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ABSTRACT

Boilers are essential in energy systems, serving as primary heat suppliers, peak load units, backups, or
high-temperature sources. Dynamic simulation helps to analyze their future roles and control strate-
gies. Various modelling approaches exist. Reducing user-effort, a model should combine off-design
operation, scalability, and user-friendly parameterization. This paper focuses on these aspects. First,
it defines model requirements and reviews literature for compliance. Then, a new quasi-static sim-
plified physical model is introduced, using 1-D heat transfer to calculate efficiency describing boiler
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operation in general. The general operation is described in a characteristic chart that maps efficiency
to four operating conditions. The model is validated with field- and manufacturer data. Finally, the
efficiency chart is tested in a Modelica implementation and compared with other efficiency estima-
tion models. As the dynamic model is able to describe boiler operation in general, it requires minimal
boiler-specific knowledge, ensuring easy parameterization, off-design operation, and scalability.

1. Introduction

The heating sector is a large part of the German energy
sector (Becker et al. 2022). The integration of renewable
energies is of great interest to German policymakers as
they seek to reduce the use of fossil fuels as part of
the German energy transition. To integrate renewable
energies, energy systems are becoming more complex
in terms of their design and control (Bloess, Schill, and
Zerrahn 2018; Verzijlbergh et al. 2017). Therefore, heat
generators and their integration into building energy
systems (BES) are of great importance in this respect.
In German buildings, most of the installed and newly
installed heat generators are natural gas boilers (Becker
et al. 2022). However, due to an ongoing increase in
heat pump systems (Bundesverband Warmepumpe e.V.,,
Branchenstudie 2023), boiler operating will become less
dominant for space heating in the future. Two possi-
ble scenarios for future boiler operation are peak load
operation and backup heating (Zeyen, Hagenmeyer, and
Brown 2021). Apart from fossil operation, the manufac-
turers Viessmann (Viessmann Climate Solutions SE 2022)
and Bosch (Kaletsch 2020) will offer boilers that can use
green hydrogen. Other usable fuels for heating are biogas
(International Energy Agency IEA 2020) or different kinds
of wood (Becker et al. 2022). So, there are many possible
scenarios to use boilers in the future.

To design complex BES, simulations (Attia et al. 2012;
Loonen, De Klijn-Chevalerias, and Hensen 2019) and opti-
mization (Andrew Bollinger, Marquant, and Sulzer 2019;
Wirtz, Remmen, and Muller 2021) analyses can be car-
ried out. Dynamic simulations are employed to provide a
more realistic representation of system behaviourin com-
parison to optimization approaches (Maier et al. 2023). In
order to conduct dynamic simulations of BES, dynamic
models are needed to represent the slow-moving tem-
perature process through the use of physics described
by differential equations (Afram and Janabi-Sharifi 2014).
In contrast, static models can be used to describe fast
dynamics (Afram and Janabi-Sharifi 2014). To reduce the
complexity of a model, grey-box models employ a com-
bination of data-driven correlations and physical descrip-
tions (Afram and Janabi-Sharifi 2014). In the modelling
language Modelica, various libraries for building perfor-
mance simulation are available (Maier et al. 2023; Senkel
et al. 2021; Wetter et al. 2014). However, common Mod-
elica grey-box boiler models typically require efficiency
parameter data that must be obtained and implemented
by the user (Maier et al. 2023; Senkel et al. 2021; Wetter
et al. 2014), which reduces user-friendliness. Addition-
ally, the ability to simulate complex off-design conditions
highly depends on the quality and quantity of the effi-
ciency parameter data. In particular the representation
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of condensation phenomena is challenging (Glembin
etal.2013; Simic et al. 2021). These issues can present sig-
nificant barriers for practical application and limits model
usability (Glembin et al. 2013; Gopisetty, Treffinger, and
Xu 2014; Simic et al. 2021).

Gopisetty, Treffinger, and Xu (2014) highlight the
need for ‘generic simple boiler models’ for energy plan-
ning. Such a model features easy parameterization, sizing
by parameter variation, representation of start-up/shut-
down and storage effects, and the use of predefined fluid
properties (Gopisetty, Treffinger, and Xu 2014).

To address these challenges, this paper introduces
a boiler model that combines user-friendly parameter-
ization, scalability which addresses sizing by parame-
ters, and off-design simulation capability. The goal is
to minimize user effort by reducing dependence on
manufacturer-specific data parameters, while maintain-
ing sufficient accuracy for any possible design operating
point and off-design operation, both with and without
condensation effects. The research gap is discussed in
more detail in Section 1.2.

In order to present a user-friendly boiler model, in the
first part, this paper introduces a quasi-static simplified
physical model (SPM) that describes the efficiency of a
natural gas boiler’s general operation, including conden-
sation effects. The SPM is calibrated using multiple pub-
lic available manufacturer exhaust temperature data that
represent nominal operating conditions for a wide range
of nominal boiler sizes to address scalability. Based on
this calibration, the SPM can estimate various off-design
efficiencies resulting in a general boiler operating estima-
tion. This general operation is validated using two inde-
pendent data sources. As many grey-box boiler models
base on manufacturer efficiency data (Maier et al. 2023;
Senkel et al. 2021; Wetter et al. 2014), detailed manu-
facturer efficiency data is used for validation mainly. In
addition, a validation against efficiency data based on
field monitoring data is presented.

In the second part, dynamic modelling and simulation
is addressed. The quasi-static SPM is integrated into a
dynamic, modular boiler model that aims to be represen-
tative of general natural gas boiler operation. Its param-
eterization is based solely on three parameters: design
thermal power, and design supply and return tempera-
tures. In conclusion, the novelty of this paper lies in the
combination of both the SPM and the dynamic model,
ensuring user-friendliness — since no detailed information
needs to be provided by the user — while still enabling
scalability and off-design operation.

1.1. State of the art boiler models

This subsection presents an overview about different
boiler modelling approaches in terms of BES-simulation.

Simic et al. (2021) present a comprehensive literature
review addressing boiler modelling. Their review demon-
strated that the models are not applicable to diverse
boiler types, sizes, and operational conditions. In addition,
they point out a need for minimal calibration effort.

To address this gap, Simic et al. (2021) present a com-
prehensive modelling approach to heat exchange, based
on thermodynamic laws, which places particular empha-
sis on the utilization of publicly available manufacturer
information. In this approach, the boiler is separated
into three parts combustion, heat transfer, and chimney.
Inputs are taken from the publicly available manufacturer
data. In the model, the envelop losses and a factor to
describe the heat exchanger dew point effectiveness are
fitted being parameters. The model can switch between
condensing and non-condensing modes. A single part-
load measurement is used for validation, which demon-
strates good accuracy.

In regard to the work by Simic et al. (2021), the user
must possess the publicly available data to parameter-
ize the model. Additionally, the amount of condensate
is needed for the parameter heat exchanger dew point
effectiveness (Simic et al. 2021). The amount of conden-
sate is not always given in publicly available data. In
addition, the approach by Simic et al. (2021) yields a
suited representation of a specific boiler operation, but
the model does not enable scalability directly.

Yang et al. (2023) used the logarithmic mean tem-
perature difference from Simic et al. (2021) to develop
a model of a hydrogen-enriched natural gas-fired con-
densing boiler. In their work energy savings and ther-
mal performance were investigated. The boiler efficiency
increases in dependency on hydrogen-enrichment (Yang
et al.2023).

Mojica-Cabeza et al. (2021) present a review of vari-
ous methodologies for calculating and modelling boiler
efficiency. In their review, they differentiate among three
methodologies: analytical, mechanistic, and empirical.
They point out that all methods rely on data, necessitating
the measurement of various operating variables.

In the context of their call for ‘generic simple boiler
models’, Gopisetty, Treffinger, and Xu (2014) present a
dynamic boiler model which can be easily parameter-
ized. This model was developed in Modelica representing
a counter-flow heat exchange. The temperature of both



the water and the exhaust is calculated using the thermal
conductance to the wall of heat transfer. In their work,
a real boiler was employed to calculate the area of heat
transfer. Furthermore, they highlight the challenges asso-
ciated with using a few parameters and the enabling of a
dynamic model.

Like the work by Simic et al. (2021) and Gopisetty, Tre-
ffinger, and Xu (2014), Glembin et al. (2013) tackle param-
eterization effort. Glembin et al. (2013) have identified five
types of parameterization challenging a combination of
easy parameterization and high accuracy. On this basis,
they present a boiler model to fulfil both, easy parameter-
ization and high accuracy, in terms of BES simulation. It is
divided into a stationary and a dynamic modelling part.
The heat exchange is described by the NTU-efficiency
method. The dynamic part describes both, the flue gas
and the water side. For parameterization without con-
densation, values are obtained from publicly available
data. To describe the influence of condensation, their
model needs additional measurements of the moisture.
They point out that manufacturers do not publish this
data usually. In conclusion, apart from condensation and
dynamic operation, their model can be parameterized by
one measurement of full load efficiency. For condensa-
tion, measurement of moisture for different power levels
is required.

Another model in the context of space heating simu-
lation is presented by Haller et al. (2011a). They present
a semi-physical model that is divided into the parts com-
bustion chamber, heat transfer, and thermal boiler output
to describe the effects of space heating return tempera-
ture, power modulation, and condensation gains on the
exhaust temperature. The heat transfer can be described
by different modelling approaches (Haller et al. 2011a):

(1) The ‘empirical delta-T approach’ assumes a tem-
perature difference between the water return flow
and the exhaust flow. Measurements have shown a
dependency on power modulation and water mass
flow rate resulting in boiler-specific parameters that
must be determined by experiments.

(2) The ‘empirical effectiveness approach’ uses the
empirical heat exchanger effectiveness. It is assumed
to be dependent on the base effectiveness at nom-
inal conditions and correction terms for different
operating conditions. Therefore the power modula-
tion and the water mass flow rate are respected.

(3) The ‘effectiveness-NTU approach’ splits the heat
exchanger into a section with and without conden-
sation. A relationship for the effectiveness which
depends on the heat exchanger coefficient of the
section and the capacity streams of water and
exhaust is described.
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In a second work, Haller et al. (2011b) tested the three
heat exchange models against measurements result-
ing in good accuracy. In the case of condensation, the
‘effectiveness-NTU approach’ presented the best accu-
racy but required more parameterization effort (Haller
et al. 2011b). According to Simic et al. (2021) the pre-
sented approaches by Haller et al. (2011a) are difficult to
apply because of experimental requirements.

In addition to the models presented so far, many boiler
models have been published via Modelica open source
BES-libraries (Maier et al. 2023; Senkel et al. 2021; Wetter
etal. 2014).

The Buildings library (Wetter et al. 2014) presents the
two boiler models BoilerPolynomial and
BoilerTable. BoilerPolynomial uses user-selec
table polynomial functions to determine the efficiency in
dependency on the part load. The polynomials are of dif-
ferent orders. There are three variants: (1) the efficiency
is constant for part load, (2) it is a function only of part
load ratio, or (3) it depends on both part load and supply
temperature. The constants of the polynomials represent
the nominal efficiency and part load refers to the nomi-
nal fuel mass flow. BoilerTable bases on an efficiency
chart that is used via Modelica-records to estimate the
efficiency in dependency on the return temperature and
the part load.

The TransiEnt library (Senkel et al. 2021) contains two
boiler models. The model SimpleBoiler uses a con-
stant efficiency. The model SmallGasBoiler includes
both static and dynamic options that utilize characteris-
tic curves from manufacturer data to determine efficiency
based on two aspects. The first aspect pertains to part
load and describes the relative heating power, while the
second aspect pertains to the return temperature.

The AixLib library (Maier et al. 2023) consists of the
models Boiler and BoilerNoControl. Both use
manufacturer data describing the efficiency as a func-
tion of the part load. The part load addresses the fuel
mass flow. Furthermore, the model BoilerNoControl
demonstrates the impact of return temperature on effi-
ciency by employing a factor derived from a regression.

1.2. Research gap

As described above, parameterization is a major chal-
lenge in terms of boiler modelling. The previously
described boiler models need different types of parame-
ters based on the modelling approach. These parameters
can be derived directly from measurements (Gopisetty,
Treffinger, and Xu 2014; Haller et al. 2011a), or obtained
from manufacturer data describing efficiencies (Maier
et al. 2023; Senkel et al. 2021; Wetter et al. 2014). The
provenance of public available manufacturer efficiency
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data is often unclear or not explicitly documented. This
may refer either to the origin of the values themselves
(e.g. measurement or equation fit) or to unspecified oper-
ating conditions such as air-fuel ratio, water mass flow,
or temperature difference. Next to this, as described for
heat pumps, the use of manufacturer data can intro-
duce uncertainties due to data variability (Olympios
et al. 2020).

While it is possible to estimate the effort required to
access values for parameterization (Blervaque et al. 2015),
the parameterization of BES-models is a major challenge
for modelling and simulation (Blervaque et al. 2015; Rem-
men et al. 2018; Willhorst et al. 2022, 2023). To tackle the
implementation, in terms of BES, user-friendly templates
for parameterization are a necessary feature for heating,
ventilation and air conditioning (HVAC)-systems (Attia
et al. 2012). As the previous analysis of Modelica mod-
els revealed, boiler behaviour is often described using
a stationary efficiency chart (Maier et al. 2023; Senkel
et al. 2021; Wetter et al. 2014). In those libraries, data
sheets are cited as the source, so a dataset is treated as
a parameter (Maier et al. 2023; Senkel et al. 2021; Wet-
ter et al. 2014). One method of addressing parameteriza-
tion effort is to supply parameter values (e.g. capacities
and efficiency data) through a library, such as by utilizing
Modelica records that correspond to the models for indi-
vidual hardware configurations (Maier et al. 2023; Wll-
horst et al. 2023). For boilers, on the one hand, most pub-
lic available manufacturer data sheets only provide effi-
ciency data for two return temperatures (60°C and 30°C)
and one (full-load) or two load points (additional part-
load point) corresponding to these return temperatures.
On the other hand, some data sheets provide efficiency
charts of varying scope.

However, in the libraries (Maier et al. 2023; Senkel
et al. 2021; Wetter et al. 2014) no discussion is presented
on how to treat different data concerning amount, nom-
inal power and operating conditions. Consequently, the
user has to decide what efficiency parameterization data
is suitable. This, combined with the implementation of
values, reduces user-friendliness. Additionally, due to the
small amount of operating conditions covert by man-
ufacturer data a potential conflict that occurs is how
to treat extrapolation. Extrapolation is quite challeng-
ing as it may result in errors (Brooks, Carroll, and Ver-
dini 1988; Jin and Spitler 2002; Rétz et al. 2024; Wiillhorst
etal.2021).

All of the previously described topics may reduce the
quality of simulation results and their comparability. In
conclusion, the aforementioned factors can challenge the
usability of a model and the feasibility of a parameter
study, leading to the following questions regarding the

use of efficiency data from manufacturer, which is limited
by three key questions:

e Does the efficiency data represent nominal/design
conditions correctly?

e Does the efficiency data represent off-design condi-
tions correctly?

e Does the efficiency data variability under nomi-
nal/design conditions affect the simulation results?

As presented in Section 1.1, Gopisetty, Treffinger, and
Xu (2014) introduces a call for a simple boiler model
to support energy planning presenting four require-
ments: emphasizing easy parameterization, dimension
by parameter variation, representation of start-up/shut-
down and storage effects, and the use of predefined fluid
properties. The three presented questions support their
call for the use of user friendly boiler models in energy
planning.

Simic etal. (2021) and Glembin et al. (2013) identify the
modelling of condensation effects as a significant factor
contributing to the increased effort required for param-
eterization. But the model by Gopisetty, Treffinger, and
Xu (2014) does not respect condensation. In addition,
their model uses two parameters of thermal conductance
resulting in a significant challenge in terms of scalability
as both parameters base on geometries.

Finally, to the best of the authors’ knowledge, no
existing boiler model satisfies the requirements identi-
fied by Gopisetty, Treffinger, and Xu (2014) - namely,
easy parameterization and dimension by parameter vari-
ation which is addressed by scalability. Thus, the literature
lacks models that combine user-friendliness — through
easy parameterization and scalability — with the capabil-
ity to simulate complex off-design behaviour, including
condensation effects. In summary, a model is needed that
balances the trade-off between parameterization effort
and overall model fidelity representing natural gas boiler
operation in general.

2. Simplified physical boiler model

This section introduces the quasi-static SPM representing
a boiler model. The main task of a boiler is to deliver a
heat flow to a heating system. For this purpose, Figure 1
presents a simplified boiler with its inner heat exchanger.
The return water flow (Tieturn) enters the heat exchanger
on the cold side, while the cold exhaust (T, ) leaves it. On
the hot side, the hot exhaust enters (T, ) and the supply
water flow (Tsyppy) exits. The burner and the fuel supply
are located at the bottom.
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Figure 1. Simplified boiler design.

Generally, an operating point for a transferred heat
flow Qp can be described in dependency on the water
mass flow My, Treturn, and Tsypply. For design (des) condi-
tions, they are used in Equation (1).

~des _ .. des des des
Ob =My~ Cpw- (Tsupply ~ Treturn (1)

The relative thermal boiler power yj, is characterized by
off-design conditions. The reference for y,, is the design
thermal boiler power Oges. As defined by Equation (2), the
thermal power can be partitioned into two components:
the relative thermal power derived from the water mass
flow control, represented by y,, and the relative ther-
mal power derived from the supply temperature control,
represented by yaT.

y Qb mw Tsupply — Treturn
b = = = - :
des des des des
Qb mW Tsupply - Treturn
= Yw ' YAT (2)

The design and off-design perspectives completely
characterize the heat allocation. The boiler’s character-
istics must be described based on the four presented
dimensions f(Treturn, Tsupplys Yw: YAT)-

The firing rate is equivalent to the relative fuel mass
flow ysel- Equation (3) presents ysel Which is referenced

;des

on the design fuel mass flow mg,. The combustion power

OHE}’ is based on the higher heating value HHV.
y QHI}:Y mfuel - HHV 3)
fuel = ~hvdes — -d
fuel © mfueesl -HHV

Equation (4) describes the energy balance. The thermal
boiler power Qp, presents the usable heat flow. The losses
consist of the exhaust enthalpy flow Hey and the heat
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Figure 2. Simplified heat exchanger design.

flow to the ambient Q,mp. The moment when conden-
sation occurs depends on the condensation temperature
Tcond- In this situation, an additional enthalpy flow of the
condensate H,, appears.

1
Tex > Teond

SHHY [Qb + Oamb + Hex (4)

Qtiel =1 - . . . .,
Qb + Qamb + Hex + Hw Tex < Tcond

In this work, heat transfer is the primary focus, while
combustion is assumed to be ideal. The SPM com-
bines mathematical correlations and physical equations
to describe heat transfer. This SPM models the boiler but
depends only on the four presented dimensions. It calcu-
lates efficiency for different quasi-static operating points.
As stated in Simic et al. (2021), this work only utilizes data
from publicly available manufacturer documentation.

2.1. Exhaust temperature model

It is assumed that the heat exchanger operates in coun-
terflow mode. The temperature profile of the water flow
along the heat exchanger is unknown. Figure 2 illus-
trates the following assumption of this simplified heat
exchanger. The temperature difference between return
and supply is assumed to be small compared to the dif-
ference between T, and T/, . Therefore, a constant mean
water temperature is assumed, represented by the log-
arithmic mean temperature 7_'|n,W. The heat exchanger is
represented as a pipe with a length / and an inner diame-
ter d. The exhaust stream is in the centre. It is surrounded
by water with the constant temperature ﬂnyw.

The differential equation (5) simplifies the heat
exchange in a pipe under the assumption of one-
dimensional, steady-state heat transfer through a cylin-
drical wall, approximated as a flat surface. It is based on
the conservation of energy and relates the axial enthalpy
gradient ‘32’% of the exhaust gas to the local temperature
difference between the exhaust gas and the wall. The heat
transfer coefficient k characterizes the heat transfer from
exhaust gas to water. The specific heat capacity ¢pex is
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assumed to be constant and representative of the tem-
perature range. The exhaust gas mass flow mey is moist
and forms the sum of the air- and fuel mass flow.

oH . o, _
6Zex = Mex - Cpex - azx =—k-nd- (Tex — Tln,w) (5)
T// I
ex 1 —k-nd
/ T = [ — 07 (6)
Téx (Tex — Tinw) 0 Mex - Cpex

Concerning (Haller et al. 2011a; Simic et al. 2021)
the heat exchanger coefficient kAnhey is identified to
be a suitable physical property. Equation (7) describes
kAnex- The surface of the heat exchanger A equals
a pipe layer. In Equation (8), T/, is described as a
combination of Equation (6) and (7). As presented
by Gopisetty, Treffinger, and Xu (2014), the adiabatic
flame temperature can be assumed to be linearly cor-
related with the combustion-air ratio 1. To simplify,
Téy is equivalent to the adiabatic flame temperature.
A constant 1 = 1.155 is used. The basis for this is the
information 10% CO; (Viessmann Werke GmbH & Co.
KG 2017a, 2017b, 2018a, 2019a, 2019b) in dry exhaust
(DIN Deutsches Institut fir Normung e. V. 2022).

KAhex = k - d - | (7)
_ kA
T = Tiow + (Tog = Tinw) - exp( —*‘) (8)
Mex + Cpex

For determination of T, both, kAnex and mey are
unknown. Manufacturer data contain values of Oges and
T/, for the design conditions Tsupply = 80°Cand Treturn =
60°C. Thus, all values necessary for calculating the loga-
rithmic mean temperature difference LMTD (Equation (9))
are known. Manufacturers present similar values for T/, .
Therefore, according to Equation (10), kAnex can be

assumed to be proportional to Q9¢, as described in

Equation (11). The gradient a’?g‘:; is determined in the

calibration which is presented in Section 2.3. For further

modelling, ‘jfégg; is assumed to be constant for all oper-
b
ating points.
LMTD = Té_’x - Tsupply - ;Téx - Treturn) 9)
In( ex supply)
T Treturn
Odes
kAnex = m (10)
OkA
kAhex = ::SX Qdes (11)
b

In the model, a simplified combustion of methane is
assumed. Equation (12) describes the gross reaction

equation in dependency on A.

CHa + 2202 + 242N,
— COz +2H,0 +2(2 — 1)0, + 222N, (12)
Equation (12) is used on the one hand to determine the air
requirement L; and on the other hand to determine the

relative dry exhaust mass flow wffry which is based on the
fuel mass flow. Both are given as a function of A.

2\Mo, + 21 M
L, =22 N (13)
Mcn,

Wdry Mco, + 2/1 /\/’N2 + 2(A — )Mo,
g Mch,

(14)

In the model, Qamp is unknown. Therefore, an adiabatic
boiler is the first to be considered. The adiabatic exhaust
mass flow mad can be determined based on the adiabatic
fuel mass flow mf < and the absolute humidity of the
intake air x,jr in Equation (15).

ng = mfue| (L - (1 + Xair) + 1) (15)

In case of an adiabatic b0|Ier mf < depends on the adia-

batic boiler efficiency 7} d Qp and the HHV.
Qv
1 —— (16)
fuel — ng . HHV

Therefore, it is assumed that there is a possible alterna-
tive expression for the exponent from Equation (8). In
Equation (17), this exponent can be estimated with the
use of the Equations (11), (15) and (16). The exponent is
called a.

kAhex

ad
Mgy - Cpex

OkAhex Odes
~Ad :
OQbeS

Q
W/ (L -+ Xai) + 1) Cp,ex

OKAnex
_ oQges
Yo - (Ly - (V4 Xair) + 1) - Cpex

d
7 - HHY

=a 17)

Finally, T/, can be calculated independently of Qges in
Equation (18).

Tgx = 7_-In,w + (Téx - 7_—In,w) - exp(—a) (18)

For further calculations, T/, is assumed to be equal to a
non-adiabatic boiler. Therefore, ngd is used to describe
Qamb, too.
Ob Qb + c.)amb
mid, - HHV  Mifel - HHYV

ad _
My
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Figure 3. Simplification of the condensation model against a real
assumption for x.

2.2. Efficiency model

In Equation (17), used in Equation (18), qu is unknown.
For its prediction, condensation has to be respected if
T!. < Teond- If condensation occurs, an additional latent
heat flow has to be added. Based on a simplified model
of moisture distribution developed for this work Figure 3
introduces the corresponding assumptions and simplifi-
cations. The absolute humidity after combustion x7, is
presented in Equation (20). It depends on a given abso-
lute humidity of the intake air Xajr.

Mu,0
Xair + Ly + 2 MCii
X, = 4 (20)
ex dry
w;

Assuming instantaneous condensation at T.ong, rather
than continuous condensation for Tex < Tcong, X i rep-
resented in Equation (21). Equation 22 describes the
amount of condensate Ax.

X(Teond) = X(TZ) + 0.5Ax = x(TL,) — 0.5Ax (1)
Ax = x(Tgy) — x(Tgy) (22)

Finally, based on a general energy balance of the
exhaust gas, the transferred heat flow Q, can be
described without and with condensation in Equation
(23).

Mex - Cpex - (Téx - Té'x) Té/x > Teond
e - Iepx - (Teond = T4)

+Ax - Ahyap

+ng *Cpyv - (Tcond - Té;)
+(1 4+ Xex) - Cprex - (Tex —

Q

7_-cond)] Té/x < Tcond
(23)
Thus, for a given 1 and by respecting Equation (19),

Equation (24) introduces ngd only in dependency on T,
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Figure 4. Calculated 'Yﬂd for an intake air temperature of 25°C
and a relative humidity of 100%.

for both cases.

=
[ (L; - (T + Xair) - Cpex - (Téx - Té’x)
HHV

dry T ’
dry Cp.éx ° (Teond — Téx)
w

Té/x > Teond

HHV
dry Ax - Ahvap

w)
1" HHV T 1/
—i—WjIryXex *Cpyv - (Teond — Tex)
(1 +x, )H?V (Th. — Teond)
dr ‘Cpex - — Icond
+Wi y ex py ex Tgx < Tcond
(24)

An iterative approach is needed to solve Equation (18).
As an example, Figure 4 presents ngd in dependency on
¥Z (°C) for an intake air temperature of 25°C and a rel-
ative humidity of 100%. As Figure 4 presents, for these
inputs ngd is 100% if the exhaust is equal to the intake air
temperature.

2.3. Calibration

This section presents the calibration of the gradient
%. In contrast to the approach taken by Simic
et al. (2021), this work employs data exclusively from
the temperature levels 80/60°C. As previously described,
kAnex is assumed to be proportional to Oges and con-
stant during operation under various off-design condi-
tions. In the calibration process, kAney is estimated using
a parameter sweep of %’Z‘% in the SPM to calculate T7,
(Equation (18)). For a firsk’é guess, Equation (10) can be
used to give an overview of possible values based on the
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manufacturer’s temperature information. In the param-
eter sweep, the estimated values for kApey are valid if
ITexspm — Tex,manl < 0.5 K.From these values, the param-
eter value that results in the smallest error is selected for
calibration.

Publicly available manufacturer data from 12 data
sheets of three manufacturers (Max Weishaupt SE 2025;
Viessmann Werke GmbH & Co. KG 2017¢, 2018b, 2019a,
2019¢, 2019d, 2020; Wolf GmbH 2009, 2015a,2015b, 2015,
2015d) are used to calibrate kAneyx. These data sheets
present 45 boilers. Figure 5 shows the calibration. On the
right y-axis, the histogram represents the data distribu-
tion as a function of Oges. As shown, the data is unevenly
distributed with less data available for higher Oges. Onthe
left y-axis, kAney is displayed. To address the unequal dis-
tribution, two calibrations are performed. From the entire
dataset (black+gray markers), an evenly distributed sub-
set (gray markers) is extracted. The extracted subset uti-
lizes only the data point with the smallest error relative
to mean value of each bin. This subset is highlighted
in grey. For this data, a solid linear fit is applied. Addi-
tionally, a dotted linear fit represents the regression of
the entire dataset (including the grey data). Both fits
exhibit a high R? value and are close to each other. Con-
sequently, the uneven data distribution does not signif-
icantly impact the calibration results. The fit is used to

estimate ‘Z‘Aﬂ according to Equation (11). This feature

Odes
enables the model to describe the efficiency indepen-
dently of Oges of the boiler, thereby facilitating its scala-
bility.

Additionally, as used by Simic et al. (2021), this work
employs a regression analysis for the heat exchanger
coefficient of the housing kAnousing. It is used to sim-
ulate the heat flow through the housing, which repre-
sents the ambient losses Oamb. In Equation (25) kAnousing
is calculated. Standby losses are modelled according to
Pstpy from DIN EN 304 (DIN Deutsches Institut fiir Nor-
mung e. V. 2018). Some manufacturer data hold data
about the coefficient gy. It represents the heat losses
as a percentage of the combustion power referred as
the lower heating value LHV (DIN Deutsches Institut
fir Normung e. V. 2018). In this work, publicly avail-
able gg70 data is used from two V iessmann-boilers:
VITOCROSSAL 300 Typ CM3C (Viessmann Werke GmbH
& Co. KG 2019a) and VITOCROSSAL 300 Typ CR3B (Viess-
mann Werke GmbH & Co. KG 2017¢). It represents losses
for a mean boiler temperature of 70°C (Diefenbach
et al. 2002). Assuming an ambient temperature of 20°C
(DIN Deutsches Institut fiir Normung e. V. 2022) results in
a temperature difference of 50K.

o

stby

Y = Thv (25)
50K 50K

~LHV
kAhousing = 98,70 - Qfel

m  Other data
Evenly distributed data

Fit RZ = 0.975
............. Fit RZ = 0.973
[ ]All data
8 24
n
6 1 1 8
<
= | 2
= =
24 » 112 &
:E )
2 1 6
0 tp# ' 0
0 500 1000 1500
ges in kW

Figure 5. Data distribution and linear regression of kApey in
dependency on Oges fora supply temperature of 80°Cand a return
temperature of 60°C for 45 boilers.

To calculate kApousing: @ linear regression in dependency
on Oges is assumed. In Figure 6, this applies to calcu-
lated heat losses from the manufacturer’s specifications
mentioned above.

In summary, the fundamental aspects of this approach
are that only publicly available data is used for modelling
and calibration. This makes the approach independent of
complex measurements and limits the number of possi-
ble parameters. In contrast to a measurement method,
this approach therefore enables easy access to a large
number of boilers. Furthermore, the calibration proce-
dure can be applied to any other data set, either for indi-
vidual boilers based on manufacturer data or for measure-
ment data, with the purpose of designing a characteristic
efficiency chart. For this reason, the presented assump-
tions and parameters may need to be re-evaluated and
adjusted to ensure agreement with the respective oper-
ating conditions.

2.4. Validation

In this section, the SPM is compared with steady-state
operating points. As stated previously, common grey-
box boiler models are parameterized using efficiency
charts derived from manufacturer data (Maier et al. 2023;
Senkel et al. 2021; Wetter et al. 2014). Consequently, in
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Figure 6. Linear regression of kApqysing in dependency on Oges
for a supply temperature of 80°C and a return temperature of
60°C.

this section the SPM is validated against detailed effi-
ciency charts from manufacturer data. Furthermore, esti-
mated efficiencies obtained from clustered time-series
field-monitoring data of a real-world application are used
to conduct a second validation.

2.4.1. Manufacturer efficiency data
In general, detailed efficiency data charts are hardly to
obtain. But, some manufacturer provide detailed off-
design information in addition to the limited num-
ber of data points under standardized conditions. For
validation, efficiency charts for the boilers V iessmann
VITOCROSSAL 200 CIB (Viessmann Werke GmbH & Co.
KG 2019b) and VITOCROSSAL 300 CRU (800 kW-unit)
(Viessmann Werke GmbH & Co. KG 2019e), describing
np for different levels of supply/return-temperatures in
dependency on the firing rate. In these data sheets, there
is no information on how an efficiency chart was cre-
ated — whether it is purely calculated or based on mea-
surements with inter- and extrapolation. In addition, it
is not clearly explained how the supply and return tem-
peratures are adjusted during firing rate modulation. As
no information is provided describing water mass flow
control, in simulation, and for the manufacturer data,
a supply-temperature-control is assumed to represent
part-load resulting in y,, = 1. Additionally, both sheets
(Viessmann Werke GmbH & Co. KG 2019b, 2019e) present
T/ -data which is smaller than estimated T, . So, accord-
ing to Equation (18), both boilers cannot be part of the
calibration.

The efficiency data of the VITOCROSSAL 200 CIB (Viess-
mann Werke GmbH & Co. KG 2019b) is based on the LHV.
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Figure 7. Validation =~ with ~ manufacturer =~ data  for
VITOCROSSAL 200 CIB (Viessmann Werke GmbH & Co. KG 2019b).
Manufacturer data are dashed and SPM results are solid. Color
code represents supply/return-temperature in °C.

The SPM operates using the HHV, so for validation pur-
poses, the efficiency data of the VITOCROSSAL 200 CIB
(Viessmann Werke GmbH & Co. KG 2019b) is converted
using % for methane. Figure 7 presents, at the top, a
comparison of the efficiency between SPM (solid) and
converted manufacturer data (dashed). The colour code
represents the supply/return-temperature region in °C.
The datain Viessmann Werke GmbH & Co.KG (2019b) cov-
ers firing rates ranging from 20 % to 100 %. In general, the
SPM accurately describes the effects of different design
temperature levels on 7. Additionally, it accounts for
part-load phenomena by increasing 7, during part-load
operation. The second plot presents the relative error,
which overall lies between —2.13% and 1.73% of the
corresponding efficiency of VITOCROSSAL 200 CIB (Viess-
mann Werke GmbH & Co. KG 2019b).

Figure 8 presents the SPM-validation and error analy-
sisin comparison to the Viessmann VITOCROSSAL 300 CRU
(800 kW-unit) (Viessmann Werke GmbH & Co. KG 2019e)
for 5y, at different levels of supply/return temperatures,
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Figure 8. Validation with manufacturer data for V ITOCROSSAL
300 Typ CRU (800 kW-unit) Viessmann Werke GmbH & Co.
KG (2019e). Manufacturer data are dashed and SPM results are
solid. Color code represents supply/return-temperature in °C.

depending on the firing rate. Unlike the first boiler,
the efficiency data of the VITOCROSSAL 300 CRU (Viess-
mann Werke GmbH & Co. KG 2019e) is based on HHV
and provides additional data for yf,e = 10%, but not
for the temperature region 40/20°C. As described pre-
viously, the SPM models both phenomena - tempera-
ture and part-load - well. The relative error lies between
—4.59% and 1.10% of the corresponding efficiency of
VITOCROSSAL 300 CRU (Viessmann Werke GmbH & Co.
KG 2019e). The absolute error increases at low part-loads,
especially at high temperatures.

In conclusion, the SPM is tested against two detailed
manufacturer data sets. For both validations, the general
operation described by the SPM accurately captures the
efficiency across various operating conditions.

2.4.2. Field-monitoring data

This subsection compares the SPM with clustered time-
series field-monitoring data. In comparison with
manufacturer efficiency data, field-monitoring involves

sensors for supply and return temperatures combined
with fuel and water flow measurements, which clearly
define the operating conditions. The field-monitoring
data originates from the research project OOM4ABDO

(Projekttrager Jilich | Forschungszentrum Jilich GmbH 2017).

In this project, the elco R3410 boiler with a nominal fuel
power of 2MW (ELCO GmbH 2013) is monitored. The
monitoring cover data from January 16, 2023 to March
1 2024 with a 15 min resolution. In 2023, municipal util-
ities reported a HHV-range of 8.4 to 13.1 kWh/m3 (SWM
Infrastruktur GmbH und Co. KG 2024). For firing power
calculation, the mean value of the HHV-range and the
monitored gas flow rates (m3/h) are used. Heating power
is derived from water flow rates, supply-, and return tem-
peratures. Efficiency is calculated at each operating point
based on the fuel and heating power. In the first step of
post-processing, data is filtered for steady-state operat-
ing points and measurement errors, reducing the dataset
to 1858 data points. These are clustered by return tem-
perature (+0.5K) and firing rate (+2.5%). The largest
clusters, representing 66% of the data, are considered.
For comparison, the SPM is parameterized using a cal-
culated nominal temperature spread of 26.52 K derived
from field data. Further parameters, calculated from field
data to describe operating conditions, are yy, yaT, and
the clustered Tietum. Overall, 21 clusters are identified in
dependency on Tretyrn and firing rate.

Figure 9 illustrates the validation using the identified
clusters. For comparison, the clusters are shown as a func-
tion of the corresponding yy,. The 21 clusters are displayed
on the x-axis as Treturn | Yb- The spread of Teturn ranges
from 44.6°C to 51.4°C, while y, varies between 75.6% and
97.2%. In the first plot, the bars represent the identified
field cluster efficiency nge'd, with error bars indicating the
standard deviation o. Next to ryge'd, the estimated SPM
efficiencies "™ are illustrated. In the second plot, the
errors are shown: on the left, the difference between nge'd
and ngPM is presented, while on the right, ¢ is displayed
to provide context for the error magnitude. In conclusion,
the errors are smaller than ¢ and remain within £1.5%.

Next to the validation purpose, in the following a
model comparison is presented. The data sheet provides
efficiency data for two full-load temperature regimes
(80/60°C: 5, = 93.5% and 40/30°C: 7, = 94.5%) (ELCO
GmbH 2013). Models as presented by Maier et al. (2023)
and Wetter et al. (2014) or general steady investigations
without further data would rely on these values. In com-
parison to efficiency values presented in Figure 9 these
values deviate by approximately +4%——5% from both
the SPM- and field data-based efficiencies. This discrep-
ancy highlights the risk of relying on inappropriate man-
ufacturer efficiency data, primarily due to the limited
amount of available information. Consequently, the SPM
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is able to represent real steady-state operating condi-
tions more accurately than the provided manufacturer
efficiency data.

In conclusion, the SPM is tested against both field-
monitoring and detailed manufacturer data. Overall, data
is collected from three different boilers under various
part-load conditions and temperature levels. For both
validations, the general operation described by the SPM
accurately captures the efficiency across various oper-
ating conditions. Therefore, assuming a constant kApey
corresponding to the full-load operating point at 80/60°C
can be regarded as a valid simplification. In addition,
the validation confirms that the proposed parameter
assumptions are suitable for describing boiler operation
across a wide operating range.

2.5. Sensitivity

This subsection describes the sensitivity of the system to
the gradient Z’g‘% which is estimated within calibration.

This gradient tac?kles the exhaust temperature calculation
according to Equation (18). For sensitivity analysis +30%
of a@’g‘% are used. Figure 10 illustrates the sensitivity of
the rebsulting factor exp(—a), as used in Equation (18),
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with respect to yp,. It is presented for a cold 40/20°C and
a hot temperature region 80/60°C. For decreasing yy,
exp(—a) and its variability are negligibly small.

Figure 11 illustrates the resulting sensitivity of the
exhaust temperature 9/, showing a maximum difference
of 2K under the 80/60°C full-load condition and a max-
imum difference of 0.91K under the 40/20°C full-load
condition.

Following the preceding part, Figure 12 shows the
impact on efficiency. For the temperature region
80/60°C, the difference of 2.00K results in a maximum
efficiency drop of —0.10%. In the colder temperature
region 40/20°C, a maximum efficiency drop of —0.15%
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Table 1. Overview of operating conditions in the general charac-
teristic chart.

Dependency Min. Max. Step size
Treturn 20°C 80°C 10K
ATges 2K 30K 2K
Yw 5% 100% 5%
YAT 5% 100% 5%

is observed for a temperature difference of 0.91 K. Both
values are within the error range, which was presented in
Section 2.4.

3. Dynamic modular boiler model

This section introduces the new dynamic modular boiler
model BoilerModular. Itis part of the Modelica library
AixLib (Maier et al. 2023). Figure 13 illustrates a simplified
view of BoilerModular. It is divided into a dynamic
model and a quasi-static model. As stated in Section 2.4,
the calibrated SPM is capable of describing boiler opera-
tion in general. It is used to create a ngd—chart that repre-
sents general boiler operation under various conditions.
These are Treturns Yw: YaT and the nominal temperature
difference ATges = Tsdue;ply — Tdes . Table 1 presents the
various possible operating conditions represented by the
dependencies in the general characteristic chart.

Further details of BoilerModular are presented
below. BoilerModular is only parameterized by the
three parameters QJ*s, Tsdue;ply and T . This conve-
nient and user-friendly parameterization addresses a core
element of the model by defining the design operating
point.

The dynamic part of BoilerModular is based on
the partial model PartialHeatGenerator which is

dynamic model

quasi-static model

racteri HYHHV
Chart fuel
return supply

ambient losses

= 20°C

_.I

thermal capacity steel

thermal capacity water

pressure resistance

Figure 13. Simplified description of the dynamic model
BoilerModular.

part of AixLib (Maier et al. 2023). To represent a ther-
mal capacity PartialHeatGenerator consists of a
water volume. In BoilerModular, this water volume is
parameterized with a regression from manufacturer data
in dependency on Oges. The model BoilerNoControl
from AixLib (Maier et al. 2023) includes a second thermal
capacity to account for the steel mass. This is in addi-
tion to the water volume. BoilerModular includes
the steel mass and its parameterization. Additionally,
BoilerNoControl (Maier et al. 2023) presents a ther-
mal conductor to the ambient. This is also used in
BoilerModular.Thethermal conductor uses kAnousing-
However, due to the 0-D modelling with a single
volume, the difference between Tymp and Tgypply is
used instead of the mean boiler temperature, which
leads to an overestimation of the losses. It is assumed
that this is negligible. The heat flow Q2 is trans-
ferred to the thermal capacities and the thermal con-
ductor. The PartialHeatGenerator includes pres-
sure resistance (Maier et al. 2023). It is parameter-
ized based on manufacturer data through regression.
BoilerModular can be connected to the heating sys-
tem with the supply and return fluid ports.



The quasi-static model estimates the adiabatic heat
flow Q2% and the demand of fuel Q1. For Boi lerModu
lar itis assumed that the timescales of combustion and
heat transfer are small compared to the timescales of
these thermal capacities, resulting in a quasi-static rep-
resentation. The quasi-static model is based on the SPM
and the resulting chart is used in Modelica to reduce sim-
ulation time in comparison to an equation-based descrip-
tion. The chart is implemented via the scientific data for-
mat (SDF) which enables linear inter- and extrapolation in
n-dimensional space in Modelica (Sommer, Andres, and
Diehl 2014).

Figure 14 displays a schematic diagram that illustrates
the basics of the quasi-static model. As presented pre-
viously, the operation can be divided into design and
off-design. Thus, in the quasi-static model, this approach
represents the two submodels, DesignOperationand
Of fDesignOperation. In both submodels, the 4D-
ngd-chart forms the core. As introduced, design oper-
ation is completely characterized by parameterization.
Operating conditions define off-design operation. Fur-
ther details on these submodels are listed below:

e DesignOperation:
From parameterization QJ°s, Tgf;ply and T are
given. The design operating point is estimated in

dependency on parameterization for full-load ngd'des

= f(Tgue;ply, Tdes . 1,1). The output 7249 is therefore
constant for the simulation. With it, this submodel
characterizes the design operation by the design fir-
ing power Q2% using the design heat losses QJes,
additionally.

Ogﬁb = kAhousing : (Tgue;pw - Tamb) (26)
~d ~HHV,des
Qdes _ Qbes + Qamb (27)
fuel ad,des
My

This addresses a core element of the model by
enabling scalability in terms of design thermal power
and operating conditions.

e OffDesignOperation:
The submodel OffDesignOperation represents
the off-design operation. From DesignOperation

OE‘EY’deS is known and additionally the control variable
Yiuel is given from the outside. Thus, the fuel power
QMY is known for each operating point.

“HHV ~HHV,d

Qfyel = Yfuel - Qg * (28)

In addition to ys,e|, the off-design operating point is
completely determined by Tsypplys Treturn and my. To
get the inputs for the characteristic chart, the two rela-
tive variables y o7 and yy, can be determined based on
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Figure 14. Simplified description of the quasi-static model. It
combines the two submodels Of fDesignOperation and
DesignOperation.

parameterization.

Tsupply — Treturn

YAT = (29)
Tgue;ply - TI%?(flm
My
Yw = — (30)
meves

OffDesignOperation uses the same characteris-
tic chart as DesignOperation, but with off-design
operating conditions serving as the inputs. Thus from
the chart, ’YEd is known ﬂﬁd = f(TsuppIyr Treturns Yw: YAT)-
This enables the calculation of Q@d for the given oper-
ating point.

Q4 = QY . 2 (31)
In conclusion, the model is capable of simulating com-
plex general off-design operation. Off-design condi-
tions are characterized by temperature and mass flow

control. This capability is derived from the general effi-
ciency chart.

Apart from using the representative efficiency chart,
BoilerModular can use any other efficiency chart that
agrees with the presented dimensions.

4. Model comparison

In this section, a simulation study is presented for com-
parison purposes, focusing on the quasi-static efficiency
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Figure 16. Supply temperature curves for the two design points
45/35°C and 75/60°C.

estimation method. As a test case a single-family house is
used. Figure 15 illustrates the simulated heat demand of
this house, based on a low-order building model (Schiitz
etal.2017).

Additionally, the study is performed for the two design
points 45/35°C and 75/60°C and belonging supply tem-
perature control. In Figure 16, the corresponding sup-
ply temperature curves are shown based on the heating
curve presented in Buildings library (Wetter et al. 2014).

The model developed in this work is compared with
three efficiency estimation methods using data from boil-
ers with different Oges. Table 2 presents an overview of
different boilers with different Oges from 12 to 800 kW.

The amount of data is classified by evaluating the amount
presented in the data sheet. As shown, it is difficult to
obtain data for small boilers. To facilitate data compar-
ison, it is necessary to adapt or assume the usability of
some of the efficiency values, as detailed in the table
caption. Therefore, for a first comparison, the efficiency
is shown for the 80/60°C operating point. However, the
efficiencies shown are quite similar. For comparison pur-
poses, efficiency can be assumed to be independent of
Odes'
b

Three quasi-static efficiency estimation methods,
taken from Aixlib (Maier et al. 2023) and Buildings (Wet-
ter et al. 2014) library, are used for comparison. The
methods are used within the dynamic boiler model
BoilerNoControl from AixLib (Maier et al. 2023). In
the following, the three models are described in detail:

e AixLib (Maier et al. 2023):
BoilerNoControl from AixLib library (Maier et al.
2023) is used which is parameterized with constant
efficiency. During operation, the efficiency is corrected
by the implemented data to respect the influence of
the return temperature. For constant efficiency, the
value from the WTC-GW data is used (Max Weishaupt
GmbH 2023).

e 2D-table:
BoilerNoControl (Maieretal. 2023) is modified to
use 2D-table data instead. The efficiency is calculated
with the use of bi-linear interpolation and extrapola-
tion on the basis of the boiler data. The data depends
on part-load and return temperature.

e Lin.-Quadratic:
BoilerNoControl (Maier et al. 2023) is modi-
fied to use a linear-quadratic (lin.-quadratic) function
instead. It is derived from the Buildings library (Wet-
ter et al. 2014). The function includes a linear and
quadratic term dependent on part-load and return
temperature to describe efficiency. The coefficients are
fitted based on the manufacture data.

All the proposed models necessitate individual boiler
performance data, without any explicit physical descrip-
tion of the heat transfer mechanisms. The requisite data
were obtained from publicly accessible boiler datasets
Viessmann Werke GmbH & Co. KG (2019b, 2019e), and
Lochinvar, LLC (2023b). These data were subsequently
utilized to perform a linear-quadratic regression for 7.
As an alternative approach, the 2D-table representation
of the data was parameterized using the given boiler
datasets.

Figure 17 illustrates the corresponding annual fuel
requirements for the three model approaches and the
parameters of the four boilers for the design point
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Table 2. boiler overview; efficiency for full-load return temperature 60°C: * interpolated, % transferred with LHV/HHV of methane, s

for 70°C mean boiler temperature.

Manufacturer Boiler Oges in kW Data amount Efficiency Reference
Weishaupt WTC-GW 15-32 o 88.5%*** Max Weishaupt GmbH (2023)
Viessmann 200-W 12-150 - 88.7% ** Viessmann Werke GmbH & Co. KG (2018b)
Lochinvar FTXL 117 ++ 87.9% * Lochinvar, LLC (2024)
Lochinvar Knight XL 117-293 ++ 87.4* Lochinvar, LLC (2023a)
Viessmann ClB 80-636 +++ 87.5 ** Viessmann Werke GmbH & Co. KG (2019b)
Lochinvar FB-2501 703 ++ 87.8% * Lochinvar, LLC (2023b)
Viessmann CRU 800 800 ++ 88% Viessmann Werke GmbH & Co. KG (2019¢)
s+ AixLib === 2D-table == Lin-Quadratic| [*++ AixLib === 2D-table == Lin.-Quadratic|
1% 1%
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Figure 17. Difference in annual fuel demand for three effi-
ciency estimation methods and four boilers in comparison to
BoilerModular for the design point 75/60°C.

75/60°C. In comparison to BoilerModular, all model
approaches underestimate the annual fuel demand by
less than 3%. In both, the 2D-table and Linear-Quadratic,
the lowest difference is achieved when simulating with
parameters derived from CIB-data, as compared to
CRUB800- and FB2501-data. As listed in Table 2, the most
data is available for the CIB-boiler. The manufacturer’s
data for FB2501 provides the least amount of data, and
the results of the simulations are the most divergent for
both the 2D-table and the linear-quadratic model.
Figure 18 illustrates the corresponding annual fuel
requirements for the three model approaches and the
parameters of the various boilers for the design point

Figure 18. Difference in annual fuel demand for three effi-
ciency estimation methods and four boilers in comparison to
BoilerModular for the design point 45/35°C.

the smallest difference occurs when parameterizing with
more appropriate data from CIB.

In conclusion, ignoring the different amount of data
from manufacturers, for all the approaches presented,
differences of less than approx. 3% have been pre-
sented. This verifies that BoilerModular is able to
scale according to Oges and to represent off-design
operation compared to common modelling approaches.
In addition, with only three parameters, the model is
user-friendly compared to finding and evaluating effi-
ciency data for parameterization. Furthermore, as illus-
trated in Figure 18, BoilerModular is capable of rep-
resenting condensation effects with minimal parameter-

45/35°C.In comparisontoBoilerModular,onlyBoilerNiZationreffort, eliminating the need for condensation-

from AixLib overestimates the fuel demand by less than
1%. All other approaches underestimate the fuel demand
by less than approx. 3%. Referring to the data amount, the
CRUS800-data (Viessmann Werke GmbH & Co. KG 2019e)
do not agree with all operating conditions given in Figure
16 which results in extrapolation in simulation. In compar-
ison to Figure 17, the difference for parameterization with
CRUB00-data is larger than with FB2501-data. Similarly,

specific parameters. Compared to BoilerNoControl
from AixLib (Maier et al.2023), BoilerModular is based
on a physical description of off-design operation.

5. Discussion

The objective of this work is to present a user-friendly and
scalable dynamic boiler model that represent natural gas
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boiler operation in general. For this reason, two indepen-
dent models were presented:

e The SPM creates a efficiency chart which claims to be
representative describing boiler efficiencies for a wide
operating range in respect to manufacturer efficiency
data

e Using the aforementioned chart, the dynamic and
user-friendly model BoilerModular is capable to
simulate complex boiler operation.

Consequently, BoilerModular agrees with the goal
by Gopisetty, Treffinger, and Xu (2014) of a simple boiler
model, as it is designed by parameterization with three
parameters Qp%%, Tii . and TS resulting in a user-
friendly model. In addition, condensing operation is
respected without additional parameterization effort for
the user. In contrast to the other stationary efficiency esti-
mation models presented in Maier et al. (2023) and Wetter
et al. (2014), a key advantage of combining the SPM with
BoilerModular is that no manual selection of appro-
priate efficiency data for operating and design conditions
is required. Furthermore, due to the adjustable size and
step size of each dimension in the resulting efficiency
chart, interpolation and extrapolation errors are negligi-
ble. Nevertheless, the simulation comparison has shown
that the model’s influence remains below 3%, while the
operation is still considered physically plausible.

To describe boiler operation in general, the SPM intro-
duces several assumptions regarding parameter data and
modelling approaches in order to design an efficiency
chart that represents a selection of manufacturer effi-
ciency data. In the SPM, scalability was addressed by
representing proportional behaviour as a function of the
design heat power. As a result, boiler size has a negligi-
ble impact on boiler efficiency. However, this was only
demonstrated for a uniform 1 and similar exhaust gas
temperatures. Moreover, part-load operation and con-
densation effects were not considered in the calibration.
Especially for a different 1, other exhaust temperatures
and condensation effects occur, which can result in a
non-negligible impact on the efficiency.

For the SPM-validation, field-monitoring data was
used alongside two detailed efficiency data-sets derived
from manufacturer data sheets. The SPM demonstrated
good agreement across all examined operating points
resulting in small errors. Beyond the overall simplification,
the main sources of error are likely:

e The SPM does not account for individual hardware
characteristics due to regression (see Figure 5).

e The SPM assumes the thermodynamic properties of
methane, leading to discrepancies when compared to

manufacturer data, which is typically based on natural
gas.

e The modelling of the condensation process is simpli-
fied.

e Equation (18) requires T/, > 7_'|n,W, which imposes a
lower bound on TZ, and consequently limits 7.

e A constant kAnhey is assumed under part-load condi-
tions. While varying flow rates do affect heat trans-
fer, this simplification is supported by the findings of
Wang et al. (2023), who demonstrated that the total
heat transfer coefficient during condensation can be
up to seven times greater than the purely convective
component. This indicates that convection does not
constitute the dominant mechanism in such regimes.
As shown in the validation, the largest deviations occur
at high temperature levels under part-load conditions,
where no condensation takes place. Consequently, a
possible explanation is the increasing importance of
convective heat transfer in the absence of condensa-
tion and film formation.

Consequently, the applicability of BoilerModular
is constrained by the validity range of the parameters
and assumptions within the SPM. However, as demon-
strated by the validation, the model is capable of describ-
ing a wide operating range. For simulation purposes out-
side the presented operating range, the assumptions and
parameters of the SPM must be re-evaluated.

However, the validation is restricted to heat power
classes ranging from approximately 80 to 1870 kW. Con-
sequently, validation for typical units around 20kW,
which are commonly used in flats and single-family
houses, remains unaddressed due to the lack of available
data.

Finally, as described in Figure 10, the values exp(—a)
are generally quite small and can be neglected. Based
on validation and model comparison, this simplification
is justified, allowing Equation (18) to be expressed in a
simplified form, leading to Equation (32).

TS~ Tinw (32)

6. Conclusion

This paper introduces an approach for modelling a user-
friendly dynamic boiler model designated as Boiler
Modular that can support simulation based energy
planning. It is part of the Modelica library AixLib (Maier
et al. 2023). BoilerModular is parameterized by only
three parameters: Oges, 7des ., and Tsdue;ply‘ In addi-
tion, it presents a modular architecture and relies on

detailed quasi-static efficiency charts. Since such charts



are often difficult to obtain, a SPM for boilers was intro-
duced to generate efficiency charts from limited cali-
bration data including condensing effects. Using a rep-
resentative dataset of a single operating point derived
from publicly available manufacturer sources, a calibra-
tion was performed to produce a representative effi-
ciency chart. BoilerModular makes use of this rep-
resentative efficiency chart. Both models, the SPM and
BoilerModular, are independent of each other and
can be applied to other use cases, either as templates
for generating characteristic charts or for performing
dynamic simulations using charts from other sources than
the SPM.

In the SPM, a combination of physical equations,
assumptions, and regressions takes place. This model
characterizes the boiler using the adiabatic efficiency and
is employed for a multitude of operating points in order
to generate a characteristic chart. The chart is contingent
upon the four operating conditions Treturn, Tsupply:Yw, and
yaT. In BoilerModular, the chart represents the core
of the quasi-static submodel.

A validation of the quasi-static SPM was carried out
using field data and detailed efficiency charts taken from
publicly available manufacturer data. Both validations
demonstrate that the model can accurately represent the
effects of fuel control and varying supply and return tem-
peratures on boiler efficiency. The discussion addresses
errors resulting from simplifications and assumptions
made during the modelling process.

Future work can focus on test bench validation, a com-
parison with other dynamic models and various dynamic
simulation investigations of energy systems. Addition-
ally, dynamic investigations on heat transfer in different
boiler units must be conducted to determine whether
heat transfer can be treated independently of boiler size
not only under static conditions but also under dynamic
conditions.
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Nomenclature
Acronyms

BES building energy system
HVAC heating, ventilation and air conditioning
SDF scientific data format
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SPM simplified physical model

Subscripts

AT temperature difference
amb ambient

b boiler

cond  condensation

ex exhaust

hex heat exchanger

In natural logarithm

stby standby

v vapour

w water

Superscripts

ad adiabatic

des design

dry dry

Symbols

a exponent -

T mean temperature K
Ahyap  specific evapoartion enthalpy J kg™!
AT temperature difference K
H enthalpy flow W

LMTD  Logarithmic mean temperature difference K
m mass flow kg s~

Q heat flow W

n efficiency -

A combustion-air ratio -

0 temperature °C

A surface m?

Cp specific heat capacity J/(kgK)
d diameter m

HHV  higher heating value J kg™’
k heat transfer coefficient W/(Km?)
L air requirement -

/ length m

LHV  lower heating value J kg™’
n quantity mol

T temperature K

w relative mass flow -

X absolute humidity kg kg™’
y relative power -

z relative length -
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