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ABSTRACT

This paper presents a simulation assisted tool to
design the hydronic configuration of central boiler
rooms and to select the accompanying components.
Moreover, practical analysis procedures are defined
in order to obtain optimized heating systems with a
lower energy consumption and  improved
controllability, compared to the more traditional and
static design procedures. A GUI allows the project
engineer to focus on the design without worrying
about the model source code.

The hydronic network models are equation based and
processed by means of the iterative equation solver
EES (Engineering Equation Solver; ©F-chart). In
addition, an interface procedure to the TRNSYS
dynamic building models is presented.

INTRODUCTION

In real building projects, hydronic heating systems
are typically designed to cover full load conditions
based on static calculations and rules of thumb.
However, in partial load conditions, temperatures and
flows change drastically and often lead to less
efficient systems than initially expected. The
unknown partial load behavior of each individual
component as well the complex dynamic interactions
in the overall system, make it hard for engineers to
evaluate the performance of their hydronic designs
and to select the appropriate components. As a result,
system designers often stick to a copy/paste approach
of traditionally proven concepts instead of making
customized and optimized designs.

Also, in building performance simulations, the
hydronic design is often neglected. Typical building
simulation programs, such as TRNSYS, DOE2 and
EnergyPlus, simplify the thermo-hydronic network to
a strictly thermal problem, disregarding the hydraulic
consequences and assuming perfect hydronic
behaviour. Such approach considers water flows as
known inputs instead of the result of hydronic
calculations. Some simulation results are too
optimistic this way.

In the literature, only a small number of researchers
study both the hydronic as well as the thermal
processes in central heating systems.
Notwithstanding the scarceness of research in this

area, their work yields interesting insights. E.g.
Gamberi et al. (2009) built up a Simulink® simulator
for building hydronic heating systems. H. Werdin
(2004) proposed diverse component models
applicable to both hydronic and thermal simulations
of the plant. Baoping Xu, Lin Fu (2008) analyzed the
effect of thermostatic radiator valves by means of a
combined thermal and hydraulic model. Other
dedicated component models can be found in the
ECBCS Annex 10 report (1982-1987), which gathers
the contributions of different authors.

However, the models in the aforementioned literature
are ‘component based’. This means that the overall
system model is constructed by connecting a
multitude of different component models such as
models for pumps, pipes, valves and heat exchangers.
Since real heating systems comprise a numerous
amount of components, this approach is very
laborious, as every input and every ouput variable of
all the component models need to be properly
connected with each other. As a result most
simulation studies cover only small heating system
and they are primarily initiated by academic
researchers. For engineers with real-life hydronic
design problems, manageable simulation tools are
still lacking.

Hence, in order to bring hydronic simulation into
practise for system designers, we developped a more
convenient methodology to model big hydronic
heating systems. As suggested in its name the ‘Base
Circuit Methodology’ (BCM) 1is based on the
observation that big thermo-hydronic networks can
be considered as a modular composistion of
elementary sub systems or ‘Base Circuits’ (BCs).
Each BC model covers a well defined subset of
several embeded component models. Therefore, a lot
of time is saved during the overall model assembly
and a more structured model setup with a smaller
number of equations is obtained. Moreover, the BC
models contain additional variables which yield a
more profound analysis of the heating system.

The BCM and some simulation examples on real-life
problems were first presented on the 8™ International
Conference on System Simulation in Buildings
(Vandenbulcke, 2010). In this paper the BCM
methodolgy is further optimized and used to develop
a practical simulation assited design tool especially
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dedicated to boiler room hydronics. This work will
elaborate on following three new developments:

1. A Graphical User Interface (GUI) is built in
order to create a userfriendly and practical
design tool. Within the capabilities of EES,
is was possible to load the necessary models
automatically and enter the hydronic
parameters more conveniently. This way,
the system designer is able to focus on the
hydronic design without worrying about the
underlying model code.

2. Practical analysis procedures are defined in
order to integrate the simulation tool into the
hydronic design process, and which allow
the engineer to design more optimized
hydronic configurations and to select the
appropriate components.

3. An interface procedure to combine the
detailed hydronic models with the extensive
building model capabilities of TRNSYS is
presented.

DESIGN TOOL AND GUI

Figure 1 illustrates the capability of the presented
tool to design different hydronic configurations. The
overall hydronic network is composed of 20 BCs in
total. By means of the radio buttons, the hydronic
setup of each BC can be modified while the
respective BC model is automatically loaded from
the model library and embedded into the overall
equation set. In the current implementation, six
different thermal loads can be applied. By clicking on
a BC, a pop-up window appears, as illustrated in
figure 2. Here, all hydronic and thermal parameters

can be set. The radio buttons allow the user to select
the control strategy and enter the control parameters.

The most frequently used hydronic configurations to
control the thermal power, such as mixing circuits,
dividing circuits and mixing injection, are included
and can be combined without limitations. Moreover,
they are graphically displayed in the GUI in a
visualization similar to a Process & Instrumentation
Diagram (P&ID). Single boilers as well as cascade
constructions can be studied. The connection
between the heat production site and the
header/collector can be made directly or by means of
an open header with primary and/or secondary
pumps.

In order not to overcomplicate things in this phase of
the development, the tool is particularly focused on
the design of the hydronic network within the boiler
room. For now, the hydronic network outside the
boiler room is simplified by means of equivalent heat
emitters which represent a series of heat emitters.

|
J |
I BC4
! I
| I
| I
| |
| |
| |
| I
| |
| |
| I
| ‘
| I
I
| r ————— . i }
1 | ProportionalBand, =[5 VEeves |
‘ ! SV O+ =[50] | !
P Tywse] FO— T 3 | !
D i |
| A T g |
| WL, 1] Hopons 150] alphad !
I - Lol |
I
‘ arpna.s =[0] }
1 |
| |
| |
| |

Figure 2 Pop-up window for parameter input

Radio buttons to select the

appropriate BCsandloads ~—™——.__ | ., & A & A
(partly shown) “B €8 ol
cn )
A £ CA 4
cB Wfl r""r‘B 771' 777777
&'c s I &k ° T

Production/header
connection

Production site

oyl ---&--PH é

Figure 1 Structure of the GUI with radio buttons to select the appropriate BCs
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MODEL DEVELOPMENT

Hydronic equation set

Following the BCM methodology, the entire heating
system is modeled as a composition of modular
subunits or BCs, which all match the same
predetermined hydronic configuration illustrated in
figure 3. The BC consists of two internal pipe nodes
(x and y) and three so called gateways (a, B and v)
which interface with the adjacent BCs.

. PHeaT
Mq

gateways

internal
pipe nodes

Figure 3 General BC representation

The hydronic equation set of this subsystem consists
of four equations. The first three equations describe
the pressure difference Ap,, between the x and y
node according to the three different gateways and
take the sign convention for the mass flows into
account (i.e. mass flows pointing to the x pipe node
are positive and mass flows pointing to the y node
carry a negative sign). Since the hydraulic resistors
are passive elements creating head loss, the sign of
the pressure differences depends on the flow
direction. This is incorporated in the model, using the
SIGN function:

Apzy = Apa o+ Apumpm - Apumpa,y - SIGN(%\,"(APR,a,z + APR,a,y) (1)
Apyy = Apg + Apumpg ¢ — Apups, — SIGN(Vs).(Apg g, + App ) )
Apyy = Apy ‘+ Apumpy 5 — Apump, , — SIGN(VY)(Ap Rzt Oryy)  (3)

The fourth equation enforces the continuity principle
for both the x and y pipe nodes:

Mg + mg+ m, = 0 4
All practical BC models available in the GUI (via the

radio buttons) are based on this generic equation set.
Of course, for each specific BC the proper hydraulic

resistances are applied and the redundant pumps are
removed from this general equation set.

Hydraulic resistances and pumps

Depending on the type of resistance appearing in the
BC, different formulas are used to describe the
relation between the flow and the resulting pressure
difference. The head loss due to pipe friction is
calculated by means of the Darcy-Weisbach formula
(Potter, 2002). The friction loss factor in this
equation is automatically retrieved from the Moody
chart by means of an internal EES function based on
the pipe dimensions, the mass flow and the fluid
temperature. Pressure differences due to singularities
such as bends, T-pieces, pipe reductions, etc. are
calculated by means of their { values, which can be
retrieved from tables (Knoll, 2002). For balance
valves and control valves, the head losses are
calculated by means of their Kv values (provided by
the manufacturer in the technical specifications). The
relation of the spindle travel and the Kv value of the
control valve is modeled by means of the valve
characteristic according to VDI/VDE 2173 (‘Fluid
characteristic quantities of control valves and their
determination’). For some equipment like boilers,
radiators, filters and so on, manufacturers generally
provide pressure loss diagrams. In such case, an
equivalent Kv value is calculated first. Moreover, a
dedicated model of a differential pressure control
valve (DPCV) has been developed and is
incorporated in the BC models.

The pump heads in the hydronic equation set are a
function of the volumetric flow as defined by the
pump curves. Using manufacturer data, the pump
curves are implemented in a parameterized model
using polynomials.

Thermal equation set

In hydronic systems, two specific flow situations can
be observed across the pipe nodes: a ‘dividing’ and a
‘mixing’ situation. In a dividing situation, a flow is
divided into two flows, and all water temperatures
across the node are logically equal. In a mixing
situation, two upstream flows with potentially
different water temperatures are mixed together into
a downstream flow. In the latter situation, the
downstream flow temperature is calculated as the
mass flow weighted average of the upstream water
flow temperatures. As these flow situations can swap
during the operation, the BC model continuously
verifies the flow situation by means of the mass flow
signs and automatically loads the right thermal
equation set. For example, the open header is a
typical component in which the flow situation often
swaps.

To incorporate thermal pipe losses, each pipe is
thermally represented as a heat exchanger, modeled
according to the e-NTU method. The heat transfer
coefficient and area is calculated based on pipe
dimensions and insulation specifications.
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BC connections

When modeling the overall heating system, each
individual BC needs to be connected with its
neighbor BCs to compile the global hydronic and
thermal equation sets. The gateways of adjacent BCs
are connected with each other by equating the flows,
pressure differences and temperatures while taking
into account the predetermined sign convention
(pressure differences are equal in sign, the gateway
flows carry opposite signs). When using the radio
buttons in the GUI, both the selected BC models and
the equations describing the downstream gateway
connections are simultaneously loaded. This way the
user does not need to worry about the model
connections anymore.

Dynamic thermal loads

Depending on the scope of the analysis two
approaches are used to derive the thermal demand
inputs.

In the first approach, the building behavior is
modeled according to the commonly used RC-
equivalent network technique as proposed by Laret
(1981) and extensively studied and further optimized
by several researchers, e.g. Fraisse (2002), Masy
(2008). However, in the presented work, a rather
vestigial 1R2C model variant is used. The idea is to
provide a rough approximation of the load profile
using a minimum number of model parameters. The
air capacitance is calculated using the internal zone
volume, the specific heat and a default correction
factor which takes into account convective air flow
movement. The equivalent thermal resistor is
calculated by means of the design load from the prior
building study, and the internal and external full load
design temperatures. The concentrated building
structure capacitance is approximated and related to
the full load power by default values (heavy, medium
or light structure). Depending on the location of the
insulation, the capacitance can be positioned by
means of a 0 factor which defines the location where
the equivalent resistor is split to attach the
capacitance.

Despite the relative accuracy of this RC equivalent
model, it is a quite satisfying approach when
studying the controllability of the hydronic heating
system. Particularly, the air capacitance is important
in the small time scale plant dynamics and can be
easily determined. Apparently, the much slower and
less accurate interaction with the building structure is
less important when studying hydronic controllability
aspects. The model is also applicable to compare the
partial load energy efficiencies of alternative
hydronic designs, as illustrated below. However,
when using the 1R2C model, the absolute energy
consumption results are notably less accurate.

In the second approach, the detailed hydronic models
of the presented tool are combined with the extensive
building model capabilities of TRNSYS. This way, a
profound study on both plant and building issues can

be performed with high accuracy. By means of
TRNSYS type 66 and a Dynamic Data Exchange
procedure (DDE), the thermal building model is
linked with a custom version of the presented
hydronic tool. The cyclic calculation procedure
executed each transient time step, is illustrated in
figure 4.
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Figure 4 DDE set-up between TRNSYS and EES

TRNSYS, which acts as the master platform, renders
the building model calculations and exports the room
temperature T,; for each heated zone to a clipboard.
Subsequently, TRNSYS commands EES to load the
clipboard data and to run the hydronic network
calculations. In turn, EES exports the emitted heat
Pygat; for each room to the clipboard from which
TRNSYS imports it again. Since EES acts as a slave
in this procedure it does not save data into memory.
Therefore, some dynamic hydronic variables which
are necesassary for the successive hydronic
calculations (e.g. integral term status of the PI-
controller, delayed valve travel,...) are included into
the DDE cycle as indicated by the dashed grey line.
In addition, for each run, all thermo-hydronic system
variables  (flows, pressure differences, fluid
temperatures) are data stored in a *.csv file and will
be available for analysis afterwards.

Dynamic hydronics

For energy efficiency analyses with a typically large
simulation horizon (e.g. 1 year) and a big step size
(e.g. 15 or 30 min.), the dynamic hydronic
phenomena have a negligible effect on the final
results. Therefore, it is sufficient to approach the
transient hydronic simulation output as a successive
progression of steady state calculations, which are
balanced with the differential equations of the
dynamic load models. In between two time steps,
fixed hydronic boundary conditions are assumed.

However, for micro-timescale analyses of several
hydronic controllability aspects with a smaller step
size of maybe seconds or minutes, some dynamic
plant phenomena come into play. Hence, models for
the delayed spindle travel of control valves, the
transient heat emission of the end units due to
thermal capacitance, and the dynamic actions of the
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controllers and temperature sensors are incorporated
in the design tool. So far, the fluid transport delay in
the pipes is not taken into account. However, the
latter phenomenon is only important when the
heating system is starting up.

SIMULATION ASSISTED DESIGN

This section explains how our tool is integrated in the
hydronic design process by using several predefined
analysis  procedures which focus both on
controllability and efficiency aspects. Because all
hydronic variables and all control loop variables are
incorporated and processed in the simulations, a
detailed insight in the system behaviour can be
obtained.

Control linearity

From a control technical point of view the relation
between the controlled variable and its control signal
is ideally linear. This way, the control parameters
(proportional band, integration time) can be
optimized for the full working range. In case of a
non-linear relation, the controller is only optimal near
a specific working point. Away from the working
point, the control performance decreases.

In the heating system as illustrated in figure 5, the
riser water temperature in circuit A is controlled
according to a heating curve depending on the
weather. For this so called passive mixing
configuration, the linearity between the controlled
variable Ty, and the valve travel hy; (proportional
to the control signal) is analyzed in figure 6. The
analysis procedure runs through the total h; span
while the remaining valves are fixed at the maximum
full load openings.

A B
[ ﬁ’""?i __________
! . T . T

Figure 5 hydronic heating system

The example illustrates 1) poor control linearity due
to a mistakenly chosen linear valve characteristic, 2)
distortion because of unbalanced primary and
secondary pumps, leading to backflows in the bypass
and a 30% decrease of the control range, 3)
optimized and approximately linear control behavior,
achieved with of an equal percentage valve and a
sufficient valve authority.
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Figure 6 Valve behaviour in circuit A

In circuits B and C the room temperature is directly
controlled, instead of the water temperature. In such
configuration, the relation between the valve travel
and the thermal power can be observed in the
analysis as illustrated in figure 7.
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Figure 7 Heat characteristics of circuits B and C

Similarly, all control loops in the network (2-way
valve control, 3-way valve control, TRVs, pump
head control) are analyzed this way. By grouping all
characteristics in one dimensionless graph, the
engineer can tune the hydronic parameters while
getting immediate feedback on the overall
consequences of the changes.

The presented direct visual inspection is much more
convenient compared to the traditional design
procedures in which one can only rely on the valve
authority (Petitjean, 1994), which is a rather limited
and indirect indicator for the control linearity. In fact,
the valve authority does not take into account the
influences of temperature regimes, the balance
between primary and secondary pump head and the
valve rangeability.

Hydronic interactivity

In the aforementioned control linearity analysis each
respective control loop was regarded as a
disturbance-free loop, assuming the other controllers
to be non-active. However, all actuators are part of
the same hydronic system and therefore interference
between them is to be expected. In fact, a control
valve can be exposed to pressure variations, which
are induced by other control valves. In case of
excessive  pressure  variations, the hydronic
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interactivity might lead to an instable temperature
control and oscillating valve positions.

In order to investigate these interactions, the short
time scale hydronic dynamics are incorporated in the
current analysis procedure. In fact, the shape of the
disturbing pressure variations depends on the action
time of the servo motors to open and close the valves.
Moreover, the detailed integral term actions of the
controllers are also taken into account. Therefore, the
analysis is based on small step size simulations.

Figure 8 illustrates the simulation results of the
control distortion caused by hydronic interactivity.
The continuous smooth line shows the flow through
the 2-way valve in circuit C, according to the
aforementioned control linearity analyses for which
it is assumed that each investigated valve acts solely
while the other valves are in a completely opened
position. The dot-plotted data (1 dot/min) represents
the simulation results for a one week time period
when all valves are actively working to meet their
thermal loads. As shown, the real-life valve behavior
resembles a scattered working area rather than a
smooth line. Moreover, the real-life flow is typically
higher compared to the individual and independent
valve action. In fact, the remaining valves are mainly
working in partial load and so a greater portion of the
available primary pump head is exposed to the valve.
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Figure 8 Distorted valve behaviour due to hydronic
interactivity in circuit C

On the same basis, the controlled riser temperatures
and the thermal power can be dot-plotted as function
of the valve travel in order to get insight in the way
control actions interfere with each other. For
example, figure 9 illustrates the heat characteristic
distortion due to hydronic interactivity in circuits B
and C. The smooth curves show the heat
characteristics according to the control linearity
analysis procedure, the dot-plotted simulation results
demonstrate the distortion due to the hydronic
interactivity.
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Figure 9 Heat characteristic distortion due to
hydronic interactivity in circuits B and C

If the analyses indicate a too scattered output, the
hydronic interactivity leads to instable system
behaviour. And so a further fine-tuning of both the
hydronic parameters as well as the controller
parameters is recommended.

Temperature transients

In order to get a better understanding on the total
effect of the control aspects mentioned above, several
temperature transients can be analyzed in the
presented tool as well. For example, fig. 10
illustrates the behavior of the room temperatures in
circuits A, B and C. The set point temperatures for
circuits B and C alternate between 15°C and 20°C.
The room temperature in circuit A is set constant to
18°C. However, due to the hydronic interactivity, the
room temperature in circuit A is disturbed when the
set points in circuits B and C suddenly change.
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Figure 10 Transient room temperatures indicate
control disturbance due to hydronic interactivity

Similarly, room temperatures can be analyzed in
order to tune the proportional and integral gains of
the controllers.

Energy efficiency analysis

The presented design tool allows the engineer to
evaluate the impact of the hydronic design on the
overall system efficiency. More specifically, special
attention is paid to the optimal working conditions
for the heat production site. In the specific case of
condensing boilers, the partial load return water
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temperature is studied since it has a dominant
influence on the heat production efficiency.

By means of example, the boiler return water
temperature of the heating system in figure 5 is
studied. Three different hydronic configurations are
analyzed:

a) The boiler is directly connected with the
header and the collector. No open header is
used, like shown in figure 5. The boiler
supply temperature is maintained constant at
75°C.

b) An open header is used (such as illustrated
in figure 1). The boiler supply temperature
is maintained constant at 75°C.

¢) An open header is used. The boiler supply
temperature is set according to a weather
depending heating curve.

The behavior of these three configurations is studied
over a 1 month time horizon with a 15 min step size.
The simulation results are shown in figure 11. In
configuration (a) the return water temperature is
clearly decreasing in partial load. On the contrary, in
configuration (b) the return water temperature
increases when the thermal power decreases. In fact,
in partial load conditions, the apertures of the control
valves decrease and, as a result, the collector flow
decreases. However, since the primary flow of the
open header is constant, hot boiler water is redirected
to the boiler return pipe inside the open header,
leading to a temperature increase. In configuration
(c) the ‘open header problem’ is partly tackled by
using a boiler heating curve. In fact, if the boiler
supplies a temperature which better suits the
prevailing circuit loads, the control valves will tend
to greater apertures and so the secondary flow of the
open header remains higher.

In a similar way, the return water temperature can be
analyzed in each individual circuit. This, way it
becomes clear how the general return water
temperature in the collector is composed. For
example, compared to circuits A and B, the return
water temperatures in circuit C are typically lower
since the partial load temperature difference over the
end unit is higher.

In figure 12, the respective boiler efficiencies
(according to the lower heating value, LHV) are
calculated by using a 2D interpolation model based
on manufacturers data. As expected, the boiler
efficiency is higher for configurations that return
lower water temperatures.

Next, the simulation data is reorganized into the
representation shown in figure 13. These curves
illustrate how the efficiencies of the hydronic
alternatives behave as function of the duration.

Tboiler;return (OC)
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Pooiter (W)
Figure 11 Simulated boiler return water
temperatures as function of the thermal load.
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Figure 12 Simulated boiler efficiency as function of
the thermal load.
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Figure 13 Efficiency duration curves for the three
hydronic alternatives.

However, to make comparative conclusions
regarding the gross boiler heat input, both the
efficiency and the boiler load are taken into account
for each successive simulation step:

n

Qboiler;input = 2 (( Pboiler;output;i stepsize ) / TNboiler;i ) (5)
i=1
Table 1
Gross boiler heat input
CONFIGURATION | Qyyiter.input (MWh)

A 353147
B 380324
C 371559
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As indicated in table 1, configuration (a) achieves the
lowest energy consumption. Compared to the worst
configuration (b) the energy savings reach up till 7,1
%, only by eliminating the open header. In
conclusion, this emphasizes the importance of the
hydronic design. Note that configurations without
open header usually imply the use of boilers with no
minimum flow requirements. Generally spoken, these
are boilers with big water content.

Beside the production efficiency analysis, the
presented tool also offers analysis procedures to
evaluate the electricity consumption of pumps. In
fact, for each simulation step the theoretical pump
power is calculated by multiplying the actual flow
and pump head. The pump and motor efficiency is
based on the interpolation of manufacturer data.

CONCLUSION

In order to get optimized hydronic heating systems,
simulation models were developed to assist the
engineer during the hydronic design. The way of
dealing with hydronic systems as modular
compositions of local Base Circuits (BCs), was
shown to be very time efficient and yields a more
structured model setup. Within the graphical
possibilities of EES, a GUI was built to facilitate the
input of the model parameters.

Since both the hydronic variables and the control
loop variables are incorporated and processed in the
simulations, a very detailed analysis is obtained.
Especially, the partial load analyses in which the
thermal power is plotted on the abscissa, yield
detailed insight in the control linearity, the hydronic
interactivity and the return water temperature.

The simulation examples emphasize the importance
of an appropriate hydronic design and a compatible
control strategy.
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