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Executive summary

The EU-funded project “POWERSTEP” aims on a full scale demonstration of energy posi-
tive sewage treatment plant concepts towards market penetration. In different case
studies, innovative technologies for waste water treatment plants (WWTP) are devel-
oped, deployed and assessed.

This report introduces 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 technologies of thermoelectric 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 tem-
perature range: High performance Biz2Tes 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 positions on the exhaust line have been studied and meas-
urement electronics along with a safety concept have been developed and de-
ployed. The final implementation and field tests 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/kWe, it is expected to amortize in ap-
proximately 5.3 years. As today some prototype part costs are still more than 10 times
higher than 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 building
blocks are heat exchangers, thermoelectric modules and power electronics.

In direct comparison with SRC/ORC technology, potential main benefits of thermoelec-
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/q).

For the studied CHP size of 710 kWe, using SRC potentially outperforms the TEG by a fac-
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 in-
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, exist-
ing ORC implementations like in WWTP Hetlingen can also range at higher values with
20 ct/kWh (with a utilization 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 effective in this ap-
plication class. The results may give a first indication that TEG is a technology that is fa-
vourable for smaller CHPs.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
market penetration” (POWERSTEP) has received funding under the European Union HORIZON 2020 - In-
novation Actions - Grant agreement® 641661 9
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1. Introduction

The implementation of safe and efficient wastewater freatment systems is essential to
satisfy the global water 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 “POWERSTEP"” [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 as-
sessed.

In the domain of heat-to-power (H2P) technologies, the heat and power cogeneration
plant (CHP) of a WWTP in Braunschweig, Germany was equipped with a thermoelectric
generator (TEG) in order to boost the electrical efficiency of the CHP. The motivation
was to make use of excess heat at WWTP, which frequently have net surplus heat from
CHP operation. The goal was to demonstrate the new technology of TEG at a WWTP-
CHP (design, operation, performance) and to meet the challenge of choosing the cor-
rect design for the available temperature levels. In parallel the performance 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 summarizes the work that has been performed in TEG development and de-
ployment 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.

1.1. Cogeneration of heat and power

The method of cogeneration of heat and power (CHP) is a key solution to improve en-
ergy efficiency and thus to reduce CO2 emissions. This following infroduction was origi-
nally published in [2] and [3].

A CHP plant consists of an electrical generator combined with equipment for recover-
ing and using the heat produced by that generator. The generator can be a prime
mover such as a gas turbine 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 — from less
than 50 kWel to around 1 000 kWel. The electrical generating efficiency of these pack-
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 typically 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 ‘spark-ignition engines’. 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 supply 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 rom: units above
1.3 MWe may operate at 1 000 rom.

Engines 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
engine/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 engine’s radiator
and needs to be of sufficient capacity to maintain the flow of water to the engine at
the correct temperature. All engines are 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. The
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 acous-
tic enclosures to limit this problem. The enclosure itself is ventilated to avoid overheat-
ing.

All engines have moving parts, some of which suffer gradual wear and, therefore, re-
quire maintenance or replacement at regular intervals. Some of the routine mainte-
nance tasks may be carried out while the engine is operating, but regular shutdowns 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 heat to power technologies (H2P) summarizes the technologies that can be
used to convert heat into other kinds of power, e.g. into mechanical or electrical pow-
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

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
market penetration” (POWERSTEP) has received funding under the European Union HORIZON 2020 - In-
novation Actions - Grant agreement® 641661 11




#POWERSTEP_EU

Cl

heat power flow that can be exploited to achieve an even higher electrical and/or
mechanical output. The following two technologies are 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 water (SRC) or
organic fluids (ORC). Power can be extracted either electrically, using a generator set,
or mechanically, by directly applying the rotation of the turbine. The vapour power cy-
cle consists out of four main steps as shown in Figure 1.

control
1 valve

6 — D>

turbine

Th, in bypass X
5 valve ———@ generator
2

TL, out
<
jIpp— condenser C>
evaporator
Te, in
(<)
4 \_/ 3

water pump

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 condenser unit - An isobaric process, in which
the pressure of working fluid remains constant.

3 to 4: Isentropic compression by a pump - 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 steam generator or boiler - During this process, the
heat from the high temperature source (=CHP exhaust) is added to the working fluid to
convert it info superneated 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 observed 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 gen-
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erated voltage and the causing temperature difference is called the Seebeck-
coefficient.

Modern society uses thermoelectrics mostly for electrical cooling applications like small,
portable refrigerators, cooling boxes, or chip coolers in telecommunications. In deep
space applications so called radioisotope thermoelectric generators (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 CO2 emissions of modern passenger cars or trucks. Today, large R&D ef-
forts aim on developing the right materials and robust, cost-efficient designs to establish
thermoelectric generators as automotive standard components [6], [7]. [8]. [?]. [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 connected 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 be-
tween the TE legs is realized by brazing or soldering the legs onto a ceramic carrier sub-
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 operatfion temperatures of the modules (see chapter
3.2.2.3).

””Ceramic substrate
hot side

Ceramic substrate
cold side
Conductor

v

Heat current

Figure 2: Thermoelectric module design by Fraunhofer IPM

1.3. Case study overview

The WWTP in Braunschweig (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 WatenbUttel.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
market penetration” (POWERSTEP) has received funding under the European Union HORIZON 2020 - In-
novation Actions - Grant agreement® 641661 13
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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 WatenbUttel and
biogas from an attached composting facility.

The heat and electrical energy produced by the CHP plant are either consumed di-
rectly on site, or sold/fed into the available grid. Please see the POWERSTEP deliverable
3.4 "Recommendations for improved energy management at waste water treatment
plants” 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 oper-
ated in order to ensure maximum flexibility. In sum the theoretical total capacity is
2.84 MWhe and 2.72 MWhin (When utilising exhaust gas heat exchangers). To reach an
optimal combustion, 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 oper-
ation is mostly based on the electricity demand.

Figure 4: Four 16-cylinder gas engines (CHP units) installed in the CHP plant in Braunschweig.



Deliverable n° 3.3

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 kWi from engine cooling and 330 kWi 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
represents a high electrical efficiency in compare to the state-of-art CHPs. By integrat-
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 info a longer, electrically
more efficient, operation when supplying a given heat demand.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
market penetration” (POWERSTEP) has received funding under the European Union HORIZON 2020 - In-
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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 su-
perheated steam is that it can be directly evaporated without intermediate thermo-oll
circuit using evaporation temperatures of up-to 500 °C [12]. This allows raising the over-
all efficiency. In the installation, the direct-evaporator is place instead of conventional
exhaust gas heat exchanger of one CHP unit (see chapter 3.2.1for technical 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 kWi (+80 kWi heat collect system)
Heat output ~305 kWin

Electricity production ~43 kWel

Conversion efficiency (electricity/heat input) [~15%

Unfortunately the supplier had to file for bankruptcy before the system was put in oper-
ation. In chapter 4 the target performance will compared against other heat-2-power
systems.
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Table 2: Technical parameters of 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 coolant 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 (H20)

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
market penetration” (POWERSTEP) has received funding under the European Union HORIZON 2020 - In-
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3. Thermo-electrical generator for CHP

Beginning with a general infroduction 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 reciprocat-
ing engines is a logical supplement to the recent developments of the automotive in-
dustry. Whilst a passenger car or fruck presents a very harsh operational environment
with very dynamic temperature changes, extreme absolute temperatures, strong vibra-
tions, shocks and corrosive media, the stationary application of a TEG in a CHP seems
to be much less demanding. However, the major difference to the automotive industry
is the operation time. For a CHP application, this could be as much as 8 500 hrs per
year.

In case of CHP based on reciprocating engines, the thermo-electric generators (TEG)
are installed intfo 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. stiring engines, gas turbines).

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 oll, fil-
ters, sparking plugs, pistons etc. [13].

With regard to the heat exchangers installed in the exhaust line, sooting and the depo-
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,
increased 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 develops products, services, and technologies for decentralized
energy supply with gas engines. The technical data of the installation called “50Hz PT
20128 KA Braunschweig” is listed in [14].

The basic requirements of the resulting full scale TEG system to be installed on one en-
gine exhaust can be derived directly from the existing heat exchanger. With a size of
3.65x0.51x0.85 m®* and a dry weight of 510 kg, the nominal thermal power provided by
the APROVIS heat exchanger is 331 kWi, 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. Cal-
culated from these values the thermal efficiency of one unit is approximately 73 %. The
maximum allowed backpressure on the exhaust side is 11 mbar. On the coolant side
the input temperature is 80 °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 infended to fully replace this exhaust gas heat exchanger, the
thermal requirements can be concluded to be as follows:

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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novation Actions - Grant agreement® 641661 19




#POWERSTEP_EU

Table 3: Thermoelectric generator thermal requirements

Input exhaust gas temperature 450 °C

Output exhaust gas temperature (target) 180 °C

Mass flow exhaust gas side 3944 kg/h

Backpressure exhaust gas side (max.) 11T mbar

Exhaust gas medium Combustion gas (CO2, H20, N2, ...)
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 (H20)

The exhaust gas composition is monitored on an annual basis by DEKRA. The following
table shows the results for the year 2015.

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

Parameter Mean con- Maximum Concentration Mean
centration concentration Limit mass
flow
[9/m?] [9/m?] [9/m?] [ka/h] (kg/h] (ka/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/m?°] [mg/m?] [mg/m?] [9/h] [9/h] [g/h]
Cancerous <0.3 <0.3 1 0.31 <0.31 -
substances!
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

20
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3.2.2. Thermal/mechanical concept

3.2.2.1 Modular design approach

To ensure scalability and design flexibility, the Fraunhofer IPM concept for building a
TEG for CHP applications follows a modular design approach. Initially developed in the
TEWAB-Project funded by Badenova Innovationfonds [16] , this modular approach has
been carried over to other CHP projects.

& 620
600

550

500

Cold side
TE module

450 20/

400

Heat spreader

Gas heat collector

Exhaust gas

Temperature [°C]
¥ a0

Figure 8: Simulations of the modular 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 heat spreader, TE
module(s) and the cold side (Figure 8). Typically it also includes a cooler that is not
shown in this figure. The TEG units can be operated either in parallel or in a serial config-
uration. The later configuration allows individual matching of the thermoelectric mate-
rial and 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 materials like copper. For the EU-
funded TE-BHKW project, the heat collector geometry was analysed, optimised by CFD
analysis and later validated by bench tests.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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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 fransfer

The process of heat transfer inside a thermoelectric generator unit is significantly differ-
ent from a classical heat exchanger. As the heat has to pass through the semiconduct-
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.

My, Wy T,",hy"
T, hy’ "
k, A
Tz ', hz,
Tzn'hzn MZJ-WZ

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

Its input and output parameters are the mass flow rates M;, M,, the heat capacities
rates Wy, W,, the specific enthalpies hi, h2 and the temperatures Ti, T.. The heat transfer
coefficient k and the surface area A are variables to quantify the heat exchange.

When infroducing a thermoelectric conversion layer intfo a heat exchanger, the classi-
cal approach needs to be altered, considering the coupling effects between the
thermal and electrical domain.

Mllwl Tllff,h‘lff
T,y ky, Ay ’
U, 1
& Ret, K1, @ ALA,  f——r
kz Az Tzr' hzf
— r
Tzlllhsz MZ'WZ

Figure 11: Schematic diagram of a heat exchanger with thermoelectric layer (grey)
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Figure 11 shows a modified diagram infroducing a thermoelectric layer characterised
by the Seebeck coefficient a, the electrical resistance Re, the thermal resistance Kre
and the Thomson coefficient 1, as well as the input and output contact areas Ai, Az. In
case of a thermoelectric generator, the heat transfer across these contact areas is
strongly depending in the thermoelectric layer and the imposed current | or voltage U.

In his doctoral dissertation Michael Freunek explains the fundamentals of thermal and
electrical matching of a thermo-electric generator device under consideration of the
Joule, Peltier and Thompson effects [19]. He suggests using a simplified thermal equiva-
lent circuit shown in Figure 12. Here the white rectangles represent thermal resistances;
Kn stands for the source (e.g. an exhaust gas heat collector), K for the thermo-electric
module layer and Kc for the sink (e.g. a liquid cooler). Tn and Tc represent the hot-side
and cold-side temperatures of the TE-material.

T T
I(h

T Th
I(TE

i T.
Ke

T T,

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

Combining both approaches, the heat flux equations for the heat exchange can be
written as follows:

Equation 1 Q;, = Kih- (Ty —Tp) =Wy - (9, —9,");

Equation2  Quue = Ki

[

(T —T,) = W, - (9" —9,);

The thermal resistances of the finite source Kn (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 ex-
changer with thermoelectric layer.
Equation3 K, = %;

1

Equation4 K, = %;

Due to the law 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 Pe..
Equation5 P, = Qin - Qout;
The thermoelectric generator electrical and thermal efficiencies are defined by Equa-
fion 6 and Equation 7.

Pel

Equation 6 17, = o

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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Equation7  ny = %;

Following the analytfical approach to maximise the electrical power of a TEG as de-
scribed in [19], the result is that for a given thermal resistance of source and sink, the
optimum thermal resistance of the TE-layer Kreopt should be calculated by Equation 8.
This equation is assuming operating in an electrical matched load condition; this means
the electrical load current (the corresponding load resistance) is adjusted in order to
obtain a maximum electrical output power condition.

Equation 8  Krgope = (K¢ + Ki)\/1 + ZT¢; or U’i“i—;f) = J1+ 2T,
c H

In this equation the expression ZTo is relating to the material specific thermoelectric fig-
ure of merit Z, multiplied with the cold side temperature of the system Tc in Kelvin. The
theoretical calculation assumes ZTc to be constant2,

In the described condition about 50% of the available temperature difference should
occur on the thermoelectric 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 output 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 following 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 % LT

Thermoelectric layer ~ 50 % of 100 % LT (matched load condition)
Cooler (liquid) 0.6% -17 % of 100 % 1T

As a direct consequence of the intrinsically low temperature difference across the heat
collector, the maximum input heat flux and therefore also the heat exchange capabil-
ity of a TE-conversion unit is limited to < 50 % of the available exergy of the exhaust gas,
when at the same time maximising the electrical power output.

If a higher heat exchange rate is desired in combination with maximum electrical pow-
er output, it is possible to add a consecutive heat exchange state, extracting the re-
maining exhaust gas exergy into the available cooling circuit.

2 For of the shelf BizTes components that are operating from room temperature, a typical value of ZTc is 0.8 [18].
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3.2.2.3 Thermoelectric conversion layer

In recent years numerous TE materials have been developed, integrated into TE mod-
ules and tested in applications. They are used to form the thermoelectric conversion
layer that has to follow the principles explained in chapter 2.2.2.2 and fulfil the require-
ments listed in 2.2.1.
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Figure 13: Temperature dependent efficiencies of thermoelectric modules [10].

The solid lines in Figure 13 represent typical efficiencies of TE-modules measured for var-
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 Skutterudites and the lower range by Bismuth
telluride with usage temperatures of typically up to 200 °C. In addition, new high per-
formance (HP) Bi2Tes modules have recently been developed that allow for a higher
operation at temperatures of up to 315 °C (dashed line, Figure 13).

The selection of the most suitable TE-material has to be based on the expected opera-
tion temperatures. In case of the CHP application these operation temperatures can
be approximated from the requirement data provided in Table 3. By applying equao-
tions 9, 10 the average gas temperature Ti 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 approxi-
mately 125 K by using Equation 11 and the data of Table 5.

(ri-11")

Equation9 T, = lr1(T1’)——ln(T1”)

(T2 =T3)

Equcﬁon 10 TZ = m
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From Figure 13 it can be concluded that the most suitable thermoelectric material for
the use case is BizTes. Its expected electrical conversion efficiency is approximately 3.0 -
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).

——————— — ——— ———

\

‘—) IIoad

Voltage

Rload

Source
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— >
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Figure 14: Equivalent circuit diagram of a thermoelectric generator [20]

The open-circuit voltage Voc, the internal resistance Rint and therefore the short-circuit
current Is are considered to be constant for a constant/steady state temperature dif-
ference AT across the TEG device. At any given AT the load power is parabolic (Figure
15) and has only one maximum power point (MPP) which occurs when Rt = Rjgaq- The
voltage Viead and in furn the load power Piem are dependent on the load resistance.

Equation 12 Vipaq = Voc — Rintlioaa
The load current Imp and voltage Voc at the MPP are given by Equation 13 and Equation
14.

Equation 13 I = —2¢

2Rint

Equation 14 Vyp = %

The maximum power that can be generated by the TEG can be written as

Vic

4Rint

If the load resistance is smaller than Rint, the current lioad increases hence the Joule heat-
ing and the Peltier effect inside the TE-module increase leading to a decrease of AT
across the module. In summary the right hand side of the MPP results in higher thermall
tfransport and consequently to decreased efficiency, whereas the left side exhibits a
lower thermal transport and increased efficiency.

Equation 15 Ppay =
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MPP curve

>

Ltem

Figure 15: Electrical output characteristics of thermoelectric devices in relation to constant tem-
perature differences AT. (Grey: Voltage; Black: Power; Dotted: Progression of MPP) [21]

As Pmax, VMre and Rint vary with temperature, a closed-loop conftrol of liead is necessary, to
maintain the TEG in maximum power point operation. Devices which shift the operating
point of the TEG devices to the MPP are called maximum power point trackers (MPPT).
MPPT continuously adjust the load current to extract the maximum power available
from the TEG.

MPPT-algorithms

The most commonly used MPPT algorithms are Perturb & Observe (P&O), Incremental
Conductance (INC) and fractional open-circuit control which were originally devel-
oped for PV-systems. P&O and INC require the measurement of both voltage and cur-
rent presenting a computational overhead, whereas the fractional open-circuit algo-
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 previous val-
ve. 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 can-
not be guaranteed to find the MPP during rapid thermal transients.

INC algorithm computes the derivative dP/dl, which is smaller than zero to the left,
greater than zero to the right and zero at the MPP. Consequently the instantaneous
conductance compared 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 converter’s
input capacitor to sample and hold Voc. During the sample and hold fime no power
can be harvested but more importantly reconnecting the load to the TEGs results in
switching losses and (interrupts the normal operation of the converter by) fransient
events. As well the Peltier effect on temperature is not considered. Furthermore the
sample and hold fime may be as long as hundreds of us.
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The fractional open-circuit algorithm used by the British company Thermoelectric Con-
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 Voc 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 usage of only one large single MPPT unit. In case
of the TEG it was decided to use one MPPT for each TEG-unit. This allows for a more ro-
bust operation and increases the system efficiency by avoiding circuit losses. Moreover
it helps to maintain voltage and current 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 battery
management circuit has to be deployed.

Connecting to grid

For connecting the TEG power to the electric grid, electrical alternators have to be de-
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 mod-
ules (40 x 40 mm?) 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 Bi2Tes modules.
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Figure 16: Thermoelectric generator prototype for Braunschweig case study

The electrical concept utilized a distributed MPPT scheme to achieve an effective sys-
tem with a low number of MPP-tfrackers. Instead of using an individual 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 physical-
ly located on top and bottom of the heat collector, ensuring electrical compliance in
open circuit voltage and at the same fime minimizing parasitic currents due to high
symmetry.

Figure 17: Interconnection model of employed 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 dissipated by a switchable electron-
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 al-
lows to monitor operation and mitigate critical situations. The following points have
been identified during the analysis:

Identified Risk

Cause high backpres-
sure on exhaust line

- System failure

- Leakage

Leakage of hot exhaust
gas (500°C)

- Fire, burns

- Accumulation of CO,
CO2

Leakage of coolant

(80°C)
- Burns

- System failure

Failure of TEG cooling
system

- Damage to TEG
- Damage to hoses

Electrical failure of load
- Fire

Criticality

High

High

Medium

Medium/Low

Medium/Low

Detectability /
Means

High
- Monitoring of exhaust
gas backpressure

Medium/Low
- CO-Sensor

- Monitoring of exhaust
gas backpressure

High
- Monitor flow rate

High
- Monitor flow rate

High

Table 6 Risk analysis and mitigation (operation phase)

Mitigation

Operate in parallel con-
figuration; Connect
directly fo chimney

Forced room ventilation

Close gas-safety valve
in case of threshold
violation:

- CO to high
- Backpressure to low

Close gas-safety valve;
close coolant valves;
stop pump; A pressure
relief valve is needed in
case of overheating

Close gas-safety valve;
close coolant valves;
stop pump; A pressure
relief valve is needed in
case of overheating

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 well as a
general system monitoring was identified. It was decided to operate the TEG in a paral-
lel configuration to the existing heat exchanger and to connect it directly to the chim-
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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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 ex-
changer (AWT4.01), directly after the catalyst (KAT 4.01). After exiting 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 managing the backpres-
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 cool-
ant, the valve (UDV4.01) will open 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 (poittiec) as well as several temperatures.

As shown Figure 20, the data acquisition system is based on a Raspberry Pl 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 data. It also inter-
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 measurement
system to the internet. Measurement data is periodically synchronised with an FTP-
Server at Fraunhofer.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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Figure 20: Schematic of measurement system with Raspberry Pi as central control unit.

Figure 21: Measurement system with Raspberry 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 electrical-
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.
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4. Cooling harness — vertical: The vertical distribution of coolant lines is assembled
by using bracing technology. The joining process is followed by a pres-
sure/leakage test.

5. Wiring - vertical: The vertical electrical wire harness is built. Great care has to be
taken not to touch elements that heat above > 200 °C during operation. It is
completed by electrical test.

6. Functional test on hot air bench: All TE-units are functionally tested with hot air
(see next chapter).

7. Mounting on rack: The TE-stacks are mounted on the mounting frame.

8. Cooling harness — horizontal: Horizontal coolant distribution and interface piping.
Assembly is again followed by a leakage/pressure test.

9. Mounting of exhaust inlet/outlet cones. Pressure testing.

10. Wiring — horizontal: Horizontal cabling, attachment of connectors. Final electrical
fest.

Figure 22: Manufacturing of TEG. Left: TE-unit stacks before bundling the wire harness, Right:
Mounting of TE-stacks on the rack

3.3.2. Lab testing of the TEG-unit stacks

Prior to delivering the TEG to the WWTP/CHP in Braunschweig the individual TEG-units
were tested on a hot air test bench (Figure 23). The TEG-units of the three stacks were
tested successively under quasi-static operating conditions with air inlet temperatures of
about 450 to 485 °C and air mass flow rates of about 40 to 75 kg/h (design operating
point: 44 kg/h, 450 °C) using Fernox Solar S1 as coolant (flow rate 10 I/min). All relevant
parameters of the air stream and cooling cycle were recorded. The power output of
the TEG-unit was measured using a maximum power point fracker (MPPT) following the
electrical circuit setup as described in section 3.2.4 (Figure 17). Additionally, the surface
temperature on one side of the heat collectors was measured on four measuring points
close to the TE modules to record an estimate of the hot side temperature of the TE-
The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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modules (the procedure was repeated during the field tests in Braunschweig for com-
parison).

Ring gauge pressure 1 (p,,)  Ring gauge pressure 2 (po,) | 4

a b ySa
Differential pressure TEG E
Ap =Py, - Pout e TP =
v o :
: TEG By _
L \ b \ -1

Ring gauge Te,qpnier Ring gauge Teaoutiet

Figure 23: Experimental setup hot air TEG test bench. (a) Sketch of the measurement setup. (b)
Image of a TEG stack tested on the hot air test bench at Fraunhofer IPM.

For a coolant temperature Tc of 20 °C the power output of the TEG-units ranged in be-
tween ~73 to ~100 We, 1ec and increased in relation with the air temperature and the
mass flow rate (Figure 24). Both an increase of the air temperature or the mass flow rate
led to higher mean surface temperatures on the side of the heat collector and the dif-
ferential temperature over the TE-modules. In comparison under otherwise the same
operating conditions the power output of the TEG-units dropped by about 21% when Tc
was increased from 20 °C to 60 °C (Figure 25). For the design operating point (Ta:-
=450 °C, my,-=44kg/h) the mean power output of the TEG-units was (76+2) Wel, 1ec for
Tc=20 °C (Figure 24) and (61£1) Wel, 1ec for Te=60 °C.
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Figure 24: Comparison of the power output of a TEG-unit and the differential pressure over the
heat exchanger for stack B and C for a coolant inlet temperature of 20°C and a gas inlet
temperature of about 450°C (hot air test bench at Fraunhofer IPM).

Independent of the coolant temperature the pressure drop over an individual TEG-unit
was below 2 mbar for mass flow rates lower than 80 kg/h and about 0.7 mbar for mass
flow rates in between 40 to 45 kg/h.
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Figure 25: Comparison of the power output and differential pressure of the TEG-unit for stack A
for a coolant inlet temperature T¢ of 20 °C and 60 °C and a gas inlet temperature of
about 450 °C up to 485 °C (hot air test bench at Fraunhofer IPM).

The efficiency of the TE-modules when integrated into the heat exchanger was calcu-
lated based on the electrical power output of the TEG-unit and the heat flow rate to
the coolant for quasi-static conditions (Nrec-moaue=PeleG-unit/ (PeliEGunit+Qcooiant) (Table 7). It
should be noted, that due to a coolant inlet temperature of 20 °C, the module efficien-
cy is higher than in the final application with 60°C to 80°C.

Table 7: Summary of hot air test bench measurements for TEG stacks A-C.

Mass flow rate air Mean power output TEG-unit TEG module efficiency [%]*
[kg/h]

~40 - 45 76+2 4,09 +£0,08

~60 - 65 91£2 43+0,1

Gas inlet temperature : ~450 - 460 °C, coolant inlet tfemperature: 20 °C;
*without TEG-unit Al; one standard deviation (SD)

3.4. Field deployment test

3.4.1. Installation of TEG in the exhaust system of the CHP

As mentioned in 3.2.4 the installed TEG was designed to use about 10 % of the total
available exhaust gas mass flow rate of the CHP. To increase the flexibility of the CHP
operation and to avoid the risk of having a too high back-pressure, the TEG was inte-
grated in a bypass configuration parallel to the standard heat exchanger (Figure 26).
This allowed controlling the exhaust gas mass flow rate through the TEG by changing
the position of a by-pass valve O (Figure 26) upstream of the standard heat exchanger
@ (Figure 26) and the TEG. When set in positions in between 0 % and 100 % the resulting
mass flow rates to the TEG and the standard heat exchanger depends on the resulting
backpressures building up in front of the units.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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Figure 26: Simplified sketch showing the integration of the TEG in the exhaust system of the CHP.
1: By-pass valve, 2: standard heat exchanger, 3: rapid-action valve, 4: by-pass line for
standard heat exchanger.

Steel pipes with a diameter DN200 were used as exhaust pipes leading to the TEG and
from the TEG to the funnel (Figure 27). In order to be able to cut-off the exhaust gas
supply to the TEG in case of an emergency a rapid-action valve was integrated before
the TEG ® (Figure 26). To reduce heat losses from the main exhaust pipe to the TEG the
piping was covered with a layer of insulation (thickness 100mm).

Figure 27: Overview of the TEG with electronic control unit/measurement electronics. 1: TEG; 2:
electronic rack with MPPTs, electronic load, data acquisition unit; 3: coolant pump; 4:
rapid-action exhaust gas valve; 5: main exhaust pipe of standard heat exchanger by-
pass; arrows indicate the flow direction of the exhaust gas (photo taken 07.11.17).

3.4.2. Results of field tests

After integration of the TEG, four field tests were conducted with the aim to determine
the typical performance output of the TEG and in order to learn more about the opera-
tion in application CHP (see Table 8 for details on the tests). As previously explained, the
aim was to use about ten percent of the total exhaust gas mass flow rate.
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Table 8: Overview of the conducted field tests

Field Date Summary

test

0 16.-19.10.17 System installation

1 06.-07.11.17 First commissioning attempt: DCDC converters failed upon start-up of

TEG, open- and short circuit measurement performed

2 27.-29.11.17 Repair of power electronics: successful testing of the TEG with running
power electronics (DCDC converters, electronic load). Failure of data
acquisition system.

3 10.-22.01.18 Repair of data acquisition system. 24h test run (partially) with power
electronics. 10-day continuous test run with active exhaust. Failure of
power electronics and data acquisition system.

4 29.-31.01.18 24h test run (partially) with updated power electronics. Decommis-
sioning of TEG.

In the field deployment, the mass flow rate m of the exhaust gas through the TEG could

not be measured directly. Instead, it was derived from the coolant heat flow rate Qcoor-
ant ANd the el. power output of the TEG Peitec using the following equation:

QCoolant+Pel,TEG

Equation 16 mgxnaustgas = = ,
ATExhaust'GasTEG*CpExhaustGas

where ATexnaustcastec Stands for the measured temperature difference of the exhaust gas

occurring over the TEG and Cpexnaustcas for the mean specific heat capacity of the ex-
haust gas.

This method is based on the assumption that no significant heat losses occur from the
TEG to the environment. To minimize heat losses the inlet cones of the TEG and part of
the heat collector surfaces were insulated with rock wool. Nevertheless, since the heat
losses cannot be fully avoided, the mass flow rates obtained using Equation 16 are likely
underestimated. This results from measuring the exhaust gas temperatures before the
inlet and outlet cone of the TEG. Due to heat losses the effective temperature drop of
the exhaust gas over the TEG-unit heat collector is lower than over the complete sys-
tem. Moreover, inaccuracies in the determination of the mean gas temperatures and

parasitic heat fransfers to the coolers also leads to errors in the measurement of Qcooiant,
which also affects the calculated mass flow rate of the exhaust gas. The overall devia-
tion can be assumed to be around 30 to 40 %.

On 28.11.2017 the TEG was tested with electrical load and under three different operat-
ing conditions (Figure 28). By changing the position of the by-pass valve (Figure 26, 1)
the mass-flow rate and the temperature of the exhaust gas were varied. The valve was
set to 25, 50 and 75 % (the exhaust gas mass-flow rate through the TEG increased with
higher percentage values).

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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Figure 28: Overview of the gas and coolant temperatures during field-test 2 (the indices mark the
time of the taken measurements). M1: bypass-valve setting: 50 %, M2: bypass-valve set-
ting: 25 %, M3: bypass-valve setting: 75 %.

During the test each of the nine TEG-units produced between about 23 to 68 Weitec for
the different operating points (Figure 29). In total the TEG delivered an electrical output
power of about 400 to 530 Weliec. The TEG-unit A1 was running at 50% power, as only
one TE-module array of this unit was functional after assembly of the complete system3.
When neglecting this defect, the following mean power outputs for the TEG-units were
obtained using maximum power point tracking (Figure 29b): M1: 58 *+ 34 Wel, 1e6; M2:
46 + 3 Wel, 1e6; M3: 62 + 3 Wey, e6. Overall, the standard deviations within the 8 TEG-units
were about 5% of the mean values. Hence, the deviation of the electrical power out-

put of the different TEG-units was rather low which indicates that the differential tem-
peratures over the TEG-units were similar.

The result shows that the TEG design enabled a homogeneous distribution of the flow
through the individual TEG-unifts.

3 One module array was mechanically broken during re-work of a cooler after detection of a leak during lab test.

4 One standard deviation
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Al A2 A3 B1 B2 B3
TEG-unit

Stack A ‘Stack B l Stack C M1 MPPT M2 MPPT mM3 MPPT

Figure 29: Maximum electrical power outputs of the TEG-units during field-test 2. (a) CAD image
showing the location of the TEG-units in stacks A-C, (b) Comparison of measurements
conducted with the usage of maximum power point trackers (MPPT). M1: by-pass valve
set to 50 %, M2: 25 %, M3: 75 %. M2 lowest mass flow rate of exhaust gas, M3: highest
mass flow rate. In total, depending on the operating conditions the TEG delivered an
output power of about 400 to 530 W, ec.

For details on the operating conditions and experimental results, see Table 9.

Table 9 Detailed results of field test 2.(Note: Module A1 delivering 50% of typical power)

Electrical | Valve Teasout  Tcoolantin  Heat Calculated

Power setting Mean flow mass flow

Engine By-Pass rate to rate gas

coolant

(kW) (%) (°C)  (°C)  (°C) (kW) (ka/h) (mbar) (W)
1 680 50 423 322 60 17.3 549 1.7 488
2 680 25 393 286 60 14,6 442 1.2 394
3 680 75 427 336 60 18,1 640 2,5 527

The maximum power observed during the test was 527 Wel. Field test number 3 and 4
showed comparable results.

3.4.3. Lessons learned from field testing

The field deployment of the TEG prototype was completed by end of January 2018. The
field deployment was very helpful to improve the development of the TEG. The follow-
ing paragraph gives a short summary on the lessons learned.

TEG transport and handling

Despite the prototype weight of 125 kg, the road transport to Braunschweig including
loading, transport (vibrations) and the mechanical handling was without problems. The
way of fransportation can also be applied to a large scale TEG.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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TEG installation

In the recent installation, the decoupling element was installed downstream of the TEG,
with the main intention to compensate for thermal expansion. During operation how-
ever, quite significant vibration was observed on the exhaust pipe. Therefore, for the
next installation, the TEG should be mounted after the decoupling element, accepting
some thermal loss.

The distance from the catalyst to the TEG was about 2-3 meters; this led to a gas tem-
perature decrement of about 50K, which corresponds to a significantly high thermal
heat loss. Future TEG should be installed directly after the cat (like heat exchangers). All
pipes should be insulated for safety and to avoid heat losses.

The position of the TEG should be located at an elevated point of the exhaust line to
avoid accumulation of condensate (see condensation marks in Figure 30 and Figure
31). Alternatively it could be installed vertically.

The cooling line integration proofed to be very robust. A large scale TEG should inject
heat downstream of the engine heat exchanger.

TEG operation

During the lab tests, 3-month ftrial installation and operation no degradation of the
thermoelectric components was observed?. The basic TEG functions of guiding exhaust
gas and converting heat to electricity were performing constantly stable.

The rust particles that were found inside the heat exchange tube and cones after the
field test in Braunschweig, as shown in Figure 30 and Figure 31, can be allocated to up-
stream, low grade steel pipes. The occurrence of the particles could be avoided by
using a shorter, high-grade exhaust pipe.

TEG operation has tfo consider phases of non-operation: in industrial environment pow-
er-cuts and downtimes may happen quite often; therefore the TEG electronics should
be able to survive and recover without damage.

As the remote servicing service can disconnect, all essential functions should be avail-
able on-site.

In cold condition, the accumulation of condensate inside the tubes can threaten the
function of the heat collectors, therefore the TEG should be mounted in elevated posi-
tion, with the possibility to drain liquid.

The power electronics still have to be improved for stability and battery management
capability and for interfacing to the power grid. Backpressure monitoring has to con-
sider system vibration and noise in industrial environment.

S Except for one module array in TEG-unit Al that was mechanically broken during re-work of a cooler after detection of
a leak during lab test.
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Figure 30: TEG prototype after decommissioning

&) N

Figure 31: Heat exchange tubes inside the TEG with condensation and rust particles from upstream
pipes.

3.5. Projected full-scale performance of TEG

The projected power output of a full-scale system was calculated by increasing the
number of TEG-units under the assumption of a linear scaling with mass flow. Three dif-
ferent full-scale TEG-designs were evaluated:

The project “Full scale demonstration of energy positive sewage freatment plant concepts fowards
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1. TEG with single converter 2. TEG with single converter 3. TEG with two converter
stage based on low-cost stage based on high stages (two heat collec-

TE-modules (90  TEG- performance TE-modules tors/TEG-units in  series)

units) (20 TEG units) based on high perfor-
mance TE-modules (180
TEG units)

Figure 32: TEG systems for full scale performance calculation

The performance data for the full-scale calculation was based on test bench results
and not on the field tests. This can be justified as follows:

1. The TEG position during field deployment was not representative for a final sys-
tem. The inlet gas temperature in the position was about 20 to 30 K lower due to
long distance between TEG and engine (approx. 2-3m).

2. The mass flow rate was only measured indirectly; this results into a high relative er-
ror (as explained in chapter 3.4.2).

The methodology and different steps applied to calculate the projected power output
of the different TEG-designs are summarized in Figure 33.

Comparison low cost/high TEG with 2nd stage

Step 1

Step 2

Mean
performance

Scaling factor
performance modules high performance modules usage of total

S

&

E g functional mass flow CHP

Lo TEG-units Module test | Hot air test Hot air test Predicted total
g § mean bench bench bench power of
5= ‘ P T full scale TEG
o .E el TEGunit Gasl _ P

| Total power ~300°C  frs = Mtotat cup /s shTEeE

g demonstrator: Performance factor Factor for 2nd stage

Peirega =9 X 1.1 X ﬁel,TEGuntr fp=1 -19 f=1.49

Figure 33: Steps used to calculate the full-scale performance of a high performance TEG based on
test bench measurement data (with Tg,,=450 °C).

Step 1:

The prototypes comprised one defective TE-unit. This unit was excluded from calculat-
ing the representative average power per TEG unit in the respective working condition
(60 °C/450 °C). The remaining 8 units were used to calculate the mean power output.
To accommodate for the power loss caused by increased coolant temperature, the
bench test power output values of six TEG-units were reduced by 21 %. (see chapter 3.3
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for a comparison of the output power at 20 °C and 60 °C coolant temperature). The
resulting mean output value per TEG unit is 60 W. In order to compensate for the differ-
ent specific heat values of dry air and exhaust gas, this power was multiplied by a fac-
tor of 1.1 since exhaust gas has a higher specific heat than dry air [18].

Step 2:

The performance difference of low-cost and high performance TE-modules was ana-
lyzed by conducting TE-module tests on a module test bench and TEG-unit test with hot
air. The module test bench results show a performance increase of about 20 % when
using high performance modules (Figure 34).
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Figure 34: Performance comparison of a high performance and a low-cost TE-module on a module
test bench (Tcooant= 75 °C). At AT= 240 K the low cost module delivered ~10W and the
high performance module ~12W which corresponds to a 20 % higher performance.

The performance factor was confirmed with the hot air test bench results. A TEG-unit
equipped with eight high performance modules was compared with a TEG-unit com-
prising eight low cost TE-modules under similar operating conditions (Figure 35). Overall,
taking into account all conducted measurements at a coolant inlet temperature of
20 °C and 60 °C, the mean performance increase was about 19%. The factor was used
since it is a little more conservative than the factor obtained for 60 °C only (19 % vs.
21 %). The power output was plotted over the logarithmic mean temperature differ-
ence of the counter flow heat exchanger [18]. This takes into account the non-linear
temperature progression of the hot air sfream and the coolant stream over the length
of the TEG-unit/heat exchanger.
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Figure 35: Performance comparison of a high performance and a low-cost TE-module on a hot air
test bench (Tcooant= 20 °C and 60 °C). Overall, the mean increase in power for high per-
formance vs. low-cost modules was about 19 %.

Step 3:

Hot air tests conducted with a decreased air temperature of about 310 °C were per-
formed to simulate a second TEG stage. For the experiments, the TEG-unit was
equipped with eight high performance modules. The increase of power was calculated
by summing up the power output of stage 1 and stage 2. Using two TEG stages with
high performance modules leads to a power increase of about 50 % (Table 10).

Since the inlet air temperature was higher than the outlet temperature of stage one for

a mass flow rate of about 45 kg h' (about 25 K), this represents an optimistic estimate of
the power increase.

Table 10: Performance result of simulated two stage design.

Stage Masse TGasl TGas Tcoo- Heat Power Heat nTEG-
flow rate n Out  lant,in flow rate TEG-  trans- modu-
(kgh-1) (°C) (°C) (°0Q) coolant unit fer le

(W) (Wel)  effi-
ciency
1 40-50 454 275 20 1751 92 41% 5,0%
1 60-70 454 311 20 1960 110 33% 5,3%
1 40-50 452 285 60 1807 73 42% 3,9%
1 60-70 459 323 60 2085 89 34% 4,1%
2 40-50 311 194 20 1227 45 40% 3,6%
2 60-70 313 221 20 1357 57 31% 4,0%
2 40-50 313 204 60 1296 34 43% 2,6%
2 60-70 316 231 60 1345 42 33% 3,1%
1+2 40-50 454 194 20 2978 138 60% 4,4%
1+2 60-70 454 221 20 3316 166 54% 4,8%
1+2 40-50 452 204 60 3103 107 63% 3,3%
1+2 60-70 459 231 60 3430 131 57% 3,7%
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Step 4:

In the final step a full-scale scaling factor was applied. The full scale assembly comprises
out of 90 (single stage) or 180 (double stage) TEG-units. The upscaling factor is in line
with the mass flow increment form 44 kg/h for one TEG-unit to 3.944 kg/h for the full TEG.

Projected performance of TEG using total mass flow rate of CHP:
Applying all four steps yields the full scale performance of the TEG (Equation 17).

EQUCIﬂOﬂ 17 Pel,TEGfull = Pel,TEGunit * funits 'fexg 'ondstage ' ffs'

where P rgeunie Stands for the mean power output of the TEG-unit at a coolant inlet
temperature of 60 °C, funits for the number of TEG-units used for the demonstrator TEG,
fexg fOr the increased specific heat value of exhaust gas compared to dry air, fanastage for
the performance increase when using two TEG stages (two TEG-units in series) and frs for
the scaling factor of the TEG (number of TEG-units required to make use of the com-
plete mass flow rate of the CHP).

In case of the high performance TEG with two TEG stages the electrical output power is
about 11 kW (Table 11). This leads to an increase of the electrical efficiency of the CHP
from 41.5 % to 42.1 % (relative increases of about 1.5 %). Since the exhaust gas temper-
ature after the TEG is higher than for the standard heat exchanger (200 °C vs 180 °C)
more thermal energy remains in the exhaust gas. In addition, part of the available
thermal energy is converted to electrical energy (output of TEG), so consequently the
thermal efficiency of the CHP decreases. As a result, the total the efficiency of the CHP
would also decrease slightly by about 1.3 %. This effect could be avoided by adding an
additional small heat exchanger, or by fine-tuning the TEG system.

Table 11: Projected performances of the TEG configurations for exhaust gas mass flow rate of
about 3 944 kg/h and an inlet gas temperature of 450 °C.

Efficiency CHP+TEG relative
change
compared

to stand-
ard de-
sign

Efficiencies CHP (current design with standard heat ex-

changer)

nMechanical 42.9%

nElectrical 41.5%

nThermal 39,7%

nTotal (nElectrical+nThermal) 81.2%

a) Demonstrator full scale (one stage), Peitects 6 kW
nMechanical 42.9%

nElectrical 41.9% +0.8%
nThermall 32.3% -18.7%
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nTotal (nElectrical+nThermal) 74.2% -8.7%
b) High performance demonstrator full scale (one stage), 7 kW

PelteGHs

nMechanical 42.9%

nElectrical 41.9% +1.0%
NnThermal 32.2% -18.8%
nTotal (nElectrical+nThermal) 74.2% -8.7%
c) High performance demonstrator full scale (two stages), 11 kW

PelteGHs

nMechanical 42.9%

nElectrical 42.1% +1.5%
nThermal 38.0% -4.2%
nTotal (nElectrical+nThermal) 80.2% -1.3%

The configuration of using a two stage design combined with high performance mod-
ules (c) results info an increase in electrical yield of about 1.5 %.

3.6. Projected TEG system price

The cost of a system can be split into several cost components, depending on the life
cycle of the system. Different aspects can become relevant: materials costs, manufac-
turing costs, installation costs, operating costs, maintenance costs, decommissioning
costs and disposal/recycling costs.

As the TEG system is not yet established in production and operation, the analysis in this
chapter focuses mainly on the aspects of material and manufacturing costs as well as
operation and maintenance costs. Other cost items (installation, decommissioning, and
disposal) are deferred for this first examination.

The materials costs of the system are a major contributor to the system cost. They are
reflected in the bill-of-purchase materials (BOM). The system boundary for this ap-
proach excludes the installation cost elements for integration of the TEG into the CHP,
e.qg. fluid or gas valves, a coolant pump, pipes, electrical battery and alternator. They
are depending on the final integration concept.

The BOM of a TEG can be split into the following subgroups:

o Cooling: All part costs related to the fluidic heat extraction of the TEG. Most im-
portant the coolers, but also pipes, fittings, hoses, etc.

o TE-Layer: Cost of the TE-modules

o Exhaust: All part costs related to exhaust gas guiding and heat extraction from
exhaust gas. Most important components are the heat collector tubes, but also
inlet/outlet cones and flanges.

o Electronics: The electronics and wire harness to provide a DC power output. In-
cluding the MPPT circuit.

o MechFrame: The mechanical frame to support the TEG stacks.
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Naturally, the cost distribution differs from the actual prototype to a full size TEG proto-
type to a serial TEG device. Figure 36, Figure 37, Figure 38 show the cost distributions
and EUR/W relations of the BOM of the TEG systems at prototype scale and at full scale
and give a tentative prognosis for a future serial production scenario.

Actual prototype BOM costs (1 Stage)

H Cooling MTE Layer Exhaust M Electronics ™ MechFrame

18,720 EUR/kW

Figure 36: BOM cost split of actual POWERSTEP prototype

Figure 36 shows the cost of the actual prototype. Major cost contributors are the heat
collector tubes and the electronics. The off-the-shelf TE-modules only account for 14 %
of the total system costs.

Full scale BOM costs (2 Stage, HP
TEG)

m Cooling mTE Layer Exhaust mElectronics m MechFrame

1% _5%

40'388 EUR/kW

Figure 37: BOM cost split of full scale TEG with high performance modules (prototype)

Figure 37 shows the relation based on a high performance HP module (see chapter
3.2.2.3) prototype cost and considers an upscale in production while using the current
manual manufacturing process of heat collector tubes and coolers in order to build
one full scale prototype. The electronic concept as described in chapter 3.2.3 is main-
tained, thus leading to a moderate increase in production volumes with cost reduction
effects. The cost split is based to 98 % on supplier quotes. The EUR/W relation is about 13-
14 times higher than the expected market feasibility.
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TE-Success scenario BOM cost
(Future)

m Cooling mTE Layer Exhaust mElectronics m MechFrame

3'051 EUR/kW

Figure 38: BOM cost split of full scale TEG with high performance modules in case of market pene-
tration

Figure 38 shows the relation based on the assumption that the HP modules penetrate
the market at a cost of <5 EUR per module (high volume scenario) [22]. Heat collector
tube and coolers are manufactured at 20-25 EUR/component in a highly optimized,
large scale processes (e.g. using conveyor oven brazing or vacuum oven brazing). To
reach this cost level the production volumes of the single components have to signifi-
cantly increase, therefore the TEG has to address the full CHP segment (e.g. from Nano-
CHP to Large-CHP).

The manufacturing costs of the TEG system can be assessed after reviewing and opti-
mizing the manufacturing process as it was described in chapter 3.3. The current proto-
type process is not representative for the final serial process as its assembly invoked
stages of trial and error. In the future, continuous improvement and design simplification
(e.g. of the wiring harness) will lead to a significant cost reduction. It is assumed that the
manufacturing process will add up to 40 - 50 % to the overall TEG costs.

Operation and maintenance costs for the TEG can be expected to be very low. Due to
exhaust gas exposure, the TEG should require the same maintenance as a standard
heat exchanger, thus the cleaning interval should be scheduled every 10 000 hrs or 1.5 -
2 years and will last for about 7 - 8 hrs. Costs are in the range of 1 300 - 1 800 EUR per
service [23]. The long term stability of the thermoelectric converters is still under investi-
gation. They are considered to be maintenance free within the typical CHP usage peri-
od of 10 years (The degradation they will show after such a period is not clear today).

Recycling of TE-material like Biz2Tes is still under ongoing development and costs cannot
be estimated. Due to EU directives like 2002/95/EG (ROHS-1) and 2002/96/EG (ROHS-2)
recycling of electronics has become part of national legislation and needs to be ad-
dressed in the future.

Projected TEG system price

In the following chapters the target price of a TEG in serial production is assumed to be
44 000 EUR at an electricity production of 11 kWel (4 000 EUR/KkW). This target price is de-
rived from the market situation as well as from the cost expectations as explained
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above. The maintenance schedule is in line with a classical heat exchanger and takes
place every 10 000 hrs at a cost of 1 800 EUR. Full installation cost in Braunschweig is 4x
44 000 EUR or 176 kEUR resulting into an installed capacity of maximum 44 kWe.

The project “Full scale demonstration of energy positive sewage freatment plant concepts towards
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4. Comparative analysis of H2P systems

This chapter gives a techno-economical comparison of the two systems HT-SCR and
TEG.

4.1. System performance impact

To assess the technical impact of various H2P systems on the CHP performance it is
necessary to analyse the full energy flow inside the CHP. A simple, but powerful way to
visualize the result is a Sankey diagram.

Performance of CHP with HX

losses

lectrical energy
mech. energy &
42.9% from alternator 716kWe| L 415%

41.5%

fuel input HX  useful
1,725kW 100% PR St heat 330kWth

gas heat 19.1%
30.1%

- 39.7%

engine

coolant heat 355kWth

20.6%

losses

6.4%

Figure 39: Energy flow diagram of the MWM 50Hz PT 20128 KA in Braunschweig (based on
datasheet [14])

Figure 39 shows the energy flow diagram of a single CHP unit in Braunschweig that is
equipped with an exhaust gas heat exchanger (HX). It is based on the manufacturer’s
data sheet provided in [14]. In the diagram 1,725 kW of chemical energy in the form of
biogas are converted into 41.5 % (716 kWe) electrical energy and 39.7 % (685 kW) heat
that can be extracted both from the engine cooling circuit (305 kW) and the engine
exhaust (330 kWi). Approximately 11 % are lost in the chimney of the plant, as the final
exhaust temperature is 180 °C.
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Performance of CHP with HT-SRC

losses

electrical energy

42.9% from alternator 716kWe| | 440%

41.5%

mech. energy

43kWel

1,725kW fueloinput HT-SRC useful hea
100 EXhT1UStt 13.0% i 225kWth
gas hea
e losses
s L 33.6%

engine

coolant heat 355kWth

20.6%

Figure 40: Energy flow diagram of the MWM CHP with HT-SRC (according to preliminary manufac-
turer datasheet, without additional heat collect system)

The manufacturer CONPOWER Technik Projekt GmbH & Co. KG expects the HT-SRC to
reach an electrical efficiency of approximately 15 %, converting 282 kWi of exhaust
heat into 43 kWel of electrical power [24]. 225 kWi are injected into the cooling system
(without additional heat recovery) [24]. Without the additional heat recovery system
the unit utilises approx. 54 % of the available heat in the exhaust gas. The electrical effi-
ciency is raised from 41.5% to 44 % (+6 %). Thermal efficiency is reduced to 33.6 %. It
should be acknowledged that this analysis is based on preliminary data and the self-
consumption of the unit is not considered. It is assessed with 6 - 8 % of the electrical out-
put of the HT-SRC unit [24].

Performance of CHP with TEG

losses

electrical energy

mech. energy

42.9% 1:fr;1‘%ixlternator 716kWel | 42.1%
11kWel
fuel input TEG  useful
1,725kW 100% exhaust heat 301kWth

gas heat 17.4%
30.1%

- 38.0%

engine

coolant heat 355kWth

20.6%

losses

6.4%

Figure 41: Energy flow diagram of CHP with TEG (full-scale, two-stage TEG, based on bench test,
without additional heat collect system)
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Figure 41 shows the performance of the CHP with a full-scale TEG system as it was de-
scribed in chapter 3.5. Based on the same power input as the other two scenarios, the
electrical performance of the CHP is raised by about 11 kWe reaching 42.1 % (+1.5%).
As there is also no additional heat collect system, the thermal performance is slightly
degraded to 38 %. Chimney heat losses are about 12.1 %. Electrical conversion losses in
the power electronics and possible auxiliary power consumption are not considered.
They are expected to be approx. 5-10 % of the electrical output of the TEG.

Table 12: Summary of impact of heat-2-power system on the overall performance of the CHP.

Gross Electrical Thermal Overall

Efficiency (rel.) Efficiency (rel.) Efficiency (rel.)
CHP HX (Reference)  41.5% (+ 0%) 39.7% (+ 0%) 81.2% (+ 0%)
CHP HT-SRC 44.0% (+ 6%) 33.6% (- 15.3%) 77.6% (- 4.4%)
CHP TEG 42.1% (+ 1.5%) 38.0% (- 14.0%) 80.1% (- 1.4%)

From the direct comparison in Table 12 it can be concluded that both studied H2P sys-
tems degrade the thermal efficiency of the CHP. Case by case this can be compen-
sated by installing an additional heat recovery system (heat collect system). Regarding
the possible electrical efficiency increment for CHP units in the size of the installation in
Braunschweig, the prospected benefit gained with the SRC unit outperforms the TEG by
at least factor of 4.

Moreover literature indicates that the benefit of SRC/ORC could be even higher. In [25]
an HT-ORC system was combined with a similar gas engine as it is in installed in Braun-
schweig. As a result, an increase of the total electrical power output of about 8 % could
be realized (based on rated power of engine of 716 kWe). In field deployment the high
temperature ORC-unit developed by Fraunhofer Umsicht and DuUrr Cyplan reached a
gross electrical efficiency (without considering auxiliary power needed to run the sys-
tem) of about 17 to 21 %, depending on the input heat flow rate. It is expected that by
using an ORC-unit in combination with modern high performance CHP engines that
can have electrical efficiencies of 44 to 46 % the total electrical efficiency can be in-
creased to up to 47 to 49 % [25].

In the next chapter, the performance benefit will be put in relation with the system
costs.

4.2. Economic impact analysis

4.2.1. Direct comparison

The economic impact analysis of the H2P systems is based on a return on investment
ROI, simple payback period PP and net present value NPV calculations. For the direct
comparison, the data of an HT-ORC system installed in AZV Sudholstein, Hetlingen [26]
and a full scale TEG prognosis for all four CHP units in Braunschweig are analysed (see
chapters 3.5 and 3.6). One main difficulty observed when comparing the two systems is
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the difference in size (heat intake) and utilisation rate. In addition, heat production and
valorisation is neglected, as there is no data available for the ORC unit.

The following electricity price data is assumed as evaluation basis for the analysis.

Table 13: Electricity price components [27].

Price component ' EUR/MWh

Electricity energy price 52.60
Grid fee 30.20
EEG fee 63.54
Electricity tax 15.77
Concession fee 1.10
Miscellaneous fees 8.63
VAT 32.65
Sum 204.49

The electricity value used is valid for self-consumption of electricity inside the WWT
plant. If electricity is sold on the market, the value will be market price plus premium.
Studies have discovered that it is more economic to use produced electricity to cover
internal demand [27].

The following equation is used to calculate return of invest ROI over the utilization period
[28, 29]:

__ (Gain of Investment—Cost of Investment)

Equation 18 ROI =

Cost of Investment

The time frame for the ROI observation is the typical utilization period of 10 years [24].
During this time the benefit of producing self-consumed electricity on-site and the cost
of investment (including maintenance and operation) of the H2P units are compared.

To simplify the comparison, it is assumed that only equity and no borrowed capital is
used for the investment. Furthermore it is taken as basis that the total sum of the invest-
ment is paid at the beginning of the utilization period. The interest rate on the invested
capital is neglected. The annual gain of investment is calculated from the annual elec-
tricity yield minus the annual maintenance cost. The gain of investment is calculated by
multiplying the annual gain with the typical utilisation period.

The simple payback period PP of the TEG unit can be calculated as follows, when the
annual recovery is constant [29, 30]. Also here, the interested rate on capital is neglect-
ed for simplicity reasons.

. Initial I t t
Equation 19 PP = —— T =Te

Annual Recovery
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The result indicates the number of years a system has to be minimum operated in order
to have a positive cost benefit ratio.

In addition to the ROl and the PP the net present value (NPV) of the two investments
was calculated to further assess their benefit. The calculation is based on the net pre-
sent value method, in which all future earnings Er and expenditures Ex including initial
invest, operating and maintenance costs during the utilization period t of the unit are
discounted (with a certain interest rate r) to determine their current value [29, 31].

Equation 20 NPViwes:= Yi=o(Er: — Ex;) - (1 + )7t

Balancing all present values, results in the NPV of the investment. In case the NPV is > 0
the investment would add value that is higher than just the interest rateé. A NPV <0 is
unfavourable for an investor since the expected interest rate is not reached.

For the following two cases it was assumed that the TEG-, and ORC-units have a termi-
nal value of 0 EUR after 10 years and that only equity was used. The purchasing and
installation costs were assumed to be part of an initial invest at the beginning of the
utilization period (t=0). Furthermore no additional risk loading was applied. For the inter-
est rate a value of 5 % was chosen based on literature’.

Braunschweig: 4 CHP units with 4 TEGs

The four TEG systems in Braunschweig are considered to be operated on a nominal ex-
haust heat input of 312 kWi each, producing nominal 11 kWel electrical power and
201 kWi of useful heat each (see chapter 3.5). The expected gross electrical efficiency
of the TEG is 3.5 %. The annual utilization is 4 207 hrs per gas engine® or 16 828 hrs in total
for all 4 gas engines. The contribution of the TEGs to the overall annual electricity pro-
duction would reach around 1.5 %.

6 Example: NPV=50.000 EUR - The investor receives the invested capital, an interest payment of 5 % and additionally
about 50.000 EUR [29].

7 Piliet al. used 4 % [32] as a discount rate to compare different ORC-configurations used for waste heat recovery appli-
cations, in a study by the Fraunhofer ISE [31] values of about 2.4 to 7.7% were specified as real weighted average cost of
capital for different renewable and non-renewable power plants, the VGB PowerTech e.V. used values of 4 to 7 % to
compare the electricity costs of different renewable and non-renewable power plants [37].

8information provided by NEAS A/S. CHP operating hours have been simulated and optimized in [26]. In average in
Braunschweig, there are typical 2 out of 4 units in operation. The utilization rate per single CHP unit is around 48%.
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Table 14: ROI and simple payback period calculation of TEG in Braunschweig.

Purchasing and installation costs [176 000 |EUR
Specific investment costs? 4000 EUR/kWel (nominal)
Utilization period 10 Years
Annual operation costs 4 80010 EUR/a
Annual operation fime 4 207 Hours
Electricity production 185108 |kWh/a
Electricity yield 37 853 EUR/a
Annual gain of investment + 33053 |EUR/a
ROI 69 VA
Simple payback period 53 Years
NPV of investment +79224 (EUR

ORC System in AZV Sidholstein

The WWTP Hetlingen in SUdholstein was built in 1973 and has a capacity of 860 000 PE or
31 billion cubic meters of waste water per year. The annual electricity consumption of
the plant is approx. 23 000 MWh and around 70 % or 18 000 MWh are produced on site,
using CHP technology with an attached organic rankine cycle [26].

? Target value (see chapter 3.6)

10 Assuming maintenance of each TEG every 1.5 years at a cost of 1 800 EUR (see chapter 3.6)

11 Based on an interest rate of 5%, 10 years utilization, terminal value after 10 years is O EUR.

novation Actions - Grant agreement® 641661
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ORGANIC RANKINE CYCLE

GAS Engine

1 Cooling ‘

AWT = Exhaust Gas Heat Exchanger
KWWT = Engine Coolant Heat Exchanger

Steam
Fluid

Figure 42: ORC implementation scheme in AZV Siidholstein'?

The ORC process used is very similar fo the SRC explained in chapter 1.2.1. Instead of
water the ORC unit of this plant uses a mixture of H2O and iso-pentane as operating
fluid. It is pumped towards a heat exchanger (B), where it is pre-heated by a secondary
engine coolant circuit. In a second heat exchange stage (C) it is indirectly heated by
exhaust gas heat and in a third stage (D) it is evaporated, producing superheated
steam. Typically this secondary circuit is operated based on thermal oil circuit (E) [32].
The super-heated steam is expanded via a turbine that drives an electrical generator
(G). In a condensing stage, the ORC fluid is again condensed.

According to the operator AZV SUdholstein the ORC circuit operates on a nominal heat
input of 1072 kW' and produces 144 kWel'* power. The resulting gross electrical effi-
ciency of the ORC is 13.4 %. The annual utilization is 2 500 hrs'>. The contribution of the
ORC to the overall annual electricity production is around 1.7 %.

12 Original image was provided by azv Sidholstein, Dr. Julia Weilbeer, division manager production; translation to English
by Fraunhofer IPM

13

Data provided by azv Stidholstein, Dr. Julia Weilbeer, division manager production
14

Data provided by azv Stidholstein, Dr. Julia Weilbeer, division manager production

15
Data provided by azv Stdholstein, Dr. Julia Weilbeer, division manager production
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Table 15: ROI and simple payback period calculation of ORC in AZV Siidholstein.

Purchasing and installation costs'® 475000 |[EUR
Specific investment costs 3299 EUR/kWel (nominal)
Utilization period 10 Years
Annual operation costs 9 000 EUR/a
Annual operation time 2 500 Hours
Electricity production 360000 |[kWh/a
Electricity yield 73 616 EUR/a
Annual gain of investment + 64 616 |EUR/a
ROI 30 Zo
Simple payback period 7.4 Years
NPV of investment'” +23 951 |EUR

In case the annual operation fime of the ORC unit in AZV SGdholstein would equal that
of the TEG in Braunschweig (4 207 h instead of 2 500 h) the following values would be
obtained, assuming the operation/maintenance costs scale linear with the operation
fime: ROl = 98 %, PP = 4.4 years, NPV = + 364 634 €. In that case the investment would be
much more favourable compared to the TEG.

Discussion of result

From this result it can be concluded that the TEG installation in Braunschweig has a
smaller annual gain and much lower investment costs when compared against the
ORC installation in Hetlingen. It potentially amortizes quicker, in a period of about 5.3
years. The net present value of both systems is positive, making them both reasonable
investments. Of course this result is based on several assumptions, which have been de-
scribed in previous chapters. One important key for the TE technology is achieving a
system price level of <4 000 EUR/kWel. Today this is only likely to be reached in high vol-
ume production scenarios (automotive or consumer market) and not in the niche mar-
ket of large scale CHP.

It should be noted that the two WWTP are different in their size (350 000 PE wvs.
860 000 PE) and H2P system utilization rates (4 207 hrs vs. 2 500 hrs), as well as the fact

16 pata provided by azv SUdholstein, Dr. Julia Weilbeer, division manager production

17 Based on an interest rate of 5%, 10 years utilization, terminal value after 10 years is O EUR.
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that the Braunschweig scenario uses 4 CHP and TEG units rather than just one ORC unit.
The result may give a first indication that TEG is a technology that is favourable for
smaller CHPs.

The heat production is not valorised in this study, however the heat in- and output of the
two systems is considerably different. According to available data the TEG heat uptake
is about 2 times higher (5 250 MWhin (TEG) vs. 2 680 MWhin (ORC)). Consequently, the
useful heat generated by the two systems will significantly differ. Due to its direct inte-
gration, TE technology has a potentially higher capability of generating useful heat
(=heat injected a heating/cooling circuit e.g. for remote heating applications).

4.2.2. Levelized cost analysis

To put the result of chapter 4.2.1 intfo a more global context, a Levelized Cost of Elec-
tricity (LCOE) is a common measure used to compare different technologies of electric-
ity production based on the lifetime costs (investment cost, operation and mainte-
nance costs and fuel costs). It is described in [33], [34], [35]. Over an assumed lifetime
the sum of costs are divided by the sum of electrical energy produced. Additionally the
LCOE takes intfo account the discount rate over the lifetime [35]:

(o
] She—E+Co
Equation 21 LCOE = %

where i is the interest rate, n the assumed life time, C, are the yearly maintenance costs,
Co are the investment costs, Ex is the yearly electricity production. In all cases, the yearly
maintenance costs. A period n of 10 years is considered, and the interest rate amounts
i=5% (see 4.2.1).

Pili et al. 2017 [35] simulated the performance of different ORC-units to recover electrici-
ty from fluctuating heat sources. Depending on the heat source (clinker cooling, flue
gas from an electronic arc furnace or a reheating furnace) and the additional usage of
sensible or latent heat storage facilities, they calculated that a LCOE as low as 5.5 to
8.9 Eurocent/kWh could be reached (discount rate = 4 %, annual operation = 7 000 -
8 000 hrs/a) [35]. According to a study by Ueckerdt et al. in comparison, the System-
LCOE for renewable energy technologies like wind and solar PV are about 7 to
10 Eurocent/kWh and 12 to 22 Eurocent/kWh respectively depending on the final elec-
tricity share of the technology [34]. The Fraunhofer ISE also investigated the LCOE for
different renewable and non-renewable power generating technologies in 2013 [31].
Their findings are summarizes in Figure 43.
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Figure 43: LCOE for various renewable energy sources [31]

Based on the specific use case values from Table 14 and Table 15 for the TEG or the
ORC-unit the corresponding LCOE values can be calculated to be 15 Eurocent/kWh
(TEG) and 20 Eurocent/kWh (ORC). Consequently the future TEG is based in a competi-
tive cost range among electricity production from Biogas technology; however, as also
explained above ORC could potentially be cheaper when higher annual operation
times can be achieved.

4.3. Summary

Based on the Braunschweig scenario, the TE-technology allows raising the CHP electri-
cal yield by +1.5%. Assuming a future specific investment cost of 4 000 EUR/kWe, it is
expected to amortize in minimum 5.3 years. Its potential main benefits are the low in-
vestment costs as well as the low operation and maintenance cost. Due to its direct
infegration, the thermal performance of the TEG is likely to be better in comparison with
SRC/ORC technology. The levelized cost of electricity production from the TEG is
around 15 ct/kWh assuming an annual operational utilization of 4 207 h/a.

For the studied CHP size of 710 kWel, SRC outperforms TEG by a factor 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 ORC [25]. Despite the fact that both investment costs and
maintenance costs are higher than for TEG, new ORC technology could allow reaching
a levelized cost of 5.5 to 8.9 ct/kWh [35]. However, existing ORC implementations like in
WWTP Hetlingen can also range at lower values with 20 ct/kWh (2 500 h/a). The amorti-
zation of ORC can be achieved in less than 5 years, if sufficient operation times are
reached.
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5. Summary and Conclusion

The EU-funded project “POWERSTEP” aims on a full scale demonstration of energy posi-
tive sewage treatment plant concepts towards market penetration. In different case
studies, innovative technologies for waste water treatment plants (WWTP) are devel-
oped, deployed and assessed.

This report introduces 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 technologies of thermoelectric 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 tem-
perature range: High performance Bi2Te3 was chosen to be the best solution for ex-
haust gas temperatures of 450°C-180°C and coolant temperatures of 60-80°C. For the
pilot integration, several possible positions on the exhaust line have been studied and
measurement electronics along with a safety concept have been developed and de-
ployed. The final implementation and field tests 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/kWe, it is expected to amortize in ap-
proximately 5.3 years. As today some prototype part costs are still more than 10 times
higher than 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 building
blocks are heat exchangers, thermoelectric modules and power electronics.

In direct comparison with SRC/ORC technology, potential main benefits of thermoelec-
tfrics 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/aq).

For the studied CHP size of 710 kWe, using SRC potentially outperforms the TEG by a fac-
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 in-
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, exist-
ing ORC implementations like in WWTP Hetlingen can also range at higher values with
20 ct/kWh (with a utilization 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 effective in this ap-
plication class. The results may give a first indication that TEG is a technology that is fa-
vourable for smaller CHPs.
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