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ABSTRACT
Dynamic Modeling and Control of a Hybrid Hydronic Heating
System
Yiteng Ma

A dynamic model of a hybrid hydronic heating system has been developed. Simulations
of the control strategies and the model-based energy analysis for the overall system have
been presented in this thesis. The hybrid hydronic system is composed of a conventional
natural gas fired boiler hot water heating and a ground source heat pump system. The
overall system consists of several components such as a boiler, a heat exchanger, a
ground loop heat pump, a ground loop heat exchanger, baseboard heaters, and radiant
floor hydraulic piping systems. The system model was described by nonlinear differential
equations, which were programmed and solved using MATLAB.

Two control strategies for improving the overall system performance were explored: (i) a
conventional PI control, and (ii) an adaptive gain control. The simulation results subject
to set-point changes showed that the performance of the adaptive controller is better than
the fixed gain PI controller in disturbance rejection and stability.

Energy simulations under three different operating strategies were conducted: (i) a
conventional fixed set-point PI control, (ii) an outdoor air temperature reset control, and
(ii1) an optimal set-point PI control. It was shown that the outdoor temperature reset
strategy can save 4.5% and 19.9% energy under cold day and mild day conditions

compared to the conventional fixed set-point PI control strategy. In addition, the

il



implementation of the optimal PI control strategy result in higher energy savings 6.6%

and 22% as compared to the base case under cold and mild day conditions, respectively.
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Chapter 1 Introduction

1.1 Introduction

In recent days, energy efficiency and sustainability have dominated the research in the
field of design and operation of HVAC systems. To this end, there is a growing
awareness of the influence the building HVAC system operation on the energy
consumption. Most of the heating, cooling, and ventilation systems have optimal range
for satisfactory and economical operation subject to their capacity constraints. To a large
extent, a single HVAC system may not be adequate to meet all requirements of a
multi-functional building to perform in the most efficient and economical manner.
Therefore, it is more appealing to use a decentralized hybrid system approach such that
the overall integrated system can operate in a more efficiency way.

In the past few decades, more environmental friendly way to achieve heating, cooling,
and ventilation has been explored and emphasized in practical applications. Hence,
systems that utilize geothermal, solar, wind, or other means of green energy, are
increasingly popular in the context of broader awareness of sustainable building energy
technologies.

To this end, a hybrid hydronic space heating system for a multi-functional building is
proposed in this thesis to maintain desired zone air temperatures, while minimizing the
energy consumption. A ground loop heat pump system is integrated into an existing

conventional hot water heating natural gas fired boiler system. As such, hot water can be



partially or completely supplied by the ground source heat pump system so that the boiler
energy consumption can be minimized. The interactions of combined systems are

examined and evaluated in terms of system performance and temperature control.

1.2 The scope and objectives

The main focus of this thesis is to develop dynamic models of a hybrid hydronic heating
system, so that the system operation and control can be performed in a realistic and
energy-efficient manner.

The main objectives of the study are as follows:

1) To design a hybrid hydronic heating system for a multi-functional building based on
practical guidelines and steady state methods.

2) To develop dynamic models for each system component, including a boiler, a heat
exchanger, a ground loop heat pump, a ground loop heat exchanger, baseboard
heaters, and radiant floor hydraulic piping systems. The dynamic models are used to
analyze and simulate the system responses, under various operating conditions.

3) To develop control strategies to maintain desired zone air temperatures, while
improving the overall energy efficiency of the system.

4) To obtain optimal set-points of the system by formulating and solving a
multi-variable constraint optimization problem to minimize energy consumption.

5) Conduct several energy simulations of the system under different control strategies to

evaluate the potential energy savings.



1.3 The thesis organization

The thesis is organized into several chapters. In Chapter 2, a literature review is presented.
In Chapter 3, the dynamic models of hybrid hybronic heating system are developed and
the open loop simulation results are presented. In Chapter 4, control strategies, including
a conventional PI control and an adaptive PI control, are developed. Simulation results
are presented to show the performance and control strategies under variable load
conditions. In Chapter 5, an energy based analysis for each operating strategy is

presented. Conclusions are given in Chapter 6.



Chapter 2 Literature Review

2.1 Introduction

A hybrid hydronic heating system consists of several components, such as a boiler, a heat
exchanger, a ground loop heat pump, a ground loop heat exchanger, baseboard heaters,
and piping systems. The modeling aspects of the system were studied by many
researchers. A literature review of steady state and dynamic models will be given first.
Also, the hydronic heating system operation, control strategies and controller design

methods published in the literature are reviewed and presented in the following sections.

2.2 Steady state and dynamic models of hybronic heating system

2.2.1 Boiler and heater models

Zaheer-uddin and Monastiriakos (1998) proposed a hydronic heating system model,
which consisted of models for a boiler, baseboard terminal units, a domestic hot water
heat exchanger and an environmental zone. Nonlinear coupled differential equations were
utilized to develop the model. Simulation results were compared with the field measured
data. It was shown that the designed controllers are able to maintain the boiler, zone and
DHW temperatures close to their respective set-points when the space heating and DHW
loads are subjected to step changes. A load tracking set-point control strategy was
developed and validated and it was shown that the boiler temperature when regulated as a

function of outdoor air temperature result in better zone temperature control.



Liao and Parand (2002) developed a dynamic model of commercial hot water boilers that
was integrated with other heating system component models for optimization of boiler
control in central heating systems. The mathematical model included of six major
components, a burner, a flame tunnel, an inner shell separating the flame and the water
mass, a water channel where water is heated, an outer shell wrapped with an insulation
layer. The dynamics of the inner shell, water node, outer shell, and the insulation layer
were modeled and evaluated by the thermodynamic equations and energy conservation
law. The results showed that the model can accurately simulate the dynamic performance
of the targeted boilers.

Li and Zaheer-uddin (2010) proposed a dynamic model of an indirect district heating
(IDH) system. The dynamic model consists of sub-system models such as a boiler, a pipe
network, a heat exchanger, terminal heaters and a zone model. The simulation results
showed that the overall efficiency of the IDH system is 78.7% and it was also shown that
the two highest heat loss components were the boiler heat losses (8.7%) and the

secondary water makeup loss (6.1%) in the system.

2.2.2 Heat pump models

A number of heat pump models have been proposed by researchers over the years
ranging from detailed deterministic models to simple curve-fit models. The detailed
deterministic model usually requires numerous unavailable and uncertain inputs and a

detailed analysis based on thermodynamic laws and heat transfer relations applied to



individual components. On the other hand, a curve-fit model treats the heat pump as a
black box and the system performance curve is predicted by fitting a polynomial function
to the performance data extracted from the manufactures’ catalog.

Cecchini and Marchal (1991) proposed a computer program for simulating refrigeration
and air-conditioning equipment performance. The simulation model was based on
thermodynamic cycles and experimental data from equipment testing. Some of the
parameters, such as saturation pressures in evaporator and condenser, superheating and
subcooling, which are usually not available in manufactures’ catalogs, were also used
from experimental data.

Stefanuk et al. (1992) developed a superheat-controlled water-to-water heat pump model,
which was derived from mass, energy, momentum balance as well as fundamental
correlations of heat transfer. Parameters that describe the behavior of the individual
components were assumed to be available for model prediction, such as the relationship
among mass flow rate, input electrical power, evaporation temperature and the
compressor discharge pressure, which are normally not available in the heat pump
manufacturers’ catalogs. Results for the evaporating and condensing pressures, the heat
transfer rates in the evaporator and the condenser, and the COP of the heat pump from the
model predictions were compared with experimental measurements. Except for a few

points with errors beyond £10%, most of the results were in an acceptable range.



Jin and Spitler (2002) developed a parameter estimation based model for a water-to-water
reciprocating vapor compression heat pump. The model was developed from the basic
thermodynamic principles and heat transfer relations and it is suitable for use in building
energy analysis and HVAC simulation programs. The model included several parameters
that were estimated from manufactures’ catalog by applying a multi-variable curve-fit
algorithm. The modeling and validation results showed that the physically based model
representation of the heat pump aids in achieving a better match of the catalog data and as
well as lends itself to some extrapolation beyond the catalog data. As compared to more
detailed deterministic models, the estimated models do not require internally measured
data which are usually unavailable.

Tang (2003) developed a curve-fit water-to-water heat pump model in his thesis. The
generalized least square method was applied to generate a set of performance coefficients
from the catalog data at indicated reference conditions. The following variables that
affected the heat pump performance were chosen: load side inlet water temperature,
source side inlet water temperature, source side water flow rate and load side water flow

rate. The governing equations for the heating mode are derived. These are:

T, . T.. V V.
9 _prypaityp3seypg i yps s
href T ref Treff VL,ref VS,reff
P T, . T. . V V.
ower, —El+ED L,in +E3 S.,in + E4 L +ES5 S
Power,, ,, T,y ref Virer Vs rer
T, . T.. V V.
Qsource,c _ F1+F2 L,in +F3 S,in +F4 L +F5 S
Qsource,c,ref ref ref VL,"ﬂ.’f VS Jref
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The validation results showed that the curve-fit water-to-water heat pump model
performs adequately well compared to the catalog data with RMS error less than 7%, and

it is more robust and requires less computation time than the parameter estimation model.

2.2.3 Ground-coupled heat exchanger models

The design and modeling of ground heat exchangers are complicated by a variety of
factors such as geological formations and properties that affect thermal performance.

The earliest approach to calculating the thermal transport around a heat exchange pipe in
the ground is the Kelvin’s line-source theory (1882). It assumed that the ground is an
infinite medium, and heat conduction process is one-dimensional because the length of
the vertical ground heat exchanger is much greater than its diameter.

Carslaw and Jaeger (1947) developed a cylindrical heat source solution for a constant
heat transfer rate. In the cylindrical source model, the borehole is assumed as an infinite
cylinder surrounded by homogeneous medium with constant properties.

Ingersoll and Zobel (1954) proposed a steady-state heat transfer equation to predict the
shorter term variations. The model is also referred to as a line source model, which
assumes that heat transfer takes place from an infinite long line source or sink in an
infinite medium. Kavanaugh (1985) adjusted the method to account for the U-bend
arrangement and hourly heat rate variations. Other design modeling alternatives were

described by Eskilson (1987), Morrison (1997), and Spitler (2000).



Bernier et al. (2004) proposed a cylindrical heat source model for the vertical ground
loop heat exchanger that aggregates heating or/and cooling loads and takes into account
the thermal interactions among surrounding boreholes. This model was also referred to as
multiple-load aggregation algorithm (MLAA).

Daniel E. Fisher et al (2005) presented a ground source heat pump system model that is
implemented in the whole building annual energy simulation program EnergyPlus.
Simplified models of heat exchanger and expansion device components and a more
detailed compressor model were proposed and validated. Multi-variable parameter
estimation methods have been used to find model parameter values from manufacturers’
catalogue data. The results showed that the model is able to reproduce the manufactures’
catalogue data within a +/-10% error bound. Compared to deterministic and curve-fit
models, it has the advantage that no detailed component data or measurements are
required and the extrapolation over a wide range of operating conditions is feasible.
Georgios Florides and Soteris Kalogirou (2007) did a review on ground heat exchangers
regarding systems, models and their applications. Various system types were described
and compared for their efficiencies, performance under different operating conditions, as
well as the modeling metrologies.

Yujin Nam, Ryozo Ooka, and Suckho Hwang (2008) developed a numerical model that
combines a heat transport model with ground water flow and a heat exchanger model.

The proposed model was used to predict the heat exchange rate for an actual office



building in Japan. Simulation results using the developed prediction model were
compared with the experimental results, and a good match was reported.

Bauer, Heidemann, and Diersch (2011) proposed a transient 3D analysis of a borehole
heat exchanger model. The model was based on thermal resistance and capacity
approaches, considering the transient effects of heat and mass transports inside the
borehole. The model was used to conduct a three-dimensional numerical simulation of
U-tube borehole heat exchangers. The results showed that the proposed model can
provide accurate results while substantially reducing the number of nodes and the

computation time.

2.2.4 Radiant floor heating system models

Radiant floor heating systems use pipes that are embedded into a concrete floor and thus
the circulating hot water inside the pipes warms up the surrounding concrete structure,
which, in turn, directly radiates heat into the space. Several benefits of radiant floor
heating systems have been shown. Such systems give better thermal comfort, produce
less noise, can operate with low-temperature water, and often use less energy than other
types of heating systems. Furthermore, dust accumulation and stratification problems that
may occur with air handling system and baseboard heating system are not problems with
radiant floor heating.

Due to the significant advantage over conventional heating systems, several researchers
have studied on radiant floor heating systems. Cho and Zaheer-uddin (1999) conducted
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an experimental study to comparatively evaluate the performances of two different
control schemes for the radiant floor heating systems. Those two control schemes are
conventional on-off control and two parameter switching control (TPSC). The TPSC
showed a better performance in controlling the indoor air temperature.

Zaheer-uddin and Zhang (2002) developed a dynamic model and proposed two control
strategies: a multistage on-off control and an augmented constant gain control (ACGC)
for improving the temperature regulation of a radiant floor heating system. Simulation
results showed that by staging the control action in multiple steps, the temperature
regulation of RFH systems was significantly improved compared to the on-off control.
The ACGC strategy eliminates the use of floor slab temperature sensor. Also, ACGC
strategy showed better zone temperature control and robustness compared to the
conventional proportional control.

Sattari and Farhanieh (2006) presented a parametric study on radiant floor heating system
performance. In their paper, the effects of design parameters, such as type of pipe,
diameter, material, number of pipes, thickness, and the floor covering on performance of
a typical radiant floor heating system were investigated using finite element modeling
method. The simulation results showed that the type and thickness of the floor cover play
a more crucial role than the number, type and diameter of pipes on the thermal

performance of the floor heating system.
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Li (2010) developed a dynamic model for a radiant floor heating system which predicted
the mean zone air temperature, the water temperature distribution, the temperature
distribution in floor slab and slab surface temperature under design and off design
conditions. By applying single zone and multi-zone analysis, the simulation results were
presented to show that the maximum surface temperature difference in RFH system is
about 4 ° C, and, the maximum variation in air temperature in the zone can reach as much
as 1.6 ° C. The simulation results from the multi-zone model also showed that increasing
the number of water tubes and increasing the water mass flow rate can compensate for
the high heat loss rate in the zone. Different control strategies, such as conventional PI
control, predictive control, and optimal control were developed and compared for
improving the performance of RFH systems. The simulation results showed that the
optimal PI control strategy not only has the best zone air temperature regulation, but also
it has the greatest energy efficiency. It was showed that the predictive control strategy is
easier to implement compared to optimal control strategy.

Chae et al. (2011) investigated the thermal performance enhancement of the hydronic
radiant floor heating system by exploring tube shape improvement. Both analytical and
detailed CFD simulations were conducted to assess the impact of each tube design
parameter. Other performance indicators, such as the floor surface temperature
distribution, the return hot water temperature, and the actual heating supply requirement

of the radiant floor system were also investigated under both steady-state and transient
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conditions. The conclusions drawn by the authors stated that radiant floor tube fin
thickness, the number of fins, and the tube thermal conductivity refinements have
significant influence on thermal performance enhancement. The heating energy

consumption was significantly reduced by selecting suitable tube shape geometry.

2.3 A review of control strategies for hydronic heating systems

Zaheer-uddin (1993) proposed an adaptive control method for the design of temperature
controllers for intelligent buildings. The linear models of the systems were used to design
controllers for VAV-HVAC systems. It was shown that by a proper choice of the
adaptation rate, the output response of the VAV system can be improved.

Chen (2002) described an improved algorithm for generalized predictive control (GPC)
and applied it to a radiant floor heating system in a full-scale outdoor test-room. The
performance of the floor heating system controlled by on-off and PI controllers was also
evaluated and compared with GPC control through computer simulations. The results
demonstrated that the GPC controller was superior to the other two in terms of response
speed, minimum offset and on-off cycling frequency.

Singh et al (2000) proposed an adaptive control strategy for multivariable thermal
processes in HVAC systems. A two zone fan-coil heating system is considered and
simulated by using a nonlinear model. A multivariable adaptive controller based on linear
quadratic regulator theory was designed. The simulation results showed that the adaptive
controller was able to reject the effects of both static and dynamic disturbances rapidly,

13



and the maximum percentage overshoot in zone temperature was found to be within
acceptable limits. The controller also showed robust control could handle unmodelled
dynamics and system nonlinearities.

Fatemeh et al (2011) studied unstable oscillatory behavior of the thermostatic radiator
valves during the partial load operating conditions as they were designed for full load
condition. To achieve a balance between stability and performance for radiator control,
they presented a linear parameter varying model of the thermostatic radiator valve (TRV)
as a function of operating flow rate, room temperature and the radiator specifications so
that the TRV controller can be adaptive with the operating conditions. The simulation
results showed that the designed controller based on the LPV model performed
satisfactorily and remained stable in the whole operating conditions.

From the literature review, it is noted that most systems are related to stand-alone HVAC
systems. On the other hand, very little work has been done on the integration of multiple
HVAC systems. Furthermore, much less work has been done on the integration of
conventional hot water heating system and ground source heat pump systems.

To this end, the major objective of this thesis is to model an integrated hot water and
ground source heat pump system and to develop improved control strategies to optimize

energy efficiency of the overall system.
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Chapter 3 Dynamic Models of Hybrid Hydronic Heating

System

3.1 Introduction

In this chapter, dynamic models of a hybrid hydronic heating system are developed.
Firstly, the system layout and the nodal arrangement of the model are described. Then,
dynamic models are developed for each component, including zone air, building
enclosure, baseboard heaters, radiant floor piping, ground source heat exchanger, heat
pump, heat exchanger, and the boiler. Finally, open loop tests are conducted to show the

dynamic response characteristics of the system at design condition.

3.2 Physical model of the system

As shown in Figure 3.2.1, a typical multi-functional two-storey building is considered in
this thesis. The first floor and the second floor are used for commercial and residential
application respectively. The commercial floor consists of four zones and it is designed to
be served by baseboard heaters. The residential floor consists of four apartments, and
each apartment has four rooms. Radiant floor heating system is installed in each of the

residential spaces.
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Figure 3.2.1 Commercial and residential floor layout

The schematic diagrams of two systems are shown in Figure 3.2.2 and Figure 3.2.3,
respectively. The base case system is a conventional all boiler system that all the hot
water supply is from the boiler located in a central plant. High temperature water can be
used directly to heat up the commercial floor by circulating hot water through the
baseboard heater units. For residential zones where lower temperature water is required
for the radiant floor heating (RFH), a heat exchanger is applied to regulate the supply

water temperature to the RFH system.
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However, to use high-quality heat (boiler source) for low-quality energy demand system
(radiant floor space heating) is not desirable because of the low exergy efficiency.
Therefore, to upgrade and make the system sustainable, it is proposed to add a
ground-source heat pump system to the conventional hot water boiler heating system.
Thus the overall system is a hybrid hydronic heating system which is flexible to provide
high temperature and medium temperature hot water as needed in the baseboard and RFH
systems respectively. As such, low temperature water can be supplied, partially or
completely, by the suitable sources at desirable quality levels.

The schematic layout of the above two systems are shown in Figure 3.2.2 and Figure

3.2.3, respectively.
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Figure 3.2.2 All boiler heating system layout

Figure 3.2.2 represents a conventional all boiler heating system. The boiler is located in a

central plant and hot water is supplied through an underground distribution loop.
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Figure 3.2.3 Hybrid hydronic heating system layout

The system design and equipment selection consist of (1) heating load estimation, (2)
radiant floor heating system sizing, (3) Baseboard heater sizing, (4) Ground loop heat
exchanger sizing, (4) Heat pump selection, (5) Heat exchanger sizing, and (6) Boiler

selection. Steady sate design method was used to determine the design capacity. The

summary of calculations is presented in Appendix-A.

3.3 The formulation of a dynamic model

3.3.1 Commercial zone model

Figure 3.3.1 shows a schematic diagram of the piping system and the baseboards installed

in each of the four commercial zones of the building. To develop the commercial zone
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model, an energy balance approach was used. The equations 3.1 to 3.4 describe the
model.

These equations state that the net energy stored in the zone air is equal to the heat output
from the baseboard heater units, the solar radiation and the internal heat gain minus the
heat losses from the building enclosure and infiltration.

Note that there are four commercial zones and the zone temperatures are identified by
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Figure 3.3.1 Schematic diagram of the reversed return hot water system loop
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d(T.) _
Czcl dt : - w wcl( spc - Thtr3) - AwinclUwin (Tzcl - Tu) - Awnclle( zel wlcl)

(3.1
_ ACH xVol,, zggapair(Tzcl -7, 0. +0..
Co P02 o (T =T, ) = AU (T =T = AU (T~ To) -
_ACH x Vol , Zggz)pw(Tz T) 40, +0.
Co B0 o (T =T, = AU (T =) = AU (T =T, -
_ACH xVol zg‘gz)pw (T.,-T) 40, +0. |
Ca P00 )= AU T =T = AU (T =T »
_ACH xVol , >; g g;)pw(T u—T) 0. 40,
My = Uy “ Mg 3.5)
My =W, Moy (3.6)
M5 =U, M, ., (3.7
My = Uy My (3.8)

3.3.2 Building enclosure model

A sectional view of the wall assembly is shown in Figure 3.3.2, and a wall temperature
model was derived. The wall assembly consists of a 100 mm face brick, an air gap, a 100

mm insulation layer, another air gap, and a 13 mm gypsum board.
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Figure 3.3.2 Structure of exterior wall

To simplify the model, uniform temperature in the wall assembly is used for the heat
transfer analysis. Therefore, the heat transfer process through the wall section can be
simply considered as one-dimensional problem. Two nodes are used for the heat transfer
analysis: one is located in the outside brick layer, and the other is located on the exterior
surface. Based on the energy conservation analysis at each node, the temperature

equation for each node can be described as:

d(T
Cwl % = Awnle (]—; - 71wl) - AwnUW2 (Twl - Twls) (39)

u,T,+hT +Q. .
= w2 wl o" o cht (310)
U,,+h,

The symbols used in the equations are described in the nomenclature.
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3.3.3 Baseboard heater model

By applying the energy balance principle, an equation describing heat transfer processes
in the heater was developed. The models are described by equations 3.11 to 3.18.

The following equations state that the net energy stored in the water inside of the heater
tube in each zone is equal to the heat supplied from the hot water minus the heat emission

from the outside surface of the heater(s) to the zone air.

Con 1) — . (T, =T~ 0, 2 (.11)
Cun 282 (T, =Ty U (T2 (3.12)
Cua P02 = ¢ (T =T,) U (P 2y (3.13)
Cors 202 (T, 1) U2 (3.14)
Cuvs T = (T =T, ) U (R0 (3.15)
Cors 2] — (T = Ty) U2 ) (3.16)
Cuon 82 (T, =T, ) U (Pl (3.17)
Cors 208D — ¢ T =Ty U (2T, (3.18)
7, = Tons ™ * TosM,2) (3.19)

mwl + mWZ
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T. = T;l : (mwl + mw2)+ Thtr7mw3 (320)
I’}’lw1 + mw2 + mw3

— Tr2 ’ (mwl + me + mw3) + ThtrSmw4

(3.21)

rc

m,, +m,+m,+m,

3.3.4 Residential zone model

Figure 3.3.3 shows a schematic diagram of the RFH system installed in each of the four
residential zones of the building. A model for predicting the zone air temperature of each
zone was formulated by assuming that the zone air temperature is uniformly distributed
throughout the zone. Equations 3.22 to 3.25 state that the net energy stored in the zone air
is equal to the heat output from the radiant floor panel, the solar radiation and the internal

heat gain minus the heat losses from the building enclosure and infiltration.
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Figure 3.3.3 Schematic diagram of the radiant floor heating system loop
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3.3.5 Floor slab model

The plan view of the radiant floor heating panel is shown in the Figure 3.3.4. Since the
specific heat of water is higher than that of the concrete, the temperature gradient in the
direction of the hot water pipes is negligible compared to that in the direction
perpendicular to the RFH pipes. Also, as the hot water pipes are equally spaced, it can be

assumed that the same unit section is symmetrically repeating.

St

TN N VR

Tsp Trr
Figure 3.3.4 Plan view of embedded tube

A typical floor slab structure is shown in Figure 3.3.5. The heat transfer from the water
circulated in the radiant floor piping to the slab surface is considered as two-dimensional
heat flow: horizontal heat flux from the water node to the nearby concrete nodes, and
vertical heat flux from water node as well as the concrete nodes in the tube layer to the
upper layer. It is also assumed that the concrete nodes on both sides of each tube node are

of the same condition.
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Figure 3.3.5 Structure of floor slab

1. Water node

The equation describing the water temperature in the tube is given by:

( wz)
C mwr( spr _T ) 2Umnd WCh(

w dt W’l

clz

) - Ucond,wc,v (Tw,i - ]—;:2,1‘) (333)

2. Concrete node horizontally from the tube

The equation describing the concrete node temperature horizontally from the tube is

given by:
d( cl J )
ccl dt 2Ucond,wc,h (Tw,i - Tcl,i) - Ucond,cc,v (T'cl,i - ]—;3,i) (3 34)

3. Concrete node on top of each tube

The equation describing the concrete node temperature on top of each tube is given by:

d(T,,) _,

CCCZ dt = cond,wc,v (Tw,i 62 S ) 2Ucond cc,h ( c2,i c3 i ) Ucond Lcflol,v ( c2,i Tﬂol,i)

(3.35)
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4. Concrete node on top of each concrete node horizontally from the tube

The equation describing the concrete node temperature on top of each concrete node

horizontally from the tube is given by:

d(Ty,)
cc3 dl'

Tcl,i - Tc3,i) - Ucond,cﬂoZ,v (Tc3,i - Tﬂo2,i)

C 2Ucond,cc,h (TCZ,i - ]-'03,1‘) + Ucond,cc,v (

(3.36)

5. Floor covering node on top of each tube

The equation describing the floor covering node temperature on top of each tube is given

by:

d(Tyo1,)

dt = Ucond,(;ﬂol,v (Tcz,i - Tﬂal,i) - 2Uﬂo,h (Tﬂol,i - TﬂaZ,i) - Ucond,ﬂal,v (Tﬂol,i - Tsl,i)

Cﬂal

(3.37)

6. Floor covering node on top of each concrete node horizontally from the tube

The equation describing the floor covering node temperature on top of each concrete

node horizontally from the tube is given by

d(T )

flo2 dt = Ucond,cﬂoZ,v (Tc3,i - TﬂoZ,i) + 2Uﬂo,h (Tﬂol,i - Tﬂo2,i) - Ucond,ﬂoZ,v (Tﬂoz,i - Tsz,i)

(3.38)

7. Floor surface node on top of each tube

The equation describing the floor surface node temperature on top of each tube is given

by:
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qu,i ) _ ( QCl,i

Tsl,i = Tﬂul,i - (U U
cond, flol,v cond, flol,v

) (3.39)

8. Floor surface node on top of each concrete node horizontally from the tube

The equation describing the floor surface node temperature on top of concrete node

horizontally from the tube is given by:

QrZ,i ) _ ( ch,i
Ucond,ﬂoZ,v Ucond,ﬂoZ,v

T

52,0

= Tﬂoz,i —(

) (3.40)

9. Heat transfer due to radiation and convection from the floor surface on top of each

tube
q,, =5x107 E, AT, + 273)* —(T,, +273)%) (3.41)
o, =2.1TA (T, =T)"" (3.42)

10. Heat transfer due to radiation and convection from the floor surface on top of each

concrete node horizontally from the tube

4,0, =5x10°F,  A4,((T,,, +273)" —(T,, +273)*) (3.43)
9er;i = 2.174, (Ts2,i _Tz)ul (3.44)

11. Radiative and convective heat transfer from radiant floor slab to the zone air

Qrad,conv = z(qu,i + qcl,i + Qr2,i + ch,i) (345)

i=l1
The properties of the materials in the radiant floor system and the symbols used in the

equations 3.33-3.45 are listed in the following Table 3.1.
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Symbol

Description

Value or formula

daoCrio [J/(m3 °C)] | Density*specific heat capacity | 8400
of floor covering material
dconCeon [J/(m3 ®(C)] | Density*specific heat capacity 1.8%10°
of slab concrete
Pry, [-] Prandtl number of the water 4.34
Vi [m?s'] Kinematic viscosity of water 0.658*107°
ky [W/(m° C)] Thermal conductivity of the 0.649
water
ke [W/(m° C)] Thermal conductivity of the 0.38
tube
Rey [-] Reynolds number of the water Vood
Rew — w Lr
v,
Nuy [-] Nusselt number of the water if Re,, <2300
Nu, =436
else if Rey, >= 2300 & Rey, < 10000
f. =(0.79-InRe —1.64)
(L ‘Re -Pr,)
Nu, = 8 7
1.07+12.7- (gr)“ -(Pr,*7—1)
else Re,, >= 10000
Nu, =0.023-Re **-Pr,”’
Reonds [© C/W] Thermal resistance of the tube d
wall In( d,f,ﬁ )
Rcondt = ,
v 2.7k, -L
Reonvw [© C/W] Thermal resistance between 1
water ar}d tube wall due to convw = W
convection
Reonditev [© C/W] Thermal resistance between the 0.25. t, - 0.5-d,
tube wall and the concrete condew = :

node vertically from the tube
wall

k,-L-d,
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Reondwen [ C/W] Thermal resistance between the
water and the concrete node
horizontally from the water
node

R R +R

cond,we,h — " “conv,w cond,t

+R

cond,tc,h

Reondwey [ C/W] Thermal resistance between the
water and the concrete node
vertically from the water node

R +R

cond,we,h — *“conv,w cond,t

+R

cond,tc,v

Ucondwen [W/° C] Thermal conductance between 1
the water and the concrete U condowes =
node horizontally from the
water node

cond,wc,h

Ucond.wev [W/° C] Thermal conductance between 1
the water and the concrete Ueondwer =
node vertically from the water

node

cond,we,v

Reond ey [© C/W] Thermal resistance between the 0.25.1
concrete node in the tube layer -
and the concrete node in the
concrete layer (vertically)

Rcond,cc,v =
k,-L-05-(S,—d,,)

Reondeen [© C/W] Thermal resistance between the 025.5
k,-L-05-(¢,-d,,)

concrete node in the tube layer | Repnicen =
and the concrete node in the
concrete layer (horizontally)

Ucondccy [W/° C] Thermal conductance between 1
the concrete node in the tube R i
layer and the concrete node in
the concrete layer (vertically)

cond,cc,v

Ucond.ccn [W/° C] Thermal conductance between 1
the concrete node in the tube Rendcen =
layer and the concrete node in
the concrete layer
(horizontally)

cond,cc,h

Reond.efor v[° C/W] Thermal resistance between the 0.25-1,-025-d,, 025-1

concrete node on top of the Rpicpiony = K Ld_ + L
tube node and the floor P ; ,
covering node

Reondefiozy [ C/W] | Thermal resistance between the 0.25-7,-0.25-d,,
concrete node on top of each
concrete node in the tube layer
and the floor covering node

0.25-¢,
RcondcﬂuZ v = +
AT 0058, —d,,) k. -L-(S,—d,,)
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Ucond,cﬂol,v [W/O C]

Thermal conductance between
the concrete node on top of the
tube node and the floor
covering node

1
Ucond,cjﬂol,v =

R

cond,cflol,v

Ucond,cﬂ02,v [W/O C]

Thermal conductance between
the concrete node on top of
each concrete node in the tube
layer and the floor covering
node

1

Ucond,cjﬂoZ,v = R

cond,cflo2,v

Rﬂo,h [O C/ W]

Thermal resistance between the
floor covering nodes

. 025-5,
fob kLt

Upon [W/° C]

Thermal conductance between
the floor covering nodes

floh —
flo,h

Rcond,ﬂol,v [0 C/W]

Thermal resistance between the
floor covering node in the tube
layer and the floor surface
node

0.5-¢,
k.-L-d,,

Rcond,ﬂol,v -

Rcond,ﬂoZ,v [0 C/W]

Thermal resistance between the
floor covering node on top of
the concrete node and the floor
surface node

051,
k,-L-0.5-(S,—d,,)

Rcond,_ﬂo2,v -

Ucond,ﬂol,v [W/O C]

Thermal conductance between
the floor covering node in the
tube layer and the floor surface
node

1

Ucond,ﬂol,v = R

cond, flol,v

Ucond,ﬂoZ,V [W/O C]

Thermal conductance between
the floor covering node on top
of the concrete node and the
floor surface node

1

Ucond,ﬂ02,v = R

cond, flo2,v

Cw [J°C]

Thermal capacitance of the
water inside the radiant floor
piping for each control volume

Cee1 [J° C]

Thermal capacitance of the
concrete node horizontally
from the tube for each control
volume

31




Cee2 [J/° C]

Thermal capacitance of the
concrete node vertically from
the tube for each control
volume

t,—d
:M.d L-d -c

cc2 2 o,r con con

Cee3 [J/° C]

Thermal capacitance of the
concrete node on top of each
concrete node in the tube layer
for each control volume

t —d S —-d
:(p o,r).(t OJ)'L'd .c

cc2 con con
2 2

Co1 [J/° C]

Thermal capacitance of the
floor covering node on top of
the tube for each control
volume

Cﬂol zdo,r 'tc .L.dﬂo .Cﬂo

Cho2 [J/° C]

Thermal capacitance of the
floor covering node on top of
the concrete node for each
control volume

S, —d
C _( t o,r)

flo2 — L-d

fo "€ flo

Table 3.1 Physical properties and operating conditions of the radiant floor heating system

3.3.6 Ground loop heat exchanger model

A three-dimensional numerical simulation model for U-tube borehole heat exchanger is

presented. The transient effects of heat transports inside the ground coupled heat

exchanger are considered by analyzing each thermal capacity of borehole components:

water inside the ground buried tubes, grouting material, and surrounding soil.
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Figure 3.3.6 Thermal network analysis for the ground loop heat exchanger describing
heat and mass transport processes in a vertical direction
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Figure 3.3.7 Horizontal cross-section view of the single U-tube
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1. Fluid node inside the tube

The heat and mass transports inside the U-tube are considered by the force convection
from the moving fluid, and the conduction from/to the connected grout node. In the
meantime, the conduction between fluid nodes is also considered since slow water mass
flow rate inside the tube is considered. While moving along the tubes, the grout nodes

transfer heat to the fluid:

d(Tw 1,i) f( wgl, i1 Tw 1,i + Tw l,i—l)
Sluid Ttg = cwmwg (ngl,ifl - ngl,i) + . AZ . . AZ( grli - wgl i )
(3.46)
d( wg2,i ) k A (T 2,i+1 2Tw 2,0 + Tw 2,i—l)
Cﬂmd Tj = cwmwg (TWgZ,i—l - ng2,i) + = AZ . . AZ( gr2,i - TWgZ,i)
(3.47)

The symbols used in the equations are described in the nomenclature.
2. Grout node
In each layer, the grout nodes are connected to each other, to the borehole wall, and to the

fluid nodes inside the tubes. The heat transfer equations for the grout nodes can be

described:
d(Trrl,i) krAr(Trrl,H—l - 2Trr],i + Trrl,i—l)
grout (;t = UébdZ(T - é}"l i ) + == : AZ : : + UggAZ(Tng,i - Tgrl,i)
AZ( wgl,i grl i )

(3.48)
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d(T'r i) k’Ar(T r2,i+ _2T'r i +Trr i— )
grout ;tz’ = UébAZ(T ér21)+ == SEE AZ e L +U AZ(TY i 5121)
AZ(T' wg2,i _Tgr2,i)

(3.49)

3. Grout wall node

The borehole wall nodes are considered as nodes without volume. Therefore, a

steady-state analysis for the grout wall nodes is proposed:

U, T, tU
Tgb,i bsi” soill,i gb( grli gr21) (350)
Uy, +2U,,
4. Soil node

The soil layer is divided as 5 sub-layers, and the end nodes connected with the last soil
layer nodes are considered as the undisturbed ground temperature. The heat transfer
among soil nodes occur by heat conduction. Since the heat transport in the soil is always

considered transient, the transport equations for the soil node are:

d(Tmi [) v s (Tvoz i+1 2Tmi i + Tvoi J— )
Csaill TH, sslAZ(J-;ozlz,i - sozll S ) + UbstAZ(T - sotll i ) + 1 Sh AZ = B
(3.51)
d(Tmi ,[) ks As (Tmi NES - 2Tmi i + Tmi Ji— )
Csoil2 712 SSZAZ(TS‘OlB,i - s0112 i ) + UsslAZ(T;oill,i - 7;0i12,i) 2 2 AZ 2 2
(3.52)
d(Tm[ ,i) v 9 ( soil3,i+ Tvoi i + Tmi i— )
CsoiB 713 ss3AZ(T;0114,i - sozl3 i ) + USSZAZ(TS'OiZZ,i - 7;01‘13,1') + 2 B AZ B B
(3.53)
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d(TmiM,i) v4 ( soild,i+1 Tmil4,[ + Tmil4,i—1)

C . Az(T ... — +U AT ... —T ... +
soil4 dt s54 ( soilS,i sotl4 i ) 583 ( soil3,i soil4,i ) AZ
(3.54)
d(T ‘15‘) s(T 15'1_2T '15‘+T ‘15‘71)
C A s0il5,i Az(T . +U Az(T . —T )+ v s soil5,i+ s0il5,i s0il5,i
soil5 dt ss4 ( roundl sozlS i ) ss4 ( soild,i soil5,i ) AZ
(3.55)

The parameters of the ground loop model and equations used to determine the parameters

are described in the following Table 3.2.

Symbol Description Value or formula
My, [kg/s] Ground loop water mass flow 0.24
rate
Physical
properties
ke [W/(m° C)] Thermal conductivity of the 0.568
ground loop fluid
A¢[m?] Cross-sectional area of the fluid i
node A =7 ’Z’
Priwiq [-] Prandtl number of the ground 11.4
loop fluid
Viluid [mzs'l] Kinematic viscosity of ground 1.535*10°°
loop fluid
Requig [-] Reynolds number of the ground Vo.d
loop fluid Re = ——=
V fuia
Nuguig [-] Nusselt number of the ground if Refuig < 2300

loop fluid N,y =436

else i1f Reqyig >= 2300 & Regqyig < 10000
fg =(0.79-1In Reﬂuid— 1.64)_2
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/
(?g ‘Re 0 Pryig)

Nu_ﬂuid =

1.07 +12.7- (f;g)‘” +(Pry,, -1

else Requig >= 10000
Nu 4,0 =0.023- Reﬂuido.g : Pr_ﬂmd(l3

)

Chuia [J/° C] Thermal capacitance of the fluid Cha =A, -dz-d, -c,
node
ke [W/(m® C)] Thermal conductivity of the 24
grout
dgcg [J/ (m’ ° C)] Density*specific heat capacity 2.19%10°
of grout
A, [m?] Cross-sectional area of the grout )
node — z . (Dbore 2)
£ 4 2 ”g
Cgrout [J/° C] Thermal capacitance of the grout A
node Coron=4d,c, -%~(%—d0;) dz
ks [W/(m° C)] Thermal conductivity of the soil | 2.2
dycs [J/(m* © C)] Density*specific heat capacity 2.21%10°
of soil
Agl [m?] Cross-sectional area of the soil )
node 1 Asl:ﬂ'-L{xz—ﬂ"%
2 . .
Agp [m7] Cross-sectional area of the soil A, =7-QL) 7 Lxxz
node 2
2 . .
Ag [m7] Cross-sectional area of the soil A =7-G Lxx)2 —7r~(2-Lxx)2
node 3
2 . .
Agy [m7] Cross-sectional area of the soil A, =7 (4.Lxx)2 Y Lxx)z
node 4
Ags [m2] Cross-sectional area of the soil

node 5

As=n-(5-L,) -7 (4-L,)’

Csoin [J/° C]

Thermal capacitance of the soil
node 1

2

D
C —ﬁ-%)-dz-dscs

soil,1

=(r-L 2

XX

Csoiz [J/° C]

Thermal capacitance of the soil
node 2

Csoil,z = (ﬂ(sz)z _E'Lmz)'dZ'dSCS
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Csoil3 [J/O C]

Thermal capacitance of the soil
node 3

Csoi1,3 =(7Z-(3Lw)2 _71"(2'Lxx)2)'d2-dscs

Csoil4 [J/o C]

Thermal capacitance of the soil
node 4

Csoil,4 :(7[(41’»0;)2 _7[.(3.Lxx)2).dz'dscs

CsoilS [J/o C]

Thermal capacitance of the soil
node 5

Csoil,S :(ﬂ.(SLW)2 _ﬂ'(4'Lxx)2)'dZ‘dscs

Reony [MK W]

Thermal resistance between
water and tube wall due to
convection

Kpipe [W/(m °O)]

Thermal conductivity of the pipe

Reond1 [m° C/W]

Thermal resistance of the tube
wall

Reond2 [m° C/W]

Thermal resistance between the
tube wall and the grout zone

Ry, [m° C/W]

Thermal resistance between the
fluid in the pipes and the grout
zones

R __+R

fg = Ttconv

+R.

cond,1 cond,2

R, [m° C/W]

Thermal resistance between the
outer wall of one tube and the
borehole wall gaining from
two-dimensional heat
conduction analysis and
borehole geometry

2 2 2
D,,,., +d,, —s

bore

ar cosh(
2-7-d,,

)
s
x(1.601-0.888 - —
¢ 2-7m-k, ( db)

Ru[m® C/W]

Thermal resistance between the
outer walls of two tubes

2-s7 —do’g2
arcosh(————-"-)
R, = i

“ 2-7-k

g

The value L determines how the
thermal resistance between the
outer wall of one tube and the
borehole wall R, is divided

\/Db0V€2 + 2 ' do,g2
24d,,

bore )

hl _ ~— bore
(\/E-do,g

Rgb [m° C/W]

Thermal resistance between the
grout zones and the borehole
wall

Rgb =(1_Lg)Rg
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Ry [m° C/W] Thermal resistance between two 2-R,-(R,~2-L,-R,)
grout zones g = 2‘Rgb "R +2-Lg 'Rg)
Rysi [m° C/W] Thermal resistance between the I
soil nodel and the grout wall (%)
log(—+—)
( ;ore)
R, = Tk
7k,
Rgs1 [m° C/W] Thermal resistance between soil 151
nodel and soil node2 log( Li”)
xx bore
R = 2 4
ol 2wk,
Rgs2 [m° C/W] Thermal resistance between soil 25.1
node2 and soil node3 log( L5. Lm )
582 = 2 - ks
Rz [m° C/W] Thermal resistance between soil 35.7
node3 and soil node4 log( 5. Lx"x )
583 = 2 T ks
R4 [m° C/W] Thermal resistance between soil 45.1
node4 and soil node5 log( 35. Lm )
ss4 W

Table 3.2 Geometrical data, physical properties and operating conditions of the ground
loop heat exchanger

3.3.7 Heat pump model

A water-to-water heat pump is modeled based on its two major components: evaporator
and condenser, and an equation-fit COP model is utilized to connect the two. The energy

balance equation of the heat pump can be described as:
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1. Evaporator model

d(Ty)
C, 7 =m,C, (Trg -T,)-U,,E.,.(COP-1) (3.56)
2. Condenser model

d(T
CC (d rl ) = UC()mECOmCOP - mWVCW (Trl - TV}") (3'57)

3. COP model (R410a refrigerant)

The COP model is based on the polynomial curve-fit to the manufacture’s data. The data

used is listed in the Appendix-B.

E
COP = —cond (3.58)

com

COP=Cl+C2xT, +C3xT, +C4xm,, +C5xm,, +C6xT," +CTxT,’ +C8xm,  +CIxm,’*
+ClOxT, xT,, +Cllxm,, xm, +CI2xT, xm, +CI3xT xm,,

(3.59)

3.3.8 Heat exchanger model

1. Return water nodes of the primary side:

Equation 3.60 describes the rate of heat stored in the primary side of is equal to the heat

supplied by the primary piping network minus the heat transferred to secondary side.

d(T,) _

hl dt wmwlp

(T,

mix

- T'rel) - an (360)

2. Supply water nodes of the secondary side:

The rate of heat stored in the secondary side is equal to the heat input from the primary
side, minus the heat transferred to the secondary side. This is expressed in Equation 3.61
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d(T,,)
ChZ dtp = qax - cwmwr (7;pr - T;*l) (361)

Logarithmic mean temperature difference of each heat exchanger is computed from:

(Yﬂexsp - Tvpr) - (Trel - Trl)

LMTD = (3.62)
T .-T
exsp spr
T;el - Trl
The rate of heat transferred is determined from:
9o =U oA, LMTD (3.63)

3.3.9 Boiler model

A gas-fired condensing boiler is used in this study. The temperature of supply water of
boiler is a function of the capacity of the boiler, the efficiency of boiler, mass flow rate of
supply-return water and the rate of fuel consumption. The boiler efficiency is calculated
by using the equation given in Li et al (2010). The energy balance equation of the boiler
can be described as:

d(T,)

C—
bodr

=U,m,  HVeb—mc (T,-T,) (3.64)

The return water temperature to the boiler can be described as:

T,.m, +T, m,,)

re’we rel

T, (3.65)

mwc + mwlp

3.3.10 Heat losses from the water distribution pipe network

The heat losses from the water distribution loop are evaluated based on the boiler supply
water temperature Ty, ground temperature T,, water flow rate, pipe material, as well as
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the insulation property and the total length of pipe. The pipe segments that contribute to
the pipe heat losses are: from the boiler to the commercial zone supply; from the
commercial zone to the boiler return; from the boiler to the heat exchanger supply; and
from the heat exchanger to the boiler return. It is assumed that the heat pump unit and the
heat exchanger are located inside the building. Therefore, the pipe heat losses from the

ground source heat exchanger, heat pump and heat exchanger are ignored.

3.4 Open loop simulations of the system

All the component models described earlier in sections 3.1 to 3.3 were integrated to
develop an overall hybrid hydronic heating system model. The model equations were
solved using MATLAB. Open loop simulation runs were made to study the dynamic
responses of the system. The open loop test results for the design condition are depicted

in Figure 3.4.1.
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Figure 3.4.1 System open loop test at design condition (-15 ° C outside air temperature)

The temperature responses at design condition are depicted in Figure 3.4.1. The system
was started from arbitrary initial conditions. As shown in the figure, the boiler and the
heat exchanger supply temperatures reach nearly steady state in 2 hours and 7 hours,
respectively, at their design loads, and the response time is affected by the thermal
capacity of components and the loads acting on the system. For the residential zone la
and commercial zone 1, the response times are 8 hours and 2 hours, respectively, which
are indicative of the higher thermal mass of the radiant floor heating system than the

baseboard heater system. The overall system responses are not only affected by space
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heating loads but due to thermal dynamic effect of the heat pump loop interacting with

the ground loop. A ten day responses of the overall system were simulated and the results

are depicted in Figure 3.4.2.
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Figure 3.4.2 System open loop test for the heat pump temperature responses at design
condition (-15 ° C outside air temperature)

By comparing Figure 3.4.1 and 3.4.2, it can be noted that the boiler and zone temperature
responses reach steady state much faster than heat pump loop temperatures. This is due to
the effect of ground loop thermal interactions while the boiler and zone temperatures

responses are impacted by the changers in zone loads. The heat pump-ground loop
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temperature responses exhibit much slower variations that reflect large thermal capacity
effect of the ground loop.

In order to improve the energy efficiency of the overall system, it would be important to
reset the boiler supply water temperature and the supply water from the heat exchanger as
a function of loads. To study this aspect, simulation runs were made to determine the
functional relationship between boiler water temperature and the outdoor air temperature.
Likewise, the heat exchanger supply water temperature as a function of outdoor air
temperature was examined. The results are depicted in Figure 3.4.3. In this simulation,
the outside air temperature was varied from the design condition at -15 ° C to the partial
load condition at -5 ° C, and the corresponding boiler supply water temperature and the
heat exchanger supply water temperature were determined.

As shown in Figure 3.4.3, the boiler temperature decreased from 87 ° C to 72 ° C when
the system loads changed from full load to partial load condition. Similarly, it can be
stated that the heat exchanger supply water temperature can be regulated between 45 ° C
to 39 ° C to meet the zone loads of the residential building while the outdoor temperature

vary from -15 ° C to -5 ° C range.
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Figure 3.4.3 Supply water temperature of boiler and heat exchanger under different
outside air temperature

The entering source water temperature is one of the most important factors to determine
the efficiency of a heat pump. To this end, open loop simulation runs were also made to
study the impact of entering ground loop water temperature on the COP of the heat pump.
The entering source temperature (EST) is related to the temperature of the ground where
the ground loop is installed. In terms of space heating application, a higher soil
temperature will provide a higher EST and a more efficient heat pump operation. The
simulation results presented in Figure 3.4.4 show that the COP increases linearly as the

EST increases.
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Effect of Entering Source Temperature on COP
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Figure 3.4.4 Effect of entering source temperature on COP
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Chapter 4 Proportional-Integral and Adaptive Control of

Hybrid Hydronic Heating System

4.1 Introduction

In this chapter, the design and tuning of feedback controllers are explored and the
responses of the system subject to disturbances are investigated. The objective is to
improve the regulation performance of the control loops of the overall hybrid hydronic
heating system. Figure 4.1.1 shows the schematic diagram of a hybrid source hot water
heating system supplying space heating via boiler and ground loop heat pump. Also,
shown in Figure 4.1.1 are the feedback control loops. There are five loops in the system:
(1) boiler control loop (Figure 4.1.2), which controls the boiler fuel supply to maintain
the boiler supply water temperature at its set-point; (2) heat exchanger control loop
(Figure 4.1.3), which controls the secondary side supply water temperature through the
regulation of the primary side water temperature; (3) Heat pump loop (Figure 4.1.4),
which controls the condenser side supply water temperature through the compressor
power regulation; (4) Commercial zone water loop (Figure 4.1.5), which regulates the
water flow rate according to zone air temperature change via a two way zone valve; and
(5) Residential zone water loop (Figure 4.1.6), which regulates the supply water flow rate
by a three way mixing valve.

The application of two types of control schemes was examined: a conventional fixed gain
PI control, and an adaptive gain PI control.
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4.2 The effects of load disturbances on the residential and commercial zones

The zone temperatures are affected by several disturbances such as the outdoor
temperature, the thermal dynamic effects of incident or transmitted solar radiation, as
well as the internal heat gain. The changes in initial conditions of the model itself can
also lead to variations in zone temperature. These disturbances could occur concurrently
or in several combinations. Note that most of the HVAC systems are designed at the peak
load condition. As such the effects of solar heat gain and internal heat gain are not
considered at the design stage. In practice, however, the buildings operate under variable
load conditions which are much less than the design load conditions. To maintain zone
temperatures at desired set-points under such conditions, proper design and selection of
the control system is critical to maintain desirable zone air condition and to avoid
unnecessary energy waste.

To carry out the simulation runs, a sinusoidal profile for the outdoor air temperature is
assumed, with the mean air temperature -10 ° C and an amplitude 10 ° C. The hourly data
of solar radiation is considered in both the incident and transmitted form and was
modeled by using Hottel’s clear sky model. The daily outdoor air temperature profile is

shown in Figure 4.2.1.
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Figure 4.2.1 Outdoor air temperature profile

By applying the above outdoor air temperature profile, the temperature responses of the

commercial and residential zones without control were simulated. The results are shown

in Figure 4.2.2.
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Figure 4.2.2 Residential and commercial zone air temperature responses with no control
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As shown in Figure 4.2.2, the residential zone air temperature fluctuates between 24 ° C
and 30 ° C, and the commercial zone air temperature fluctuates between 21 ° C and 30 ° C
without control. These fluctuations will be amplified if the solar radiation and internal
heat gain are also included in the simulation. The results demonstrate that it would be
reasonable to expect up to 10 ° C temperature fluctuations in buildings when no control is

applied when the system operates under a typical day load conditions.

4.3 Fixed gain PI control of zone air temperatures

A fixed gain PI control strategy for zone temperature control in both residential and
commercial zones was studied. A well-tuned PI controller can provide satisfactory
temperature regulation performance of the hydronic heating system.

The PI control algorithm can be described as:

U(t) =K, (t)e(t) + K, () e(t)dt (4.1)
where e (t) = Tt — Tpv, Kp (1) 1s the proportional gain, K; (t) is the integral gain, T 1s the
set-point temperature, Tp, 1s the present value, and U (t) is the control signal.

In the simulations, the set-point temperatures for the residential and commercial zones
were assumed to be 21 ° C and 20 ° C, respectively. The set-point water temperatures for
the boiler supply is 88.7 ° C, and for the residential and commercial zones are 45 ° C.
Temperature responses subject to outside air temperature changes, solar heat flux and
internal heat gains for the residential and commercial zones are depicted in Figure 4.3.1.
The controller gains used in the simulation runs were obtained by trial-and-error. The
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following set of controller gains kyia = 2.0, kjia

acceptable set-point tracking responses.
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Figure 4.3.1 Validation of the constant gain values of PI controllers for the residential and
commercial zone temperature control

The simulation results depicted in Figure 4.3.1 (a) and (b) show that the set-point
temperatures for both residential and commercial zones can be maintained, but more
noticeable oscillations were found in the residential zone. This is due to the fact that the
residential RFH system has significantly higher thermal capacity as such the initial

temperature in the zone impacts the control performance. The slow system response to
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control input changes of the RFH system also contributes to this sluggish response.
Furthermore, due to the fact that the PI controller was designed and tuned based in the
most critical operation point, the responses under partial load conditions show noticeable
fluctuations. To this end, an adaptive control scheme is proposed to improve the

controller performance.

4.4 Simulation results for the adaptive PI control

A well-tuned fixed gain PI controller can provide good disturbance rejection, such as due
to changes in initial conditions and ambient air temperature, as well as the thermal
dynamic effects of absorbed solar radiation fluxes. Nevertheless, due to nonlinear
dynamics of the system and unknown external disturbances, reliance on fixed gain PI
controller to achieve good temperature control remains a challenging problem. To this
end, an adaptive controller has been designed and implemented to improve control
performance of the system. Instead of using trial-and-error approach to find the gains, the
adaptive PI control considers both input and output to define and update the gains.

The adaptive gain PI control algorithm was described as:

U(t) = oK, (0e(t) + BK () [ e()dr + k (T, ~T,) (4.2)
where K,(t) 1s the adaptive proportional gain, which is given by:

a, (T

zri

chWi‘ (7—;

pr

_TU)
_Tw,z’)’

K, 0= (4.3)

56



a, is the zone heat loss coefficient, Ty, and T,; are the supply and return water
temperature of the zone, T,; and T, are the zone air temperature and outside air
temperature.

K.i(t) is the adaptive integral gain which is reset when the error build up exceeds large
value. When the controller is settled and the present value is close to the set-point, an
adaptive gain K,i(t) is applied to eliminate the steady-state error. A preview action term
ko(Tom — To) 1s also included in the adaptive control algorithm, where k, is the predictive
gain of the outside air temperature, T, is the mean ambient air temperature, and T, is the
present ambient air temperature. o and B are the multiplier of the proportional and

integral terms.
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Figure 4.4.1 Responses of the adaptive PI controllers for the residential and commercial
zones temperature control

The responses of the adaptively controlled system are shown in Figure 4.4.1. Compared
with the constant gain PI controller performance (Figure 4.3.1) under same operating
conditions, the adaptive PI control shows better disturbance rejection and higher stability
(Figure 4.4.1).

Moreover, when a sudden step change is applied, such as an increase or decrease in
set-point temperature of the zone, the controller responds in a stable and smooth manner

as shown in Figure 4.4.2. The simulations were conducted at two different outdoor air
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temperature profiles (one ranging between -15 ° C and -5 ° C to simulate a cold-day; and
the other ranging from -5 ° C to 5 ° C, representing a mild winter day condition) were
applied for this analysis. Zone temperature set-points in buildings were assumed to be 19

° C during the first 10 hours, and set forward to 21 ° C for the remainder of the day.
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Figure 4.4.2 Comparison of controller responses with adaptive control (a-b) and fixed
gain control (c-d) for the residential zone subject to step change in 2 ° C and a outside air
temperature profile from -15°C to -5° C
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Figure 4.4.3 Comparison of controller responses with adaptive control (a-b) and fixed
gain control (c-d) for the residential zone subject to step change in 2 ° C and a outside air
temperature profile from -5°Cto 5°C

The manner in which the adaptive controller brings the zone temperatures from a lower
set-point to a higher set-point is depicted in Figure 4.4.1 (a), (b) and Figure 4.4.2 (a), (b)
for two cases with different outdoor air temperature profiles. Also shown in Figure 4.4.2
(c) (d) and Figure 4.4.2 (c) (d) are the responses obtained from the fixed gain controller.
Due to the fact that the controller is designed and tuned for high load condition, under
low load conditions when outside air temperature is higher and and/or zone set-point

temperature is lower, oscillations in zone temperature may occur because of the nonlinear
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dynamics of the systems. A remedy to this problem is to make the controller adaptive
with the operating conditions so that during the whole operating range, stable and fast
temperature responses of the zone air can be achieved

The responses presented in Figure 4.4.2 and 4.4.3 show that the adaptive controller
performance is better than the fixed gain PI controller and responds to change in set-point
smoothly.

The adaptive control strategy was further implemented into other control loops, such as
the boiler loop, the heat exchanger loop, and the heat pump loop. The performance

evaluation of adaptive control for these control loops are shown in Figure 4.4.4.
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Figure 4.4.4 Temperature responses of the boiler, heat exchanger, and heat pump control
loops for adaptive control

Figure 4.4.4 shows the adaptive control responses of the boiler temperature, heat
exchanger temperature and the return water temperature through the heat pump loop
corresponding to a typical day simulation result. As can be noted, the controller is
adapting very well to diurnal load changes that occur during a typical day operation and

variable set-points.
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Chapter 5 Control Strategies for Improved Energy Efficiency

of Hybrid Hydronic Heating System

5.1 Introduction

Several control strategies were investigated to improve the energy efficiency of the
hybrid hydronic heating system. Energy simulations runs were conducted under different
operating conditions. A conventional fixed set-point PI control was used as the base case
control strategy. In this case, supply water temperatures of boiler, heat pump and heat
exchanger are pre-determined and kept constant according to the historical performance
data. Also, an outdoor reset control strategy was developed in a way that the rate of heat
delivery to the building can be adjusted to match the building heat losses. Finally, an
optimal set-point control strategy is proposed to minimize the overall energy

consumption of the system while maintaining desirable zone air temperature.

5.2 Conventional fixed set-point control strategy

A conventional fixed set-point PI control strategy is presented as the base case. Here, the
supply water temperatures of boiler, heat pump and heat exchanger are pre-determined
and kept constant. The set-point temperature of boiler supply is 88.7 ° C, and the supply
temperatures for both heat exchanger and heat pump were set at 45 ° C. The set-point

temperatures for both residential and commercial zones were 21 ° C. Under these
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conditions, the zone temperature responses and control valve responses are shown in
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Figure 5.2.1.
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Figure 5.2.2 Output responses of boiler and heat exchanger (fixed set-point control
strategy)

The results show that a well tuned PI controller can maintain zone and boiler

temperatures at their respective set-point in the presence of disturbances acting on the

system.

5.3 Outside air temperature reset control strategy

An outside air temperature reset control strategy is developed to continually adjust the
rate of heat delivery to the zone to match the zone heat loads. To simplify the control
process, same set-point temperatures for the heat exchanger and the heat pump supply
were applied in this simulation. A series of open loop tests were conducted to determine
the target set-point water temperature as a function of the outside air temperature. Figure
5.3.1 shows the change of the supply water temperature set-point as a function of the

outside air temperature.
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The outside air temperature is used as the basis for determining an ideal “target” water
temperature to be supplied to the system’s heat emitters. As shown in Figure 5.3.2 (a) and
(b), both the residential and commercial zones can be maintained at desirable set-points.

It can be noted from Figure 5.3.3 (a) that the boiler temperature is reset throughout the
day as a function of outside air temperature. Compared to fixed set-point temperature
control strategy (Figure 5.2.2 a), the boiler temperature in the reset control strategy

remains lower.

5.4 Optimal set-point control strategy

In order to obtain optimal set-points for the boiler, heat exchanger, and heat pump supply
water temperatures, an optimization problem was formulated and solved.

A multi-variable constraint optimization technique for energy optimized operation was
applied to determine the steady state optimal set-point temperature. The set-point supply
water temperature of boiler, heat exchanger, and heat pump were determined by using a
simplified aggregated system model with 25 steady state equations. The aggregated
model was compared with the full-order model developed in Chapter 3.

The objective function to be minimized was set up based on three main considerations: (1)
the energy input to the boiler and to the heat pump compressor are to be minimized, (2)
the zone air temperature should be always maintained close to the set-point, and (3) the
upper and lower bounds for each parameter should not be exceeded. To this end, the

objective function J was defined as:
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J=U,m,  HVeb+U T.) (5.1)

com

EcomCOP + 7/(Tzr,agg - ]:ﬂset)z + ¢(Tz

cagg

The simplified aggregate model equations, expressed as steady state constraints are

shown in the following:

Qrad,conv,agg = Awinr,aggUwin (Tzr,agg - To) - Awnr,aggUw (Tzr,agg - To) + Aceil,agcheil (Tzr,agg - Ta ) +
ACH x VOlagg x cairpair (Tzr,agg - To)
3600
(5.2)
Cwmwr,agg(];pr,agg - T:‘er,agg) = 2Ucond,wc,h,agg(]—;'er,agg - chl,agg) + Ucond,wc,v,agg(T;’er,agg - 7—L’Z,agg)

2U

cond,wc,h,agg(T'rer,agg - T'cl,agg) = Ucond,cc,v,agg(TL’Z,agg - 7—;3,agg)

(5.3)

U T

cond,wc,v,agg( reragg

T

cZ,agg) = 2Ucond,cc,h,agg(7—;2,agg - Tch,agg) + Ucand,cﬂo,v,aggl (7-;2,agg - Tﬂal,agg)

(5.4)
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Figure 5.4.1 Comparison between the simplified aggregated model and the detailed full
order model

The open loop tests for both simplified aggregated model and detailed full order model

were conducted and the results were shown in Figure 5.4.1. The temperature responses
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for the boiler, heat exchanger, residential zone, and commercial zone for both cases were
plotted. It can be noted that the errors between the two models is not very significant.

The optimization problem was solved by utilizing the fiincon (J) function in MATLAB.
The sensitivity of optimal set-points of boiler, heat exchanger and heat pump to the

outside air temperature were studied and shown in Figure 5.4.2.
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Figure 5.4.2 Optimal set-point temperature profile for boiler, heat exchanger and heat
pump

The above figure shows the optimal set-point of boiler, heat exchanger and heat pump, as

a function of outside air temperature. The results show that the set-point temperatures
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decrease as the outside air temperature increases. The above optimal set-point
temperature were implemented on the system by conducting a typical day simulation.

The results are depicted in Figure 5.4.3 and Figure 5.4.4.
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Figure 5.4.3 Output responses of residential and commercial zone (optimal control
strategy)
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Figure 5.4.4 Output responses of boiler and heat exchanger (optimal control strategy)

Simulation results presented in Figure 5.4.4 reflect continuous change in boiler and heat

exchanger temperature which track the optimal set-points smoothly.

5.5 Energy consumption

System-based and control-based energy simulations were conducted. For the purpose of
simulation, two different days: a cold day (temperature range -15 ° C to -5 ° C) and a mild
day (temperature range -5 ° C to 5 ° C) were used. Comparison of the energy
consumption between all boiler system and hybrid hydronic system were made.

As shown in Table 5.5.1, the implementation of the ground source heat pump system can
contribute to 55.4% and 70% of boiler energy savings for the cold day and mild day, as
compared with the conventional all boiler system.

Energy simulation of hybrid hydronic system was conducted under three different control
strategies and the simulations results are presented in Table 5.5.2. It can be noted from
the table that on a cold day (-15 ° C to -5 ° C), the energy savings of 4.5% and 6.6%
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respectively for the reset control and the optimal control were obtained compared to the
base case. Under the mild day conditions (-15 ° C to -5 ° C), the heating load demands are
lower, and as such more energy saving (19.9% and 22%) were realized by using the reset
and optimal control strategies.

The simulation results show that the outside air temperature reset control strategy is an
efficient and simple strategy to achieve energy savings. As the supply water temperatures
are regulated according to the outside air temperature, less pipe heat losses occur and
higher boiler operational efficiency can be achieved. Although the optimal control
strategy results in higher energy savings, it is relatively more difficult to implement in

real systems.
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Daily outdoor air Conventional all Hybrid source | Boiler energy
temperature profile boiler heating heating system saving
(Cold winter day) system
(-15<To<-5)
Total energy consumption 2184.2 2185.1 NA
MJ)
Energy consumption 1182.4 (Boiler) 1183.5 (Boiler) NA
(commercial zone)
MJ)
Energy consumption 1001.8 (Boiler) 446.7 (Boiler) 55.4%
(Residential zone) 554.9 (Heat
M) pump)
Daily outdoor air Conventional all Hybrid source Boiler energy

temperature profile boiler heating heating system saving
(Mild winter day) system
(-5<To<5)
Total energy consumption 1683.1 1684.7 NA
(MJ)
Energy consumption 913.4 (Boiler) 915 (Boiler) NA
(commercial zone)
(MJ)
Energy consumption 769.7 (Boiler) 231.5 (Boiler) 70%

(Residential zone)
M)

538.2 (Heat
pump)

Table 5.1 Energy comparison of different operating methods (system based) under high
heating low demand and low heating load demand conditions
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Daily outdoor air Conventional Outdoor air Optimal

temperature profile fixed set-point temperature reset | set-point PI

(Higher Demand) PI control control control
(-15<To<-5)

Total energy consumption | 2185.1 2087 2040.2

(MJ)

Energy consumption 1183.5 1133.3 1099.6

(commercial zone)

(MJ)

Energy consumption 446.7 (Boiler) 380.6 (Boiler) 468.0 (Boiler)

(Residential zone) 554.9 (Heat 573.1 (Heat 472.6 (Heat

M) pump) pump) pump)

Energy saving NA 4.5% 6.6%

Daily outdoor air Conventional Outdoor air Optimal

temperature profile fixed set-point temperature reset | set-point PI

(Lower Demand) PI control control control
(-5<To<5)

Total energy consumption | 1684.7 1350 1317

MI)

Energy consumption 915 746.5 717.8

(commercial zone)

MI)

Energy consumption 231.5 (Boiler) 80.7 (Boiler) 183.6 (Boiler)

(Residential zone) 538.2 (Heat 522.8 (Heat 415.6 (Heat

MJ) pump) pump) pump)

Energy saving NA 19.9% 22%

Table 5.2 Energy comparison of different operating methods (control based) under high
heating low demand and low heating load demand conditions

5.6 Summary

The transient responses and energy simulations for all three control strategies were
conducted. With properly selected hot water supply set-point temperatures and
well-tuned PI controllers, both the residential and commercial zones can be maintained at

desirable conditions. However, supplying the hot water at constant temperature can lead
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to higher pipe heat losses and low boiler efficiency at partial load conditions. To this end,
an outside air temperature reset strategy was implemented. The supply water
temperatures to the zones were regulated according to the outside air temperatures. As
such, continual adjustment of heat delivery to the zone was achieved to match the zone
heat losses. Moreover, less flow rate fluctuations at the zone level were observed for the
reset control. This more stable circulation can ensure that the heat delivered to different
parts is even and the potential localized heat sinks can be avoided. Furthermore, a
multi-variable constraint optimization technique for energy optimized operation was
applied to determine the steady state optimal set-point temperature. In this case, the
operational interactions among control loops were taken into consideration. Instead of
using same supply water temperature for heat pump and the heat exchanger, a unique
temperature profile for the heat pump was determined and used. These measures resulted

in further energy savings.

78



Chapter 6 Conclusions, Contributions and Recommendations

for Future Research

6.1 Conclusions and contributions

The development of the dynamic model, the design and simulations of the control
strategies and the model-based energy analysis for the hybrid source hydronic heating
system have been presented in this study. The conclusions and contributions are stated in
the following sections: design and dynamic modeling of the overall HWH system, energy
simulations under different operating conditions, and the study of control strategies for

the optimized system performance.

6.1.1 Dynamic modeling of the hybrid source hydronic heating system

Dynamic models for each component were first developed and integrated, including the
boiler, heat exchanger, ground loop heat pump, ground loop heat exchanger, baseboard
heaters, and radiant floor heating pipes. The hybrid hydronic heating system model was
used to analyze and simulate the system responses, in terms of the influences of building
heating load, zone air temperature variation, circulating water flow rate, as well as other
disturbances.

It was found that zone and boiler temperature responses are faster compared to the heat

exchanger and heat pump loop temperature because of the large thermal capacity of the
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ground loop. For the daily temperature responses of the boiler and zone, the direct effect

of the ground loop thermal capacity is less considerable.

6.1.2 Adaptive control of hybrid hydronic system

A conventional fixed gain PI control and an adaptive gain PI control were presented and
the simulation results for both controls were investigated. A well-tuned PI controller was
found to give good temperature control. However, the dynamic characteristics of RFH
system change significantly during operation. The system nonlinearities cause unstable
oscillatory behavior in zone temperature, especially during the low load conditions. A
fixed set of control gains were shown to be not efficient to handle the multiple time
varying processes during the system operation. To this end, an adaptive gain strategy was
designed. It was shown that the adaptive control strategy gives good temperature control
under variable load conditions compared to the conventional fixed gain control. The

responses were smooth and control was stable.

6.1.3 Energy comparison under three different control strategies

Energy simulations of the system under different control strategies were conducted. The
fixed set-point strategy was found to contribute to higher energy consumption due to
higher pipe heat losses. The reset control strategy, on the other hand, was found to be
effective in reducing system energy consumption. The supply water temperature was

regulated as a function of the outdoor air temperature, so that the water temperature is
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just sufficient to compensate for the zone heat losses. By this way, the boiler energy was
saved by 5% (cold winter day) and 20% (mild winter day), respectively, compared to the
fixed set-point control strategy. The optimal set-point control strategy resulted in the
highest energy saving of 7% (cold winter day) and 22% (mild winter day), respectively.
In this case, the interactions and tradeoff under different operating conditions between
sources are considered and modeled by a multi-variable constraint objective function
optimization technique.

It was also found that the ground loop heat pump system contributes between 50 to 70%

of energy to the residential RFH system compared to the all boiler system.

6.2 Recommendations for future research

1) Solar radiation incident on the radiant floor surface plays an important role for both
the energy and control analysis. Solar energy absorption by the thermal mass of a
floor heating system may contribute to a considerable reduction in energy
consumption. However, proper predictive control strategy should also be
implemented to anticipate the thermal lag eftect.

2) Dynamic optimal control instead of steady-state optimal control should be studied

and implemented in the current system to develop improved control strategies.
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Appendices

Appendix-A Design parameters of Hybrid Hydronic Heating System

Symbol Description Value or formula

Heating Load

Estimation

Toa [° C] Outside air temperature at | -15
design condition

Txa [° C] Commercial zone air 21
temperature at design
condition

Tua [° C] Residential zone air 22
temperature at design
condition

Qne [W] Total heating load of 14224
commercial zone

Qhezt [W] Heating load of 5715.6
commercial zone 1

Qhez2 [W] Heating load of 2973.7
commercial zone 2

Qnes [W] Heating load of 3243.5
commercial zone 3

Qheza [W] Heating load of 2291.6
commercial zone 4

Qu [W] Total heating load of 12788
residential zone

Qhrz1a [W] Heating load of residential | 748.4
zone la

Qnrzi [W] Heating load of residential | 1053.3
zone 1b

Qnrzic [W] Heating load of residential | 452.6
zone 1c

Qnrz1d [W] Heating load of residential | 942.6
zone 1d

Boiler selection

Qua [W] Boiler capacity 35000

Radiant floor

heating system
sizing
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Tespa [ C] Residential zone design 45
supply water temperature
Trea [° C] Residential zone design 35
return water temperature
di, [m] Inner diameter of the tube | 0.0087
dor [m] Outer diameter of the tube | 0.0127
S¢ [m] Interval between tubes Varies for each zone
t, [m] Thickness of the floor slab | 0.0381
concrete layer
t. [m] Thickness of the floor slab | 0.009525
covering layer
L [m] Radiant floor pipe length Varies for each zone
for each control segment
Baseboard
heater sizing
Tespa [° C] Commercial zone design 85
supply water temperature
Terea [© C] Commercial zone design 65
return water temperature
n Factor identified based on | 0.3
heater heat transfer test
Untrt [W/K] Thermal conductance of 0.25-0
the baseboard heater 1 Uy = ' heel
T,,+T..,)
( cspd cred -T )1+n
2 czd
Untrz [W/K] Thermal conductance of 0.5-0
the baseboard heater 2 U,pa = — <hel
T,,+T.,..)
( cspd cred -T )1+n
2 czd
Unts [W/K] Thermal conductance of 0.25-0
the baseboard heater 3 Uz = ' hel
T, ,+T..)
( espd cred -T )1+n
2 czd
Untra [W/K] Thermal conductance of 0.5-0
the baseboard heater 4 Upira = — e
T, ,+T. )
cspd cred 14+n
( 2 - Tczd)
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Uhnes [W/K]

Thermal conductance of

the baseboard heater 5 U,,s = 05 Ohe
((Twpd o) Ty
2 czd
Uhws [W/K] Thermal conductance of 0.5-0
the baseboard heater 6 U,,.c = hed
((Ylspd o) Ty
2 czd
Une7 [W/K] Thermal conductance of 0.5-0
the baseboard heater 7 U, = hes3
((Tcspd o) Ty
2 czd
Unus [W/K] Thermal conductance of 1.0-0
the baseboard heater 8 U,,s = e
(M —T_ )"
2 czd
Ground loop
heat exchanger
sizing
N1 Number of bores in each 2
series circuit
N2 Number of parallel circuit | 2
di ¢ [m] Inner diameter of the tube | 0.0262
dog [m] Outer diameter of the tube | 0.032
Az [m] Distance between vertical | 2/13.7
nodes
z1 [m] Distance between vertical | 2
nodes, z<10 m
72 [m] Distance between vertical | 13.7
nodes,
10m<z<75m
s [m] Shank space between two | 0.06
tubes
Lbore [m] Center to center distance 6
between two boreholes
Duore [m] Borehole diameter 0.13
Dpbore [m] Borehole depth 75
Heat pump
selection
Heat pump type Water-to-water heat pump
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Refrigeration type R410a
Ecom [W] Heat pump compressor 5000
power
Heat exchanger
sizing
Texspa [ C] Heat exchanger primary 85
side design supply water
temperature
Texred [© C] Heat exchanger primary 75
side design return water
temperature
LMIDq Design Log Mean - Taspd = Topa) = Tvea = Trea)
Temperature Difference LMTD, = T T
ln exspd rspd
Texred -7 rred
Uey [W/(m™ C)] Heat transfer coefficient of
heat exchanger
3000

A [m?]

Heat transfer area of heat
exchanger

A — Qhr
“ U, -LMTD,
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Appendix-B Premium Hydronic System H Series HS Specification Catalogue

HS018 - Perfformance Data cont.

Heating Capacity

Source

EST

¥

50

70

90

Flow
GPM

ELT
F

60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120

LLT

69.8
89.4
109.1
128.7
70.4
90.0
109.6
129.2
70.7
90.2
109.8
129.4
70.9
90.5
110.0
129.6
73.5
93.0
112.4
131.9
73.9
93.3
127
1321
74.2
93.6
112.9
132.3
76.6
95.9
115.2
134.5
771
96.3
1156.5
134.7
77.5
96.7
115.8
135.0
79.6
98.6

80.1
99.0

80.5
99.4

Load Flow-3 GPM

HC
MBTUH

14.2
13.7
13.2
12.7
15.1
14.5
14.0
13.4
15.5
14.9
14.3
13.7
15.9
15.2
14.6
13.9
19.7
18.9
18.1
17.3
20.2
19.3
18.4
17.6
20.7
19.8
18.8
17.9
24.2
23.2
221
211
24.9
23.7
226
215
255
243
23.0
21.8
28.5
271

29.2
27.7

29.9
28.2

Power
kw

0.90
1.21
1.53
1.84
0.91
1.22
1.54
1.85
0.91
1.22
1.53
1.85
0.90
1.21
1.53
1.84
0.90
1.21
1.52
1.84
0.89
1.21
1.52
1.83
0.89
1.20
1.52
1.83
0.88
1.19
1.51
1.82
0.88
1.19
1.51
1.82
0.88
1.19
1.51
1.82
0.88
1.18

0.88
1.19

0.88
1.19

HE
MBTUH

1.1
9.6
8.0
6.4

12.0

10.4
8.7
71

12.4

10.7
9.0
7.4

12.8
111
9.4
7.6

16.6

14.7

12.9

11.0

171

15.2

13.2
1.3

17.7

15.6

13.6
1.6

21.2

191

17.0

14.9

21.8

19.6

17.4

156.2

225

20.2

17.9

15.6

255

23.0

26.2
23.6

26.9
24.2

4.62
3.31
253
2.02
4.86
3.48
266
212
5.02
3.58
273
217
5.18
3.68
2.80
2.21
6.46
4.58
3.48
276
6.62
4.69
3.55
2.81
6.83
4.82
3.64
2.86
8.06
5.69
4.30
3.40
8.27
5.82
4.39
3.45
8.49
5.96
4.48
3.51
9.49
6.70

9.72
6.84

9.96
6.97

LST

20.4
211
217
224
21.8
229
24.0
251
23.2
24.2
251
26.0
247
254
26.1
26.9
38.6
39.9
412
424
40.7
a7
42.8
43.8
427
43.5
44.4
452
55.4
56.9
58.3
59.8
58.1
59.3
60.5
61.7
60.7
61.7
62.6
63.6
725
74.2

75.7
771

78.9
80.0

LLT

67.4
87.1
106.8
126.6
68.3
88.0
107.7
127.4
68.6
88.2
107.9
127.5
68.8
88.4
108.0
127.6
70.9
90.4
110.0
129.5
7.2
90.7
110.2
129.7
71.5
90.9
110.4
129.8
73.4
92.8
112.2
131.6
73.8
93.1
112.5
131.8
74.2
93.5
112.7
132.0
75.6
94.9

76.0
95.2

76.3
95.5

HC
MBTUH

Operation not recommended

14.3
13.8
13.3
12.8
15.2
14.6
14.0
13.5
15.6
15.0
14.3
13.7
16.1
156.3
14.6
13.9
19.8
19.0
18.1
17.3
20.4
19.5
18.5
17.6
21.0
19.9
18.9
17.9
24.5
23.4
22.3
21.2
252
239
227
215
259
245
23.2
219
284
271

Operation not recommended

29.0
276

Operation not recommended

29.6
28.2

Operation not recommended

Load Flow-4 GPM

Power

90

kW

0.88
1.19
1.51
1.82
0.90
1.21
1.52
1.83
0.89
1.20
1.50
1.81
0.89
1.19
1.49
1.80
274
243
212
1.80
1.81
1.80
1.80
1.80
0.87
1.17
1.48
1.79
4.59
3.65
272
1.78
272
241
2.09
1.78
0.85
1.16
1.47
1.78
0.85
1.15

0.85
1.15

0.85
1.15

HE
MBTUH

1.3
9.7
8.1
6.5

121

10.5
8.8
7.2

126

10.9
9.2
75

13.0
1.3
9.5
78

10.4

10.7

10.9

1.1

14.2

13.3

124

1.5

18.0

15.9

13.9
1.8
8.8

10.9

13.0

15.1

15.9

15.7

15.6

15.4

229

20.6

18.2

156.8

255

231

26.1
23.7

26.7
24.2

4.76
3.38
2.58
2.05
4.96
3.55
271
2.16
5.14
3.66
279
221
5.32
3.78
2.87
227
4.7
3.48
2.85
2.82
3.31
3.16
3.02
2.87
712
4.99
3.75
2.94
4.46
341
2.99
3.48
2.7
291
3.18
3.54
8.93
6.20
4.63
3.61
9.84
6.92

10.05
7.05

10.28
719

LST

20.3
21.0
216
223
217
228
239
25.0
23.2
241
25.0
259
246
253
26.1
26.8
428
427
425
423
427
43.0
434
43.7
426
43.4
44.3
451
64.0
62.5
61.1
59.6
62.2
62.0
61.8
61.6
60.5
61.5
62.5
63.5
725
741

75.7
77.0

79.0
80.0

LLT

65.9
85.7
105.5
1253
66.3
86.0
105.8
125.6
66.5
86.2
105.9
125.6
66.7
86.4
106.0
125.7
68.2
87.9
107.5
127.2
68.5
88.1
107.7
127.3
68.7
88.3
107.8
127.4
70.2
89.7
109.2
128.7
70.5
90.0
109.4
128.9
70.8
90.2
109.6
129.1
71.6
91.1

71.9
91.4

721
91.6

HC
MBTUH

14.4
13.9
13.3
12.8
15.2
14.6
14.1
13.5
15.7
15.0
14.4
13.7
16.2
15.4
14.7
13.9
20.0
19.1
18.2
17.4
20.6
19.6
18.6
17.7
21.2
20.1
19.0
18.0
24.7
235
22.4
21.2
255
24.2
229
216
26.2
24.8
23.4
22.0
28.2
27.0

28.8
276

29.3
28.1

Load Flow-5 GPM

Power
kW

0.86
117
1.49
1.80
0.88
1.19
1.49
1.80
0.88
1.18
1.48
1.78
0.87
1.16
1.46
1.75
4.59
3.65
271
1.77
272
240
2.08
1.76
0.85
1.15
1.45
1.75
8.30
6.11
3.93
1.74
4.56
3.62
2.68
1.74
0.82
1.13
1.43
1.74
0.81
1.1

0.81
1.1

0.81
1.1

HE
MBTUH

11.5
9.9
8.3
6.7
12.2
10.6
9.0
74
12.7
11.0
9.3
76
13.2
11.5
9.7
7.9
43
6.6
9.0
1.3
1.3
1.4
1.5
"7
18.3
16.2
14.1
12.0
-3.6
27
9.0
15.3
9.9
1.8
13.7
16.7
23.4
21.0
18.5
16.1
254
23.2

26.0
23.8

26.5
24.3

4.91
3.46
263
2.08
5.06
3.61
276
220
5.26
3.75
2.85
2.26
5.46
3.89
2.95
2.33
297
2.37
221
2.88
222
240
2.63
2.94
7.41
517
3.87
3.02
0.87
1.13
1.67
3.57
1.64
1.96
2.50
3.64
9.36
6.45
4.78
3.70
10.20
7.14

10.40
7.28

10.60
7.42

LST

20.3
20.9
216
223
216
227
23.8
24.9
23.1
24.0
24.9
25.8
245
253
26.0
26.7
471
45.4
43.8
422
44.8
44.4
44.0
43.6
42.4
43.3
44.2
45.1
72.5
68.2
63.8
59.5
66.4
64.8
63.1
61.4
60.3
61.4
62.4
63.4
725
74.0

75.8
77.0

79.1
80.0



HS025 - Performance Data cont.

Heating Capacity

Source

EST
F

25

30

50

70

90

Flow
GPM

55

55

55

55

55

ELT

60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80

120
60
80

100

120
60
80

100

120
60
80

100

120
60
80

100

120

LLT

71.0
90.6
1101
129.7
71.4
91.0
110.6
130.2
71.8
91.3
110.8
130.3
721
91.6
111.0
130.5
75.2
94.5
113.9
133.3
75.7
95.0
114.3
133.6
76.2
95.4
114.7
133.9
78.9
98.1
117.3
136.4
79.6
98.7
117.8
136.9
80.3
99.3
118.3
137.3
82.7
101.6

83.5
102.3

84.2
102.9

Load Flow-4 GPM

HC
MBTUH

214
20.5
19.7
18.8
222
21.4
20.6
19.8
229
21.9
21.0
20.1
235
224
214
20.3
29.4
28.2
27.0
259
30.4
291
27.7
26.4
31.5
30.0
28.5
27.0
36.6
35.0
33.5
31.9
38.0
36.3
34.5
32.8
39.4
37.5
35.5
336
44.0
419

455
432

47.0
44.5

Power
kW

1.28
1.70
212
2.54
1.29
1.71
212
2.54
1.29
1.71
212
2.54
1.29
1.71
212
2.54
1.31
1.74
2.16
2.59
1.31
1.74
2.16
2.59
1.32
1.74
217
2.59
1.33
1.77
220
2.64
1.34
1.77
221
2.64
1.34
1.77
221
2.64
1.37
1.80

1.38
1.81

1.39
1.82

HE
MBTUH

17.0
14.7
12.4
10.1
17.8
15.6
13.4
1.1
18.4
16.1
13.7
11.4
19.1
16.6
14.1
11.6
24.9
223
19.6
17.0
259
23.2
20.4
17.6
27.0
24.0
211
18.1
321
29.0
259
22,9
33.4
30.2
27.0
23.7
34.8
31.4
28.0
246
39.3
35.7

40.8
37.0

42.3
38.3

4.90
3.54
2.72
217
5.04
3.67
2.84
228
5.19
3.76
2.90
231
5.34
3.85
295
2.34
6.55
4.74
3.65
291
6.79
4.90
3.76
2.99
6.98
5.02
3.83
3.04
8.06
5.81
4.45
3.54
8.34
6.00
4.58
3.63
8.61
6.19
4.72
3.73
9.41
6.80

9.66
6.99

9.91
7.18

LST

20.0
20.7
213
22.0
20.8
220
23.1
24.3
226
235
245
254
24.4
251
258
26.6
37.2
38.5
39.9
412
39.6
40.7
418
429
421
429
43.8
44.7
53.5
55.0
56.6
58.2
56.6
57.9
59.2
60.5
59.7
60.7
61.8
62.8
69.7
71.6

73.6
75.2

77.6
78.7

LLT

68.1
87.7
107.4
1271
69.1
88.7
108.4
128.1
69.3
88.9
108.6
128.2
69.6
89.1
108.7
128.3
71.9
91.4
111.0
130.5
72.3
91.8
111.3
130.7
727
92.1
111.5
131.0
74.8
94.2
113.5
132.9
75.3
94.7
114.0
133.3
75.9
95.1
114.4
133.6
7.7
96.9

78.2
97.4

78.7
97.8

HC
MBTUH

Operation not recommended

21.5
20.7
19.8
19.0
224
21.6
20.8
20.0
23.0
221
212
20.3
23.7
226
216
20.6
29.5
283
271
259
30.4
291
27.8
26.5
31.4
30.0
28.5
271
36.5
35.0
33.4
31.9
37.9
36.2
345
32.8
39.2
37.3
35.5
33.6
43.7
417

Operation not recommended

448
428

Operation not recommended

45.9
43.8

Operation not recommended

91

Power
kW

1.26
1.67
2.09
2.51
1.26
1.68
2.09
251
1.26
1.68
2.09
251
1.26
1.68
2.09
251
1.27
1.69
2.1
254
1.27
1.69
211
2.54
1.27
1.69
211
2.54
1.28
1.71
214
2.57
1.28
1.71
214
257
1.29
1.71
2.14
2.57
1.31
1.73

1.32
1.74

1.33
1.74

Load Flow-5 .5 GPM

HE
MBTUH

17.2
14.9
12.7
10.4
18.1
15.9
13.6
1.4
18.7
16.4
14.1
1.7
19.3
16.9
14.5
121
251
225
19.9
17.3
26.1
23.4
20.6
17.9
271
24.2
21.3
18.4
32.1
29.1
26.1
23.1
33.5
30.3
27.2
24.0
34.8
31.5
282
248
39.2
35.8

40.3
36.8

414
379

5.02
3.62
2.77
2.21
5.21
3.78
291
233
5.35
3.87
297
237
5.50
3.96
3.03
2.4
6.79
4.89
3.75
2.99
7.02
5.04
3.86
3.06
7.23
5.18
3.95
3.13
8.37
6.00
4.59
3.65
8.65
6.19
4.72
3.74
8.95
6.40
4.86
3.84
9.79
7.07

9.96
7.22

10.16
7.38

LST

19.9
20.6
213
219
20.7
218
23.0
241
225
23.4
24.4
253
243
25.0
25.7
26.5
37.1
38.4
39.7
411
39.5
40.6
.7
42.8
42.0
429
437
44.6
53.4
55.0
56.5
58.1
56.6
57.9
59.1
60.4
59.7
60.7
61.7
62.7
69.8
71.6

73.8
75.2

77.8
78.8

LLT

66.4
86.1
105.9
125.6
66.7
86.4
106.2
125.9
66.8
86.6
106.3
126.0
67.0
86.7
106.4
126.2
68.7
88.3
108.0
127.7
69.0
88.6
108.2
127.8
69.2
88.8
108.4
128.0
70.7
90.3
109.8
129.4
71
90.6
110.1
129.6
71.5
91.0
110.4
129.9
72.8
92.2

73.0
92.5

73.2
92.7

HC
MBTUH

216
20.8
19.9
19.1
226
21.8
20.9
20.1
23.2
223
214
20.5
238
228
219
20.9
29.5
28.3
27.2
26.0
30.5
29.2
27.9
26.6
31.4
30.0
28.6
27.3
36.4
34.9
33.4
31.9
37.7
36.1
34.4
32.8
39.0
37.2
35.4
33.6
43.4
415

441
424

44.8
43.2

Power
kW

1.23
1.65
2.06
2.48
1.23
1.64
2.06
247
1.23
1.64
2.06
247
1.23
1.64
2.06
247
1.23
1.65
2.06
248
1.23
1.65
2.06
248
1.23
1.65
2.06
248
1.23
1.65
2.07
249
1.23
1.65
2.07
249
1.23
1.65
2.07
249
1.25
1.66

1.26
1.66

1.26
1.67

Load Flow-7 GPM

HE
MBTUH

17.4
15.1
12.9
10.6
18.4
16.2
13.9
1.7
19.0
16.7
14.4
121
19.6
17.2
14.8
125
253
227
20.1
17.5
26.3
23.6
20.9
18.2
27.2
24.4
21.6
18.8
32.2
29.3
26.3
23.4
33.5
30.4
27.3
243
34.8
31.6
28.3
251
39.1
35.9

39.8
36.7

40.5
37.5

5.15
3.70
2.83
2.26
5.38
3.88
2.98
2.38
5.53
3.98
3.05
243
5.67
4.07
3.12
248
7.03
5.04
3.85
3.07
7.25
5.19
3.96
3.15
7.48
5.34
4.06
3.22
8.67
6.20
4.73
3.75
8.98
6.40
4.87
3.85
9.29
6.61
5.01
3.95
10.17
7.33

10.30
7.46

10.42
7.59

LST

19.9
20.5
21.2
21.9
20.5
21.7
228
24.0
22.4
23.3
24.2
25.2
24.2
24.9
25.6
26.3
37.0
38.3
39.6
41.0
39.5
40.6
41.6
42.7
42.0
42.8
43.6
44.5
53.4
54.9
56.4
57.9
56.6
57.8
59.0
60.3
59.7
60.7
61.7
62.6
69.8
71.5

73.9
75.2

78.1
79.0



HS040 - Performance Data cont.

Heating Capacity

Source

EST
F

50

70

90

Flow
GPM

7.5

7.5

7.5

7.5

7.5

ELT

60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120

LLT

722
91.9
111.5
131.2
727
92.4
112.0
131.7
73.3
92.8
1123
131.8
73.9
93.2
112.6
131.9
76.9
96.3
115.6
134.9
e
96.9
116.1
135.4
78.5
97.6
116.7
135.8
81.2
100.2
119.2
138.2
82.1
101.1
120.0
138.9
83.1
102.0
120.8
139.6
85.4
104.5

86.2
105.5
124.8

87.1
106.5
125.9

Load Flow-5 GPM

HC
MBTUH

29.7
28.8
28.0
271
30.9
30.0
29.2
28.3
32.3
31.0
29.8
286
336
32.0
30.5
28.9
41.1
39.5
37.9
36.3
43.0
411
39.1
37.2
44.9
426
40.4
38.2
51.3
48.9
46.6
44.2
53.7
511
48.5
45.9
56.1
53.2
50.4
475
61.5
59.4

63.7
61.9
60.1

65.8
64.3
62.7

Power
kw

1.83
242
3.00
3.59
1.84
242
2.99
3.57
1.84
243
3.02
3.61
1.84
2.44
3.04
3.64
1.88
247
3.06
3.65
1.86
2.46
3.06
3.66
1.84
245
3.07
3.68
1.92
2.52
3.12
3.72
1.88
2.49
3.1
3.72
1.84
247
3.09
3.72
1.99
2.56

2.01
2.58
3.15

2.02
2.59
3.16

HE
MBTUH

235
20.6
17.7
14.8
246
21.8
19.0
16.1
26.0
22.7
19.5
16.3
27.3
23.7
20.1
16.5
34.7
31.1
27.4
23.8
36.6
32.7
28.7
24.7
38.6
34.3
30.0
25.6
44.7
40.3
35.9
31.5
47.3
426
37.9
33.2
49.8
44.8
39.8
34.8
54.7
50.7

56.8
53.1
49.3

58.9
55.4
51.9

4.76
3.50
273
221
4.92
3.64
2.85
232
5.14
3.74
2.90
2.32
5.35
3.85
2.94
233
6.37
4.67
3.61
2.90
6.77
4.89
3.75
2.98
7.14
5.08
3.85
3.03
7.83
5.69
4.37
3.48
8.37
6.00
4.57
3.61
8.93
6.32
4.77
3.74
9.05
6.79

9.30
7.03
5.59

9.54
7.27
5.82

LST

20.2
20.8
213
219
19.8
21.0
222
23.4
221
23.1
24.0
25.0
24.4
251
259
26.6
35.7
37.2
38.7
40.2
38.9
40.1
413
42.4
42.0
429
43.8
44.7
51.5
53.4
55.2
57.0
55.6
57.1
58.5
59.9
59.7
60.8
61.8
62.8
67.4
69.1

72.6
73.8
75.0

77.9
78.6
79.3

LLT

68.2
87.9
107.7
127.4
69.5
89.3
109.0
128.7
70.0
89.6
109.2
128.9
70.4
89.9
109.5
129.0
72.7
92.2
1M1.7
131.2
73.2
92.7
1121
131.5
73.8
93.1
112.5
131.9
75.8
95.1
114.4
133.7
76.5
95.7
115.0
134.2
77.2
96.4
115.5
134.7
78.5
97.8

79.0
98.4
117.8

79.5
99.0
118.4

HC
MBTUH

Operation not recommended

29.7
28.8
27.9
27.0
30.8
30.0
29.1
28.3
32.2
31.0
299
28.7
33.6
32.1
30.7
29.2
40.8
39.3
37.7
36.2
427
40.9
39.1
37.3
44.5
425
40.4
38.4
50.9
48.6
46.4
44.2
53.1
50.7
48.3
459
55.4
52.8
50.2
476
59.0
56.7

Operation not recommended

60.4 1.89 53.9
58.3 245 49.9
56.2 3.01 459
Operation not recommended
61.8 1.90 55.3
59.9 246 515
58.1 3.02 47.8

Operation not recommended

Load Flow-7 .5 GPM

Power

92

kW

178
2.36
2.94
3.52
179
2.36
293
3.50
1.78
2.36
2.94
3.52
1.78
237
2.95
3.54
1.81
2.39
2.96
3.54
1.80
2.38
297
3.55
1.79
2.38
297
3.56
1.83
242
3.00
3.59
1.81
2.40
2.99
3.58
1.80
2.39
2.99
3.58
1.88
2.44

HE
MBTUH

236
20.7
17.9
15.0
247
21.9
19.1
16.3
26.1
23.0
19.9
16.7
275
241
20.6
171
34.7
31.1
276
241
36.5
32.7
29.0
25.2
38.4
34.3
30.3
26.3
44.6
40.4
36.1
31.9
46.9
425
38.1
33.6
49.2
446
40.0
35.4
52.5
48.3

cop

4.89
3.58
2.78
2.25
5.06
3.73
291
237
5.29
3.85
2.98
2.39
5.54
3.99
3.05
242
6.61
4.82
3.72
2.99
6.95
5.03
3.86
3.08
7.29
5.23
3.99
3.16
8.16
591
4.54
3.61
8.58
6.18
4.73
3.75
9.04
6.47
4.93
3.90
9.20
6.80

9.37
6.97
5.47

9.55
713
5.62

LST

20.1
20.7
213
219
19.8
21.0
221
23.3
221
23.0
23.9
249
243
25.0
258
26.5
35.7
37.2
38.6
40.1
38.9
40.0
41.2
423
421
429
43.8
44.6
51.6
53.4
55.1
56.8
55.7
57.1
58.4
59.8
59.9
60.8
61.8
62.7
68.3
70.1

735
747
76.0

78.6
79.4
80.2

LLT

66.1
85.9
105.7
125.5
66.3
86.2
106.0
125.8
66.6
86.4
106.2
125.9
66.9
86.6
106.4
126.1
68.4
88.1
107.8
127.5
68.7
88.4
108.0
127.7
69.1
88.7
108.3
128.0
70.4
90.0
109.5
129.1
70.8
90.4
109.9
129.5
7.3
90.8
110.3
129.8
71.6
91.1

71.8
91.3
110.8

71.9
91.5
111.0

HC
MBTUH

29.6
28.7
27.8
26.9
30.7
29.9
29.0
28.2
32.2
31.1
30.0
289
336
32.2
30.9
29.5
40.6
39.1
37.6
36.2
423
40.7
39.0
37.4
441
423
40.4
38.6
50.4
48.3
46.2
441
52.5
50.3
48.1
45.9
54.6
52.3
50.0
47.7
56.4
53.9

57.1
54.7
52.4

57.7
55.6
53.4

Load Flow-10 GPM

Power
kW

1.72
2.29
2.87
3.44
173
2.30
2.86
3.43
1.73
229
2.86
3.43
1.72
229
2.86
3.43
1.74
2.30
2.87
3.44
1.74
2.30
2.87
3.44
1.74
2.30
2.87
3.44
1.74
231
2.88
3.45
1.75
231
2.88
3.45
1.75
231
2.88
3.44
1.77
2.32

1.77
2.33
2.88

1.77
233
2.88

HE
MBTUH

237
20.9
18.0
156.2
24.8
22.0
19.3
16.5
26.3
23.2
20.2
171
27.7
24.4
211
17.8
34.6
31.2
27.8
24.4
36.4
32.8
29.2
25.6
38.2
34.4
30.6
26.9
44.5
40.4
36.4
32.3
46.5
42.4
38.3
34.1
48.6
44.4
40.2
36.0
50.4
46.0

51.0
46.8
426

51.7
47.6
43.6

5.04
3.67
2.84
229
5.20
3.81
297
241
5.46
3.97
3.07
246
572
4.12
3.16
2.52
6.84
4.97
3.84
3.08
7.15
5.18
3.98
3.19
7.43
5.37
4.13
3.29
8.49
6.13
4.70
3.75
8.82
6.38
4.90
3.90
9.14
6.62
5.09
4.06
9.34
6.80

9.44
6.90
5.33

9.55
7.00
543

LST

20.1
20.7
21.3
21.9
19.8
20.9
221
23.2
220
229
23.9
24.8
243
25.0
25.6
26.3
35.7
371
38.5
39.9
38.9
40.0
4.1
422
421
42.9
43.7
44.5
51.7
53.3
55.0
56.7
55.8
57.1
58.4
59.6
60.0
60.8
61.7
62.6
69.2
71.0

743
75.6
76.9

79.3
80.2
81.0



HSO050 - Performance Data cont.

Heating Capacity

Source

EST
F

50

70

90

Flow
GPM

1.5

11.5

1.5

11.5

1.5

ELT

60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120

LLT

7.3
91.0
110.6
130.3
71.8
91.4
1111
130.7
72.2
91.7
1113
130.9
72.5
92.0
111.5
131.1
751
94.5
113.9
133.2
75.7
95.0
114.2
133.5
76.3
95.4
114.6
133.7
78.5
97.6
116.7
135.7
79.3
98.2
117.2
136.1
80.1
98.9
117.6
136.4
81.9
100.6
119.4

82.3
101.1
119.8

82.8
101.5
120.2

Load Flow-8 GPM

HC
MBTUH

439
426
413
400
457
444
430
M7
472
455
439
423
486
467
448
429
58.8
56.3
53.9
514
61.0
58.1
552
524
63.3
59.9
56.6
533
718
682
64.7
61.1
74.9
70.7
66.6
62.4
77.9
732
68.4
637
84.9
80.1
75.2

86.6
81.8
76.9

88.3
83.4
78.6

Power
kw

2.50
3.41
4.32
5.23
2.36
3.31
4.27
522
2.50
3.41
4.31
522
2.64
3.50
4.36
5.22
2.56
3.47
4.39
5.30
2.64
3.53
4.41
5.30
272
3.58
4.44
5.30
276
3.63
4.51
5.38
278
3.64
4.51
5.38
279
3.65
4.52
5.38
2.85
3.71
4.58

2.86
3.72
4.59

2.86
3.73
4.61

HE
MBTUH

354
31.0
266
222
37.6
33.1
285
239
38.6
339
292
245
396
34.8
299
251
50.0
444
38.9
333
52.0
46.1
402
343
54.0
477
415
352
624
55.8
493
427
65.4
58.3
512
44.0
68.4
60.7
53.0
453
75.2
67.4
59.6

76.9
69.0
61.2

78.5
70.7
62.8

5.15
3.66
2.80
224
5.67
3.92
2.96
2.34
5.53
3.92
2.98
237
5.39
3.91
3.01
2.4
6.65
4.71
3.58
2.83
6.78
4.83
3.67
2.89
6.79
4.89
3.72
2.94
7.62
5.50
4.20
3.33
7.90
5.69
4.32
3.40
8.18
5.87
4.44
3.47
8.73
6.32
4.82

8.89
6.43
4.91

9.05
6.55
5.00

LST

201
20.7
213
22.0
20.3
215
227
238
224
23.4
24.3
252
246
25.2
259
26.6
37.1
38.5
40.0
414
39.8
41.0
421
433
426
43.4
44.3
452
53.9
55.6
57.3
59.0
57.3
58.6
60.0
61.4
60.6
61.7
62.7
63.8
70.6
72.6
746

74.9
76.5
78.0

79.2
80.3
81.4

LLT

67.9
87.6
107.4
127.2
69.0
88.8
108.5
128.2
69.3
89.0
108.7
128.4
69.6
89.2
108.9
128.5
71.6
91.1
110.6
130.2
72.0
91.5
110.9
130.3
72.4
91.8
11.2
130.5
741
93.5
112.8
1321
74.7
93.9
113.1
132.3
75.3
94.4
113.5
132.6
76.5
95.6
114.8

76.8
95.9
115.1

77.0
96.2
115.4

HC
MBTUH

Operation not recommended

44.0 2.50 354
42,6 3.37 31.1
41.3 4.25 26.8
40.0 5.12 225
45.8 243 375
44.4 3.33 33.0
43.0 4.23 28.6
41.7 5.13 241
47.2 249 38.7
45.6 3.37 34.1
439 4.25 294
423 5.13 248
48.7 2.56 40.0
46.8 3.41 35.1
448 4.27 30.2
42.9 5.12 254
58.6 2.54 50.0
56.2 3.42 44.6
53.8 4.30 39.2
51.4 5.18 33.7
60.8 2.58 52.0
57.9 3.44 46.2
55.1 4.31 40.4
52.3 5.18 34.6
62.9 2.61 54.0
59.6 3.47 47.8
56.4 4.32 417
53.2 5.18 35.5
715 2.65 62.5
68.1 3.51 56.1
64.6 4.37 49.7
61.2 5.23 43.4
74.3 2.66 65.2
70.3 3.52 58.3
66.3 4.37 51.4
62.4 5.23 445
771 2.67 67.9
725 3.562 60.5
68.0 4.38 53.1
63.5 5.23 45.7
82.8 3.51 70.8
78.7 4.09 64.8
747 4.68 58.7
Operation not recommended
84.1 3.12 73.5
80.2 3.84 67.1
76.2 4.56 60.7
Operation not recommended
85.4 273 76.1
81.6 3.58 69.3
7.7 4.44 62.6

Operation not recommended

Load Flow-11 .5 GPM

93

Power
kW

HE
MBTUH

cop

5.16
371
2.85
2.29
5.53
3.91
2.98
2.38
5.56
3.96
3.03
242
5.59
4.02
3.08
245
6.72
4.80
3.66
291
6.91
4.93
3.75
2.96
7.03
5.03
3.82
3.01
7.92
5.69
4.34
3.43
8.18
5.86
4.44
3.49
8.47
6.04
4.56
3.56
7.21
5.70
4.68

791
6.12
4.90

9.19
6.68
5.14

LST

20.1
20.7
213
219
20.3
215
226
23.8
22.4
23.3
24.2
251
245
25.2
258
26.5
371
38.5
39.9
413
39.9
41.0
421
43.2
426
434
44.3
451
53.9
55.5
57.2
58.8
57.3
58.6
59.9
61.3
60.7
61.7
62.7
63.7
AN
73.3
74.9

75.6
76.9
781

79.5
80.5
81.4

LLT

66.0
85.9
105.7
125.5
66.3
86.1
105.9
125.7
66.5
86.3
106.0
125.8
66.7
86.4
106.2
125.9
68.0
87.7
107.4
1271
68.3
87.9
107.6
127.2
68.6
88.2
107.7
127.3
69.8
89.3
108.9
128.4
70.1
89.6
109.1
128.6
70.5
89.9
109.3
128.7
71
90.6
110.2

7.2
90.8
110.4

71.3
91.0
110.6

HC
MBTUH

440
426
413
39.9
4538
444
430
416
473
456
439
422
488
468
448
428
585
56.2
53.8
515
60.5
57.8
55.0
523
625
59.4
56.2
53.1
71.2
67.9
64.6
61.3
73.7
69.9
66.1
62.3
762
719
67.6
633
80.7
774
74.1

81.6
78.6
75.5

82,5
79.7
76.9

Load Flow-15 GPM

Power
kW

2.49
3.33
4.17
5.01
2.49
3.34
4.19
5.04
248
3.33
4.18
5.03
247
3.32
417
5.02
2.52
3.36
4.21
5.06
2.51
3.36
4.21
5.06
2.51
3.36
4.20
5.05
2.54
3.39
4.23
5.08
2.55
3.39
4.24
5.08
2.55
3.39
4.24
5.08
4.16
4.47
4.77

3.38
3.95
4.52

2.59
3.43
4.26

HE
MBTUH

355
313
27.0
228
37.3
33.0
28.7
244
38.8
342
296
25.0
404
355
306
257
49.9
447
39.4
342
51.9
463
406
35.0
53.9
479
419
35.8
625
56.3
50.2
44.0
65.0
583
516
45.0
67.5
60.3
53.1
46.0
66.5
622
57.8

70.1
65.1
60.1

73.7
68.0
62.3

5.18
3.75
2.90
233
5.39
3.89
3.01
242
5.59
4.01
3.08
246
579
4.13
3.15
2.50
6.80
4.88
3.74
2.98
7.06
5.04
3.83
3.03
7.27
517
3.91
3.07
8.21
5.87
4.47
3.54
8.48
6.04
4.57
3.59
8.76
6.21
4.68
3.65
5.68
5.08
4.55

7.08
5.83
4.90

9.33
6.81
5.28

LST

20.1
20.7
21.3
21.9
204
215
226
23.7
22.4
23.3
242
25.1
245
25.1
25.8
26.5
371
38.5
39.8
412
39.9
41.0
42.0
43.1
42.6
43.4
44.2
45.1
53.9
55.5
57.1
58.7
57.3
58.6
59.9
61.2
60.7
61.7
62.7
63.7
72.9
74.0
751

76.4
773
78.3

79.9
80.7
81.4



HS060 - Performance Data cont.

Heating Capacity

Source

EST
F

50

70

90

Flow
GPM

13.5

13.5

13.5

13.5

ELT

60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120

LLT

711
90.8
110.6
130.4
715
91.3
1111
131.0
71.9
91.7
111.4
131.1
72.4
92.0
111.7
131.3
751
94.6
114.1
133.7
75.8
95.2
114.6
134.0
76.4
95.7
115.0
134.3
78.8
98.0
117.2
136.4
79.6
98.7
117.8
136.9
80.4
99.4
118.4
137.4
82.4
101.4

82.8
101.8
120.8

83.3
102.3
121.3

Load Flow-9 GPM

HC
MBTUH

48.3
47.3
46.3
45.3
50.1
49.3
48.6
47.8
52.1
50.9
49.7
48.6
54.1
52.5
50.9
493
66.0
63.9
61.7
59.6
68.8
66.2
63.7
61.1
71.6
68.6
65.6
62.6
81.9
78.4
74.9
71.4
85.5
81.6
77.6
73.7
89.1
84.7
80.3
75.9
97.7
93.2

99.7
95.3
90.9

101.6
97.3
93.0

Power
kw

293
3.93
4.93
5.93
2.94
3.95
4.95
5.96
3.0
4.0
5.0
6.0
297
3.96
4.96
5.95
3.0
4.0
5.0
6.0
3.1
4.0
5.0
6.0
3.1
4.1
5.1
6.0
3.12
4.06
5.01
5.95
3.1
4.1
5.1
6.0
3.17
4.16
5.14
6.13
3.26
4.25

33
43
53

3.31
4.31
5.31

HE
MBTUH

38.3
33.9
29.5
25.1
40.1
35.9
31.7
275
42.0
37.4
32.8
28.2
44.0
39.0
34.0
29.0
55.7
50.2
44.7
39.3
58.4
52.5
46.6
40.6
61.1
54.7
48.4
42.0
71.3
64.5
57.8
51.1
74.8
67.5
60.3
53.0
78.3
70.5
62.7
55.0
86.6
78.7

88.4
80.6
72.8

90.3
82.6
74.9

4.83
3.53
2.75
224
4.99
3.66
2.87
2.35
517
3.77
2.94
239
5.34
3.88
3.01
243
6.34
4.66
3.63
293
6.61
4.81
3.72
2.98
6.79
4.93
3.79
3.03
7.69
5.65
4.38
3.52
7.97
5.81
4.48
3.57
8.24
5.97
4.57
3.63
8.78
6.42

8.89
6.52
5.04

8.99
6.61
5.13

LST

20.6
211
216
221
20.8
218
227
23.7
229
23.7
24.4
252
25.0
255
26.1
26.7
37.2
38.5
39.8
41.0
401
411
421
431
43.0
43.7
44.5
452
53.7
55.2
56.8
58.3
57.4
58.6
59.8
61.0
61.0
61.9
62.8
63.7
70.2
72.0

74.9
76.3
77.6

79.7
80.5
81.4

LLT

67.4
87.3
107.1
126.9
68.7
88.5
108.4
128.2
68.9
88.7
108.6
128.4
69.2
89.0
108.7
128.5
71.4
91.0
110.6
130.3
71.8
91.4
111.0
130.5
72.2
91.7
111.3
130.8
741
93.5
112.9
132.3
74.6
94.0
113.4
132.7
75.2
94.5
113.8
133.1
76.5
95.9

76.8
96.2
115.6

771
96.5
115.9

HC
MBTUH

Operation not recommended

48.6
47.6
46.5
45.5
50.5
49.7
48.8
48.0
51.8
50.8
49.8
48.8
53.2
52.0
50.8
49.6
66.2
64.1
62.0
60.0
68.5
66.1
63.8
61.5
70.8
68.2
65.6
63.0
81.8
78.5
75.2
72.0
85.1
81.5
77.8
74.2
88.5
84.5
80.5
76.5
95.2
91.9

Operation not recommended

96.7 3.1 86.1
93.5 4.08 79.6
90.4 5.05 731
Operation not recommended
98.2 3.13 87.5
95.2 4.10 812
92.2 5.08 749

Operation not recommended

Load Flow-13 .5 GPM

Power

94

kW

2.86
3.85
4.83
5.82
2.87
3.86
4.85
5.84
2.87
3.86
4.84
5.83
2.88
3.86
4.84
5.82
292
3.89
4.86
5.83
293
3.90
4.87
5.85
2.95
3.92
4.89
5.87
2.98
3.92
4.87
5.81
3.00
3.95
4.91
5.86
3.02
3.98
4.95
591
3.09
4.06

HE
MBTUH

38.8
34.4
30.0
256
40.7
36.5
32.3
28.0
42.0
37.6
33.2
28.9
43.3
38.8
34.2
29.7
56.2
50.8
45.4
40.1
58.5
52.8
47.2
415
60.7
54.8
48.9
43.0
71.6
65.1
58.6
52.1
74.9
68.0
61.1
54.2
78.2
70.9
63.6
56.3
84.7
78.0

cop

4.98
3.62
2.82
2.29
517
3.77
2.95
241
5.29
3.86
3.01
245
541
3.95
3.07
2.50
6.62
4.83
3.74
3.02
6.84
4.96
3.84
3.08
7.01
5.09
3.92
3.15
8.07
5.88
4.54
3.63
8.33
6.04
4.65
3.71
8.62
6.23
477
3.80
9.04
6.65

9.12
6.72
5.24

9.22
6.81
5.33

LST

206
211
216
221
207
216
226
236
229
236
243
25.1
25.0
256
26.1
26.6
37.1
38.4
39.6
40.8
401
410
42,0
429
43.0
437
444
45.1
53.6
55.1
56.6
58.1
57.3
585
59.6
60.8
61.0
61.9
62.7
63.6
706
721

75.3
76.4
775

80.0
80.7
81.4

LLT

65.6
85.5
105.4
125.2
65.8
85.7
105.6
125.5
65.9
85.8
105.7
125.6
66.0
85.9
105.8
125.7
67.6
87.4
1071
126.9
67.8
87.6
107.3
1271
68.0
87.8
107.5
127.3
69.4
89.0
108.7
128.3
69.7
89.3
108.9
128.6
70.1
89.6
109.2
128.8
70.6
90.4

70.7
90.5
110.3

70.8
90.7
110.5

HC
MBTUH

48.9
47.8
46.8
45.7
50.9
50.0
49.0
481
51.6
50.7
49.8
49.0
52.2
51.4
50.6
49.8
66.3
64.3
62.3
60.3
68.2
66.1
64.0
61.9
70.0
67.8
65.6
63.4
81.7
78.6
75.6
725
84.8
81.4
78.1
74.8
87.8
84.2
80.6
77.0
92.7
90.5

937
91.8
89.9

94.7
93.1
91.4

Load Flow-18 GPM

Power
kW

279
376
474
5.71
279
377
474
572
28
3.8
47
57
279
3.76
472
5.69
28
38
47
57
28
3.8
47
57
2.8
3.8
47
57
2.83
3.78
472
5.67
2.8
38
47
57
286
3.80
475
5.69
292
3.86

29
3.9
4.8

2.94
3.89
4.85

HE
MBTUH

39.4
35.0
306
26.2
414
37.1
3238
286
420
37.8
337
295
427
386
345
304
56.7
514
46.1
40.9
585
532
478
424
60.4
54.9
494
44.0
72.0
65.7
59.4
53.1
75.0
68.5
61.9
55.4
78.0
712
64.4
57.6
827
774

83.7
78.6
73.4

84.7
79.8
74.9

5.14
3.72
2.89
235
5.35
3.89
3.03
246
541
3.95
3.08
251
5.48
4.01
3.14
2.56
6.90
4.99
3.86
3.1
7.09
5.13
3.96
3.18
7.24
525
4.06
3.26
8.46
6.10
4.69
3.75
8.73
6.29
4.83
3.86
8.99
6.49
4.98
3.96
9.30
6.87

9.37
6.94
5.46

9.44
7.00
5.53

LST

20.5
21.0
215
22.0
20.5
215
225
23.5
228
23.5
243
25.0
25.1
25.6
26.1
26.5
37.0
38.2
39.4
40.6
40.0
41.0
41.9
42.8
43.1
43.7
44.3
45.0
53.5
54.9
56.4
57.8
57.3
58.4
59.5
60.6
61.1
61.8
62.6
63.4
71.0
723

75.7
76.6
775

80.3
80.9
81.4



HSO075 - Performance Data cont.

Heating Capacity

Source

EST
F

50

70

90

Flow
GPM

14.5

14.5

14.5

14.5

14.5

ELT

60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120
60
80
100
120

LLT

721
91.8
111.6
131.3
726
92.3
112.0
131.8
731
927
112.4
132.0
73.6
93.1
112.7
132.2
76.7
96.1
115.5
134.9
77.4
96.7
116.0
135.3
78.1
97.3
116.5
135.7
80.8
99.9
119.0
138.1
81.7
100.7
119.7
138.7
82.7
101.5
120.4
139.2
84.8
103.7

85.3
104.2
123.2

85.9
104.8
123.7

Load Flow-10 GPM

HC
MBTUH

58.8
57.4
56.1
54.7
61.1
59.7
58.4
57.0
63.5
61.7
59.9
58.2
65.8
63.6
61.5
59.3
81.0
78.2
75.3
72.5
84.5
81.1
e
74.4
87.9
84.0
80.2
76.3
100.9
96.6
92.2
87.9
105.5
100.5
95.6
90.6
110.0
104.4
98.9
93.3
120.1
114.9

122.8
117.6
112.4

125.4
120.2
115.0

Power
kw

3.90
5.11
6.32
7.53
3.90
5.12
6.35
7.57
3.9
52
6.4
76
3.95
5.19
6.43
7.67
4.2
54
6.7
7.9
4.2
55
6.7
8.0
4.3
55
6.8
8.0
4.48
5.74
7.00
8.26
4.5
5.8
7.0
8.3
4.55
5.82
7.09
8.36
4.74
6.02

4.77
6.07
7.38

4.79
6.13
7.46

HE
MBTUH

455
40.0
34.5
29.0
478
423
36.7
312
50.1
441
381
321
523
45.9
395
3341
66.7
59.6
525
454
70.1
62.4
54.8
472
734
65.2
57.1
48.9
85.6
77.0
68.3
59.7
90.0
80.8
75
62.2
94.5
84.6
747
64.8
103.9
94.4

106.5
96.8
87.2

109.1
99.3
89.5

4.42
3.29
2.60
213
4.59
3.42
2.69
221
4.74
3.51
275
224
4.88
3.59
2.80
227
5.60
4.17
3.28
2.66
5.86
4.35
3.39
274
5.98
4.42
3.44
277
6.60
4.93
3.86
3.12
6.84
5.09
3.97
3.19
7.08
5.26
4.09
3.27
7.42
5.59

7.55
5.67
4.46

7.67
5.75
4.51

LST

201
20.7
213
219
201
213
224
236
222
23.2
241
25.0
243
25.0
25.7
26.4
36.2
37.7
39.2
40.6
39.1
40.3
415
427
42.0
429
43.8
44.7
52.3
54.1
55.9
57.7
56.0
57.5
58.9
60.3
59.7
60.8
61.9
63.0
68.6
70.5

73.4
74.9
76.4

78.2
79.2
80.3

LLT

68.4
88.2
108.0
127.8
69.6
89.4
109.2
129.0
70.0
89.7
109.4
129.2
70.4
90.0
109.7
129.3
72.7
92.3
111.9
131.4
73.3
92.8
112.2
131.7
73.8
93.2
112.6
132.0
75.9
95.2
114.5
133.9
76.6
95.8
116.1
134.3
77.3
96.4
115.6
134.7
78.6
97.9

79.0
98.3
117.6

79.3
98.6
118.0

Load Flow-14 .5 GPM

HC Power

MBTUH

Operation not recommended

58.9
57.5
56.1
54.7
61.2
59.8
58.4
57.0
63.6
61.8
60.0
58.2
65.9
63.7
61.6
59.4
81.0
78.2
75.4
72.6
84.4
81.1
77.9
74.6
87.8
84.1
80.3
76.6
100.8
96.6
92.4
88.2
105.2
100.5
95.7
91.0
109.7
104.4
99.1
93.8
117.4
113.2

Operation not recommended

119.5 4.49 104.2
115.4 5.76 95.8
111.4 7.02 87.4
Operation not recommended
121.6 4.53 106.1
1M7.7 5.81 97.9
113.8 7.08 89.6

Operation not recommended

95

kW

3.78
4.97
6.15
7.34
3.79
4.99
6.19
7.39
3.82
5.02
6.23
7.43
3.84
5.05
6.27
7.48
4.02
5.24
6.46
7.69
4.07
5.29
6.51
7.73
4.1
5.33
6.55
777
4.26
5.50
6.74
7.99
4.32
5.55
6.79
8.02
4.38
5.60
6.83
8.06
4.45
571

HE
MBTUH

46.0
40.6
35.1
29.7
48.3
428
37.3
31.8
50.5
446
38.7
32.8
52.8
46.5
40.2
33.9
67.3
60.3
53.3
46.4
70.5
63.1
55.7
48.2
73.8
65.9
58.0
50.1
86.3
77.8
69.4
60.9
90.5
81.5
72.6
63.6
94.7
85.2
75.8
66.3
102.2
93.7

cop

4.57
3.39
2.67
2.18
4.74
3.52
277
2.26
4.88
3.60
2.82
229
5.03
3.70
2.88
2.33
5.85
4.34
3.39
275
6.08
4.50
3.51
2.83
6.19
4.58
3.57
2.87
6.96
5.16
4.02
3.24
7.14
5.30
4.13
3.32
7.35
5.47
4.26
3.42
7.75
5.82

7.80
5.88
4.65

7.88
5.95
4.72

LST

20.0
20.6
21.2
218
20.0
212
223
23.4
222
23.1
24.0
249
243
25.0
256
26.3
36.1
37.6
39.0
40.4
39.1
40.2
41.4
425
42.0
429
437
44.6
52.2
54.0
55.7
57.4
56.0
57.4
58.7
60.1
59.7
60.7
61.8
62.8
68.9
70.7

73.7
75.0
76.4

78.5
79.4
80.3

LLT

66.4
86.2
106.1
125.9
66.7
86.5
106.3
126.2
66.9
86.7
106.5
126.3
67.2
86.9
106.7
126.5
68.8
88.5
108.2
127.9
69.2
88.8
108.5
128.1
69.5
89.1
108.7
128.3
70.9
90.5
110.0
129.6
71.4
90.9
110.4
129.9
71.9
91.3
110.8
130.2
72.4
92.1

72.6
92.3
112.0

72.8
92,5
1122

HC
MBTUH

59.0
57.6
56.1
54.7
61.3
59.9
58.4
57.0
63.7
61.9
60.1
58.3
66.0
63.8
61.7
59.5
81.0
78.3
75.5
72.8
84.3
81.2
78.0
74.8
87.7
84.1
80.5
76.9
100.7
96.6
92.6
88.5
105.0
100.5
95.9
91.4
109.3
104.3
99.3
94.3
114.6
1115

116.2
113.3
110.4

117.8
115.2
112.5

Load Flow-19 GPM

Power
kW

3.66
4.82
5.98
7.14
3.68
4.85
6.03
7.20
3.7
4.9
6.1
72
3.73
4.92
6.10
7.29
39
5.1
6.3
75
3.9
5.1
6.3
7.5
4.0
52
6.3
7.5
4.03
5.26
6.48
7.7
4.1
53
6.5
77
4.20
5.39
6.57
7.76
4.16
5.39

422
5.44
6.67

4.27
5.49
6.70

HE
MBTUH

46.5
411
35.7
30.3
48.7
43.3
37.9
32.4
51.0
45.2
39.4
335
53.3
471
40.8
34.6
67.8
61.0
54.2
473
71.0
63.7
56.5
49.3
741
66.5
58.9
51.2
86.9
78.7
70.4
62.2
91.0
82.3
73.7
65.0
95.0
85.9
76.9
67.8
100.4
93.1

101.8
94.7
87.7

103.2
96.4
89.7

4.72
3.50
2.75
2.24
4.88
361
284
2.32
5.03
3.71
2.90
2.36
5.18
3.80
2.96
2.39
6.10
4.50
3.51
284
6.32
4.66
3.63
2.93
6.40
4.74
3.69
2.98
7.32
5.39
4.18
3.36
7.48
5.53
431
3.46
7.62
5.67
443
3.56
8.07
6.06

8.08
6.10
4.85

8.08
6.15
4.92

LST

19.95
20.5
211
217
20.0
211
222
23.3
221
23.0
23.9
24.8
24.2
24.9
25.6
26.2
36.0
37.4
38.8
40.2
39.0
40.1
41.2
42.3
42.0
42.8
43.6
44.4
52.1
53.8
55.5
57.2
55.9
57.2
58.6
59.9
59.7
60.7
61.7
62.6
69.3
70.8

74.0
75.2
76.3

78.8
79.5
80.3
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