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Abstract. In recent years the consumption of wood pellets as energy source for residential
heating has increased, not only as fuel for stoves, but also for small-scale residential boilers that
produce hot water used for both space heating and domestic hot water.

Reduction of fuel consumption and pollutant emissions (CO, dust, HC) is an obvious target
of wood pellet boiler manufacturers, however they are also quite interested in producing low-
maintenance appliances. The need of frequent maintenance turns in higher operating costs and
inconvenience for the user, and in lower boiler efficiency and higher emissions also.

The aim of this paper is to present a theoretical model able to simulate the dynamic behavior
of a pellet boiler. The model takes into account many features of real pellet boilers. Furthermore,
with this model, it is possible to pay more attention to the influence of the boiler control strategy.
Control strategy evaluation is based not only on pellet consumption and on total emissions,
but also on critical operating conditions such as start-up and stop or prolonged operation at
substantially reduced power level. Results are obtained for a residential heating system based
on a wood pellet boiler coupled with a thermal energy storage.

Results obtained so far show a weak dependence of performance — in terms of fuel
consumption and total emissions — on control strategy, however some control strategies present
some critical issues regarding maintenance frequency.

1. Introduction

In recent years the diffusion of boilers fueled by wood pellet has increased [1,2]. On one hand
some governments encourage usage of renewable energy sources by means of financial incentives
and tax reduction. On the other hand, in some areas, especially areas not reached by the natural
gas distribution network, pellet boilers are an alternative to coal, oil and LGP boilers.

End users and legislation have paid increasing attention to energy efficiency and pollutant
emissions and that has prompted manufacturers to improve their products. Pellet boilers must
comply the European Standard EN 303-5 which defines methods to determine the quality of
combustion and thermal efficiency, and establishes also minimum requirements that must be
satisfied by the appliances. This Standard classifies boilers in three classes and the best class
requires an efficiency of at least 87+log1o(Pn), where Pn is the nominal power expressed in kW.
Limits on emissions and efficiency may be further restricted by national and regional legislation
that regulate the access to the market or distribution of subsidies and tax incentives [3-5].

Results of tests to obtain certification show that over the last few years emissions of pollutants
have reached a very low level [6]. These tests are performed according to the procedure specified
by EN303-5, which prescribes to measure emissions and efficiency at steady continuous operation,
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both at the maximum and at the minimum power level (not larger than 30% of maximum power
level), excluding transient periods during which emissions can be much higher [7-9].

Conversely, in everyday use, duration of transient conditions amounts to a considerable
fraction of total operating time. Thermal load usually varies within a day and from day to
day depending on weather and on user’s usage. This implies that the boiler does not usually
work at maximum power or that frequent changes from maximum to minimum power may occur
or that start-ups and shutdowns may alternate several times. Reduction of fuel consumption and
pollutant emissions (CO, dust, HC) is an obvious target of wood pellet boiler manufacturers,
however they are also quite interested in producing low-maintenance appliances, because the
need of frequent maintenance turns in higher operating costs and inconvenience for the user. In
addition, factors that increase maintenance frequency are responsible for lower boiler efficiency
and higher emissions. Some physical characteristics of the boiler, such as geometry of the
combustion chamber and of the heat exchanger, have great influence on performances of course,
but also control strategies of pellet boiler can influence consumption, emissions, ash production
and fouling deposition.

In literature, efficiency and emissions of pellet boilers during real working conditions have been
addressed through both experimental studies and numerical modeling. Measurement of pellet
stove and boiler emissions in real conditions can be found in [9-12]. In all these works authors
focus their attention also on emissions of stoves and boilers in transient conditions measuring
emissions in real cases or realizing a test bench for boilers in which some conditions are simulated
[7].

The study of performances in real conditions can be done by computer simulation upon
performing a dynamic simulation of the whole heating system. Numerical simulation is useful
for optimization of heating systems without the need of long experimental tests, in fact several
variables, that influence the operation of the boiler, can be varied. In these simulations models
of the heating system and of the house must be used. A few models for simulation of a pellet
boiler are available. They calculate fuel consumption, heat transferred to water and emissions.
Earlier models consider only steady state conditions, neglecting the typical long transient of these
appliances. They compute efficiency and emission as a function of the power of the boiler only.
Later on dynamical models that simulate also start-up and stop conditions have been developed
[13-16]. The model proposed in [14], for instance, calculates the CO emissions as function of
power for normal operation and a constant amount for each start and stop. These models are
implemented to be used in TRNSYS or similar programs.

In this paper we present a dynamical model of a pellet boiler in which the control strategy
can be modified. In this way it is possible to evaluate its influence on performances. After a
description of the model, we present the preliminary results on the behavior of a pellet boiler for
different control strategies. For the case presented here, the boiler is connected to the heating
system through a thermal energy storage (water tank). Assuming a time dependent thermal load
as input data, the time history of thermal energy storage temperature is computed. On the basis
of the thermal energy storage temperature and of control strategies, the control system of the
boiler determines whether to start-up or to stop the boiler, and controls the current power level.
Several quantities are estimated on a weekly base, such as emissions, pellet consumption, number
of start-ups and shutdowns, duration of operation at minimum power, etc, with particular regard
to those that may influence maintenance frequency.

2. Characteristics of pellet boilers

Pellet boilers are appliances designed to produce hot water from combustion of wood pellet.
Wood pellet derives from the compression in grains of sawdust of untreated wood. The main
components of wood are mainly carbon, hydrogen, oxygen and water, therefore the products
of complete combustion are COs, HoO. The most relevant pollutant substances are CO, dust,
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Figure 1. CO concentration in flue gas Figure 2. Efficiency of a real pellet boiler

of a real pellet boiler as function of Oz a5 a function of Oy concentration for steady
concentration for the whole cycle (from start gtate regime. [21]

up to switch off). The optimal range of Oy is
between 5% to 7%. [21]

hydrocarbons (HC) and NOx. Their concentrations, in modern pellet boilers, are of the order of
1072 g/m3 of flue gas. Other substances with concentrations of the order of 107° g/m? of flue
gas such as SOx, HCl, PCDD/PCDF Policyclic Aromatic Hydrocarbons (PAHs), may also be
present [12,17,18], but they are currently neglected by standards and legislation. Also NOx is
often omitted. Excess air is the parameter that has the greatest influence on pollutant emission
[19,20]. It has been shown that it exists an interval of excess air (i.e. interval of concentration
of oxygen in flue gas) in which combustion takes place in optimal conditions, yielding a low
concentrations of pollutant [21], as one can see in figure 1.

All modern pellet boilers are equipped with an electronic control system. On the basis of
user’s needs and of few measured temperatures, the control system regulates power, start-up and
stop procedures, and other functions. In particular, it regulates the pellet mass flow rate and
the combustion air mass flow rate.

The typical pellet feeding system of boilers is a screw auger conveyor. Pellet mass flow rate is
never exactly constant [21]: consequently the instantaneous burning rate (i.e. the mass of pellet
burned per unit time) fluctuates as well as the power supplied to water, the composition and
temperature of flue gas, etc. Only quantities averaged over time intervals of a few minutes can
be considered roughly constant.

The combustion air mass flow rate is regulated by controlling the speed of rotation of a blower
that is usually placed at the flue gas outlet port.

An important component of pellet boiler is the heat exchanger. To reach high efficiency values
it is necessary that flue gas transfers as much heat as possible to water, while the heat released
to the room is considered as wasted.

Because flue gas of wood pellets is dirtier than that of LGP, for example, ducts inside the boiler
must be large enough to avoid obstruction due to fouling, therefore compact flue gas-water heat
exchangers cannot be used. This turns in large thermal inertia of pellet boilers, longer response
time to a load demand change and the need of a periodic cleaning to remove bottom ashes and
fouling deposits on exchange surfaces.

Effectiveness of heat exchanger is a decreasing function of flue gas mass flow rate ry [21]
and, as a consequence, of the excess air of combustion n. Since ry = 1, (1 +n), where 1,
is the pellet mass flow rate, high values of excess air n cause low effectiveness and should be
avoided. At the same time excess air cannot be too low otherwise combustion quality would be
poor. Typically, excess air is kept larger than 1.3-1.5, corresponding to an oxygen concentration
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in flue gas of about 6% . Figure 2 shows the actual efficiency of the boiler as a function of oxygen
concentration calculated from experimental data [21].

A pellet boiler is characterized also by long start-up/shutdown processes. After the start
signal of the control unit, it takes some minutes before the flame lights. Afterwards, it takes
some other minutes before the rate of combustion reach the maximum.

With regard to the maintenance of boilers, high efficiency of exchange implies a low
temperature of flue gas and this can be a problem because if flue gas temperature is too low,
some substances, in particular unburnts, can condensate and attach on cold surfaces of the boiler
or of the chimney, forming a layer of deposits (often called creosote). Deposits worsen the heat
exchange and can obstruct the flow of gas. Deposition of creosote is also dangerous because it is
flammable.

There are no law requirements about the exhaust gas temperature from the boiler: at the
nominal power it usually ranges between 120 and 160°C [2,22,23]. But, for instance, at the
minimum power the exchange area results over-designed and flue gas temperature is easily under
100°C. Furthermore, combustion occurs in non optimal condition because of the high excess air.
All that turns into higher concentration of unburnt substances in flue gas and increasing rate of
deposit build up on exchange surfaces and chimney walls. Working at the minimum power, as
well as at start-up and at shutdown, are operating conditions characterized by low temperature
of flue gas and high concentration of dust and HC, thus promoting formation of deposits on heat
exchanger surfaces and reducing the time interval between maintenance operations.

3. Pellet boiler model
In the model presented here the boiler is composed by three submodules: the control unit, the
combustion chamber, and the flue gas-water heat exchanger.

The control unit determines whether the boiler has to be started up or to be shut off, and
regulates the nominal power, on the basis of water temperature 7; measured in the hot water
tank. Two threshold values for T; are introduced: T}, and T} j;. In this study they have been
set equal to T, = 60°C and T} p; = 70°C, respectively.

The control strategies considered here are the following:

CS 1 When water temperature is increasing: the boiler works at maximum power until T; < T5 ;,;
it switches to minimum power (as in real case, 30% of the maximum power [24]) between
the two thresholds, Ty, < T; < T} pi; above the higher threshold, T} ,; < T3, the boiler is
switched off. As water temperature decreases, the boilers either starts up again or resumes
operating at maximum power when T} < T} ,.

CS 2 It is a modified version of CS 1: the minimum power is set equal to 70% of the maximum
power.

CS 3 It is a modified version of CS 2: as water temperature is increasing between T} ;, and T p;,
the boiler power is varied linearly between maximum power and minimum power (equal to
70% of maximum power).

CS 4 When the boiler is on, it works at maximum power only: when water temperature in the
hot water tank reaches the higher threshold, T} j; < T}, the boilers is switched off. As water
temperature decreases, the boilers starts up again when it falls below the lower threshold
T < Tt,lo-

CS 5 It is a modified version of CS 4. When water temperature in the hot water tank reaches
the higher threshold, T} p; < T3, the power is reduced to minimum (30% of the maximum
power): if temperature remains higher than T j; for 5 minutes, the boilers is switched off,
otherwise it keeps on operating at minimum power. As water temperature decreases, the
boilers either starts up again or resumes operating at maximum power when T; < T} .
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CS1, CS4 and CS5 are implemented in boiler produced by some manufacturer. On the basis
of water temperature, the control unit computes the mass flow rate of pellet and combustion
air. The fluctuations in time of pellet mass flow rate are modeled summing up an increment
randomly distributed between +10% of the nominal pellet flow rate.

Characteristic time delays of pellet boiler are taken into account: it takes 4 minutes from the
start signal until the actual ignition of the flame; it takes additional 5 minutes from ignition until
pellet flow rate reaches its maximum value.

Finally, as in real boilers, the control unit governs the pump that forces water through the
boiler heat exchanger (P1 in figure 3): in particular, the pump is switched off when the outlet
water temperature, T ,, falls below 40°C.

The combustion chamber submodule simulates the reactions of combustion. On the basis of
imposed mass flow rate of air and pellet we compute the mass flow rate 1y and composition of
flue gas and the adiabatic flame temperature T,4. The pollutant substances taken into account
are CO, PM, HC, NOx. They are calculated as a function of the excess air with these methods:

(i) CO and NOx by use of correlations based on experimental data measured during the
operation of a real pellet boiler, including start-up and shutdown, and shown in figure 1
as a function of oxygen concentration in flue gas;

(i) PM and HC by use of interpolation of data taken from [25,26], and from |7| for start-up
and shutdown.

In the heat exchanger the flue gas produced in the combustion chamber heats the water that
returns from the hot water tank. Heat exchanger is characterized by its effectiveness ¢ which is
calculated as a function of flue gas mass flow rate through the equation

€= A(Thf)_B (1)

coefficients A and B are chosen in order to match the experimental results. The outputs from the
heat exchanger submodule are the outlet water temperature, T} ,, and the flue gas temperature
at the discharge, Ty. We use a plug flow model for the heat exchanger, dividing it in 4 parts in
which the temperature of water is T, and the inlet temperature of flue gas is T . The energy
balance for each part of the exchanger is

Cy dT}, .
2R gy (T — T
1 1y (Th—1 k) +

enyer (Th—1 = Typ-1)
1

fork=1,2,3,4 (2)

where Ty = Ty, Tt = Taa, Ta = Ty, T4 = Ty, Cp is the heat capacity of the boiler that takes
into account both the mass of water in the boiler and the mass of the metal parts.

In the model the start-up is divided in two periods: the first in which no combustion occurs,
and the second in which the rate of combustion grows linearly from zero to maximum value.

4. Heating system model

In order to study whether pollutant emissions, pellet consumption and maintenance frequency
can be significantly modified by the choice of a proper control strategy, we implemented a model
of a heating system, for which a dynamical simulation was run on MatLab. For simplicity
we describe the case of a pellet boiler used as energy source for space heating, with only one
temperature probe monitoring the hot water tank. However the model has been extended to
the case of production of hot water used for both space heating and domestic hot water, with
two temperature probes. A sketch of the model is shown in figure 3: from right to left one can
recognize the boiler (represented by three submodules, control unit CU, combustion chamber
CC, and heat exchanger HE), the hot water tank, the heat distribution system, and the house
or heated space. Each model element is briefly described in what follows.
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Figure 3. Scheme of the heating system modelled.

4.1. Water tank

In heating systems with a pellet boiler there should be a water tank for the storage of energy. It
uncouples the boiler from the heating distribution system. That allows to reduce the duration of
transient conditions and, hopefully, total emissions, fouling and maintenance frequency. Here we
use a vertical cylindrical stratified water tank that we model as in [27]: temperature depends on
time and elevation only. Space dependence is discretized upon dividing the tank in n horizontal
disks of equal thickness.

The water outlet towards the boiler is in the disk 1, while the water outlet towards the heating
system is in disk n. The position of water inlets from the boiler and from the heating system is
chosen based on temperature: water enters in the tank in the disk with the closest temperature.
Results of this model were successfully compared with experimental data in [28].

4.2. Heating system
In this example space heating is provided by means of radiators. They are characterized by their
heat capacity C, and by the heat exchange coefficient UA with the air of the room. For the
radiators the heat balance is

dEe,  _ dT;

dt - Crﬁ = MyCr (Tr,i - TT‘,O) —UA (TT‘ - Tm) (3)

On the basis of the room temperature, Tj,, a thermostat switches on or off the pump (P2 in
figure 3) that forces hot water flow i, through the radiators.

4.3. House
The energy balance for the house (heated space) is rather simple,
dE; dl;
dtm = C1in d;n — UA T T’m Z hw IAWI in — Wll) (4)

In equation (4) the house heat capacity Cj, takes into account heat capacity of air and inner
elements like furniture and internal walls. hy Ay represents the heat exchange coefficient
between air and the ith wall of the building shell. The building shell was modeled as in [29] with
a single-node model. In this model the shell is composed by two layers, hence it is characterized
by three temperatures: inner side temperature 7', ;, contact temperature between layers and the
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outer side temperature T, ;. In this way it is possible to take into account also the heat capacity
of the layers of the shell and their temperatures. The external side of the building shell exchanges
heat with external environment only by convection, heyy denoting the convective heat transfer
coefficient. Real data are used for the time history of the external environment temperature. In
particular, data refer to hourly temperature in Lonato (Bs, Italy) from January 3 to January 9,
2014 (week 1) and from February 3 to February 9, 2012 (week 2) [30].

5. Results
The model briefly sketched in Sec. 3 and 4 has been implemented in MatLab.

With reference to figure 3 the house size is 100 m? x 2.7 m filled by air and other objects
(heat capacity 7.3 MJ/K); heat capacity of the external walls is 1.25 MJ/m®K, their thermal
conductivity 0.2 W/m K; convective heat transfer coefficients are hy; = 8 W/mQK and hext = 20
W /m2K. With regard to the heating distribution system, we consider 55 cast iron radiators
elements each one has mass equal to 9.27 kg and is filled with 1 kg of water.

The desired room temperature Tie; is set equal to 18°C from 5:00 to 7:00, 20°C from 7:00
to 23:00, 18°C from 23:00 to 24:00, while the heating system is off from 00:00 to 5:00. The
dead-band is set equal to 1.5 K.

Simulations have been performed over a time interval of one week, for:

e two different external temperature time histories, denoted "week 1" and "week 2" (shown
in figure 4);

e two boiler nominal powers: 15 kW, 20 kW;

e six water tank volumes: 283 1, 503 1, 754 1, 1005 1, 1571 1, 1963 1;

e five different control strategies (see Sec. 3).

The power of the boiler was chosen after a preliminary calculation of the thermal power demand
of the house.

The water mass flow rate circulating through the boiler heat exchanger is such as to have a 15
K difference between outlet and inlet when boiler works at the maximum power (T}, —Tp; = 15
K). As long as Ty, , < 40°C water recirculates in the boiler.

The water tank is discretized in n = 40 disks. Temperature of the 20th disk is taken as the
water temperature 7; used by the control unit.

Fuel consumption does not seem to depend on control strategy nor on water tank volume:
it has been estimated close to 155 kg/week for week 2 and 94 kg/week for week 1 for boiler of
15 kW. For boiler of 20 kW 159 kg/week for week 2 and 96 kg/week for week 1. Differences
for different control strategies and water tank volumes fall within +1.5%. Figure 5 reports the
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fraction of time the boilers of 15 kW and 20 kW are off or are working either at maximum or
minimum power. From figures 6 and 7 it is evident that the CO production of boiler of 20 kW
is higher than the CO production of boiler of 15 kW. Production rates of CO at the maximum
power for both 15 kW and 20 kW boilers are about 28 mg/MJ. The large difference is due to the
CO emitted during the start-up and stop phases. In figure 8 the number of start-ups is plotted
versus the water tank volume for control strategies CS1 and CS2. Number of start-ups of CS3,
CS4 and CS5 are very close to those of CS2. Control strategy CS1 ensures less start-ups/stops
than other control strategies.

From these first observations, we can assert that the 20 kW boiler, which is over-designed for
this house, presents more critical issues than the 15 kW boiler, therefore we focus our attention
on the latter only. Figure 9 reports the total time flue gas temperature is below 100°C. For
CS1 flue gas temperature is below 100°C for about 2/3 of the time: this is due to the long time
of working at the minimum power and to start-ups and stops. Figures 10, and 11 show total
emissions versus water tank volume for different control strategies.

The calculated emission rate are the following: during operation at the nominal power the
average emission rate are 28 mg/MJ for CO and 6 mg/MJ for PM. When boiler operates at the
70% of nominal power emission rates are 42 mg/MJ and 11 mg/MJ, while when it operates at
30% they are 75 mg/MJ and 16 mg/MJ. For each start-up, which takes place in the same way for
all strategies, the CO and PM production are 20 mg/start-up and 1 mg/start-up, respectively.
During the switch off the production of CO and PM is strongly influenced by the power at which
the boiler works just before the stop: if the boiler works at the maximum power (CS4) CO and
PM production are 15 mg/switch off and 1 mg/switch off, respectively, if it works at the 70% of
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the maximum power (CS2 and CS3) 5 mg/switch off and 0.2 mg/switch off, while if it work at
the 30% (CS1 and CS5) 1 mg/switch off and < 0.2 mg/switch off.

Although these results must be considered preliminary and need confirmation, we observe
what follows with regard to the five control strategies.

CS1) The number of start-ups is smaller than those for the other control strategies for water
tank volume greater than 250 1: that should reduce emissions and fouling deposition. However
this effect is counterbalanced by the low temperature of flue gas and by the long time of operation
at minimum power (characterized by higher pollutant concentration).

CS2) This control strategy produces more CO and PM emission than CS1 even if number of
start-ups is much larger and flue gas temperature is below 100°C for a shorter time.

CS3) There are not clear differences between CS3 and CS2.

CS4) This control strategy yields the highest value of CO emissions. CO and PM emissions
per unit of energy produced in normal operation are the lowest, but the high number of start
ups/shutdowns and the shutdown from the maximum power give a large contribution on pollutant
emissions.

CS5) This control strategy provides low emissions: they are larger than emissions of CS1,
but smaller than emissions of other strategies. With respect to CS1 emissions during normal
operation are smaller because the time of working at the minimum power is significantly reduced,
but total emissions result larger because of the higher number of start-ups/shutdowns especially
for tank volumes between 503 1 and 1005 1. This control strategy is currently implemented in
some pellet boilers to avoid short time interval between a stop and the subsequent start-up.

The volume of the hot water tank appears to be more important than control strategy in
reducing both the number of start-ups and emissions. As expected, number of start-ups is a
decreasing function of water tank volume for all strategies. Also CO and PM emissions decrease
with tank volume and differences between strategies become less important. However it can be
observed that PM emissions fall abruptly when tank volume is increased from 250 1 to 500 I.

Finally, results for HC have similar trend to those for PM.

In order to find the control strategy that optimizes the operation of the boiler in most
conditions as possible, it is necessary to extend this sensitivity study varying other variables,
such as thermal load, heating system, temperatures T} ;,, 1} i, minimum power, etc, and the
simulation can be performed over a longer time interval. For the example presented here, the
optimal solution is the 15 kW boiler, working with strategy CS5 and a water tank of 500 liters.
Larger water tanks imply higher cost and the differences in term of pollutant emissions and time
at low temperature are negligible. Even if there are relations to calculate the rate of deposition
of fouling and creosote are not available yet, experience suggests to discard CS1 due to the long
time of working with low temperature of flue gas.
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6. Conclusions
In this work we studied the performance of a heating system based on a wood pellet boiler coupled
with a thermal energy storage. Upon use of a theoretical model implemented in MatLab the
heating system performance can be estimated in terms of fuel consumption, pollutant emissions,
number of boiler start-ups, time of operation at minimum power. Performances are studied for
five different control strategies and for varying volume of the hot water tank.

Only few preliminary results have been obtained insofar. Although they need confirmation and
a systematic and careful analysis, nevertheless they do show a weak dependence of performance
on control strategy. In particular,

(i) fuel consumption is independent for all practical purposes from both control strategy and
water tank volume;

(ii) total CO and PM emissions over a week substantially decrease for increasing volume of the
water tank, but for water tank larger than 500 | the difference can be considered negligible.

(iii) control strategies do affect parameters like number of start-ups or fraction of time at
minimum power, however the combined effects on total emissions tend to compensate each
others: only CS 1 seems to show CO emission somehow lower than other CS, but the use of
this strategy can increase the formation creosote and fouling.
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