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ARTICLE INFO ABSTRACT

Keywords: BIOS and RIKA developed within the ERA-NET-project “Small-scale BM based CHP” a new micro CHP tech-

Stove nology based on a wood pellet stove (thermal capacity 10.5kW) with a thermoelectric generator (TEG), that

Combined heat and power generation (CHP) enables the operation of the stove without electric grid connection. Thereby, the wear- and maintenance-free and

Wood also noiseless TEG system is cooled by a water circuit which makes it possible to supply an additional room with

?;ﬂ::tnoelectric generator heat. To achieve a self-sustaining operation of the pellet stove a TEG with an electric power of up to 50 W was
installed into the casing of the pellet stove and the electricity consumption has been reduced significantly by an
optimization of the control system and the selection of appropriate low voltage components. Based on transient
system calculations and CFD simulations as well as test runs with two testing plants the system has been opti-
mized. To demonstrate the practical suitability of the new technology in real life, 8h load cycle tests were
carried out. At these tests overall efficiencies up to 92.6% were achieved and in addition to the coverage of the
own electricity consumption of the stove, 50 W h surplus electricity were produced which can be used to charge
mobile phones or other small consumers.

1. Introduction and objectives

Biomass based room heating systems are very common for space
heating throughout Europe. In Austria, biomass stoves represent about
50% of the total number of installed single room heaters [1]. In the
recent 15 years pellet stoves became more and more popular due to
their advantages regarding automatic control, user friendliness (auto-
mated ignition, easy and clean fuel handling) and their low emissions in
comparison to logwood stoves. The current market for pellet stoves in
Europe is in the range of 200,000 units per year whereby the markets
with the highest volumes are Italy and France [2-4]. However, the need
of an external electric power supply to provide electricity for the start-
up and operation is a disadvantage of pellet stoves especially with re-
gard to fail-proof and independent heating systems. Thus, new and
innovative solutions to overcome this deficiency of pellet stoves are
required to further support room heating technologies with high effi-
ciencies and low emissions.

The implementation of TEG systems in logwood stoves has already
been successfully realised [5,6]. In order to enable the operation of an
automatically controlled pellet stove without electric grid connection, a
new micro CHP technology based on a wood pellet stove with a ther-
moelectric generator (TEG) and appropriate power electronics was
developed. A TEG consists of several thermoelectric modules (TEM)
connected in series. In this paper TEM refers to the single TEM unit,
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while TEG refers to the electricity generating system. The work was
done in close cooperation of BIOS and RIKA within the ERA-NET-pro-
ject “Small-scale BM based CHP”, funded by the Austrian Climate and
Energy Fund.

RIKA has worked in former projects on the development of a TEG to
cover the own-electricity consumption of a pellet stove [7]. Thereby,
the general applicability of the TEG technology for stoves was proven
and a pre-selection of suitable TEMs took place. However, several key-
issues remained unsolved:

e Number of TEMs needed to guarantee a sufficient power production

® Positioning of the TEMs to get high and homogenous hot side
temperatures as constant temperature differences between the hot
and the cold side at all TEMs implemented increase the achievable
electricity output of the system

® Selection of an appropriate cooling system for the TEG as the cold
side temperature of the TEM has a considerable impact on the
electric efficiency

e Design of the pellet stove to guarantee a complete burnout of the
flue gas before it is cooled by the TEG in order to minimise deposit
formation on the surface of the TEMs (deposits hamper the heat
transfer and thus reduce the temperature difference between hot
and cold side)

e Development of appropriate power electronics for the TEG system
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e Optimization of the power consumption of the pellet stove
e Minimum additional costs for the TEG integration in order to make
the grid independent system economically interesting

The goal of the project was to address the issues listed above and to
develop the new technology towards commercialisation. Within this
paper the new pellet stove technology with TEG is described and an
overview regarding the development and optimization of the new
technology and the results achieved is given.

2. Methodology

In order to ensure an efficient and target oriented development
during the project, the following methodological approach was chosen.

2.1. Technical approach

The new CHP technology is based on an automatically controlled
pellet stove with a thermal capacity of 10.5 kW which is coupled with a
TEG and equipped with appropriate power electronics. The cooling of
the TEG is done by a cooling device for the TEG which supplies thermal
power to room heaters. Additionally, an accumulator and appropriate
power electronics are considered for the new technology (see Fig. 1).

During operation of the pellet stove the TEG supplies the stove with
electricity. Surplus electricity is stored in an accumulator. The accu-
mulator supplies electricity during the next start-up for the ignition and
other power consumers (fan, fuel feeding, and control system) until the
TEG starts the electricity production.

Thermoelectric generators enable a maintenance-free and silent
electric power generation from heat. Thus, this technology is particu-
larly suitable to realise a grid-independent operation of stoves, which
are usually installed in residential areas (e.g. for heating of the living
room). The principle of the TEG is based on the Seebeck effect, in which
heat is directly converted into electricity by two connected and differ-
ently doped semiconductors placed at different temperatures (Fig. 2).

The electric output of the TEMs and thus the TEG is influenced by
the type of the TEM, the number of TEMs used, the temperature dif-
ference between the cold and hot side of the TEMs/TEG (with rising
temperature difference the electric output is increasing) and the TEM/
TEG cold side temperature (with rising cold side temperature the effi-
ciency is decreasing). Thus, a high temperature difference between the
cold and hot side combined with a low cold side temperature of the
TEMSs/TEG is the aim in order to achieve a high electric output of the
TEG. In Fig. 3 a cross section of the new pellet stove micro CHP tech-
nology shows the position of the TEG in the flue gas path. It is located
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Fig. 1. General approach of the new pellet stove micro CHP technology.
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Fig. 2. General structure of a TEM (top) and photographs of the TEM with and
without ceramic substrate (N ... n-doped semiconductor; P ... p-doped semi-
conductor).
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Fig. 3. Cross section of the new pellet stove CHP technology.

downstream the post combustion chamber where the flue gas tem-
peratures are high and flue gas burn-out is already completed.

The electricity produced is stored in the accumulator for the next
start-up of the pellet stove. The surplus electricity produced, when the
accumulator is fully charged, can be used to charge external devices via
USB port implemented in the new power electronics.

2.2. Transient system calculations

For the definition of the number of TEMs needed to provide elec-
tricity sufficient for the operation of the pellet stove and to evaluate
different cooling options for the TEG system, transient system calcula-
tions were performed based on an in-house developed Microsoft Excel™
spread sheet considering the heat-up, stable operation, load changes
and cooldown phases of the system. These calculations enabled a rea-
listic overall dynamic system modelling based on the given boundary
conditions regarding pellet stove operation, TEG and ambient. Thereby,
different cooling options such as air cooling (II), heat storage (I) and
cooling with a water circuit (III) were modelled and evaluated (see
Fig. 4).

2.3. Selection of appropriate system components

As a first step towards a self-sustaining operation, the own
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Fig. 4. Structure of the transient system calculations for the three (I - III) cooling options investigated.

consumption of the pellet stove had to be reduced. This was achieved
by RIKA by selecting low voltage system components (ignitor, flue gas
fan, fuel feeding system, water pump and accumulator). In a second
step the power output had to be maximized. This goal could be ac-
complished by adapting and optimizing the TEG, the accumulator and
the power electronics. As criteria for the selection of a suitable TEM, the
acceptable maximum hot side temperatures (to increase the tempera-
ture difference between hot and cold side of the TEM), high electric
efficiencies as wall as low costs were considered. The selected type of
TEM has subsequently been implemented into the testing plant 1 and 2.
For all components selected the investment costs were, apart from
suitable technical specifications, an important basis of decision, since
the additional costs for the new CHP technology compared to standard
pellet stoves should be kept to a minimum.

2.4. Construction of testing plants (2-stage approach)

Based on the results of the development work described above, a
pre-optimized prototype of the pellet stove technology equipped with a
TEG and a cooling system (water circuit) was constructed (testing plant
1). The test runs with testing plant 1 focused on the performance of the
pellet stove regarding efficiency and emissions, the general function
and the achievable hot and cold side temperatures of the TEG for dif-
ferent operation loads of the pellet stove as well as the performance of
the cooling water circuit.

Based on the data and experiences gained from the test runs with
testing plant 1, the system was optimized and a second - close-to-the-
product - testing plant was constructed and tested. For testing plant 2,
especially the TEM position in the stove as well as the heat exchangers
on the hot and cold side of the TEMs were modified in order to increase
the electric output of the system. Furthermore, the air staging and in-
sulation of the main and the post combustion chamber were modified in
order to improve the burnout quality.

In addition, for testing plant 2 a suitable power electronics were
already available and an accumulator was integrated. Consequently,
with testing plant 2 a grid-independent start-up and operation was
possible and thus the overall system could be evaluated at different
operation modes under close-to-real-life conditions.

2.5. CFD based design of the pellet stove with integrated TEMs

Based on the preliminary design of the pellet stove with integrated
TEG a stepwise optimization took place by CFD (Computational Fluid
Dynamics) simulations as a basis for testing plant 1. Based on the results
of the test runs performed, and the adapted design of the pellet stove
provided by RIKA, CFD simulations for the testing plant 2 were per-
formed and the system was improved gradually. Table 1 gives an
overview over the CFD models considered. The main purposes of the
CFD simulations performed for the new pellet stove CHP technology
were to achieve:
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Table 1
Overview over CFD models applied.

Model

Combustion of Empirical combustion- and release model (in-house

pellets: code) for fixed beds [8]

Turbulence: Realizable k-¢ model

Gas phase Eddy dissipation mode global methane 3-step mechanism
combustion: (CH4, CO, CO,, H,, H,0 and 0O,) [9]

Radiation: discrete ordinates model/weighted-sum-of-gray-gases

model for gas radiation (gray radiators CO2, H20)/soot
formation and radiation model of soot particles

3D - heat conduction in the metal sheets surrounding the
combustion zone

Shell-conduction
model:

e Optimal positioning of TEMs regarding high and homogeneous hot
side temperatures

o Efficient CO burnout and air staging

® Good flushing of the window by secondary air to ensure a clean
window

e High total efficiency

e Low temperatures for the water pump and accumulator in the pellet
stove casing

2.6. Measurement and analysis methods applied

A significant number of different measurement technologies were
applied in order to gain detailed information about the performance of
the new micro CHP technology. The following continuous measure-
ments were performed during the test runs with testing plant 1 and 2:

e Operation parameters: flue gas temperature according to EN 13240,
combustion chamber temperature and chimney draught, volume
flow of flue gas, combustion air and cooling water circuit as well as
temperatures of the hot and cold side of the TEG and in the cooling
water circuit

Flue gas composition downstream the stove using standard flue gas
analysers for O, (paramagnetic sensor), CO, NO (NDIR) and OGC
(FID)

Determination of the particle size distribution and concentration of
aerosols in the flue gas downstream the stove with an electrical low-
pressure impactor (ELPI)

Electricity consumption (separate measurement of the ignitor, flue
gas fan, water pump for the water circuit and electronics), electricity
production of the TEG (voltage and current) and voltage of the ac-
cumulator

Besides these continuous measurements, fuel and ash samples were
taken periodically and the total fly ash (TSP) and aerosol concentrations
in the flue gas downstream the stove were determined with a filter
method and a 9-stage Berner-type low-pressure impactors (BLPI) re-
spectively.
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For selected test runs representative samples of the fuel used (wood
pellets ENPlusA1) were analysed regarding the moisture content (de-
termination of weight loss at 105°C - ONORM EN 14774-1.2009 12
01), ash content (method according to ONORM EN 14775:2009 12 15)
and main elements C, H and N (ONORM EN 15104:2001 04 01).

2.7. Performance of test runs, evaluation and stepwise optimization of the
technology

Test runs at different loads (30%, 50%, 65% and 100% of nominal
load) were performed with both testing plants to evaluate the new
system in regard to the thermal power of the pellet stove, the thermal
efficiency as well as the gaseous and particulate emissions.
Furthermore, the test runs focused on the electricity production of the
TEG, the electricity consumption of the pellet stove and the perfor-
mance of the water cooling system.

Additional test runs were performed with testing plant 2 in order to
optimize the start-up and shutdown procedure concerning electricity
consumption and production. Moreover, “worst case” tests regarding
breakdown of the water pump were performed. Finally, load cycle tests
were carried out to demonstrate the practical suitability of the new
technology in real life. The applied load cycle test has been developed
within [10] based on field monitoring data of pellet stoves with and
without water jacket. The duration of the load cycle test is 8h and
includes four different load phases and three start-ups of the pellet stove
(see Fig. 5).

The test runs were evaluated in detail and mass and energy balances
as well as carbon balances were made for plausibility checks.

3. Results and discussion

The transient system calculations pointed out, that due to the low
and stable TEG cold side temperatures achievable, the water circuit was
identified as the most suitable cooling option for the TEG. Furthermore,
this cooling option offers the possibility to heat an additional living
room. In addition, the calculations pointed out that about 10-12 TEMs
are required to ensure a sufficient power production of the TEG at any
load (i.e. from minimum partial load at 30% to nominal load of the
pellet stove).

The test runs with testing plant 1 showed very promising results
regarding thermal efficiency and gaseous emissions. The electric power
potential of the TEG depends on the temperature difference between
cold and hot side of the TEMs/TEG and is thus directly correlated to the
power of the pellet stove. Results showed that at a temperature dif-
ference of 60 °C (achieved at 30% part load of the pellet stove) the
electric power potential is 10 W, while for a temperature difference of
200 °C, which can be reached at nominal load of the pellet stove, the
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Fig. 6. Electric power potential of the TEG for testing plant 1 in dependence of
the stove operation load and temperature difference between cold and hot side
of the TEMs/TEG respectively.

electric power potential increases up to 50 W (Fig. 6). The average
electricity consumption of the pellet stove (including the power con-
sumption of the pump for the water circuit but excluding the power
electronics which were not installed in testing plant 1) amounted to
10.1 W at nominal load. The cooling system worked properly and the
feed temperatures were in the range from 35 to 60 °C (depending on the
stove load).

In addition, the impact of the TEM/TEG cold side temperature
(influenced by the cooling system applied) on the electric output was
investigated. Therefore, test runs with varying cold side temperatures
(by adjusting the operation parameters of the cooling system) and al-
most constant hot side temperatures (stable load of the pellet stove)
have been performed. The test run results confirmed the expectations
and underlined the huge influence of the cold side temperature on the
electricity output of the TEG system of about 0.5 W/K (see Fig. 7). Thus,
an efficient cooling of the TEMs is essential to reach a high electric
output.

The test runs with testing plant 1 showed that the general concept of
the new CHP technology is working properly. However, the results of
the test runs and the results of subsequent CFD simulations also re-
vealed the potential for further optimization. The main areas for opti-
mizations were:

® Repositioning of the TEMs in order to achieve higher and homo-
geneous temperatures on the hot side of the TEMs

e Improved TEG cooler design

e Improved burn-out quality and minimization of depositions on the
front window of the main combustion chamber by improving the
insulation of the main combustion chamber and modifying the ratio

Load cycle test for pellet stoves
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Fig. 5. Load cycle test for pellet stoves [9].
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between primary and secondary air.

The adaptations recommended were considered for testing plant 2.
In addition, the power electronics specially developed for the new CHP
technology were implemented together with the accumulator. Thus,
testing plant 2 already represented a close-to-the-product system.

A re-design of the insulation and geometry of the main and post
combustion chamber, based on the CFD simulations performed, led to
increased flue gas temperatures (see Fig. 8), which is a requirement to
reach high temperatures on the hot side of the TEMs/TEG and also to
achieve a complete burnout before the flue gas passes the TEG area
(important to prevent deposit formation on the surfaces of the TEG heat
exchanger).

Based on the CFD simulations for testing plant 2 an optimized po-
sitioning of the 12 TEMs with high and rather uniform surface tem-
peratures was achieved (Fig. 9). In addition the maximum application
temperature for the TEMs of 330 °C was kept for all operation modes
simulated (maximum temperature 314 °C), which has also been con-
firmed by the experimental tests.

The expected maximum temperatures of the new components water
pump, electronics and accumulator were also evaluated by CFD simu-
lations and reduced by increasing convection air openings and con-
sidering metal sheets for radiation protection for the construction of
testing plant 2. In addition, for testing plant 2 the air staging and
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window flushing was optimized to ensure a clean window and a low O,
content in the flue gas (high thermal efficiencies).

Due to the effort taken regarding selection and implementation of
components with low electricity demand and due to the optimized
control system a further reduction of the electricity demand for testing
plant 2 could be achieved. The electricity demand was 9 W for nominal
load and 5W for 30% part load operation, including the power con-
sumption of the water pump for the water circuit and the power elec-
tronics (see Fig. 10).

The electric power production at the different loads of the pellet
stove is displayed in Fig. 10. The gap between the electricity production
and electricity consumption represents the capacity to charge the ac-
cumulator during operation of the pellet stove. Even at 30% part load
the electricity production is 5W higher than the consumption. The
amount of surplus electricity available to charge the accumulator in-
creases up to 40 W at nominal load. If the accumulator is fully charged
the electricity produced can be used to charge external devices (e.g.
mobile phone) via an USB-port.

The electric efficiency of the TEG related to the thermal power input
from the flue gas to the TEG is in the range of 1.4% at 30% part load to
2.2% at nominal load. At nominal load 8.4 kW of the useful heat is
released by the pellet stove itself (radiation and convection air) and
about 2.3 kW, which represents 21% of the total heat output, is released
by the radiators of the TEG water cooling system to heat a second living
room. The share of the heat transferred to the water circuit remains
with about 20% the same for all operation loads of the pellet stove.
Based on the test run results, the thermal efficiency at nominal load is
91% and rises up to 97% for 30% part load (see Table 2), which is well
comparable with the typical range of efficiencies of state-of-the-art
pellet stoves. Due to the optimized design and insulation of the main
and post combustion chamber, with testing plant 2 an almost complete
burnout of the flue gas has been achieved. Thus, the CO emissions at
nominal load were with 30 mg/MJ three times lower than the state-of-
the-art for pellet stoves (90 mg/MJ based on type testing results).

Since in real life pellet stoves are operating at different loads and
most of the time not at stable conditions the new micro CHP technology
was evaluated based on a load cycle test especially developed for pellet
stoves (see Chapter 2.7). The load cycle tests were performed with the
testing plant 2 before and after optimization of the control strategy
regarding start-up and shutdown to evaluate the improvements

testing plant 2

Fig. 8. Results from CFD simulations — iso-surfaces of flue gas, convection air and stove temperatures ["C] at nominal load operation.
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Fig. 10. Electric power production and consumption as well as the electric
efficiency of the TEG at different loads for testing plant 2 of the pellet stove.

Table 2
Energy balance at different operation loads of the pellet stove with TEG.
Operation load [%] 100 50 30
Biomass fuel input [kg/h]  2.40 1.20 0.72
Biomass fuel power input (NCV) [kW] 11.78 5.59 3.54
Thermal power combustion air [kW] -0.05 -0.03 -0.01
Heat losses flue gas [kW] 1.11 0.29 0.10
Thermal power cooling system (water circuit) [kW] 2.26 1.21 0.72
Thermal power pellet stove (radiation & [kw] 8.41 4.40 2.72
convection air)
Total thermal power pellet stove [kw] 10.67 5.61 3.44
Share of the heat released by the water [%] 21.2 21.5 21.3
system
Thermal efficiency (related to NCV) [%] 90.6 95.1 97.2
Electric capacity TEG [W] 50.0 22,5 10.0
Electric efficiency (based on thermal input) [%] 2.2 1.9 1.4
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achieved.

The optimization of the control strategy led to a reduction of the
electricity demand by 7% from 74 to 69Wh per load cycle test.
Furthermore, an overall efficiency (including the cooldown phases be-
tween the operation phases and at the end of the load cycle test) for the
load cycle test of 91.1% before optimization of the control strategy and
92.6% with the optimized control strategy were achieved.

The load cycle tests with the new micro CHP pellet stove technology
showed that after each start-up of the stove the accumulator can be re-
charged within the given time of operation. Thus, at the end of the load
cycle test the accumulator is fully charged. In addition, an electric
potential of about 50 W h to charge external devices is given by the TEG
(represented by the light red areas in Fig. 11).

The final test run results with testing plant 2 showed that the
electricity demand of the pellet stove can be covered over the whole
load range by the electricity production of the TEG and that sufficient
electricity can be stored in the accumulator during operation to enable
the next start-up of the pellet stove. Thus, the key targets of product
development have been achieved.

4. Conclusions

Based on a common pellet stove (thermal capacity 10.5kW) and a
thermoelectric generator a new micro CHP technology was developed.
The new technology represents an automatically controlled room
heating technology which can operate off-grid. The TEG system is a
wear- and maintenance-free as well as noiseless technology and thus
ideally suitable for applications in living rooms.

The transient system calculations performed pointed out that
12 TEMs have to be integrated in the TEG to cover the electricity de-
mand during operation of the pellet stove and to charge the accumu-
lator for the next start-up. Furthermore, with the transient system cal-
culations different cooling options for the TEG were evaluated with the
result that a water circuit with radiators to heat an additional living
room is the most suitable technology for the new micro CHP system.
The appropriate position of the TEMs to achieve high and homogeneous
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hot side temperatures were identified by CFD simulations. Furthermore,
CFD simulations were also used to optimize the flue gas burnout and to
evaluate and reduce the maximum surface temperatures of the addi-
tional components needed for the new technology (water pump, accu-
mulator).

By selecting appropriate low voltage components and optimization
of the control strategy finally a reduction of the electricity consumption
of the pellet stove down to 9 W (including the power consumption of
the pump for the water circuit) has been achieved.

Based on the simulations performed, testing plant 1 equipped with a
TEG and its respective cooling system was constructed and manu-
factured. The test runs with testing plant 1 focused on the performance
of the pellet stove regarding efficiency and emissions, the achievable
hot and cold side temperatures of the TEMs/TEG for different operation
loads as well as the performance of the cooling water circuit. The
evaluation of the test runs show satisfying results regarding the cooling
system and the thermal efficiency of the pellet stove as well as pro-
mising electric power potential of the TEMs. However, to increase the
electricity production of the TEG and to further reduce the emissions of
the pellet stove an optimization of the testing plant by applying addi-
tional CFD simulations took place and a second - close-to-the-product —
testing plant was constructed and tested.

The focus of the test runs with testing plant 2 were on the evaluation
of the overall system at the different operation modes and on load cycle
tests to demonstrate the practical suitability of the new technology in
real life.

The evaluation of the test runs has shown a surplus electricity
production of about 40 W at nominal load and that even at 30% part
load the electricity demand of the pellet stove can be covered by the
electricity generated by the TEG. The load cycle tests with testing plant
2 demonstrated, that a grid-independent start-up and operation at dif-
ferent loads is possible. Thereby, an overall efficiencies up to 92.6%
were achieved and in addition to the coverage of the own electricity
consumption of the stove, 50 Wh surplus electricity were produced
which can be used to charge mobile phones or other small consumers.
Moreover, due to the water cooling system with feed temperatures in
the range from 35 to 60 °C (depending on the stove load) and a thermal
capacity of up to 2.2 kW, a second living room can be heated by the new
technology. The final design of the new micro-CHP system and long-
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term testing of the new components is currently ongoing.
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