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Handling Editor: Henrik Lund Fluctuations in heat demand and low heat demand in summer make it difficult to operate wood boilers all year
round at high efficiency and low pollutant emissions. Therefore, today’s wood-fired heating plants are often
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heating plants without additional fossil heat while avoiding unfavorable operation with high pollutant emissions.
To evaluate these concepts, the dynamic behavior of wood-fired heating plants is modelled. The model includes
one to four wood boilers, an auxiliary fossil fuel boiler, the heat demand, a stratified heat storage tank and the
control system. The simulation reveals that the fossil share can be eliminated by large boiler output ranges and
the use of several wood boilers in cascade. High storage capacities and large boiler output ranges enable low
pollutant emissions and low cool down losses of the wood boilers. By doubling the storage capacity from 30 to
60 min of the nominal boiler output, reductions of the annual emissions of carbon monoxide and particulate
matter of 17% and 8% are observed. Mitigating heat demand peaks can reduce pollutant emissions of heating
plants with small storage capacity.
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foset Set value of the heat storage level - Q'B‘mi"‘i 1n1r.na cat output of the woo! 01. €r 1
hs Height of the storage tank m Qprom;  Nominal heat output of the wood boiler i w
Kr Integral gain of the PI controller - Qc Heat demand of the consumers in the district heating network ~ W
Kp Proportional gain of the PI controller st Q Heat demand of the district heating network w
ng Number of wood boilers in the heating plant - a, Heat losses caused by cooling down the boilers w
. ,CO
nr Number of temperature sensors in the heat storage tank - O Heat losses during boiler operation W
Qsih Thermal inertia of the boiler J P .
’ . Tamp Ambient temperature °C
Qs Stored heat in the storage tank J . . N
. Ta Daily average ambient temperature C
Qs.nom Thermal storage capacity J . .
’ . Talim Heating limit temperature °C
Qb day Daily average heat demand J N . R
. Tgop Operation temperature of the boiler C
Qi Daily heat demand for hot water J T; Supply temperature into the district heating network °C
Qpu Daily distribution losses of the district heating network J " PRy P 8
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(continued)

Tin.min Lowest supply temperature desired for the district heating °C
network

Tour Return temperature from the district heating network °C

Ts Temperature in the heat storage tank °C

Tsi Temperature in the heat storage tank measured by temperature ~ °C
sensor i

Ah Height of the thermocline in the heat storage tank mm

At Time step for the numerical calculations s

b4 Run variable of the stratification modulation in the heat -
storage tank

Eak Annual average emission factor of the pollutant k mg MJ

1

Na Annual boiler efficiency g MJ!

g Boiler efficiency -

T1)2 Half-life time of the boiler cooling down s

Ts Time constant to link the storage capacity with the nominal Min/h
boiler output

Teh Time constant to link the thermal inertia with the nominal s
boiler output

® Inertia coefficient of the wood boilers -

Indices

i Index of boiler or temperature sensor

lim Limit

meas Measured variable

min Minimal

nom Nominal

sim Simulated variable

* Before limitation

o After limitation

1. Introduction

District heating networks can make an important contribution to a
fossil-free heat supply by enabling waste heat recovery, the inclusion of
fluctuating renewable heat sources and the use of biomass based com-
bined heat and power [1]. Today, 10% of the world’s heat supply is
provided by district heating networks [2]. However, only 9% of district
heating is renewable globally and only 27% across Europe [3]. In the
future, the non-renewable heat supply of district heating networks must
be replaced by renewable sources. Wood-fired heating plants offer a
possibility for a year-round heat supply of district heating networks
without the use of fossil heat. For a sustainable operation of wood-fired
heating plants, some general conditions must be met.

In today’s wood heating plants, a fossil auxiliary boiler is often
installed in addition to the wood boilers. The fossil auxiliary boiler
supports the wood boiler during high demand peaks or replaces the
wood boiler if the heat demand is below the minimum boiler output of
the wood boiler. In the future, the use of fossil heat should be eliminated
in wood heating plants. However, a year-round heat supply with wood
boilers can lead to high pollutant emissions since the emissions from
wood boilers strongly depend on their operating condition. Although the
dependences of pollutant emissions on the operation conditions of
different boilers vary, the following tendencies are evident: Partial load
operation often causes increased emissions of carbon monoxide (CO)
and unburned hydrocarbons [4-6], while nitrogen oxides are often
moderately reduced during part-load operation [5,7]. Various studies
have found increased CO emissions during boiler startups [8,9]. The
dependence of particulate matter emissions on operating conditions is
less pronounced [10]. However, depending on the technology and the
type of operation, particles from incomplete combustion can potentially
be increased during start-up. In addition, the effect of certain types of
particle precipitators is reduced at low temperatures during boiler
startup [11].

The design and control of future wood-fired heating plants should
enable a year-round heat supply with wood boilers, in which the boilers
are as rarely as possible in operating states with high pollutant emis-
sions. The number of startups and shutdowns of the boilers should be
kept as low as possible. In addition, the boilers should not be operated
below the minimum intended boiler output. A further reduction in
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pollutant emissions can be achieved by flue gas treatment [12], which,
however, need to be operated appropriately to avoid a reduced effect e.
g. at low flue gas temperatures. In addition to pollutant emissions, heat
losses must also be considered, as these also depend on the operating
conditions. The heat losses of wood boilers can be divided into losses
during boiler operation and cooling losses. The losses during operation
include the thermal and chemical flue gas losses and the heat radiation
of the boiler to the environment [13]. The cooling losses include the
cooling of the thermal boiler mass after the boiler has been switched off
[14].

Over the past decades, various studies have confirmed that heat
storage can have a positive effect on the operation of wood-fired heating
plants. Heat storage balances heat demand fluctuations and thus can
prevent unnecessary boiler startups, which reduces pollutant emissions
and increases efficiencies [15-19]. Various studies in recent years have
also shown that the operation of wood-fired heating plants can be
improved by intervening on the demand side. [20] summarizes the re-
sults of various publications on thermal load management of district
heating networks. By mitigating load peaks, the demand for primary
energy could be reduced by up to 5%. In Ref. [21], the control behavior
of various wood-fired heating plants was investigated. In all plants,
undesirable operating states were found, which were caused by strongly
pronounced and partly avoidable demand peaks.

The present work investigates and compares the influence of
different measures on a year-round heating plant operation. In contrast
to the available studies, all influences are clearly assigned to an oper-
ating state (stationary or transient). Pollutant emissions, plant efficiency
and the use of fossil fuel are considered in all analyses. In addition to
storage capacity and load management, this work examines two other
measures that have not yet been considered in the scientific papers yet.

1. Integration of a thermal storage tank into the heating plant.

. Mitigation of peak heat demand through thermal load management.

3. The use of boilers with a large boiler output range, i.e. boilers that
can be operated between a low minimal boiler output and its rated
output.

4. The use of wood boiler cascades in the wood heating plant.

N

In this work, the dynamic year-round operation of wood heating
plants is simulated. The model can represent wood heating plants with
several wood boilers in combination with a fossil auxiliary boiler and a
stratified heat storage tank. The dynamic heat demand is derived from
the measured heat demand of a district heating network in Switzerland.
In addition to the thermodynamic processes, the control processes are
also considered, as these have a major influence on the operation of
wood heating plants. Various simulations are carried out, in which the
following measures were varied: Storage capacity, mitigation of peak
demand, wood boiler output range and number of wood boilers. The
simulation results are evaluated and compared with experimental data
from a storage tank in a laboratory and a district heating network sup-
plied by a cascade of wood boilers. The fossil share of the heat supply or
the fossil CO2 emissions, the annual heat losses and the pollutant
emissions of carbon monoxide (CO), nitrogen oxides (NOx) and partic-
ulate matter (PM) serve as evaluation variables.

The approach of the model is a further development of an existing
model that was used for the optimization of control concepts of wood
heating plants with a single wood boiler and a stratified storage tank
[22]. The approach is described in chapter 2, validated in chapter 3.1.
The simulation results with focus on the fossil share, pollutant emissions
and heat losses are shown in the chapters 4.1, 4.2 and 4.3. In chapter 4.4
all the simulation results are summarized in tables.
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Fig. 1. Flow diagram of the model. Blue lines: Return lines with low temperature. Red lines: Supply lines with high temperature. Grey lines: Signals from the
temperature measurement in the heat storage tank and control signals from the controller to the boilers. Ts; to Tss represent the temperature measurements in the

heat storage tank.
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Fig. 2. Modelling of the temperature curve in the thermocline using Bézier curves.

2. Procedure
2.1. Overview of the model

The model describes the thermodynamic and control processes in a
wood-fired heating plant during dynamic heat extraction. The structure
of the model is illustrated in Fig. 1. The model includes heat generation
with any number of wood boilers and a fossil auxiliary boiler, a stratified
heat storage tank with any storage capacity, a dynamic heat extraction
and a controller with a choice of different control approaches. The heat
extraction represents the heat demand of an individual heat consumer or
an entire heat network for up to one year. The heat storage tank is
intended to compensate for short-term differences between the heat
demand and the heat production. The controller observes the heat
storage level of the storage tank via any number of temperature sensors
evenly distributed over the tank height and attempts to minimize the
deviation of the heat storage level and its set point via output modula-
tion of the boilers and switching on and off the boilers .

2.2. Model of the heat storage tank

The stored heat in the heat storage tank Qs is calculated by an energy
balance over the heat storage tank [1]. Temporal changes of Qs are
caused by deviations of the heat supplied by the boilers Q; and the heat
extraction of the heating network Qp.

0 . .
%=Q3—Qo (€]

The heat output supplied by the boilers corresponds to the sum of all
wood boiler outputs Qg and the boiler output of the fossil auxiliary
boiler QEM [2].

QB = QB,aux + Z QB,i (2)
i=1

The amount of heat stored in the heat storage tank is limited by the
storage capacity Qs om [31.

0 S QS S QS,num (3)

The storage capacity is specified the time constant 7s which indicates
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Fig. 3. Structure of the control system.

Table 1
Start-up conditions related to the heat storage level.

Boiler 1 Boiler 2 Boiler 3 Boiler 4
1-boiler plant 50%
2-boiler plant 67% 33%
3-boiler plant 75% 50% 25%
4-boiler plant 80% 60% 40% 20%

Table 2
Shut-down conditions related to the heat storage level.

Boiler 1 Boiler 2 Boiler 3 Boiler 4
1-boiler plant 100%
2-boiler plant 100% 90%
3-boiler plant 100% 90% 80%
4-boiler plant 100% 90% 80% 70%

the ratio of the storage capacity to the sum of the installed wood boiler
outputs Qp wom: [41.

np
Ospiom =Ts ® Z QB omi “
P

The heat storage level represents the ratio of the stored heat to the

storage capacity [5].
Os

fs= Osrom 5)

When the upper limit is reached (storage tank full), the boilers must
be switched off to prevent the storage tank and the boilers from over-
heating. When the lower limit is reached (storage tank empty), the
storage tank cannot provide any heat output to cover the heat demand. If
the heat demand with an empty storage tank is higher than the supplied
boiler output, a heat deficit arises that should be covered as quickly as
possible. In the model, the heat deficit is taken into account by differ-
entiating between the heat demand of the consumers Q; and the heat

demand of the heating network Q,. The heat demand of the consumers is
independent of the operation of the heating plant. The heat output de-
mand of the heating network, on the other hand, considers uncovered
heat output demand from the past [6].

Os(t) — 0s(t—1)

A 0l ) ®)

QD(’):QD(f_ 1)+Q8(t_ 1) -

The model represents a stratified tank. When the stratified tank is
loaded, hot water at supply temperature T;, flows from the top into the
stratified tank while cold water at the heating network return

temperature T,, leaves the storage tank at the bottom. Discharge pro-
ceeds the other way round. A warm layer forms at the top of the storage
tank, a cold layer at the bottom and a thermocline in between, in which
the temperature drops from the supply temperature to the return tem-
perature from top to bottom. The course of the storage tank temperature
Ts over the storage tank height hs is calculated using a Bézier curve
(Fig. 2). The temperature profile can be adjusted with the thermocline
width Ah and the setting factor fi...r to the stratification behavior of a
specific storage tank. The resolution of the temperature profile is
determined by the resolution of the run variable y [13]. Equation [7]
provides the temperature in the storage tank at the height, given by Refs.
[8-12].

Ts, = [(l 77)3+3 o (1 77)2 '7] ® Tou + [3° (1-y) '}’2+73} o Ty @]

hs_y:(l7}')3.]’!14’3.(17}’)2.}/.]’[24’3.(17}/).}/2.]’13+}/3.h4

®)
I ©
I =fs ~ 2 fr o A 10)
By =fs 5~ i ® A an
h=fst o (12)
0<y<l1 13)

2.3. Model of the control system

The control system consists of two control loops (Fig. 3). The outer
control loop (cascade control) decides how many wood boilers are
needed to cover the heat demand and issues startup and shutdown
commands to the individual wood boilers. In addition, the outer control
loop decides whether the fossil auxiliary boiler is needed. The inner
control loop (output control) controls the heat outputs of the individual
wood boilers in the operating state.

The model of the cascade control system is based on the observations
of a field investigation, which examines the operation of wood-fired
heating plants with several wood boilers in practice [21]. The cascade
control system uses a list of start-up or shut-down conditions related to
the heat storage level, to decide whether a start or stop command is
needed. The start-up or shut-down conditions depend on the number of
installed wood boilers, can be calculated with [14,15] and are listed in
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Fig. 4. Structure of the inner control loop (output control).
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Fig. 5. Boiler dynamics during cutting-in or cutting-out a wood boiler.

Table 1 and Table 2 for heating plants with one to four wood boilers.

Ssini=1- 14)

ng + 1

. i—1
Ssoui=1~- o (15)

The output control defines the output of the individual wood boilers

by the control variable fz [16]. QBl represents the boiler output, where
the inertia of the systems response is not considered yet. The outputs of
the wood boilers are limited by their minimal and nominal output [17],
therefore the control variable f3 is limited [18]. To consider the thermal
inertia of the wood boilers, the time derivative of the control variable f
is limited too [19]. The control variable is calculated by a PI controller
[20]. The PI controller minimizes the deviation es of the heat storage
level fs and its set value fsq [21]. f; represents the control variable
before limitation. Kp and K; represent the proportional and the integral
gain. The integral windup caused by the control variable limitation is
addressed by a backward calculation anti windup approach [23]. The
structure of the output control is shown in Fig. 4.

Q;.i = QR.milz,i +fke (QB.num,i - Q‘R‘min.i) (16)
QB.min.i S QB,i S QB,nom.i (17)
0<fz <1 18)
s _ [dfs

5=l a9

Trampdown
N
| \\
| \
| N\
[ A\
| \ Boiler output
| \-\ — — — Control variable
| N\ -
| N\
| \
| N
N
' N\
| \
| N\
I AN
| \
' . o
fe(t)=Kp e |es(t) +K; o Zrzoes(r) +13(7) — f5(7) (20)
€s :fS.xcr 7.](:? (21)

The heat storage level fs is calculated from the temperature mea-
surements Ts; in the storage tank [23]. The number of temperature
sensors amounts ny. The sensors are evenly distributed over the height of
the storage tank. For the calculation of the heat storage level, the
measured temperatures are limited by a temperature range [22]. Tinmin
marks the lowest inlet temperature of the district heating network at
which the district heating network can be operated. T;, marks the
desired inlet temperature in the district heating network. Tg; represents
the measured temperature Ts; after the limitation [21].

Tingmin < Ts; < Tiy (22)
2Ty ~Tinmin
7 Tin—Tinmin
fs=—" (23)
nr

The model considers delay and inertia in the output control. The
systems response of the wood boilers is modelled as a serial linking of a
proportional amplification and two delay elements [24]. For simplicity,

two identical delay elements are used [24]. QB[ is the wood boiler output
set by the controller without considering delay and inertia. Q, is the
delayed wood boiler output. t, marks the time where the control vari-

able changes. The coefficient o can calculated by the method of least
squares from the measurement results.
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Fig. 6. Stacked characteristic curve of the average daily heat demand as a
function of the daily average ambient temperature. The mean daily heat de-
mand refers to the total installed boiler output in %. The dots mark the demand
measurements in the district heating network on which the model is based.
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Fig. 7. Simulation results of the annual course of the heat demand (left y-axis)
depending on the average daily temperature (right y-axis). The heat demand
refers to the total installed boiler output in %. The solid blue line represents the
daily average of the heat output demand, while the broken lines represent the
2-h maximum and minimum.
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Fig. 8. Simulation results of daily heat demand profiles for different ambient
temperatures Tx. The heat demand refers to the total installed boiler output
in %.
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Table 3

Constants for the calculations of the thermal losses.
Variable Value Source
g 90% 181
Ts0p 80°C [91
Tamb 25°C [71
T1)2 10h
Tth 15 min

Table 4

Emission factors for CO, PM, NOx and non-renewable CO, for the wood boilers
and the fossil auxiliary boilers in mg per MJ fuel input. For wood boilers, data for
category 16 an according to the statistical data on wood energy in Switzerland
are considered, which comprise automated wood chip boilers greater than 500
kW which are commonly smaller than 10 MW and equipped with electrostatic
precipitators [10].

Fuel Pollutant Cco PM NOx CO, Source
mg/ mg/ mg/ g/ -
MJ MJ MJ MJ
Wood boiler Start-up 684.7 50.0 181.8 [10]
Shut- 1209.1 50.0 139.4
down
Full load 45.4 10.0 124.7
Part load 64.2 2.8 104.2
Light fuel oil Operation 10 0.2 33 73.7 [11]
boiler
Natural gas Operation 8 0.1 19 56.4
boiler
0s(1) ~ 0y, (1)
: 2R —1 e e (1 + 1) 24

0p.(1) = Oy, (10)

Furthermore, dynamic behavior during start-up and shut-down
processes of wood boilers is considered. During start-up of a wood
boiler, the boiler output is modelled as a delay followed by a ramp.
Cutting-out is modelled as a ramp without a delay Fig. 5.

2.4. Model of the fossil auxiliary boiler

The fossil auxiliary boiler supplements the wood boilers in the event
of rapid demand changes while the storage is empty and replaces the
wood boilers as soon as the low-load condition is not met. Low-load
condition means that the daily heat demand should be above a limit
value, to avoid boiler cycling. Boiler cycling means providing a low
boiler output by frequent startups and shutdowns of the wood boiler. In
the model, the low load limit value corresponds to a heat quantity which
one wood boiler provides when operated during 12 h at its minimum
continuous output [25]. If the daily heat demand is lower than the limit
value, the heat demand of this day is covered by the fossil auxiliary
boiler and the wood boilers are shut down during this day.

2.5. Model of the heat demand

The model examines the year-round behavior of wood heating plants
with one or more wood boilers. Thus, a curve of the heat demand over a
whole year is required. The dynamic heat demand is derived on an
hourly basis from the measured heat demand of a district heating
network in Switzerland and modelled in three steps [26].

1. A characteristic load curve is derived to show the relationship be-
tween the daily average ambient temperature T4 and the daily heat
demand Qp 44y [25].

QD.day :f(TA) (25)
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Fig. 9. Schematic view of a typical moving grate boiler (left, source: Schmid AG) and photography of the 150 kW test plant investigated in the laboratory at the
Lucerne University of Applied Sciences (LUAS) (right, source: LUAS) used in the validation process.

2. Distribution functions fp 44, [26] are derived to specify at what time
during the day the heat is needed. The daily course of the heat de-
mand and therefore the distribution function depends on T4. The
distribution function is a vector that defines the fraction of the daily
heat demand for each timestep of the day.

Soaay =1 (t,Ts) (26)

3. The daily course of the heat demand QD can be calculated for a given
daily average ambient temperature T, [27].

_fD,day(t7 Ty)e Ob day (Ta)
- At

Op @27)

A characteristic load curve was derived to show the relationship
between the daily average ambient temperature T, and the daily heat
demand Qpge. Therefore, the demand Qpgq is divided into space
heating Qp s, hot water Qppn, and heat distribution losses of the district
heating network Qp; [28]. Hot water and distribution losses are
considered as independent on the ambient temperature. The heat load
linearly depends on the ambient temperature [27].

Op.day= Op.sh + Opsw + Opyt (28)

The distribution losses of the district heating network can be calcu-
lated by comparing the measured heat delivered into the network Qp,,
and the heat delivered to the customers Qpnc [29].

Op1=0pm — Opme (29)

The daily heat demand for space heating and hot water can be
calculated by linear regression. For space heating only days with an
ambient temperature lower than the heating limit T, j,, are considered.

The distribution function fp4, [30] is found by dividing the
measured heat demand of each timestep for one day Qpmeas: by the
measured daily heat demand Qg meas,day- TO get the thermal power of the
timestep t, the fraction is divided by the period of the timestep At.

Op meas,s
SBday = Obmeasdr (30
Fig. 6 shows measured data (dots) of the daily heat demand as a
function of the daily mean ambient temperature for the district heating
network which is investigated as example for the model. The yearly
course of the heat demand is shown in Fig. 7. The daily courses of four
example days with different ambient temperatures are shown in Fig. 8.

2.6. Model of the heat losses

The heat losses of the wood boilers are divided into operating losses
and cooling losses [28]. Operating losses QL,ap occur during normal
operation of the wood boiler and are described by the boiler efficiency
[31].

QL,op:(l_ﬂs) Yop (31)

Cooling losses Q'L,m occur due to the cooling of the thermal mass of
the wood boilers after being switched off. During the cool-down phase,
the temperature of the boiler mass drops exponentially from the oper-
ating temperature Tp,, to ambient temperature Tym,. to represents the
time when the boiler is switched off and 7, , is the half-life of the cooling
down (32).

logl1/2)

TB(Z) = Tumb + (TB.op - Tamb) ec 2 o) (32)
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Fig. 10. Technical drawing with the sensor positions (left) and photography (right) of the stratified 3030 L storage tank used in the validation process.
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Fig. 11. Comparison of the measured (blue line) and simulated boiler output
(red line) of a wood heating plant with a single wood boiler and a stratified

storage tank for one day.
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Fig. 12. Comparison of the measured (solid lines) and simulated temperatures
in the heat storage tank (dashed lines) of a wood heating plant with a single
wood boiler and a stratified storage tank for one day.
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Table 5
Error norms of the validation process for the three test runs, that lasted 24 h
each.

1Qsll 11Q5 e 751l T s
Day 1 3.2% 7.5% 21K 44K
Day 2 3.2% 12.0% 29K 93K
Day 3 3.6% 8.7% 20K 44K
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Fig. 13. Annual fossil share of wood heating plants with one to four wood
boilers and a fossil auxiliary boiler as function of the boiler output ranges. The
boiler output range is varied in 10% steps. Example: A boiler with 30% boiler
output range enables output modulation from 70% to 100% of the nominal
heat output.

Table 6
Annual fossil share of wood heating plants with one to four wood boilers and a
fossil auxiliary boiler for different boiler output ranges.

Boiler output Minimal and nominal boiler Number of wood boilers

range output
1 2 3 4

0% 100% 97%  27% 17% 12%
10% 90%-100% 66% 24% 16% 11%
20% 80%-100% 53% 22% 15% 11%
30% 70%-100% 44% 20% 13% 3%
40% 60%-100% 35% 18% 12% 0%
50% 50%-100% 26% 16% 2% 0%
60% 40%-100% 19% 14% 0% 0%
70% 30%-100% 13% 0% 0% 0%
80% 20%-100% 10% 0% 0% 0%
90% 10%-100% 0% 0% 0% 0%

The heat output Q, ., when cooling down can be calculated by the
heat Qg stored in the boiler mass (thermal mass) and the change in
boiler temperature over time (33).

daTp

I ey, (33)

QL,(‘u =
Tsop — Tams

The thermal mass of a wood boiler is given relative to the nominal
boiler output by the time constant 7,;(34). The time constant can be
interpreted as the time needed to operate the boiler at nominal load in
order to bring the entire boiler mass to operating temperature.

Q5.1 = O uom ® Tih 34

The input power Qg ;,; of the wood boiler i is calculated by adding the
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Fig. 14. Annual pollutant emissions of wood heating plants with one to four
wood boilers (np), a fossil auxiliary boiler, a boiler output range of 50% and a
heat storage of 1 h “Wood operation™ operation of wood boilers without
startups and shutdowns. “Wood start and stop™ Transient operation during
startup and shutdown.

heat losses to the boiler output (35).

QE,in.i =0y, + QL.op,i + OLcoi (35)

The annual efficiency describes the ratio between the useful heat of
the boiler and the supplied energy in one year (36). The useful heat
corresponds to the time integral of the boiler output. The supplied heat
corresponds to the time integral of the boiler output and the heat losses.

fo+7a
ng .

/ Z Qp, dt
i=1

fo

”ﬂ = 10+7a

(36)

ng

/ E Q.B,inj dr
i=1
o

The assumptions for the parameters used for the simulation are
introduced in Table 3.

2.7. Model of the pollutant emissions

The model calculates emissions of CO, PM, NOx and non-renewable
COy. In the present work, wood is considered as a renewable fuel thanks
to a sustainable forestry. Consequently, CO, emissions from the fossil
fuel boiler are solely considered. The fossil auxiliary fuel boiler is
operated with light fuel oil or natural gas. The impact on local air
pollution is considered by the emissions of carbon monoxide (CO),
particulate matter (PM) and nitrogen oxides (NOx) of the wood boilers
and the auxiliary boiler. The model of pollutant emissions is based on
emission factors, listed in Table 4. In the case of wood boilers, data for
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light fuel oil.
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Fig. 16. Impact of mitigating demand peaks with different smoothing intervals on the annual transient CO emissions of wood heating plants with one to four wood

boilers, a fossil auxiliary boiler and a boiler output range of 50%.

boilers with heat output of more than 500 kW are considered, which are
commonly equipped with electrostatic precipitators. In addition, a
distinction is made according to four different operating states, i.e.
stationary operation at full load and part load and transient phases
during startups and shutdowns. The emissions of the fossil fuel auxiliary
boilers were calculated with averaged emission factors that represent
the boiler operation in the different operation states. The annual emis-
sion factor ¢, of the pollutant k is calculated by (37). The numerator
represents the absolute annual emission calculated by the annual time
integral of the emission rate. The emission rate is calculated by the
multiplication of boiler input power Qg,,; and the emission factor EFy. of
the pollutant k. The emission factors depend on the time as different
emission factors are used for different boiler operation states. The
annual absolute emission is divided by the annual heat demand of the
district heating network.

10+7Ta
K

Z QB,[n,i(t) o EFy(t)dt

fo

37)

€ak = 0+,

0y (1) dt
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3. Model validation and verification
3.1. Model validation

The model is validated using measurement data from a test plant.
The test plant consists of a 150 kW moving grate boiler and a 3030 L heat
storage tank. In a first step, operating measurements are carried out with
the test plant. Three validation measurements of 24 h each are carried
out with typical heat demand profiles. In a second step, the test plant is
modelled. A simulation is carried out with the same heat demand pro-
files. For validation, the measured data and the simulation data are
compared. The deviations of the simulation results from the measured
data are quantified in the Euclidean norm ||x||, (38) and the max norm
(1%l e (39). The test plant is illustrated in Figs. 9 and 10.

n

Z (x.\'im‘i - xmearj)z

i=1

(38)

1
[lx1l, =°

Hme(LX = max ({-xsim,i — Xmeas,i D (39)

Figs. 11 and 12 show the measured and the simulated system
behavior for one of three validation measurements. Table 5 summarizes
the error norms for all three measurements. Fig. 11 shows the measured
and the simulated daily course of the boiler output. The simulation re-
produces the daily curve of the measured boiler output accurately with
an error norm of 3.3%. Fig. 12 shows the measured and simulated
storage temperatures. The simulated temperatures reproduce the daily
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Fig. 17. Impact of mitigating demand peaks with different smoothing intervals on the annual transient PM emission of wood heating plants with one to four wood

boilers, a fossil auxiliary boiler and a boiler output range of 50%.
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Fig. 18. Impact of mitigating demand peaks on the daily system operation for a
wood heating plant with four wood boilers and a heat storage capacity of 60
min. The heat demand profile of the top figure is not filtered. The heat demand
profile of the bottom figure is smoothed with an 8 h moving average. The heat
example day represents a day with a medium heat demand.
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Fig. 19. Impact of mitigating demand peaks on the daily system operation for a
wood heating plant with two wood boilers and a heat storage capacity of 60
min. The heat demand profile of the top figure is not filtered. The heat demand
profile of the bottom figure is smoothed with an 8 h moving average. The heat
example day represents a day with a low heat demand.
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Fig. 20. Annual heat losses of wood heating plants with one to four wood boilers, a fossil auxiliary boiler, a boiler output range of 50% and a heat storage of 1 h.

course of the measured storage temperatures accurately with an error
norm of 2.3 K.

4. Results
4.1. Fossil share

Fig. 13 shows the annual share of fossil heat production for different
plant configurations. The numerical data is given in Table 6. The fossil
share is calculated by dividing the annual output of the fossil auxiliary
boiler by the annual heat demand of the district heating network.

Single wood boilers without output modulation cycle heavily at low
loads and have to be replaced with fossil-based boilers to reduce
pollutant emissions. Plants with one wood boiler and without boiler
output modulation show a fossil share of 95% and are not suitable for
year-round operation. The cycling problems at low load can be reduced
by smaller wood boilers in cascade or by boiler output modulation.
Cascade systems without boiler output modulation cause a fossil share of
27% in case of two wood boilers and can be further reduced to 12% by
use of four wood boilers. In a heating plant with a single wood boiler
with a boiler output range of 50%, a fossil share of 26% is achieved.
Consequently, the use of two boilers without output modulation and the
use of one boiler with a 50% boiler output range have a similar effect on
the annual fossil share. The use of two wood boilers with an output range
of 50% reduces the fossil share to 15%, while three or four wood boilers
reduce the fossil heat demand to close to zero. For a fossil-free operation,
a boiler output range of more than 50% is a minimum requirement for
cascade systems with three or four boilers. A boiler output range of at
least 70% (i.e. from 30% to 100%) is required for two-boiler systems,
and approximately 90% boiler output range is needed for single-boiler
systems.

4.2. Pollutant emissions

Fig. 14 shows the annual pollutant emissions in relation to the pro-
duced heat for different plant configurations with boiler ouput ranges of
50%. As an aid to interpretation, the fossil share of the annual heat

supplied is shown additionally.

In the top diagram it can be observed that the CO emissions are
mainly caused by the wood boilers. The fossil auxiliary boilers only
contribute e.g. 4% in case of a single wood boiler system with a fossil
share of 26%. Between 45% and 74% of the CO emissions from the wood
boilers are caused from stationary operation. The remaining 26%-55%
result from start-up and shut-down phases, which cause increased CO
emissions. This part of the emissions can be decreased by avoiding
startups and shutdowns of the wood boilers. As the number of boilers
increases, the CO emissions increase due to the decrease of the fossil
share. In the single wood boiler system, more than 25% of the heat
demand is covered by the fossil fuel auxiliary boiler. Thus, the annual
output of the wood boiler is lowered and so are its CO emissions. In a
system with four boilers, no additional fossil energy is required. The
wood boilers have a higher annual output and thus cause higher CO
emissions. The single wood boiler system causes the highest CO emis-
sions due to startup and shutdown processes. As the number of boilers
increases, the CO emissions of the startup and shutdown processes
decrease and reach a minimum for the system with three wood boilers.
This system emits 60% less CO during the startup and shutdown pro-
cesses than the single wood boiler system.

In the second diagram it can be observed that the PM emissions are
also mainly caused by the wood boilers, while the fossil auxiliary boilers
only contribute a negligible part. The PM emissions behave similar as
the CO emissions. As the number of boilers increases, the emissions in
stationary operation increase, which is due to the decreasing fossil share.
Between 8% and 25% of PM emissions are caused during startup and
shutdown. The PM emissions of the startup and shutdown processes
decrease with increasing number of boilers and reach a minimum at
three boilers.

The third diagram shows that 92%-98% of the NOx emissions are
caused by the wood boilers in stationary operation. As the number of
boilers increases, the NOx emissions in stationary operation increase,
which is due to the decreasing fossil share. For single and two wood
boiler systems, the fossil auxiliary boilers cause up to 8% of the NOx
emissions.

The lowest diagram shows that the fossil share and therefore the
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Fig. 21. Annual cool down losses of wood heating plants with one to four wood boilers and a fossil auxiliary boiler.

fossil CO, emissions decrease with increasing number of wood boilers.
Only in systems with four boilers, no non-renewable CO is emitted as no
additional fossil heat is needed.

The previous graph showed that the CO, PM and NOx emissions of
the stationary boiler operation are inversely proportional to the fossil
share and that the startup and shutdown processes cause a noticeable
share of the CO and PM emissions. Since a low fossil share is desired, the
pollutant emissions in stationary operation can only be reduced by an
optimal combustion control, while the pollutant emissions of the startup
and shutdown processes are determined by the annual number of startup
and shutdown processes. The annual number of startup and shutdown
operations depends on the number of boilers, the heat storage capacity
and the boiler output range. Fig. 15 shows the CO and PM emissions of
the startup and shutdown operations different plant configurations in
the upper six diagrams. The two bottom diagrams show the fossil share
and the non-renewable CO, emissions comprising the whole year and
not only the startup and shutdown operations.

For systems with more than one wood boiler, CO and PM emissions
from startup and shutdown operations decrease with increasing boiler
output range. Systems with a boiler output range of 50% cause less than
half the emissions during startup and shutdown operations of systems
without boiler output control. By increasing the boiler output range to
70% or 85%, the emissions of the startup and shutdown operations are
further reduced. The annual CO and PM emissions from startup and
shutdown operation decrease with increasing heat storage capacity. A
plant with a 60 min storage capacity produces less than half the emis-
sions of a plant with a 30 min storage capacity. By doubling the capacity

14

from 60 to 120 min, CO and PM emissions from startup and shutdown
operation can be further reduced but not halved. The startup and
shutdown of the single boiler system cause less CO and PM emissions
than systems with two or more wood boilers. This can be explained by
the low annual output of the wood boiler in the single wood boiler
system. The low annual output is reflected in the high fossil share and
thus in the high CO; emissions. A system with three wood boilers causes
less CO and PM emissions in the startup and shutdown processes than a
system with two wood boilers. The CO and PM emissions of the startup
and shutdown processes of a four wood boiler system are slightly higher
than those of a system with three wood boilers, while the CO, emissions
are slightly reduced from a low level to zero. The CO; emissions behave
linearly to the fossil share and decrease with increasing boiler output
range and increasing number of boilers. The storage capacity has only
minor influence on the fossil share and the fossil CO, emissions.

Figs. 16 and 17 show the impact of mitigating demand peaks with
different smoothing intervals on the annual transient CO and PM
emissions of different plant configurations boiler output ranges of 50%.
It can be observed that mitigating demand peaks has an influence on the
transient pollutant emissions. The influence is more pronounced for
wood heating plants with small heat storage capacity. Mitigating de-
mand peaks can lead to both an increase and a reduction of the transient
CO and PM emissions. When the heat demand is high, smoothing the
load peaks can prevent boiler startups and shutdowns (Fig. 18). At low
heat demand, on the other hand, additional boiler startups and shut-
downs can occur (Fig. 19). In wood heating plants with up to two wood
boilers, the increase in boiler starts at low heat demand predominates,
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Fig. 22. Impact of mitigating demand peaks with different smoothing intervals on the annual cool down losses of wood heating plants with one to four wood boilers,

a fossil auxiliary boiler and a boiler output range of 50%.

which leads to an increase in emissions due to mitigating demand peaks.
In plants with more than two wood boilers, the reduction of boiler starts
at high heat demand predominates, which leads to a reduction of
pollutant emissions by mitigating demand peaks.

4.3. Heat losses

Fig. 20 shows the annual heat losses of different plant configurations.
The graph distinguishes between heat losses from the stationary oper-
ation of the wood boilers, the heat losses from the operation of the fossil
auxiliary boiler and the cooling down losses of the wood boilers that
occur after a boiler shut down. The cooling down losses of the fossil
auxiliary boiler are not considered. As an aid to interpretation, the fossil
share of the annual heat is also shown. The main part of the heat losses
occurs in the stationary operation of the wood boilers and the fossil
boilers. The sum of the heat losses from the stationary operation of the
wood boilers and the fossil auxiliary boiler hardly depends on the
number of wood boilers. As the number of wood boilers increases, the
fossil share and thus also the heat losses from the fossil boilers decrease
while the heat losses from the stationary operation of the wood boilers
increase. The cooling losses of the wood boilers account for between 4%
and 6% of the heat losses in the systems considered. More cooling losses
occur in the two wood boiler system than in the single wood boiler
system. From two wood boilers upwards, the cooling losses decrease
with increasing number of boilers.

By analyzing the previous graph, it was possible to show that the
annual cooling losses of the wood boilers depend on the number of
boilers. Fig. 21 shows the cooling losses of different plant configurations
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in the upper three diagrams. The lowest diagram shows the fossil share.
The cooling losses of systems without a fossil share amount up to 1.7% of
the annual heat production, which corresponds to 13% of the total
annual heat losses. For systems with more than one wood boiler, the
cooling losses decrease with increasing boiler output range. For the
single wood boiler system, the cooling losses increase with increasing
boiler output range, which is due to the increase in the fossil share. The
single wood boiler system with a boiler output range of 85% causes the
highest cooling losses. The cooling losses decrease with increasing
storage capacity.

Fig. 22 shows the impact of mitigating demand peaks with different
smoothing intervals on the annual cool down losses of wood heating
plants with a boiler output range of 50%. A smoothing of the load curve
simplifies the control of wood boilers and therefore prevents unnec-
essary switching on and off of wood boilers. The lower number of boiler
starts consequently leads to lower cooling losses. The effect is only
weakly pronounced in systems with a large storage capacity, since the
peaks in demand can be covered by the stored heat. For systems with one
boiler, the effect is hardly recognizable, since the wood boiler is replaced
by the fossil auxiliary boiler at low loads in summer, which prevents
many boiler starts.

4.4. Summary of all results

Table 6 shows the share of fossil fuels contributing to the total heat
demand as function of the boiler output range of the wood boiler and the
number of wood boilers. The system configurations with a predicted
fossil share of 0% (green area) enable a fossil-free heat production all
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Table 7

Numerical results of the pollutant emissions and the heat losses.

Number of Boiler output  Storage Fossil Cco PM NOx CO, Heat losses
boilers range capacity share - i A i A i A - i i i i - i -
TransientOperation StationaryOperation TransientOperation StationaryOperation TransientOperation StationaryOperation Natural Light Operation Cool Fossil
gas fuel oil down
-1 [%] [min] [%] [mg/MJ] [g/MJ] [%]
1 0 30 97.0 7.9 1.2 0.4 0.3 1.4 3.3 54.4 75.1 0.4 0.1 11.2
60 97.0 5.4 1.3 0.3 0.3 0.9 3.7 54.4 75.1 0.4 0.1 11.6
120 97.0 3.4 1.4 0.2 0.3 0.6 3.9 54.4 75.1 0.4 0.1 11.3
50 30 25.9 98.3 32.9 5.6 7.2 18.5 90.3 14.5 20.0 8.4 0.6 2.9
60 26.2 43.5 35.6 2.6 7.8 8.7 97.9 14.7 20.3 8.4 0.6 3.0
120 25.1 21.4 36.8 1.3 8.1 4.3 101.0 14.1 19.4 8.4 0.5 2.8
70 30 14.9 85.0 45.4 4.8 6.8 15.8 104.3 8.4 11.5 9.8 0.8 1.7
60 13.2 24.8 50.7 1.5 6.6 5.1 110.1 7.4 10.2 9.8 0.6 1.5
120 12.7 7.9 53.1 0.5 6.2 1.7 110.9 7.2 9.9 9.8 0.4 1.4
85 30 0.1 103.1 52.2 5.7 7.3 18.7 116.6 0.0 0.1 11.1 1.7 0.0
60 0.1 24.8 58.6 1.5 7.2 5.0 124.4 0.0 0.1 11.1 1.1 0.0
120 0.1 10.4 60.1 0.7 7.0 2.5 125.5 0.0 0.0 11.1 0.9 0.0
2 0 30 26.3 120.4 31.5 6.5 6.9 21.0 86.5 14.7 20.3 8.2 1.2 2.9
60 26.6 68.2 34.1 3.7 7.5 11.9 93.5 15.0 20.6 8.2 1.1 3.0
120 26.5 35.6 35.6 1.9 7.8 6.2 97.9 14.8 20.5 8.2 0.8 3.0
50 30 15.3 50.8 40.8 2.9 9.0 9.6 112.0 8.6 11.9 9.6 0.9 1.7
60 15.6 28.5 41.9 1.7 9.2 5.6 115.1 8.7 12.0 9.6 0.8 1.8
120 15.6 13.5 42.7 0.8 9.4 2.7 117.2 8.7 12.1 9.6 0.7 1.8
70 30 0.4 27.9 54.7 1.6 8.6 5.4 128.1 0.3 0.3 11.1 0.6 0.1
60 0.5 12.0 56.6 0.7 8.3 2.5 129.2 0.3 0.4 11.1 0.4 0.1
120 0.4 6.2 57.7 0.4 8.1 1.4 129.1 0.2 0.3 11.1 0.3 0.0
85 30 0.0 14.2 58.4 0.8 7.6 2.8 127.0 0.0 0.0 11.1 0.3 0.0
60 0.0 3.1 59.2 0.2 7.7 0.7 128.4 0.0 0.0 11.1 0.1 0.0
120 0.0 0.1 59.5 0.0 7.7 0.0 128.7 0.0 0.0 11.1 0.0 0.0
3 0 30 17.0 115.8 36.6 6.2 8.1 20.2 100.7 9.5 13.1 9.3 1.1 1.9
60 17.4 54.0 39.7 2.9 8.7 9.4 108.9 9.7 13.5 9.3 0.8 2.0
120 17.1 32.3 40.7 1.7 9.0 5.6 111.8 9.6 13.3 9.3 0.8 1.9
50 30 1.9 36.3 48.1 2.1 10.6 7.0 132.0 1.1 1.5 11.0 0.9 0.2
60 1.9 16.9 49.0 1.0 10.8 3.4 134.7 1.0 1.4 11.0 0.5 0.2
120 1.8 9.1 49.4 0.5 10.9 1.8 135.8 1.0 1.4 11.0 0.4 0.2
70 30 0.0 25.3 54.5 1.5 8.7 4.9 129.0 0.0 0.0 11.1 0.7 0.0
60 0.0 7.4 55.0 0.5 9.1 1.6 132.0 0.0 0.0 11.1 0.3 0.0
120 0.0 3.1 56.2 0.2 8.8 0.7 131.6 0.0 0.0 11.1 0.1 0.0
85 30 0.0 15.9 57.3 0.9 8.0 3.1 127.8 0.0 0.0 11.1 0.5 0.0
60 0.0 3.6 55.4 0.2 9.1 0.8 132.3 0.0 0.0 11.1 0.3 0.0
120 0.0 0.8 56.0 0.1 8.9 0.2 132.3 0.0 0.0 11.1 0.1 0.0
4 0 30 11.9 114.2 39.3 6.1 8.7 19.9 108.0 6.7 9.2 9.9 1.2 1.3
60 11.8 61.5 41.9 3.3 9.2 10.7 115.1 6.6 9.2 9.9 0.9 1.3
120 11.9 38.0 43.0 2.0 9.5 6.6 118.2 6.7 9.2 9.9 0.7 1.3
50 30 0.0 45.4 48.1 2.6 10.6 8.5 132.2 0.0 0.0 11.1 0.8 0.0
60 0.0 25.7 49.1 1.5 10.8 4.9 134.9 0.0 0.0 11.1 0.5 0.0
120 0.0 10.9 49.9 0.6 11.0 2.1 137.0 0.0 0.0 11.1 0.3 0.0
70 30 0.0 29.9 53.9 1.7 8.9 5.7 128.9 0.0 0.0 11.1 0.6 0.0
60 0.0 14.2 54.9 0.8 8.9 2.7 130.8 0.0 0.0 11.1 0.3 0.0
120 0.0 3.8 56.3 0.2 8.7 0.8 131.3 0.0 0.0 11.1 0.2 0.0
85 30 0.0 15.9 55.7 0.9 8.6 3.1 129.6 0.0 0.0 11.1 0.3 0.0
60 0.0 4.8 56.8 0.3 8.5 1.0 130.6 0.0 0.0 11.1 0.2 0.0
120 0.0 0.1 57.7 0.0 8.3 0.0 130.7 0.0 0.0 11.1 0.0 0.0
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year round in compliance with the condition for minimum load opera-
tion of wood boilers. Table 7 summarizes the results of the pollutant
emissions and the heat losses for the investigated system configurations.

5. Conclusions

The simulation investigates the behavior of heating plants with one
to four wood boilers combined with an auxiliary fossil fuel boiler and a
heat storage tank. In addition, a low load condition for the operation of
the wood boilers is considered which requires minimum 12 h operation
of one wood boiler per day to avoid frequent startups and shutdowns.
The results demonstrate how the use of auxiliary fossil heat, the
pollutant emissions and the heat losses in wood heating plants can be
reduced. The study investigates mitigating of heat demand peaks,
increasing the heat storage capacity, expanding the output range of the
wood boilers and increasing the number of wood boilers in the heating
plant. Due to the low load condition, a fossil share of the investigated
wood heating plants amounts between 0% and a theoretical value of
97%. The fossil share, the transient fraction of the pollutant emissions
and the cool down losses can be reduced through optimized design and
operation of the heating plant. For operation without additional fossil
heat, the boilers in a wood-fired heating plant must be able to provide
low heat outputs for periods with a low heat demand. Low heat outputs
can be achieved by a large boiler output range of the wood boilers or by
installing several smaller wood boilers instead of one large boiler. In
terms of the annual fossil share, both solutions are target oriented. For a
heating plant with one single wood boiler and a heat storage capacity of
1 h at nominal load, a continuous boiler operation from approximately
15%-100% of the nominal boiler output would be necessary to meet the
low load condition all year long. For heating plants with two, three or
four wood boilers, a minimum boiler output of 30%, 40% and 60% is
needed. For all heating plants, an increase in storage capacity leads to a
reduction in annual CO and PM emissions. The annual CO and PM
emissions of the regarded fossil-free heating plants were reduced by 17%
and 8% respectively by doubling the heat storage capacity from 30 to 60
min of the nominal boiler output. A further doubling of the heat storage
capacity from 60 to 120 min reduces the annual CO and PM emissions by
9% and 6%. The annual heat losses are reduced by 1% by doubling the
heat storage capacity. Mitigating the heat demand peaks reduces the
transient pollutant emissions and the cooling losses in systems with
more than two wood boilers but can have a negative effect on the
transient pollutant emissions for plants with one or two wood boilers.
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