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Abstract: The use of renewable energy sources (RES) as alternatives to fossil fuel for the production of thermal 
and/or electric energy has recently received much attention. Biomasses seem to be realistic alternative fuels leading to 
environmental, technical and economic benefits. However, to further increase the share of energy produced from 
biomass plants, it is necessary to improve the critical issues which to date have limited their spreading. In particular, 
particulate emissions and reliability are identified as the most determining limits. The paper describes two innovative 
technological solutions developed at the University of Bologna to further increase biomass plant marketability and 
shows a preliminary design on how they can be integrated in a biomass boiler for residential application. The first 
innovation is a high efficiency and low cost filter for particulate emissions: to reach a PM collection efficiency of 
99.9%, wet scrubber was chosen as technological solution for the application on a 25 kW th biomass boiler installed in 
University of Bologna laboratory. The second innovation is the integration of a thermoelectric generator able to 
produce electricity directly from heat exchange. A prototype has been realized and tested in University of Bologna 
laboratory and represents a new approach in the design and application of thermoelectric generator. The paper shows 
how these new technologies can be integrated in a small size biomass boiler, including also an economic assessment. 
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1. Introduction 

In recent decades the energy market has been 
characterized by a growing interest in renewable energy 
resources (RES), in order to reduce the fossil energy 
deployment and the air pollution. Biomass is one of the 
older RES and presents the advantages of being 
worldwide available and easily convertible in thermal 
energy. But it presents also some disadvantages related to 
the physical state of the biomass during combustion and 
to reliability of the boiler. In fact, the combustion of solid 
biomass is characterized by relatively low efficiency and 
high air pollution due to particulate matter (PM) emission. 
The technologies for reducing the PM emissions are still 
available, but in the small size applications (i.e. residential) 
are not economically sustainable due to the higher costs of 
operation and investment. An innovative PM separation 
device with low cost and specific energy consumption 
would effectively make biomass a sustainable alternative 
to traditional fuels, especially for domestic heating. To 
further increase its reliability, the biomass boiler could be 
integrated also with thermoelectric (TE) modules, which 
produce electric power from a heat exchange. The aim of 
the integration is to feed the boiler auxiliaries and the PM 
separation device and, consequently, to produce a stand-
alone system to be installed safely also in regions where 
the electric grid is not present or has high investment 
costs. Since the integration of TE modules may have 
positive impact also on security system reliability in the 
event of power failure or sudden stop, the development of 
this kind of technology could be seen also as an 
investment in the increasing of safety and health of the 
final end-user. So, after a more detailed cost-benefit 
analysis, it will be possible to identify incentive needs to 
be applied to make the initial investment more profitable 

(Bianchini et al., 2014a; Bianchini et al., 2015). The paper 
shows how two innovative technological solutions, 
developed at the University of Bologna, which consist of a 
high efficiency and low cost filter for PM emissions 
(Bianchini et al., 2016a) and a thermoelectric generator 
able to produce electricity directly from heat exchange 
(Bianchini et al., 2016b), can be integrated in a small size 
biomass boiler, thus becoming a stand-alone and low 
impact biomass plant. 

1.1 Technologies for PM collection in biomass boilers 

Solid biomass combustion produces a great amount of 
PM emissions, which can cause environmental and human 
problems (Obaidullah, 2012). To reduce the impact of 
biomass combustion, national authorities have set 
emission limits in relation to plants size (Bari, 2011). In 
Italy, different PM10 emission limits were set for 
industrial plants, while small size plants (< 35 kW) have 
no PM limits. This sub-division considers that a single 
small size plant produces a lower impact than an industrial 
one, but the diffusion of boilers can strongly affect air 
quality (Fiedler, 2004). Industrial PM separation systems 
are generally characterized by removal efficiency, collected 
PM size and costs (Ghafghazi, 2011). Cyclones have low 
installation costs, but operate on particles above 10 µm. 
Fabric filters have a removal efficiency of 99% for particle 
diameters below 1 µm, but require high maintenance costs 
due to the rapid filter clogging (Wang, 2013). Electrostatic 
precipitators can remove sub-micron particles with an 
efficiency of 95%, but investment costs and electric 
energy consumptions are high (Nussbaumer, 2016). A 
more suitable solution for non-industrial applications is 
the wet scrubber. Since collection efficiency can be greater 
than 99% for sub-micron particles and costs are low, wet 
scrubber has been chosen as technology for the PM 
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separation in small size biomass boilers (Bianchini et al., 
2016a). In particular, for being suitable also for domestic 
heating, the innovative filtration device must have 99.9% 
removal efficiency and specific energy consumption of 10 
Wh/Nm3 of flue gas, as in industrial applications. 

1.2. Thermoelectric generation in biomass boilers 

Thermoelectric modules operation is based on the 
Seebeck effect, which foresees an electric flow when one 
junction of two dissimilar metals is heated, while the other 
junction is kept at a lower temperature. This principle is 
used by thermoelectric generators (TEGs) to produce 
electricity form the heat exchange between a hot fluid and 
a cold one (Rowe, 2002). The heated cold fluid obtained 
will heat up the users served by the boiler. So, it is 
possible to produce electricity without wasting heat, and it 
is possible to use the produced electricity for feeding the 
boiler auxiliaries, including also the new PM separation 
system. The most of the applications foresee the 
installation of the thermoelectric module between a heat 
source and a cooling system (Killander, 1996; Nuwayhid, 
2003; Nuwayhid, 2005; Lertsatitthanakorn, 2007; Wei-
Hsin Chen, 2012) and measures the TEG performances in 
different operating conditions. However, the obtained 
performances are nearly the 5%, which are significantly 
lower than the manufactures predicted performances. 
Consequently, to reach the performances predicted by the 
manufacturer, the nature of the heat exchange between 
the thermoelectric modules and the heat source/sink has 
been investigated deeply (Bianchini et al., 2014b). 

2. Materials and Methods 

To realize a stand-alone biomass boiler for residential 
applications, parameters and methodology for the 
preliminary design of the two technologies and their 
integration are described below. 

2.1 Preliminary design of a wet scrubber 

The preliminary design of a wet scrubber with the desired 
PM collection efficiency requires: a) the knowledge of the 
load and size distribution of particulate matter; b) the  
study of particle motion and the identification of the 
removal mechanisms (inertial impaction, direct 
interception and Brownian diffusion) as a function of 
particle diameter; c) the optimization of wet scrubber 
parameters, such as liquid flow rate, relative speed 
between flue gas and liquid, void fraction, liquid droplet 
diameter; d) the evaluation of pressure drops and energy 
consumptions. An experimental test plant has been 
designed and realized to evaluate PM separation system 
performance and energy consumption (Bianchini et al., 
2016a). The plant consists of a biomass boiler of 25 kW th 
which generates a flue gas emission, controlled in 
temperature, flow, oxygen content and mean PM 
concentration (Fig. 1). The flue gas line is divided in two 
lines: the first one is directly connected to the chimney, 
while the second one leads the flue gas to the 
experimental separation system. Gas flow rate can be 
regulated by varying the rotation speed of the fans 
through inverters and it is set to 40 kg/h. PM 
measurement is realized by a multi-impactor MSSI. 
Typically, the pilot plant produces from 250 to 350 
mg/Nm3 PM emission. Preliminary tests made by the 

multi-impactor device showed that more than 97% of the 
PM mass produced by the biomass boiler was made by 
PM2.5. On the pilot test plant four different 
configurations of wet scrubber have been tested. The 
results of experimental tests are shown in Table 1. 

 

Figure 1 Pilot test plant Process Flow Diagram (PFD). 

Table 1 Mean PM2.5 removal efficiency and energy 
consumption of the previous tested configurations. 

Configuration 
PM2.5 

removal 
efficiency 

Specific energy 
consumption 
[Wh/Nm3] 

Washing tower 28.2% 10.6 

Bubble-column scrubber  58.6% 11.4  

Venturi scrubber 60.4% 54.8 

Combined Venturi and 
bubble-column scrubber  

94.8% 66.2  

The configuration of Venturi and bubble-column 
scrubber consists of the combination of a high pressure 
pump which generates a water flow of 5 l/min at 120 bar, 
with energy consumption of 1.7 kW el, and a water 
column of 360 mm height. The high pressure has a 
positive effect since it decreases liquid droplets diameter; 
while the bubble-column amplifies the mixing between 
water and flue gas. This type of wet scrubber allowed the 
highest PM2.5 removal efficiency (about 95%), but it also 
determined a high specific energy consumption (66.2 
Wh/Nm3), not adequate for domestic applications. 
According to previous results and the use of a 
consolidated mathematical model for the evaluation of 
particulate removal efficiency in a water spray (Kim et al, 
2001), the main parameters which influence the PM 
collection efficiency were identified. In particular, the 
most significant parameter is the small droplet size, which 
has a greater effect than the high relative velocity. Finally, 
a low void fraction must be guaranteed. These 
assessments were used to optimized a new configuration 
of wet scrubber. 

2.2 Preliminary design of an innovative TEG from biomass boiler 

The previous experimental campaign of the authors has 
highlighted the critical issue for the integration of the TE 
module technology with a boiler (Bianchini et al., 2014b). 
The TE module was compressed between two steel plate 
and it was investigated the effect of some parameters. It 
was found that i) a decrease of the steel plate roughness 
increases the performances considering the same 
temperature difference across the module, ii) an increase 
of the TE module compression increase the performances 
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of the cells with the same temperature difference across 
the module and iii) the addicting of material (ceramic 
wafer and/or aluminium plate) between the TE module 
surface and the steel plate, increase the heat flow factor, 
but decrease the conductivity factor and the temperature 
difference across the module. Consequently, it is 
advantageous if the temperature of the heat source is 
much higher than the maximum allowable temperature on 
the hot side of the TE module. So, to maximize the 
efficiency of the modules, it is fundamental to guarantee: 

- the optimal heat transfer between cells and heat source; 

- the temperature uniformity on the cell surfaces; 

- the maximum conductivity through the entire heating-
cooling TEG system. 

These results have led to an innovative technology for the 
integration of TE module in a biomass boiler which is 
based on the direct contact of the TE module hot surface 
with a condensing fluid (Bianchini et al., 2016b). After a 
preliminary survey, Glycerol Triacetate was chosen as 
potential fluid since it has all the characteristics required in 
terms of boiling temperature (near to 250°C at 
atmospheric pressure), melting point/solidification 
temperature, auto-ignition temperature, flash point 
temperature and approximate cost (€/l). Table 2 shoes the 
main characteristics of Glycerol Triacetate. 

Table 2 Glycerol Triacetate main characteristics. 

Boiling point (°C) 258 

Self-ignition temperature (°C) 430 

Flash point (°C) 138 

UE Hazard Statement none 

Cost (€/l) 45 

Heat of vaporization (kJ/kg) 393 

Liquid density (kg/m3) 1,160 

3. Results and discussion 

3.1 Technical analysis  

A new configuration of the wet scrubber has been 
designed to reduce energy consumption. In particular, the 
new wet scrubber will consist of a cylindrical tower with a 
diameter of 0.24 m and a height of 1 m. The flue gas will 
enter in the upper part of the scrubber, pass through the 
water spray, generated by 40 nebulizers, and finally it will 
be conducted to the chimney by 2 fans. A water pump, 
regulated by inverter, will provide the nebulizers with a 
water flow of 2 l/min and a pressure of 80 bar to decrease 
droplet diameter to 15 μm (Fig. 2). 

 
Figure 2 PFD of the new configuration of wet scrubber. 

It is necessary to produce continuously the proper water 
flow to avoid nebulizers damage for the high temperature 
of the flue gas. Due to the small diameter of nebulizers, 
which could clog, the water has to be filtered. The energy 
consumption of the water pump is 250 W. The energy 
consumption of the flue gas fans is estimated in about 80 
W. Since the tested biomass boiler produces a flue gas 
flow of 40 kg/h, the specific energy consumption will not 
exceed the target limit of 10 Wh/Nm3. The energy 
consumption of boiler and PM separation device can be 
compensated by an innovative integration system between 
the TE cells and biomass boiler. A schematic of the 
integration is shown in Fig. 3.  

 
Figure 3 Schematic of the innovative TE device. 

The configuration developed allows interfacing directly 
the hot surface of the TE modules to a condensing fluid. 
The Glycerol Triacetate evaporates in an evaporator and 
condensates continuously on the hot surface of the cells in 
a closed loop. Naturally, a heat exchanger is required to 
evaporate the fluid utilizing the heat provided by the flue 
gas of the boiler. On the cold side of the TE modules, it 
will be present a system that cool the cells using water 
from the users and supply the heated up water to the 
boiler. The thermoelectric modules that have been 
considered for the integration are the HZ-20 
manufactured by Hi-Z Technology, which allow a 
maximum temperature on the hot surface of 250° C. Since 
TEGs integration will be implemented outside of the 
biomass boiler, the boiler will not be disassembled and the 
modules will easily accessible for maintenance. Moreover, 
this solution will not involve the presence of high 
temperature or aggressive/dirty fluid, so it will avoid TE 
modules damaging. The new integration option shall 
produce nearly 17 W el for each TE module, with a 
temperature difference of about 180°C. Consequently, the 
TE device should be composed by about 30 TE modules 
to produce about 500 W el, with a total occupied volume 
of about 500x500x500 mm. The electric power produced 
by the TEG will be used to feed the new PM filter 
auxiliaries (250W for P2 pump; 80W for F01/F02 fans), 
the water circulation pump P1 (50W) and the boiler 
auxiliaries (120W). Two further auxiliaries are necessary to 
complete the TE device: 

- an electric converter to stabilize the voltage of the TE 
modules output; 
- a DC-AC converter to correctly feed the filter auxiliaries. 
In addition, in order to feed the filter and boiler during 
start-up time, a 6 V and 12 Ah battery is required.  

The two innovative and optimized solutions will be 
integrated on a small size biomass boiler (Fig. 4). The 
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boiler will become a stand-alone heating device fed by 
bioresources with very low PM emissions. Table 3 shows 
the main necessary components for the integrated plant. 

Table 3 Main features of the necessary components for the 
integrated plant installation.  

PM wet separation system 

Pump P2 250 W, 0.04 kg/s 

Flue gas pipe DN130 

Fans F01, F02 80 W, 0.01 kg/s 

TE generator 

H2O cycle Triacetin Cycle 

Pump P1 50 W, 0.4 kg/s Natural circulation 

Pipe DN15 Pipe DN10 

Pressure Switch PS2 2 bar a Pressure Switch PS1 1.1 bar a 

 
Figure 4 Schematic of the integrated stand-alone biomass 
boiler with the wet filtration system. 

3.2 Economic analysis 

An economic assessment, including investment and 
operation and maintenance costs, has been realized to 
roughly evaluate the marketability of the two technologies 
described in the paper. Investment costs have been 
estimated on the basis of prototypes costs, taking into 
consideration also the plant scale increase. In this paper it 
is not considered the market scale effect,  i.e. the more is 
the market volume the lower is the cost of the 
components. The main components and costs for the 
realization of commercial PM filter and TEG for a 25 kW 
th biomass boiler are reported, respectively, in Table 4 and 
Table 5. The investment is computed with the hypothesis 
of combined application of the two devices. In particular, 
the investment for the TEG system may be considerable 
lower if the PM filter is not present, since the TEG size 
can be reduced from 500W to 170 W. The manpower is 
considered only for assembling, and not for installation. 

Table 4 Main components and relative quantities and cost 
of the PM filter. 

Item # Cost Each [€] Cost [€] 

Pump 250 W 1 150 150 

Nozzle 40 5 200 

Nozzle support structure + 
tubing 

1 540 540 

Air Fan 40 W 2 50 100 

Corrugated alloy  pipe DN 
130 (m) 

4 10 40 

Filter for drain water 1 60 60 

Plexiglas cylinder (ɸ=240 
mm; h=1m) 

1 80 80 

Manpower (h) 16 25 400 

Total     1570 

Table 5 Main components and relative quantities and cost 
of the TE generator. 

Item # Cost Each [€] Cost [€] 

Thermoelectric modules 30 100 3000 

Nozzle 30 12 360 

Steam generator heat 
exchanger 

1 3000 3000 

Pressure switch + safety 
electromechanical circuit 

1 900 900 

Open expansion tank 1 40 40 

Glycerol triacetate 20 45 900 

Electric converters and 
battery 

1 200 200 

Manpower 16 25 400 

Total cost     8800 

In Table 5 the cost of the TE modules could be 
significantly reduced by choosing cheaper modules. The 
yearly main maintenance costs have been estimated as in 
Table 6 and Table 7 for the PM filter and the TEG. 

Table 6 Yearly maintenance and operation costs of PM 
filter. 

Item # Cost Each [€] Total Cost [€] 

Water pump filter 1 40 40 

Nozzle substitution 40 5 200 

Filter cleaning water [l] 26 1,5 40 

Operator intervention 1 100 100 

Total cost     380 

Table 7 Yearly maintenance and operation costs of TEG. 
Item # Cost Each [€] Total cost [€] 

TE modules 
substitution 

0,4 100 40 

Glycerol triacetate 
refilling [l] 

1 45 45 

Operator intervention 1 100 100 

Total cost     185 

The cost of a 25 kW th biomass boiler may vary in the 
range between 3000€ to 6000€, with a cost increasing that 
is mainly due to the automation grade. The maintenance 
cost of a biomass boiler should include an annual cleaning 
of the chimney and an energy efficiency test (to be 
performed every one or two years, depending on national 
and/or regional laws): a yearly maintenance cost of 300€ 
can be estimated. So, a deeper analysis in terms of benefit 
(including also environmental and social impacts as well as 
electric energy consumption reduction) should be done to 
verify PM filter and TEG investment sustainability and 
will be carried on in a following paper. The operation 
costs of the two technologies are negligible, due to the 
intrinsic nature of TEG and PM filter matching: in fact, 
the power consumption of the PM Filter is completely 
supplied, as mentioned before, directly from the TEG 
system.  

4. Conclusion 

The paper shows the integration of two innovative 
technological solutions for biomass boiler improvement 
developed at the University of Bologna: a high efficiency 
and low cost PM separation device and a TE generator 
able to produce electricity directly from heat exchange. A 
preliminary design and cost assessment has been realized 
to evaluate both investment and maintenance costs, while 
operation costs can be neglected due to the nature of the 
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technologies matching. Next step will be the technical and 
economical comparison of the two innovative 
technologies with standard devices already available on the 
market for PM filtration and electric energy production. 
The aim of this future study is to demonstrate the 
marketability and the environmental sustainability of the 
developed technologies. The two solutions might be 
adapted and installed on existing plants, or in a new 
generation of biomass boilers. Therefore, the resulting 
innovative stand-alone biomass boiler with low PM 
emission could significantly increase the spread of solid 
biomass boilers.  
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