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ABSTRACT
Currently, most wood pellet boiler models consider the
combustion and thermal storage effects, but not the
operational cycle of the boiler. This new model adds the
operational states of the boiler: standby, flush, fill,
ignition, stabilization, automatic combustion, burn-out,
and post-ventilation states to the thermal calculations.
Residential and small commercial wood pellet boiler
systems can spend significant time in operational modes
outside of the standard combustion modes, especially if
the system has not been designed and sized correctly.
Because most of the current wood pellet boiler models
do not consider the other operational modes, the system
performance calculations may not accurately capture the
energy produced and used by the boiler system. The
updated model is needed to give better feedback to the
system designers concerning the efficiency of the
systems as designed. The new model has been added to
the TRNSYS software program and shows promise in
matching measured data for wood pellet boiler
performance.

INTRODUCTION
Wood pellet boilers (and other biomass) boilers work
somewhat differently from standard (oil, gas, electric)
boilers because of the time delay in creating combustion
and the need to clean the combustion byproducts from
the boiler. Wood pellet boilers are designed to spend
long periods in steady combustion, but the system
controls are not always designed to provide for long
steady combustion periods.
In steady state tests, pellet boilers of this type are rated
at efficiency levels in the range of 85%. In the field,
however, due to cycling, average efficiency is
considerably lower (Carlon 2014, Wang 2017). Existing
wood pellet boiler models (Haller 2010a, Haller 2010b,
Nordlander 2003) do not address the different states of
boiler operation and handle the start-up effects by

modifying the efficiency of the boiler. While, this does a
good job of approximating the additional energy input
needed for the boiler system it has two significant shortcomings: not capturing the time delay for the boiler to
produce adequate hot water and underestimating the
start-up penalty in poorly designed systems that cycle the
boiler more quickly. Another existing pellet boiler
model (Petrocelli 2014) addresses the different boiler
states but only adjusts the boiler efficiency for the fluid
flow through the boiler discounting the energy
consumption and inefficiencies of the other states.
Modifications have been proposed to these existing
wood pellet boiler models by modeling the various states
of the pellet boiler system rather than subsuming those
into the overall boiler efficiency.
The boilers which are the focus of this work have fully
automatic pellet feed and use flue gas oxygen and system
temperature measurements to optimize combustion.
These boilers are designed to be installed with thermal
storage and meet European performance requirements.
While these offer strong potential to provide clean
operation with biomass, they have challenges in
transitioning to the North American market, including a
lack of familiarity with the design and installation of
these systems with storage and the higher thermal
distribution system temperatures in North America.
Tools such at the model developed under this study can
help with the deployment of this technology.

PELLET BOILER ENERGY BALANCE
The model estimates the performance of the wood pellet
boiler including the thermal capacitance effects of the
boiler mass and the water stored in the boiler. The model
is quasi-steady state and does not try to capture the
dynamics of the combustion process. The calculations
are based on work by Haller and Nordlander (Haller
2010a, Haller 2010b, Nordlander 2003), but have been
extended to include the different states of operation of
the pellet boiler.
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The overall energy balance for the boiler can be defined
as:
𝑄̇𝑓𝑢𝑒𝑙 + 𝑃𝑒𝑙𝑒𝑐 = 𝑄̇𝑤𝑎𝑡𝑒𝑟 + 𝑄̇𝑙𝑜𝑠𝑠 + 𝑄̇𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑄̇𝑑𝑟𝑎𝑓𝑡
+ 𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑄̇𝑎𝑠ℎ
+ 𝑄̇𝑓𝑔,𝑐ℎ𝑒𝑚 + 𝑄̇𝑓𝑔,𝑠𝑒𝑛 + 𝑄̇𝑓𝑔,𝑙𝑎𝑡 (1)
Where
𝑄̇𝑓𝑢𝑒𝑙 = energy created by the combustion of the fuel
𝑃𝑒𝑙𝑒𝑐 = electric energy input to the boiler
𝑄̇𝑤𝑎𝑡𝑒𝑟 = energy transferred to the water stream
𝑄̇𝑙𝑜𝑠𝑠 = energy lost from the boiler to the ambient
𝑄̇𝑠𝑡𝑜𝑟𝑒𝑑 = energy stored in the boiler and the water
𝑄̇𝑑𝑟𝑎𝑓𝑡 = energy lost due to air flow through the boiler
with no combustion
𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 = energy lost to the ambient from the
combustion chamber
𝑄̇𝑎𝑠ℎ = energy lost in the unburned residue of the fuel
𝑄̇𝑓𝑔,𝑐ℎ𝑒𝑚 = energy lost in the change of the chemical
composition of the flue gases
𝑄̇𝑓𝑔,𝑠𝑒𝑛 = sensible energy lost in the exiting flue gas
𝑄̇𝑓𝑔,𝑙𝑎𝑡 = latent energy lost in the exiting flue gas
A second energy balance can be defined for the energy
that is available for the thermal capacitance calculations:
𝑄̇ℎ𝑥 = 𝑄̇𝑓𝑢𝑒𝑙 − 𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 − 𝑄̇𝑎𝑠ℎ − 𝑄̇𝑓𝑔,𝑐ℎ𝑒𝑚
− 𝑄̇𝑓𝑔,𝑠𝑒𝑛 − 𝑄̇𝑓𝑔,𝑙𝑎𝑡 (2)
Which in turn simplifies the overall energy balance to:
𝑄̇ℎ𝑥 + 𝑃𝑒𝑙𝑒𝑐 = 𝑄̇𝑤𝑎𝑡𝑒𝑟 + 𝑄̇𝑙𝑜𝑠𝑠 + 𝑄̇𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑄̇𝑑𝑟𝑎𝑓𝑡 (3)
The remaining terms can be define with typical heat
transfer equations:
𝑄̇𝑙𝑜𝑠𝑠 = 𝑈𝐴(𝑇𝑏𝑜𝑖𝑙𝑒𝑟 − 𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 ) (4)
𝑄̇𝑤𝑎𝑡𝑒𝑟 = 𝑚̇𝑤𝑎𝑡𝑒𝑟 𝐶𝑝𝑤𝑎𝑡𝑒𝑟 (𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡 − 𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛 ) (5)
𝜕𝑇
𝑄̇𝑠𝑡𝑜𝑟𝑒𝑑 = 𝑚𝑏𝑜𝑖𝑙𝑒𝑟 𝐶𝑝𝑏𝑜𝑖𝑙𝑒𝑟 𝑏𝑜𝑖𝑙𝑒𝑟 (6)
𝜕𝑡

𝑄̇𝑑𝑟𝑎𝑓𝑡 = 𝜀𝑑𝑟𝑎𝑓𝑡 𝑚̇𝑎𝑖𝑟 𝐶𝑝𝑎𝑖𝑟 (𝑇𝑏𝑜𝑖𝑙𝑒𝑟 − 𝑇𝑎𝑖𝑟,𝑖𝑛 ) (7)
Where
UA = overall loss coefficient for the boiler
𝑇𝑏𝑜𝑖𝑙𝑒𝑟 = average temperature of the boiler and the water
stored in the boiler
𝑇𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡 = temperature of the air around the boiler
𝑚̇𝑤𝑎𝑡𝑒𝑟 = flow rate of water through the boiler
𝐶𝑝𝑤𝑎𝑡𝑒𝑟 = specific heat of the water
𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡 = temperature of the water leaving the boiler
𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛 = temperature of the water entering the boiler

𝐶𝑝𝑏𝑜𝑖𝑙𝑒𝑟 = specific heat of the boiler and the water stored
in the boiler
𝜀𝑑𝑟𝑎𝑓𝑡 = effectiveness of the heat transfer between the
boiler and the air flowing through the boiler
𝑚̇𝑎𝑖𝑟 = mass flow rate of the air through the boiler
𝐶𝑝𝑎𝑖𝑟 = specific heat of the air flowing through the boiler
𝑇𝑎𝑖𝑟,𝑖𝑛 = temperature of the air entering the boiler
For the combustion chamber, the energy introduced by
burning the fuel is given as
𝑄̇𝑓𝑢𝑒𝑙 = 𝑚̇𝑓𝑢𝑒𝑙 𝐻𝐻𝑉 (8)
Where
𝑚̇𝑓𝑢𝑒𝑙 = mass flow rate of the dry fuel introduced into the
boiler
𝐻𝐻𝑉 = higher (gross) heating value of the dry fuel
This energy is reduced by the combustion losses (any
incomplete combustion or thermal losses to the
environment) and the energy remaining in the ash
residue after the fuel has burned. These losses are
expected to be small and will be specified by entering the
fraction of the fuel energy that is lost:
𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑓𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 𝑄̇𝑓𝑢𝑒𝑙 (9)
𝑄̇𝑎𝑠ℎ = 𝑓𝑎𝑠ℎ 𝑄̇𝑓𝑢𝑒𝑙 (10)
Where
𝑓𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 = fraction of the fuel energy that is lost
in incomplete combustion and thermal losses
𝑓𝑎𝑠ℎ = fraction of the fuel energy that is lost in the ash
residue
The temperature of the flue gas leaving the boiler is then
calculated from an empirical equation:
𝑇𝑓𝑔,𝑜𝑢𝑡 = 𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 + 𝑑𝑇𝑓𝑔,𝑜𝑢𝑡 (11)
Where
𝑇𝑓𝑔,𝑜𝑢𝑡 = temperature of the flue gas leaving the boiler
𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 = temperature of the fluid entering the boiler
𝑑𝑇𝑓𝑔,𝑜𝑢𝑡 = temperature difference of the flue gas leaving
the boiler and the fluid entering the boiler
The temperature difference is based on a nominal value
and the effects of the heating rate and water flow rate:
𝑄̇𝑓𝑢𝑒𝑙
) ∗ 100
̇
𝑄𝑓𝑢𝑒𝑙,𝑛𝑜𝑚
𝑚̇𝑤𝑎𝑡𝑒𝑟
+ 𝑑𝑇𝑓𝑙𝑢𝑖𝑑 (1 −
) ∗ 100 (12)
𝑚̇𝑤𝑎𝑡𝑒𝑟,𝑛𝑜𝑚

𝑑𝑇𝑓𝑔,𝑜𝑢𝑡 = 𝑑𝑇𝑛𝑜𝑚 + 𝑑𝑇𝑓𝑢𝑒𝑙 (1 −

Where
𝑑𝑇𝑛𝑜𝑚 = flue gas to fluid temperature difference at
nominal conditions

𝑚𝑏𝑜𝑖𝑙𝑒𝑟 = mass of the boiler and the water stored in the
boiler

318
© 2020 ASHRAE (www.ashrae.org) and IBPSA-USA (www.ibpsa.us).
For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without
ASHRAE or IBPSA-USA's prior written permission.

𝑑𝑇𝑓𝑢𝑒𝑙 = influence of reduced burner power on the
temperature difference
𝑑𝑇𝑓𝑙𝑢𝑖𝑑 = influence of reduced fluid mass flow on the
temperature difference
With the leaving flue gas temperature calculated, it is
possible to determine the flue gas losses:
The fuel constituents of a weight basis are converted to
molar basis:
𝐶𝐴𝑤𝑒𝑖𝑔ℎ𝑡
𝐶𝐴𝑚𝑜𝑙𝑎𝑟 =
(13)
12
𝐻𝑌𝑤𝑒𝑖𝑔ℎ𝑡
𝐻𝑌𝑚𝑜𝑙𝑎𝑟 =
(14)
1
𝑂𝑋𝑤𝑒𝑖𝑔ℎ𝑡
𝑂𝑋𝑚𝑜𝑙𝑎𝑟 =
(15)
16
Where
𝐶𝐴𝑤𝑒𝑖𝑔ℎ𝑡 = percentage by weight of the carbon in the dry
fuel
𝐻𝑌𝑤𝑒𝑖𝑔ℎ𝑡 = percentage by weight of the hydrogen in the
dry fuel
𝑂𝑋𝑤𝑒𝑖𝑔ℎ𝑡 = percentage by weight of the oxygen in the
dry fuel
𝐶𝐴𝑚𝑜𝑙𝑎𝑟 = moles of carbon per weight of dry fuel*100
𝐻𝑌𝑚𝑜𝑙𝑎𝑟 = moles of hydrogen per weight of dry fuel*100
𝑂𝑋𝑚𝑜𝑙𝑎𝑟 = moles of oxygen per weight of dry fuel*100
The sensible, latent, and chemical losses in the flue gas
are determined by the exhaust gas composition and
temperature. The composition of the boiler flue gas, in
turn, depends on the ultimate analysis of the dry fuel
(carbon, oxygen, hydrogen content), the moisture
content of the dry fuel, combustion air water vapor
content, operating air/fuel ratio, and flue gas carbon
monoxide content. The overall combustion balance
equation can be expressed as:
𝐶𝐶𝐴𝑚𝑜𝑙𝑎𝑟 𝐻𝐻𝑌𝑚𝑜𝑙𝑎𝑟 𝑂𝑂𝑋𝑚𝑜𝑙𝑎𝑟 + (1 + 𝛼) • 𝛾(𝑂2 +
3.76𝑁2 ) + [𝑀𝐶𝑎 • (
𝑀𝐶𝑑𝑏
𝛽
2

(

18

(1+𝛼)•𝛾•(32 + 3.76•28)

)+

18

] 𝐻2 𝑂 → (𝑥 − 𝛽) 𝐶𝑂2 + 𝛽𝐶𝑂 + (𝛼 • 𝛾 +
𝑦

) 𝑂2 + (1 + 𝛼) • 𝛾 • 3.76𝑁2 + [
(1+𝛼)•𝛾•(32 + 3.76•28)

𝑀𝐶𝑑𝑏

18

18

)+

] 𝐻2 𝑂

2

+ 𝑀𝐶𝑎 •
(16)

Then the molar factors can be determined:
𝐻𝑌𝑚𝑜𝑙𝑎𝑟 𝑂𝑋𝑚𝑜𝑙𝑎𝑟
𝛾 = 𝐶𝐴𝑚𝑜𝑙𝑎𝑟 +
−
(17)
4
2
100 ∗ 𝐶𝐴𝑚𝑜𝑙𝑎𝑟 ∗ 𝐶𝑂𝑝𝑝𝑚
𝛽=
(18)
−6
1𝑒 ∗ 𝐶𝑂2𝑝𝑐𝑡 + 100 ∗ 𝐶𝑂𝑝𝑝𝑚
100 ∗ (𝐶𝐴𝑚𝑜𝑙𝑎𝑟 − 𝛽)
𝛽
− 𝐶𝐴𝑚𝑜𝑙𝑎𝑟 − − 3.76 ∗ 𝛾
𝐶𝑂2𝑝𝑐𝑡
2
𝛼=
(19)
4.76 ∗ 𝛾

𝑀𝐹𝐶𝑂 = 𝛽 (20)
𝑀𝐹𝐶𝑂2 = 𝐶𝐴𝑚𝑜𝑙𝑎𝑟 − 𝛽 (21)
𝑀𝐹𝐻2𝑂 =

𝐻𝑌𝑚𝑜𝑙𝑎𝑟 𝑀𝐶𝑑𝑏
+
+ 𝑀𝐶𝑎
2
18
(1 + 𝛼) ∗ 𝛾 ∗ (32 + 3.76 ∗ 28)
∗(
) (22)
18

𝛽
(23)
2
= (1 + 𝛼) ∗ 𝛾 ∗ 3.76 (24)

𝑀𝐹𝑂2 = 𝛼 ∗ 𝛾 +

𝑀𝐹𝑁2
Where
𝐶𝑂𝑝𝑝𝑚 = carbon monoxide in the flue gas in molar parts
per million, dry basis
𝐶𝑂2𝑝𝑐𝑡 = molar percent CO2 in the combustion products,
dry basis
𝑀𝐶𝑑𝑏 = moisture content of the fuel on a dry basis (mass
of water per unit mass of dry fuel)
𝑀𝐶𝑎 = moisture content of the combustion air (mass of
water per unit mass of dry air)
𝑀𝐹𝐶𝑂 = molar factor of carbon monoxide
𝑀𝐹𝐶𝑂2 = molar factor of carbon dioxide
𝑀𝐹𝐻2𝑂 = molar factor of water
𝑀𝐹𝑂2 = molar factor of oxygen
𝑀𝐹𝑁2 = molar factor of nitrogen
The heat capacities of the exhaust products are
determined at the average temperature in Kelvin:
𝑇𝑓𝑔,𝑜𝑢𝑡 + 𝑇𝑎𝑖𝑟,𝑖𝑛
𝑇𝑎𝑣𝑔 =
+ 273.15 (25)
2
𝐶𝐶𝑂 = 0.0026 ∗ 𝑇𝑎𝑣𝑔 + 28.42 (26)
𝐶𝐶𝑂2 = 0.031 ∗ 𝑇𝑎𝑣𝑔 + 28.55 (27)
𝐶𝐻2𝑂 = 0.0083 ∗ 𝑇𝑎𝑣𝑔 + 31.32 (28)
𝐶𝑂2 = 0.0089 ∗ 𝑇𝑎𝑣𝑔 + 26.72 (29)
𝐶𝑁2 = 0.0037 ∗ 𝑇𝑎𝑣𝑔 + 27.94 (30)
Where:
𝑇𝑓𝑔,𝑜𝑢𝑡 = flue gas outlet temperature (C)
𝑇𝑎𝑖𝑟,𝑖𝑛 = entering combustion air temperature (C)
𝐶𝐶𝑂 = heat capacity of the carbon monoxide (J/mole K)
𝐶𝐶𝑂2 = heat capacity of the carbon dioxide (J/mole K)
𝐶𝐻2𝑂 = heat capacity of the water (J/mole K)
𝐶𝑂2 = heat capacity of the oxygen (J/mole K)
𝐶𝑁2 = heat capacity of the nitrogen (J/mole K)
Finally, the combustion process losses can be calculated:
𝐿𝐻𝑊𝑉
𝐿𝑙𝑎𝑡 = 𝑀𝐹𝐻2𝑂 ∗
(31)
𝐻𝐻𝑉
282993
𝐿𝑐ℎ𝑒𝑚 = 𝑀𝐹𝐶𝑂 ∗
(32)
𝐻𝐻𝑉

319
© 2020 ASHRAE (www.ashrae.org) and IBPSA-USA (www.ibpsa.us).
For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without
ASHRAE or IBPSA-USA's prior written permission.

𝐿𝑠𝑒𝑛 = (𝑀𝐹𝐶𝑂 ∗ 𝐶𝐶𝑂 + 𝑀𝐹𝐶𝑂2 ∗ 𝐶𝐶𝑂2 + 𝑀𝐹𝐻2𝑂 ∗ 𝐶𝐻2𝑂
+ 𝑀𝐹𝑂2 ∗ 𝐶𝑂2 + 𝑀𝐹𝑁2 ∗ 𝐶𝑁2 )
(𝑇𝑓𝑔,𝑜𝑢𝑡 − 𝑇𝑎𝑖𝑟,𝑖𝑛 )
∗
(33)
𝐻𝐻𝑉
𝐿𝑐ℎ𝑒𝑚 ∗ 𝑄̇𝑓𝑢𝑒𝑙
𝑄̇𝑓𝑔,𝑐ℎ𝑒𝑚 =
(34)
100
𝐿𝑠𝑒𝑛 ∗ 𝑄̇𝑓𝑢𝑒𝑙
𝑄̇𝑓𝑔,𝑠𝑒𝑛 =
(35)
100
𝐿𝑙𝑎𝑡 ∗ 𝑄̇𝑓𝑢𝑒𝑙
𝑄̇𝑓𝑔,𝑙𝑎𝑡 =
(36)
100
Where
𝐿𝑙𝑎𝑡 = latent heat loss percent
𝐿𝑐ℎ𝑒𝑚 = heat loss percent due to the production of carbon
monoxide
𝐿𝑠𝑒𝑛 = sensible heat loss percent
LHWV = latent heat of water vapor

PELLET BOILER STATES
Pellet boilers cycle through different states during their
operation. These states can be slightly different between
manufacturers and have different names. The states can
be generalized as follows:
1. Standby – the boiler has completed a full cycle and
is waiting for the next cycle
2. Flush – the boiler is preparing for fill and ignition
3. Fill – the stoker augur engages to add fuel
4. Ignition – the pellets are ignited
5. Stabilize – post-combustion of the pellets until
steady combustion had been achieved
6. Automatic Combustion – the primary operational
state where the boiler is producing hot water
7. Burnout – the boiler control signal is off and the fuel
remaining in the combustion chamber is burned
8. Post Combustion Ventilation – combustion gases
are expelled from the boiler
States 2 through 5 are needed to bring the boiler up to
normal operation and would be considered the start-up
states for the boiler. The Standby and Auto Combustion
states are controlled external to the boiler (based on the
system need for hot water) while the remaining states are
controlled internally to the boiler. Many of these are
controlled by internal boiler temperatures and, thus, may
vary between different cycles. However, looking
through multiple boiler operational logs indicated that
the length of these states is fairly constant across an
individual boiler.
The electric power consumed by different parts of the
boiler vary depending on the boiler state. For instance,
the controls power is consumed during all states, but the

augur power is conusmed during the fill state and some
during the auto combustion state. By separating the
power consumption by the states, the power consumed
by the boiler during the start-up period (states 2 through
5) is better captured than by subsumming this power into
an overall efficiency degradation for the boiler.

MODEL VALIDATION
Measured data of pellet boiler performance was made
available from test procedures performed at Brookhaven
National Lab. The test procedures were developed for
evaluating the emissions from a pellet boiler during
operation and not for explicitly calibrating simulation
models. While the data files are complete and welldeveloped, they lack some of the information that would
make simulation model calibration possible. Since the
tests were not for calibration they did not include basic
calibration tests to establish the baseline parameters of
the boiler such as the passive losses from the boiler and
thus the loss coefficient for the boiler. All physical
pararemeters for the boiler were taken from the
manufacturer’s data for the boiler and analysis of the
physical construction of the boiler. Lacking information
from the tests includes the flow rates in the fluid loops
and control signals for the boiler. Temperatures around
the loops are well measured, but do not necessarily lineup with the temperature points used to control the boiler
operation. In general, measurements were available from
two data loggers. These two loggers had slightly
different measurement time scales and sometimes
measured different time periods of the test. This made it
more difficult to line data up between the two loggers
(and why in this report it is not always possible to
compare the time periods of different graphs of the same
test). Because of these data deficiencies, the calibration
exercise was turned into a validation exercise where
rather than trying to match exact numbers from the
measured data, the output trends of the pellet boiler
model were compared to the measure data.
A TRNSYS model was created which only contained the
pellet boiler component and control components. The
measured data was read into the model and used to
provide the entering conditions and the on/off signals of
the boiler. The leaving conditions from the TRNSYS
pellet boiler component are then compared to the
measured outputs from the boiler tests.
Data Set 1:
One data set included the boiler log file along with the
measured data. With this extra detailed information, we
were able to look more closely at the boiler operation.
This extra information included the boiler and pump
control signals, the boiler states, and an internal boiler
temperature. The temperatures into and out of the boiler
along with the boiler and pump control signals are
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plotted in Figure 1. The boiler turns on before the pump
and the pump continues to run after the boiler is off. The
pump also energizes twice for brief periods without any
boiler operation. We were able to set up the controls in
the TRNSYS model to operate the boiler and the pump
at the same time intervals as in the test.

For the emissions tests, one of the measurements is the
percentage of CO2 in the stack. Since the CO2
percentage decays quicker than the stack temperature
once combustion is complete, this is a good proxy for
when combustion is occurring in the boiler. The plot of
percentage of CO2 and the boiler states during the test
shows that combustion continues all the way through the
burn-out state (see Figure 3). Our original assumption
was that the combustion would occur only through the
first third of the burn-out state. After looking at the
measured data we adjusted this parameter to allow
combustion through the entire burn-out state.

Figure 1 Measured Boiler Inlet and Outlet
Temperatures and Control Signals

Figure 3 Percentage of CO2 and Boiler States

Figure 2 Boiler States during Test
Table 1 Time Spent in Different Boiler States (min)
State
2
3
4
5
6
7
8

Name
Flush
Fill
Ignition
Stabilize
Auto Combustion
Burn-Out
Post-Combustion
Ventilation

1st Cycle
1:41
1:21
2:25
5:02
44:48
10:01
3:01

2nd Cycle
1:40
1:22
2:39
5:00
45:28
10:01
3:01

Plotting the boiler states during the test shows the
progression of the boiler through the states (see Figure
2). From this data we can determine the length of time
the boiler spent in the various states during the two on
cycles (see Table 1).
With these values from the boiler log file, we were able
to adjust the state length parameters in the TRNSYS
model to better approximate those from the test.

Figure 4 Boiler Weight during the Test
The weight of the boiler (and the pellet hopper) are
measured during the tests. Plotting the weight of the
boiler during the test shows the decline of the boiler
weight during the two on cycles for the boiler (see Figure
4). The weight measurements are confounded somewhat
by the change in density of the boiler and water due to
the change in temperatures. (This can be seen by the
increase in weight in the boiler during the off periods.)
With these measurements, we can estimate the total
amount of pellets burned during the two on cycles. We
can also look at the total drop in weight of the boiler for
both tests. Because of the slight increase in weight
between the two cycles, the total fuel consumed during
the test is slightly higher if we simply look at the weight
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at the start of the test to the end rather than summing up
the amount of the two individual cycles.
During the first on cycle, the boiler weight drops by
approximately 4.0 kg (8.8 lb) and in the second cycle by
approximately 3.8 kg (8.4 lb). The weight drop across
the entire test is approximately 7.7 kg (17.0 lb).
Once the TRNSYS parameters were adjusted based on
the boiler log data, the entering fluid temperatures and
the control signals were used to drive the TRNSYS pellet
boiler model and the measured and simulated outlet
temperatures are compared in Figure 5.

slightly higher than the measured boiler weight drops,
but given the approximations in the model and the
uncertainties in the measured weights, it is a reasonable
match.
Based on the outputs from the TRNSYS model, the total
boiler output energy transferred to the fluid was 39.3
kWh (134,000 Btu) (Boiler Output) and the total wood
pellet energy input to the boiler to support fuel
combustion was 49.3 kWh (168,000 Btu) (Energy Input)
for an overall thermal efficiency of 80% using the
Output/Input method.

Figure 5 Measured and Simulated Boiler
Temperatures
While the boiler is on, the measured and simulated outlet
temperatures show similar trends.
If we look at the
periods with no flow in the system, the measured outlet
temperatures quickly fall to match the inlet temperatures
and then when the pump energizes without boiler
operation there is a spike in the temperature. This can
only happen if the boiler remains hotter than the
measured outlet temperature which is taken from the
pipe outside of the boiler. In the TRNSYS model, the
outlet temperature is the boiler temperature. Its
temperature remains higher during the period with no
flow and does not include the spike when the measured
data goes back to the boiler temperature. While the
simulated temperatures are a little lower than the
measured temperatures the overall temperature reduction
slope is similar between to the measured data if a line is
drawn from the point where the measured temperature
drops quickly and the top of the next peak. If we look at
the measured boiler temperature versus the simulated
boiler temperature, there is now a much better agreement
during the no flow conditions (see Figure 6).
The fuel consumption in the TRNSYS model is 4.6 kg
(10.1 lb) in the first cycle and 4.7 kg (10.4 lb) in the
second cycle for a total of 9.2 kg (20.3 lb). These are

Figure 6 Measured and Simulated Boiler Temperatures
Other Data Sets:
Other data sets from the emissions tests were also
available but did not include the detailed boiler logs. Not
knowing the start and stop times for the boiler cycles was
a disadvantage in comparing the measured results with
the simulated results. For these data sets, the TRNSYS
simulation parameters were set to those determined from
the detailed data set comparison and then driven with the
measured boiler inlet temperatures. This allowed for a
comparison of the boiler outlet temperatures and the drop
in boiler weight during the test. The main difficulty in
setting up the TRNSYS simulation was determining the
control signals for turning the boiler on and off.
Data Set 2:
Another data set was available for a modulating output
case without a storage tank. The measured and simulated
boiler outlet temperatures are shown in Figure 7.
Considering the limitations of the measured data, there
is fairly good agreement between the measured data and
the simulation output. This is especially true during
periods when the boiler was considered to be “on”. The
agreement on the temperatures when the boiler is “off”
and losing heat to the surroundings is less good, but
again this is a comparison of the simulated boiler
temperature and the measured temperature of the pipe
exiting the boiler.
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For the fuel consumption, an estimate from the measured
boiler weights for the 6 cycles and the TRNSYS
simulated values are shown in Table 2.
Given the uncertainty in the boiler start and stop times
and the measured boiler weights, the agreement is
acceptable.

Figure 8 Measured and Simulated Boiler Leaving
Temperatures
Figure 7 Measured and Simulated Boiler Leaving
Temperatures
Table 2 Measured Weight Drop and Simulated Fuel
Consumption
Cycle
1
2
3
4
5
6

Measured Boiler
Weight Drop
(kg (lb))
2.5 (5.5)
1.6 (3.5)
1.5 (3.3)
1.4 (3.1)
1.4 (3.1)
1.4 (3.1)

TRNSYS simulated
fuel consumption
(kg (lb))
3.1 (6.8)
1.4 (3.1)
1.3 (2.9)
1.2 (2.6)
1.0 (2.2)
1.1 (2.4)

Based on the outputs from the TRNSYS model, the total
boiler output energy transferred to the fluid was 35.8
kWh (122,000 Btu) (Boiler Output) and the total wood
pellet energy input to the boiler to support fuel
combustion was 48.6 kWh (166,000 Btu) (Energy Input)
for an overall thermal efficiency of 73% using the
Output/Input method.
Data Set 3:
A final data set for a test with storage was available, but
did not include the boiler data file with boiler and pump
control signals. With the inclusion of the storage tank
into the system, the temperatures entering the boiler
become much more complicated. This is because the
temperature entering the boiler depends on the
temperature near the bottom of the storage tank and the
bypass through the loading unit that is trying to maintain
a minimum entering fluid temperature to prevent
condensation. The temperatures in the storage tank are
influenced not just with the boiler operation, but also the
fluid flow into and out of the tank to the heat exchanger
used to mimic the load on the system.

Table 3 Measured Weight Loss and Simulated Fuel
Consumption
Cycle
1
2
3

Measured Boiler
Weight Drop
(kg (lb))
4.6 (10.1)
5.1 (11.2)
5.4 (11.9)

TRNSYS simulated
fuel consumption
(kg (lb))
5.3 (11.7)
5.3 (11.7)
5.1 (11.2)

With the boiler control based on the temperatures in the
storage tank, the simulated control of the boiler becomes
more complicated.
Since we do not have the
measurements that are used to make the control decisions
in the actual system, it is necessary to use other
measurements that are available to estimate the control
of the boiler in the simulation. Another complicating
factor is that the pump controlling the flow of water
through the boiler is set to be on whenever the boiler is
hot enough to provide useful energy to the tank.
However, without measurements of the actual boiler
temperature, the temperatures in the storage tank that are
used to determine if useful energy can be put into the
tank, or the actual flowrate through the boiler at all times,
it is impossible to determine in the simulation exactly
when water should be flowing through the boiler. We
set the fluid pump to operate whenever the boiler was
consuming fuel (stabilization through burn-out states).
This control worked well during the boiler on periods,
but it is clear from the times when the boiler leaving
temperature increases without boiler operation that there
was flow through the boiler at some times when the
boiler was not operating. We decide that for this exercise
we would omit those periods. The comparison of the
measured and simulation boiler outlet temperatures is
shown in Figure 8.
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To evaluate fuel consumption, the measured boiler
weights for the 3 cycles and the TRNSYS simulated
values are shown in Table 3.
Based on the outputs from the TRNSYS model, the total
boiler output energy transferred to the fluid was 66.4
kWh (227,000 Btu) (Boiler Output) and the total wood
pellet energy input to the boiler to support fuel
combustion was 84.2 kWh (287,000 Btu) (Energy Input)
for an overall thermal efficiency of 79% using the
Output/Input method.
The simulation shows reasonable agreement with the
measured data during periods when the boiler is on.
When there is no flow through the system, the simulation
shows a slow decay in the leaving temperature. As in the
analysis before, this is likely due to the measurement of
the boiler leaving temperature being on the pipe outside
on the boiler. The smaller, rounded secondary peaks in
the temperature during the period of flow with no boiler
operation are likely closer to the actual boiler
temperature. The simulated results show a reasonable
agreement with the slope of the smaller temperature
peaks in the measured data.

CONCLUSION
An updated model of an automated wood pellet boiler
with sensors and controls designed to be installed with a
buffer tank was written and includes the various states of
boiler operation – Flush, Fill, Ignition, Stabilize, Auto
Combustion, Burn Out, Post Ventilation and Standby.
While data of temperatures into and out of the boiler
were available, we did not have corresponding data with
flow rates and control signals. With these data we were
able to look at trends in the temperatures between the
measured data and the simulation outputs to check that
the TRNSYS pellet boiler model was reasonable in its
performance assumptions. Overall, the pellet boiler
model had reasonable agreement with the temperature of
the fluid exiting the boiler during periods when the boiler
is on. There is higher discrepancy during periods when
the boiler is off, but without more data it is impossible to
determine if this is due to a problem with the model or
due to the inability to match the test conditions. Overall,
the output temperature results from the TRNSYS pellet
boiler model appear to be adequate for the analysis of a
pellet boiler performance in a full system model. On the
boiler fuel consumption, the TRNSYS results show
acceptable agreement with the measured boiler weight
loss given the inherent uncertainties in the boiler weight
measurements and in the TRNSYS model.
Since the boiler tests were designed for emissions testing
and not for calibrating a model, they lack the specific
measurements necessary to perform a rigorous
calibration of the different states of boiler operation and

thus the start-up effects of the boiler. Future calibration
tests could be completed to calibrate the energy
consumption of the non-steady combustion states.
Overall, the TRNSYS model is designed to give a good
approximation of pellet boiler operation over an
extended period of time (monthly, seasonally, annually,
etc.) and not expressly to model detailed pellet boiler
operation at any single period. For this purpose, the
validation results show that the TRNSYS model should
be sufficient to evaluate system and control performance
and system deisgn of pellet boiler systems.
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