneration plants using reciproca t-

ing engines is a logical supplement to the recent developments of the automotive i n-

dustry . Whilst a pa ssenger car or truck presents a very harsh operational environment 

with very dynamic te mperature changes, extreme absolute temperatures , strong vibr a-

tions, shocks and corrosive media, the st a tionary  application of a TEG in a CHP seems 

to be  much  less demanding . However, t he major difference to the automotive industry 

is the operation time . For a CHP applic a tion, this could be as much as 8  500 hrs per 

year.  

In case of CHP based on reciprocating engine s, the t hermo -electric generators (TEG) 

are installed into the exhaust line  replacing the existing exhaust gas heat exchangers  

(see chapter 1.1).  

  

Figure 6: TEG integration in CHP  (left: conventional CHP; right: CHP with TEG)  

The reciprocating engines of biogas fed CHP are constructed very similar to industrial 

gasoline engines. They are widely spread for the use in biogas plants, as the technology 

is very well established and robust.  Their operating time can reach up to 8 500 hrs per 

year.  The overall energy efficiency is typically  around 80  % [3] , proofing  the systems  to 

be  very efficient  against their competition (e.g. stirling engine s, gas  turbine s).  

The main drawback of the technology is the required maintenance: Every 2  500 to 

4 000 hrs a servicing of the engine has to take place in order to change engine oil, fi l-

ters, sparking plugs, pistons etc . [13] .  

With regard to the  heat exchanger s installed in the exhaust line, sooting  and the  dep o-

sition of oil and sulfurous residuals  require a cleaning interval of approximately every 

10 000 hrs. Continuous operation without servicing will lead to a loss in overall efficiency, 

incre ased backpressure and in worst case, engine failure.  
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3.2. Design  of the  TEG unit 

3.2.1. Requirements analysis  

Prior to the design of the TEG unit, the existing situation in Braunschweig was analysed. 

The CHP plant in Braunschweig Steinhof was installed in 2005 by the Mannheim based 

company MWM. MWM develop s products, services, and technologies for decentralized 

energy supply with gas engines.  The technical data of the installation called ò50Hz PT 

20128 KA Braunschweigó is listed in [14] . 

The basic requirements of the resulting  full scale  TEG system to be installed on one e n-

gine exhaust can be derived directly from the existing heat exchang er. With a size of 

3.65x0.51x0.85 m³ and  a dry weight of 510  kg, t he nominal thermal power  provided by  

the APROVIS heat exchanger  is 331 kWth, resulting from a temperature decrement of 

exhaust gas from 450  °C to 180  °C at an exhaust gas mass flow rate of 3  944 kg/h.  Ca l-

culated from these values the thermal efficiency of one unit is approximately 73 %. The 

ma ximum allowed backpressure on the exhaust side is 11  mbar. On the coolant side 

the input temperature is 8 0 °C. The coolant medium is water.  Figure 7 shows the heat 

exchanger installed in Braunschweig Steinhof.  

 

Figure 7: Exhaust gas heat exchanger of CHP 

As the full -scale TEG is intended to fully replace th is exhaust gas heat exchanger, the 

thermal requirements can be concluded to be as follows:  
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Table 3: Thermoelectr ic generator thermal requirements  

Input exhaust gas temperature  450 °C 

Output exhaust gas temperature  (target)  180 °C 

Mass flow exhaust gas side  3 944 kg/h  

Backpressure exhaust gas side  (max.)  11 mbar  

Exhaust gas medium  Combustion gas (CO 2, H2O, N 2, é) 

Input coolant temperature  80 °C 

Output coolant temperature (target)  90 °C 

Volume flow coolant side  29.4 m³/h  

Backpressure coolant side (max.)  80 mbar  

Coolant medium  Water (H 2O)  

 

The exhaust gas composition is monitored on an annual basis by DEKRA. T he following 

table shows the results for  the year 2015.   

Table 4 Exhaust gas analysis of CHP module 1  [15]  

Parameter  Mean con-
centration  

Maximum 
concentration  

Concentration 
Limit  

Mean 
mass 
flow  

Max 
mass 
f low  

Mass 
flow 
limit  

 [g/m³]  [g/m³]  [g/m³]  [kg/h]  [kg/h]  [kg/h]  

NOx as NO2  0.45 0.48 0.5 1.012 1.068 - 

CO  0.025 0.025 0.65 0.057 0.057 - 

SOx as SO2 0.002 0.004 0.31 <0.005 0.009 - 

Formaldehyd  0.010 0.011 0.06 0.023 0.025 - 

 [mg/m³]  [mg/m³]  [mg/m³]  [g/ h]  [g/h]  [g/h]  

Cancerous 

substances 1 

< 0.3 < 0.3 1 0.31 <0.31 - 

HF 0.6 0.7 - 1.3 1.5 15 

HCL 1.3 2.1 - 2.9 4.8 150 

 Benzol, Vinylchlorid, 1,2 Dichlorethan, Trichlorethan 
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3.2.2. Thermal/mechanical concept  

3.2.2.1 Modular design  approach  

To ensure scalab ility and design  flexibility,  the Fraunhofer  IPM concept for building  a  

TEG for CHP applications follow s a modular design approach. Initially developed in the 

TEWAB-Project funded by Badenova Innovationfonds  [16]  , th is modular approach has 

be en carried over to other CHP  project s. 

 

Figure 8: Simulations of the m odular design concept; (Left: Single TEG -unit; Right: 3 TEG-units in 

serial configuration)  

A single TEG-unit consists out of an exhaust gas heat collector, a he at spreader, TE 

module (s) and the cold side  (Figure 8). Typically it also includ es a cooler that is not 

shown in this figure . The TEG units can be operated either in parallel or in a serial confi g-

uration.  The later  configuration allows  individual matching of  the thermoelectric mat e-

rial an d temperatures for each stage of the TEG as the gas temperature naturally drops 

in the flow direction  when heat is extracted . 

As a first result of the  TE-BHKW project  [17]  arrays of  four  TE-modules will be  integrated 

on the heat collector device . The heat spreader function is directly  integrated  into the 

heat collectors  by using thermally highly conductive material s like copper . For the EU-

funded TE-BHKW project, the  heat collector geometry was ana lysed,  optimised by CFD 

analysis and later validated by bench tests.  
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Figure 9: 3 Stage TEG concept for an 8kW Micro -CHP (Source: TE-BHKW project)  

The optimised heat collector geometry was also implemented in the Powerstep project 

and will be explained in the following chapters.  

3.2.2.2 Heat transfer  

The process of heat transfer  inside a thermoelectric generator unit is significantly diffe r-

ent from a classical heat exchanger.  As the heat has to pass through the semiconduc t-

ing material of the thermoelectric conversion layer , the heat transfer capability of a TEG 

is in general lower in compare to  a classical heat exchange device . 

The VDI Heat Atlas  [18]  describes the schematic diagram  of a heat exchanger and its 

main parameters as shown in Figure 10. 

 

Figure 10: Schematic diagram of a heat exchanger  [18]  

Its input and output  parameters  are the mass flow  rate s ὓ , ὓ , the heat capacities 

rates ὡ , ὡ , the specific enthalpies h1, h2 and the temperatures T1, T2. The heat transfer 

coefficient k and the surface area A are variables to quantify the heat exchange.  

When introducing a thermoelectri c conversion layer into a heat exchanger, the class i-

cal approach needs to be altered, considering the coupling effects between the 

thermal and electrical domain.  

 

Figure 11: Schematic diagram of a heat exchanger with thermoelectri c layer  (grey)  



 

 

The project òFull scale demonstration of energy positive sewage treatment plant concepts towards 

market penetrationó (POWERSTEP) has received funding under the European Union HORIZON 2020 ð In-

novation Actions - Grant agreement° 641661  23 

 

Deliverable n ° 3.3 

Figure 11 shows a modified diagram introducing a thermoelectric layer characterised 

by the Seebeck coefficient a, the electrical resistance R el, the thermal resistance  KTE 

and the Thomson coefficient  t, as well as the input and output contact areas A 1, A2. In 

case of a thermoelectric generator, the heat transfer across these contact areas is 

strongly depending in the thermoelectric layer and the imposed current I  or voltage U . 

In his doctoral disserta tion  Michael Freunek explains the fundamental s of thermal and 

electrical matching of a thermo -electric generator device  under consideration of the  

Joule, Peltier  and Thompson  effect s [19] . He suggests using a simplified thermal  equiv a-

lent circuit  shown in Figure 12. Here the white rectangles represent thermal resistances; 

Kh stands for the source (e.g. an exhaust gas heat collector), K TE for the thermo -electric 

module layer and K c  for th e sink (e.g. a liquid cooler).  Th and T c  represent  the  hot -side 

and cold -side temperatures of the TE -material.  

 

Figure 12: Thermal equivalent circuit of a thermos -electric generator  

Combining both approaches, the heat flux equatio ns for the heat exchange  can be 

written as follows:  

Equation 1 ὗ ϽὝ Ὕ ὡ Ͻ  ; 

Equation 2 ὗ ϽὝ Ὕ ὡ Ͻ  ; 

The thermal resistances of the finite source K h (e.g. an exhaust gas  heat collector) and 

finite sink Kc  (e.g. a liquid cooler)  can be expressed using the heat transfer coefficient k 

and the surface area A of the model in Figure 11: Schematic diagram of a heat e x-

changer with thermoelectri c layer . 

Equation 3 ὑ Ƞ 

Equation 4 ὑ Ƞ 

Due to  the l aw of conservation of energy , in a system without loses  Equation 1 and 

Equation 2can  also be used to calculate the electrical power output  of the TEG Pel.  

Equation 5 ὖ ὗ ὗ Ƞ 

The thermoelectric generator electrical and thermal efficiencies are defined by Equa-

tion 6 and Equation 7. 

Equation 6 – Ƞ 
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Equation 7 – Ƞ 

Following the ana lytical approach  to maximise the ele c trical power of a TEG as d e-

scribed in [19] , the result is that for a given thermal resistance  of source and sink,  the 

optimum thermal resistance of the TE -layer KTE,opt  should  be calculate d by  Equation 8. 

This equation is assuming  operating in a n electrical  matched load condition;  this means 

the electri cal load current (the corresponding  load resistance) is adjusted in order to 

obtain a  maximum elec trical output power condition . 

Equation 8 ὑ ȟ ὑ ὑ ρ ὤὝȠ  or  
ȟ ρ ὤὝȠ 

In this equation the  expression ZT0 is relating to the material specific thermo electric fi g-

ure of merit Z, multiplied with the cold side temperature of the system TC in Kelvin.  The 

theoretical calculation assumes ZTC to be constant 2. 

In the described condition about 50% of the available temperature difference should 

occur on the ther moelectric layer  [19] . The remaining 50% are distributed across the 

source and the sink.  This finding allows predicting the temperature distribution, selecting 

the appropriate material and approximating the electrical power out put of the system.  

 

Application to CHP use case scenario  

As the heat transfer coefficient of forced convection in liquids is typically 2-80 higher 

than the heat transfer coefficient of forced convection in gases [18] , the follo wing  op-

timum  temperature distribution can be assumed for the TE  conversion unit  in a  CHP ap-

plication  (Table 5). 

Table 5 Optimum temperature distribute in a CHP TE conversion unit in matched condition  

Device section  Temperature  distribution (Total 100%)  

Heat collector  (ex. gas)  33 % - 49 % of 100   

Thermoelectric layer  ~ 50 % of 100   (matched load condition)  

Cooler (liquid)  0.6 %  - 17 % of 100   

 

As a direct consequence of the i ntrinsically low temperature difference across the heat 

collector , the maximum input heat flux and therefore also the heat exchange capabi l-

ity of a TE-conversion unit is limited to < 50 % of the available exergy of the exhaust gas , 

when at the same time ma ximising the  electrical power output . 

If a higher heat exchange rate is desire d  in combination with maximum electrical po w-

er output , it is possible  to add a consecutive heat exchange state, extracting the r e-

maining exhaust gas exergy  into the available coo ling circuit.  

 

2 For of the shelf Bi 2Te3 components that are operating from room temperature, a typical val ue of ZTC is 0.8 [18] . 
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3.2.2.3 Thermoelectric c onversion layer  

In recent years numerous TE materials have been developed, integrated  into TE mod-

ules and tested in application s. They are used to form the  thermoelectric conversion 

layer that  has to follow the principle s expl ained in chapter 2.2.2.2 and fulfil the requir e-

ments listed in 2.2.1.  

 

Figure 13: Temperature dependent efficiencies of thermoelectric modules  [10] .  

The solid lines in Figure 13 represent typical efficiencies of TE -modules measured for va r-

ious hot side temperature differences against  room temperature [10] . High temperature 

materials like silicide and half -Heusler alloys exhibit their  highest efficiencies at hot side 

temperatures of around  550 °C. The medium application temperature range is covered 

by  the highly efficient  but yet unstable Skutterud ites and the lower range by Bismuth 

telluride  with usage temperatures of  typically up to 200 °C. In addition, n ew high pe r-

formance (HP) Bi2Te3 modules have recently been developed that allow for a higher 

operation at temperatures of up to 3 15 °C (dashed line , Figure 13). 

The selection of the most suita ble TE-material has to be based on the expected oper a-

tion temperature s. In case of the CHP application these operation temperatures can 

be approximated from the requirement  data provided in Table 3. By applying equ a-

tion s 9, 10 the average gas temperature T 1 results in 304.5 °C, the average coolant 

temperature  T2 in 87.5 °C. Finally, respecting the design principle of thermal matching, 

the temperature difference across the TE -Material can be concluded to be approx i-

ma tely 125 K by using Equation 11 and  the data of  Table 5. 

 

Equation 9 Ὕ
 

 

 

Equation 10 Ὕ  
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Equation 11 ɝὝ Ὕ Ὕ ϽπȢυ 

 

From Figure 13 it can be concluded that the most suitable thermoelectric material for 

the use case is Bi 2Te3. Its expected electrical conversion efficiency is approximately 3. 0 ð

 3.5 %. 

3.2.3. Electrical concept  

TE-converter interface  

From the electrical point of view , a single TE-module  can be approximated with  a  DC 

voltage source in series with an internal resistance ( Figure 15). 

 

Figure 14: Equivalent circ uit diagram of a t hermoelectric  generator  [20]  

The open -circuit voltage VOC , the internal resistance Rint and therefore the short -circuit 

current I S are  considered to be constant for a constant/steady state temperature di f-

ference æT across the TEG device. At any given æT the load power is parabolic ( Figure 

15) and has only one maximum power point (MPP) which occurs when  2 2 . The 

voltage V load  and in turn the load power P tem  are dependent on t he load resistance . 

Equation 12 ὠ ὠ Ὑ Ὅ  

The load current  IMP and voltage VOC  at the MPP are given by Equation 13 and Equation 

14. 

Equation 13 Ὅ  

Equation 14 ὠ  

The maximum power that can be generat ed by the TEG can be written as  

Equation 15 ὖ  

If the load resistance is smaller than R int, the current I load  increases hence the Joule hea t-

ing and the Peltier effect inside the TE-module increase leading to a decrease of æT 

across the module . In summary  the right hand side of the MPP results in higher thermal 

transport and consequently to decreased efficiency, whereas the left side exhibits a 

lower thermal transport and increased efficiency.  
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Figure 15: Electrical output c haracteristics of thermoelectric devices in relation to constant te m-

perature differences æT . (Grey: Voltage; Black: Power; Dotted: Progression of MPP)  [21]  

As Pmax , VMPP and Rint vary with temperature,  a closed -loop control of  Iload  is necessary, to 

maintain the TEG in maximum power point operation. Devices which s hift the operating 

point of the TEG devices to the MPP are called maximum power point tracker s (MPPT). 

MPPT continuously adjust the load current  to extract  the maximum power available  

from the TEG.  

 

MPPT-algorithms  

The most commonly used MPPT algorithm s are Perturb & Observe (P&O), Incremental 

Conductance (INC) and fractional open -circuit control which were originally deve l-

oped for PV -systems. P&O and INC require the measurement of both voltage and cu r-

rent presenting a computational overhead, whereas the fr act ional open -circuit alg o-

rithm only needs a voltage reading in conjunction with less computation.  

The normal P&O technique is based on continuously perturbing the electrical operating 

point, measuring the outcome and comparing the computed power to its pr evious va l-

ue. There are two main drawbacks of this method: in thermal steady -state an effect 

known as Limit Cycle Oscillation (LCO) occurs. The electrical operating point oscillates 

around the MPP due to the continuous perturbation and adjustment. Moreover  it ca n-

not be guaranteed to find the MPP during rapid thermal transients.  

INC algorithm computes the derivative dP/dI, which is smaller than zero to the left, 

greater than zero to the right and zero at the MPP. Consequently the instantaneous 

conductance co mpared to the incremental conductance yields the MPP. This method 

has the advantage over P&O that it can determine when the MPP is reached.  

The normal fractional open -circuit technique has the main disadvantage that the TEGs 

are normally disconnected from  the load at regular intervals to allow the converterõs 

input capacitor to sample and hold V OC . During the sample and hold time no power 

can be harvested but more importantly reconnecting the load to the TEGs results in 

switching losses and (interrupts the  no rmal operation of the converter by) transient 

events. As well the Peltier e ffect on temper a ture is not considered. Furthermore the 

sample and hold time may be as long as hu ndreds of µs.  
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The fractional open -circuit algorithm used by the British company Thermoelectric Co n-

version Systems Ltd. (TCS, http://www.teconversion.com/ ) uses an innovative technique 

overcoming these drawbacks  and therefore was applied for the Powerstep pilot . By 

omitting the input capacitor time constant this approach is considerable  faster. While 

measuring V OC  the TEG is operated in load condition , still providing power (with the 

converter in a pseudo -normal state) hence the Peltier effect acting on the temperature 

is factored in. An additional benefit is that the fractional open -circuit algorithm always 

finds the MPP in both thermal equilibrium and fast transient conditions.  

 

Distributed  vs. centralized  MPPT 

The term Distributed MPPT (DMPPT) refers to the decentralized operation of several MPP 

trackers in on system and opposes the us age of only one large single MPPT unit. In case 

of the TEG it was decided to use on e MPPT for  each TEG -unit. This allows for a more r o-

bust operation and increases the system efficiency by avoiding circuit losses. Moreover 

it helps to maintain voltage and c urrent in a reasonable range.  

 

Energy buffering  

As both the supply side (represented by the thermoelectric system) and the demand 

side (represented by the load e.g. electrical grid  or a machine ) are fluctuating over 

time the energy provided by the TEG has to be buffered in conventional DC battery . 

Typical battery sizes for applications like  the CHP  in Braunschweig are in the range of 

2.000Ah, when using 12V systems.  In order to charge the battery, a specific batter y 

management circuit has to be deployed.  

 

Connecting to grid  

For connecting the TEG power to the electric grid, electrical alternators have to be d e-

ployed. The components are standard in photovoltaic industry.  

 

Some electrical requirements of the TEG are given by legislation in accordance with IEC 

60449, DIN EN 50110-1:2014 (EN 50110-1:2013) and DIN EN 50110 -2:2011 (EN 50110-

2:2010). By keeping internal electrical DC  voltages below 50V a  safe operation can be 

ensured.  

3.2.4. TEG integration  in Braunschweig  

The integration of the thermoelectric generator to  the Braunschweig site was based on 

a reduced TEG assembly with a total of 9 heat exchangers, 12 coolers and 72 TE mo d-

ules (40 x 40 mm²) as shown in  Figure 16. The reduced version was chosen because of 

budget constraints  and to allow easy installation.  The scaling factor applied was 1:10, 

using a single stage equipped with commercial Bi 2Te3 modules.  

https://de.wikipedia.org/wiki/International_Electrotechnical_Commission
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Figure 16: Thermoelectric generator prototype for Braunschweig case study  

The electrical concept utilized a d istributed MPPT scheme  to achieve an effective sy s-

tem with a low number of MPP-trackers . Instead of  using an individua l MPPT for each 

module, the 8 modules of one TE -unit are grouped into a serial/parallel configuration as 

illustrated in Figure 17. The 2x2 TEM arrays connected in serial configuration are  physica l-

ly located on top and bottom of the heat col lector,  ensuring electrical compliance in 

open circuit voltage and at the same time minimizing parasitic currents  due to high 

symmetry . 

 

Figure 17: Interco nnection model of e mployed TEM arrays  

A total of nine TE-units and MPPTs are interfaced to a voltage and current ( VI) monitor, 

bundled and housed by the backplane ( Figure 18). The power generated by the TEG is 

used to charge a  battery  bank. Excessive power is dis sipated by a  switchable electro n-

ic load.  
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Figure 18: Electrical  concept for power generation and storage  

For installing the TEG at Braunschweig, a safety concept had to be developed that a l-

lows to monitor operation and mitigate cr itical situations. The following points have 

been identified during the analysis:  

Table 6 Risk analysis and mitigation (operation phase)  

Identified Risk  Criticality  Detectability  /  
Means 

Mitigation  

Cause high backpre s-

sure on exhau st line 

- System failure  

- Leakage  

High High 

- Monitoring of exhaust 

gas backpressure  

Operate in parallel co n-

figuration;  Connect 

directly to chimney  

Leakage of hot exhaust 

gas (500°C ) 

- Fire, burns 

- Accumulation of CO, 

CO 2 

High Medium/Low  

- CO -Sensor 

- Monitoring of exhaust 

gas backpressure  

Forced room ventilation  

Close gas -safety valve 

in case of threshold 

violation:  

- CO to high  

- Backpressure to low  

Leakage of coolant 

(80°C)  

- Burns 

- System failure  

Medium  High 

- Monitor flow rate  

Close gas -safety val ve; 

close coolant valves; 

stop pump; A pressure 

relief valve is needed in 

case of overheating  

Failure of TEG cooling 

system 

- Damage to TEG  

- Damage to hoses  

Medium/ Low High 

- Monitor flow rate  

Close gas -safety valve; 

close coolant valves; 

stop pump; A pr essure 

relief valve is needed in 

case of overheating  

Electrical failure of load  

- Fire 

Medium /Low  High Use CE-tested electronic 

load ; Deactivate  circuit  

in case of overvoltage  

 

From the analysis, the need for a gas and coolant safety shut-off valves as w ell as a 

general system monitor ing  was identified. It was decided to operate the TEG in a para l-

lel configuration to the existing heat exchanger and to connect it directly to the chi m-

ney of the CHP plant  to avoid excessive backpressure . Figure 19 shows the integration 

of the TEG into the existing  CHP system. 
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Deliverable n ° 3.3 

 

Figure 19: TEG Installation scheme  

The shut-off valve for gas (SSK4.01) is used to disconnect the thermoelectric generator 

(TEG4.01) from the hot exhaust gas. It is located on the switchable bypass of heat e x-

changer (AWT4.01), directly after the catalyst (KAT 4.01). After exit ing the TEG the cold  

exhaust gas is directly fed into the chimney of the plant.  

The TEG coolant is extracted  from  the CHP remote heating return line using an auxiliary 

pump (KWP4.01) and later re -injected into the same  line in a  downstream  position . This 

allows using a partial  volume flow of coolant  and  thus allows  manag ing  the  backpre s-

sure and volume flow on the TEG coolers.  The TEG coolant circuit can be independently 

fully disconnected by closing the valves MV4.01 and MV4.02. In case of boiling of coo l-

ant, the valve (ÜDV4.01) will op en once a maximum pressure of 3  bar is exceeded.  

The sensors installed monitor the volume flow of coolant (dV/dt), the differential gas 

pressure across the TEG heat exchangers (p Diff,TEG) as well as several temperatures .  

As shown Figure 20, the data acquisition system is based on a Raspberry PI with Linux 

operating system. Sensors are interfaced through USB measurement cards.  A Raspberry 

Pi B3 is used as central control of the measuring system and to display d a ta.  It also inte r-

faces to the MPPT system (Figure 18) and stores all data on a local USB drive.  The 

aquistion system is mounted inside a standard 19 inch  electronics rack ( Figure 21). 

Remote servicing is enabled by using a UMTS modem to connect the measuremen t 

system to the internet. Measurement data is periodically synchronised with an FTP -

Server at Fraunhofer.  
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Figure 20: Schematic of measurement system with Raspberry Pi as central control unit.  

  

Figure 21: Measurement system with Ra spberry Pi B3  single board computer. Left: Front panel, 

Right: Internal wiring  

3.3. Manufacturing and lab  testing  

3.3.1. Manufacturing  

The manufacturing of the TEG comprises several process steps.  

1. Incoming inspection: Purchased components are inspected for defects. Special 

focus is set on heat collectors, coolers and TE -modules. TE-modules are electrica l-

ly characterised  for ZT performance and resistance as well as for module height . 

2. Stacking: During the stacking process, alternating layers of coolers, TE-modules 

and heat collectors are configured. Great care has to be taken on a clean work 

environment, as larger particles could degrade the thermal contact between 

the components. The thermal interface material is graphite.  

3. Compressing: Stacks  are compressed to achieve a force fit and good thermal 

contacts.  




























































