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Abstract

Computer Simulation of Solar Combisystem Based on the Second Law Analysis
Xiao-Nan Wen

This thesis presents the development of a Second Law model of a solar
combisystem for residential applications. The work presented in the thesis includes: 1) A
methodology for the development of a combisystem computer model; 2) The
mathematical models of a solar combisystem components; 3) The features of an EES-
based computer model of a solar combisystem being developed; 4) The simulated
operation of a solar combisystem; and 5) The analysis of the performance of a simulated

solar combisystem based on the Second Law of thermodynamics.

The solar combisystem had an annual system Coefficient of Performance (COP)
of 3.98, an annual system exergetic COP of 0.17, an annual system energy efficiency of
42.0%, an annual system exergy efficiency of 40.7%, an annual overall solar energy
contribution of 89.5%, an annual overall solar exergy contribution of 88.8%, an annual
input solar energy contribution of 82.7%, and an annual input solar exergy contribution
of 26.5%. Compared to an electric heating system, the solar combisystem had an annual

solar energy fraction of 1.3 and an annual solar exergy fraction of 0.1.
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1. Introduction
1.1. Background

Computer simulation is the prominent practice to aid looking into some physical
process. Through modeling physical process of a mechanical device, we can better
understand the device behavior. Mankind’s deep dependency of mechanical device
arouses the eternal pursue for effectiveness improvement of energy use. Strengthening
energy security, nowadays, is not the matter of one nation, but worldwide. The pressing
challenges on expanding energy needs and non-stopping emissions of greenhouse gas
urge actions. The latest report issued by the U.N. climate panel assessed that at least 95%
of the climate change are human-caused (IPCC WGI 2013). Promoting the effectiveness
of energy use is one solution to reduce the negative impact on the globe. Fig. 1.1 plots
the energy efficiency effect of Canadian residential energy end-use over the past two
decades up to 2009. Without the energy efficiency effect, the energy end-use would rise
dramatically from the past level of 1990. The most ineffectiveness of energy use
occurred in the thermodynamic processes can be identified with the Second Law of
thermodynamics. Through exploring the quality of energy, the method of Second Law
analysis facilitates the leverage of potential measures for energy conservation and

efficiency improvement.



----- without energy efficiency effect -
with energy efficiency effect o

1200 T

T

T 1
1990 1995 2000 2005 2010

Fig. 1.1 Energy efficiency effect on energy end-use in residential sector of Canada

Data source: NRCan-OEE (2012)

We embraced the technology that uses energy efficiently. We also embraced the
technology (such as solar technology) that promotes the environmental sustainability
because we agree on taking the renewable energies into our energy scheme for good.
Metz (1977) reviewed the earlier studies and reported the most economic high-
temperature solar systems serves several purposes in a complementary fashion. The
author also forecasted that the medium-temperature solar systems will have a great
potential by 2000. Coming to present days, solar systems have been seen applied widely.
Particularly, the applications of solar technology do present the complementary fashion
of serving multiple purposes. And the low-temperature solar thermal systems have

taken over the majority of solar thermal collectors produced into this century.

Solar combisystem is one class of low-temperature solar thermal system that
uses solar thermal energy, together with electricity, to work on the dual heating

missions in a residential house: to heat the domestic water and to heat the indoor space.



The extensive practices and the active signs in the market, especially in Europe
(Ellehauge 2003, Papillon et al. 2010), have confirmed the vitality of solar combisystem.
In various configurations, solar combisystems share a typical feature component, the
water storage tank. Because the availability of solar energy varies with time (Laughlin

2011), the storage scheme provides the solar energy some degree of continuity.

The heat pump is one of the energy conservative solutions that uses less of the
primary energy than the conventional heating systems (IEA HPC 2012). Harris (1957)
counted the combination advantage of "solar heater" with "thermal pump". Anon (1977)
reported the revival of heat pumps while the energy cost was soaring; in particular, the
heat pumps were coupled with the "heat-reclaim" and solar systems. Stepping into the
current decade, the combination of solar technologies with heat pump has redrawn
research attention (IEA-SHC T44/A38 2011). Upgraded from the American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Technical Group 1
Exergy in summer of 2012, the ASHRAE Technical Committee 7.4 Exergy Analysis for
Sustainable Buildings addressed that the application of solar collector and heat pump is

preferred and more sustainable, versus fossil fuel (ASHRAE TC7.4 2013).

What the operating conditions would be with the solar collector and heat pump
combined in a combisystem? How is the operation performance? Insights from the

point of view of the Second Law of thermodynamics are worth for an investigation.



1.2. Research objectives

This research aims to use computer simulation technique to examine the energy
use of a solar combisystem coupled with storage tanks and a heat pump. Our research
group has accumulated substantial experience in a specialized area documented by Wu
(2004), Zheng (2006), Wei (2006), Zmeureanu & Wu (2007), Zmeureanu & Zheng (2008),
Leckner (2008), Hugo (2008), Wei & Zmeureanu (2009), Hugo et al. (2010), Leckner &
Zmeureanu (2011), Ng Cheng Hin (2013), and Ng Cheng Hin et al. (2013). This research is
proposed as a contribution to the employment of the Second Law analysis for the

investigation of HVAC systems by means of computer modeling.

The research objectives are:

=  Formulate mathematical models of a solar combisystem components;

= Develop a solar combisystem mathematical model based on the Second Law of
thermodynamics;

= |mplement the solar combisystem computer model;

= Analyze the performance of a simulated solar combisystem.



2. Literature review
2.1. Computer modeling of HVAC systems

The computer-based simulation of Heating, Ventilating, and Air-Conditioning
(HVAC) systems is performed on HVAC system computer models, which are composed
of modular elements representing the HVAC component equipment and the control
system (ASHRAE 2009a). Such modular type of HVAC models have been included in
simulation packages and software, such as, ASHRAE HVAC1 Toolkit (ASHRAE 1994),
ASHRAE HVAC2 Toolkit (Brandemeuhl 1993, Brandemuehl & Gabel 1994), TRNSYS (Klein
2006), EnergyPlus (Building Technologies Office 2013, Crawley et al. 2001), etc.
Computer modeling strategies of HVAC and building systems have emerged with three

typical schemes (ASHRAE 2009a): system-based, component-based, and equation-based.

In a system-based scheme, calculations are performed for the building zone
loads, secondary HVAC systems, and central plant together at each time step, e.g.
eQuest (JJH/LBNL 2013), or calculations are processed in sequence, from the building
zone loads to the secondary HVAC systems, then from the central plant to the economic

aspect, e.g. EnergyPlus (Building Technologies Office 2013).

In a component-based scheme, calculations are performed at the component
level, and a complete system is a flexible integration of the components. Simulation

programs with a component-based scheme are, for example, HVAC Simulation Plus



(HVACSIM+) (Park et al. 1985) and Transient System Simulation Tool (TRNSYS) (Klein

2006).

The equation-based scheme enables a user to write the mathematical
formulations of every single component and specify the inputs and outputs. The
equation-based scheme has been used by, for instance, the Simulation Problem Analysis
Research Kernel (SPARK) (Buhl et al. 1993, Sowell & Moshier 1995) and the Engineering
Equation Solver (EES) (F-Chart Software, 1989 as cited in Panek & Johnson 1994, Klein

and Alvarado, 1991 as cited in Myers 1992, Staus 1997).

2.2. Solar combisystem

Solar combisystems, being mostly used in residential applications, can be
classified to: solar combisystem, solar combi-plus system, and high solar combi-plus

system (Balaras et al. 2010).

A typical installation of a solar combisystem combines the production of
domestic hot water and the space heating (Papillon et al. 2010). The initially developed
solar combisystem was studied by the International Energy Agency (IEA) under the task
26 Solar Combisystems (SHC T26 2012). The task gave one of the conclusions that the
solar combisystem has a main drawback of oversizing. Sized based on the higher

thermal demands in winter, the solar combisystem is, therefore, oversized for the lower



thermal demands in summer. The task report concluded that the cases with long

heating seasons are more promising.

Due to the drawback of oversizing, the development of solar combi-plus system
was motivated to connect the solar thermal collector with the thermal driven cooling
device (IEE SolarCombi+ 2010). Combing solar space heating and cooling with the
domestic hot water production, a solar combi-plus system may avoid the drawback of

oversizing.

The operation of a high solar combi-plus system is same as of a solar combi-plus
system, however, the solar fraction is higher (EU HighCombi 2011). For instance, the
improvement may lie in an integration of solar heat storage. The system performance
was expected to improve during the spring and the autumn when the heating loads are

moderate.

The IEA project Solar Combisystems, in active from 1998 through 2002, assessed
twenty-one configurations of solar combisystems. For one-family house application, the
solar combisystems had solar thermal collectors of 10 to 30 m? and a water storage tank
of 0.3 to 3 m>. Lund (2005) analyzed the sizing of solar combisystems, in terms of the
area of solar thermal collector and the volume of short-term heat storage. The use of
heat output of larger area of solar thermal collector was better in the case of supplying
both domestic hot water and space heating than in the case only producing domestic
hot water. Enlarging the area of solar thermal collector increased the solar fraction of a

complete system, but reduced the heat output of collector within unit area of collector



panel. The study concluded that there were only marginal effects onto the heat output
of collector from the increase of the size of heat storage. Furbo, Vejen, et al. (2005)
reported a large scale installation of a solar combisystem in Denmark. With the solar
thermal collector of 336 m? and hot water storage tank of 10 m?, the system supplied
the district heating network and the hot water use. Raffenel et al. (2009) studied the
sizing of solar combisystems. Two objective functions, the annual fractional energy
savings and the mean annual efficiency, were developed as function of the area of solar
thermal collector and the volume of heat storage. The sizing decision was made by

trading off between the two functions.

Among various configurations of solar combisystem, those include a heat pump
are also belong to a type of solar and heat pump system (SHC T44A38 2011). In terms of
coupling solar thermal collectors with heat pump, the combination can be generally
classified as parallel system, series system, or hybrid system. In a series system, solar
heat is transferred to a heat pump (through a thermal storage tank) for heating
(Freeman et al. 1979). Chandrashekar et al. (1982) estimated the conditions of Canada
by simulation. They concluded that higher energy savings could be obtained by the
combination, compared to a resistance heating system and a conventional air-to-air
heat pump system. The study also examined the 20-year life cycle cost. But the results

differed among the single, multiplex dwellings at different locations.

The operation control of a solar heat pump combination is complex. The

operation control should try to maximize the delivery of the non-purchased solar energy.



From this perspective, giving priority to use the solar source seems easier to be realized
in a paralleled system. However, Day & Karayiannis (1994) concluded that performance
improvement of parallel system was not as expected. In the review conducted by
Freeman et al. (1979), a parallel system was the most practical configuration. The series
system is complex in the control of bypassing a heat pump and directly using the storage
tank to supply, when the sole solar operation is sufficient. Bong (1983) pointed out,
bypass temperatures are not subject to a unified decision, but depend on the prevailing
building load. The operation of a heat pump is subjecte to the capacity of solar heat
collection, or the area of solar collector had to be large enough taking into account the

heat needs of operating a heat pump.

The operation of a solar heat pump system involves the balance of using the
solar source and/or the heat pump. Kush (1980) indicated that the thermal efficiency of
solar thermal collector is more important than the COP of heat pump. Karagiorgas et al.
(2010) used a “change-over curve”, as a function of the outdoor temperature and the
solar radiation on collectors, to decide the operation switch between a direct mode and
an indirect mode. In the direct mode, distributed air was heated using solar air
collectors; in the indirect mode, a heat pump was used to reheat the air before being
distributed. The switch of operation reflected the needs for operating a heat pump

when the heat collection of solar thermal collector is insufficient.

The operation performance of solar heat pump system installations was

reported. Kugle et al. (1984) reported the solar heat pump operation for a single-family



house could be free from using electrical heating elements. A solar only mode had the
system COP up to 35. Stojanovi¢ & Akander (2010) tested the performance of a full-scale
solar-assisted heat pump system for the residential heating in Sweden. In the heating
season, a ground-coupled heat pump used solar heat being stored during the months of
late spring, summer and early autumn. The heat pump had a seasonal COP of 2.85, and
the system had a seasonal COP of 2.09. Bakirci & Yuksel (2011) monitored a solar source
heat pump system installed in a building in Turkey. The system consisted of flat-plate
solar collectors and a heat pump using a sensible storage tank as the heat source. The
average COP was 3.8 for the heat pump and 2.9 for the system. Moreno-Rodriguez et al.
(2012) studied a direct-expansion solar assisted heat pump and found the strong
dependence of the heat pump COP with the outdoor conditions, especially the solar
radiation. The simulated COP ranged from 1.85 to 3.1, whereas the calculated using

experiment results ranged from 1.7 to 2.9.

2.3. Stratified water storage tank

Water storage tank is a most common type of sensible thermal energy storage
(ASHRAE 2009b). Various aspects of thermal energy storage systems were addressed in
(Dincer & Rosen 2011). Thermal energy storage improve the integration of system
(Baker 2008) and create the potential of economic saving (Ehyaei et al. 2010). Thermal
stratification is a phenomenon featured by a positive temperature gradient along the

vertical direction in fluids (Turner 1973). The maintenance of stratification in a thermal
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storage tank enhances the operation performance of a system (Nelson et al. 1998,
Duffie & Beckman 2006). Attentions were paid to stratified storage tanks in studies.
Various indicators regarding stratification have appeared to address the performance of
thermal storage tank (Panthalookaran et al. 2007): the stability index and the entropy
generation number from the 70’s; the stratification coefficient, stratification factor,
stratification parameters, figure of merit, and the overall second law efficiency from the
80’s; the MIX number and the equivalent temperature from the 90’s. The emerge of
new indicators continued, such as, the equivalent lost tank height by Bahnfleth & Song
(2005), the energy response factor and the entropy generation ratio by Panthalookaran
et al. (2007). Some studies traced the variation of thermocline to comprehend the
thermal state in storage tanks (Behschnitt 1996, Nelson et al. 1998, Hasnain 1998, Rosen

et al. 2004, Shin et al. 2004).

Thermal stratification can be damaged in various ways, including the turbulence
of jet flow, buoyancy effect, and the heat conduction along the walls of storage tank.
The jet flow is referred to the flow channeled by tank ports from the inlets to the outlets.
The jet flow disturbs water body in the storage tank causing mixing. The turbulence of
jet flow, i.e. jet mixing, was described in the studies of Visser & Van Dijk (1991), Haller et
al. (2008), and Haller et al. (2009). Turner (1973) gave an account of flow motions driven
or influenced by the buoyancy force in a stratified fluid: Along the vertical direction in
fluids, the existence of negative temperature gradient or positive density gradient
would overturn the local stability by moving thermals, intending to uniform the local

density and smooth the temperature gradient. Fan & Furbo (2012a) and Fan & Furbo
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(2012b) showed the magnitude of velocity of a downward flow in a water storage tank
under a standby operation. The flow was caused by the loss of heat from the storage
tank to the surroundings, which led the downward flow along the tank side walls and

the upward flow around the vertical axial of storage tank. The heat retained within
storage tank walls would conduct downward (Oppel et al. 1986) causing the

degradation of thermal stratification (Nelson et al. 1999a). Cruickshank & Harrison (2010)
reported a modeling study with the heat conduction taking place not only across the

common boundary of stratified nodes but also through the tank walls.

Reverse stratification exists in operated water storage tank. Rhee et al. (2010)
conducted an experimental study on a hot water storage tank with a double chimney
device. The device has two nozzle stubs to route the buoyancy driven flow through. The
experiment showed the reverse stratification taking place during the heating period of
the storage tank. This suggested that relatively stable stratification needs time to be
developed in an operated storage tank. Cruickshank & Harrison (2011) reported thermal
response to the charge of heat in the studied multi-tanks. Stratification in a series-
connected thermal storage disappeared while the flow rate in a heat charge-loop

increased.

Different approaches were employed in the computer modeling of stratified
storage tank for the purpose of eliminating the reverse stratification. For instance, a
reversion elimination algorithm was implemented in the model 4PORT by Visser & Van

Dijk (1991). The model forces stratified node in higher temperature to stay at higher
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position in each time step. Within a time step, whenever a maximum temperature does
not belong to a top node, averaged temperature would be reassigned to the nodes,
from the bottom one to the one with the maximum temperature. The average
calculation and the reassignment of temperature would repeat till the distribution of
the temperatures demonstrating thermal stratification, the simulation of next time step
then starts. With this algorithm, a stably stratified store is achieved always. Allard et al.
(2011) compared five electrical water heaters models implemented in the TRNSYS
software. The study concluded that the model TYPE 534 represented the best trade-off
because the user can have cold water entering different nodes (under a fractional inlet

mode) and/or use several heating elements (under a virtual heating mode).

Both the buoyancy effect and the turbulence of jet flow cause water mixing in a
storage tank. This should be reflected in certain ways in the modeling of stratified
storage tank. When stably stratified natural bodies of fluid are disturbed in any way,
internal waves are generated (Turner 1973). Visser & Van Dijk (1991) realized that taking
into account only the inter-nodal heat conduction resulted unreasonable temperature
distribution; they chose to employ a reversion elimination algorithm to present
stratification. Ismail et al. (1997) studied a stratified hot thermal storage in an
experimental setup. They concluded that the use of sole conduction in modeling was
unsatisfying. Modeling the mixing was included in Loehrke et al. (1978), Oppel et al.
(1986), Al-Najem & El-Refaee (1997), and Nelson et al. (1999b), however these studies

did not reach an agreed solution yet.
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Kleinbach et al. (1993) validated a one-dimensional multi-node model.
Cruickshank & Harrison (2010) reported a one-dimensional stratified water storage tank
model was acceptable for a cold-down test. Kleinbach (1990) concluded his model
predictions differed more among the models with small (< 4) number of nodes than
among the models with large (= 8) number of nodes. Visser & Van Dijk (1991) suggested
use a large number of nodes, like 100 or even larger, like 500, to represent the
contribution of actual turbulent mixing properly. Duffie & Beckman (2006) suggested
that the use of three or four nodes may be suitable. The position and the design of tank
ports affect the operation of stratified water storage tank (Jordan & Furbo 2005, Duffie
& Beckman 2006). The energy performance of storage tank benefits from a cold water
port at the tank bottom and a hot water port at the tank top (Spur et al. 2006, levers &
Lin 2009). Keeping a distance between the inlet and outlet ports avoids the overlapping
of mixing zones (Palacios et al. 2012). Furbo, Andersen, et al. (2005) reported the
thermal performance of storage tank benefits from the multi-discharging of heat. The
study concluded that increasing the frequency of heat charging-discharging was worth
to do for making more use of the thermal storage and avoiding thermal stagnation.
Glembin & Rockendorf (2012) reported a stratified charging device led higher utilization

of solar energy in a thermal storage of a single family house.
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2.4. Second law analysis

From the thermodynamic principle, the exergy indicates the extent of the energy
parting from the theoretical maximum (Moran & Shapiro 1999), and the Second Law of
thermodynamics needs to be considered (Rosen & Dincer 2001, Dincer & Rosen 2005,
Dewulf et al. 2008, Rosen et al. 2008, and Ao et al. 2008). The exergy analysis has been
fallen far behind the energy analysis in the studies regarding building energy systems.
Torio et al. (2009) gave a critical review of exergy analysis studies conducted for systems
that use the renewable energy. The programme Energy Conservation in Buildings and
Community Systems (EBC, formerly ECBCS) carried out the research project Annex 37
Low Exergy Systems for Heating and Cooling, from 1999 to 2003, to promote the use of
low valued and environmentally sustainable energy sources (ECBCS A37 2003). The
ECBCS carried out another research project from 2006 to 2010, the Annex 49 Low
Exergy Systems for High Performance Buildings and Communities, to promote the use of
exergy analysis method as the basis practice for designers and decision makers to take

energy/exergy and cost efficient measures (ECBCS A49 2010).

The state-of-art building energy analysis programs use only the energy balance
to estimate the energy use in buildings (Rosen et al. 2001, Zmeureanu & Wu 2007). Itard
(2005) implemented exergy calculations in the H.e.n.k. program (Itard 2003) for an early
design to count the flows of exergy within a building. Based on the spreadsheet
applications, e.g. Microsoft Excel (Microsoft 2013) and OpenOffice Calc (Apache
Openoffice 2013), a few of exergy analysis tools for buildings and communities were

developed. For instance, the Pre-Design Tool (Schmidt 2004, Torio 2010) for buildings,
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the Cascadia (Church 2008) for neighborhood design, and the Software for Exergy
Performance (SEPE) (Molinari 2011) for exergy demands of cooling and heating in
buildings. These tools were developed for design, pre-design, or general assessment,
performing the steady state exergy analysis. A quasi-steady state exergy analysis study
was reported by Wu (2004) and Zmeureanu & Wu (2007). The EES program
demonstrated to be an ideal environment in the exergy analysis study of residential
heating systems. Wei (2006) used the EES program to simulate the Variable Air Volume
(VAV) systems of an office building. Gaggioli (2010) recommended the adoption of the
EES or a counterpart for thermodynamic problems. The routines of the MaTrix
LaBoratory (MATLAB) program (Mathworks 2011) already can directly use the NIST
Reference Fluid Thermodynamic and Transport Properties Database (REFPROP)
(Lemmon et al. 2013). This provided an alternative programming environment to

perform more detailed exergy analysis.

The exergy analysis was employed in HVAC system studies by Rosen et al. (1999),
Badescu (2002), Rosen (2001a), Dincer (2002), Shah & Furbo (2003), Rosen et al. (2004),
Singh et al. (2012), and Soni & Gupta (2012). Exergy analysis study of power plants were
documented by Durmayaz & Yavuz (2001), Rosen (2001b), Verkhivker & Kosoy (2001),
and Aljundi (2009). Results of energetic performance and exergetic performance are not
unanimous, with great discrepancy under most of the cases. For instance, Bjurstrom &
Carlsson B. (1985) yielded different results regarding the transition temperature in the
latent heat storage operation from the energy and exergy analyses. Petela (2005) found

the exergy efficiency of a solar cylindrical-parabolic cooker was around 1%, about 10
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times smaller than the respective energy efficiency. Zmeureanu & Wu (2007) reported
the heat recovery equipment increased the energy efficiency but decreased the exergy

efficiency of the system.

The exergy analysis is appreciated for bringing extra perspective to the view of
energy analysis. Alta et al. (2010) found that the increase of air flow rate of a solar
heater improved the energy efficiency but reduced the exergy efficiency. Ezan et al.
(2011) analyzed an ice-on-coil thermal energy storage. Using the energy analysis
method, the storage capacity and the system efficiency increased with decreased inlet
temperature of heat transfer fluid and increased length of tube. Using the exergy
analysis method, the exergy efficiency was increased with increasing inlet temperature
of heat transfer fluid and increasing length of tube. Koroneos & Tsarouhis (2012) studied
a solar system applied to a residence in Northern Greece. Comparing a solar heating, a
solar cooling, and a solar domestic water heating systems, the overall system exergy
efficiency was the highest in the solar cooling system, the lowest in the solar heating

system.

The industry of solar thermal collector employs energy performance to assess
collector products (FSEC 2010 and SRCC 2013). In the research area, various indicators,
from the energetic aspect, exergetic aspect, or economic aspect, were employed to
evaluate the performance of various types of solar collector. Chow (2010) reviewed the
indicators for the performance of photovoltaic/thermal hybrid solar technology,

including the thermal efficiency, electrical efficiency, total efficiency, energy saving
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efficiency, exergetic efficiency, cost payback time, energy payback time, and the
greenhouse gas payback time. In terms of calculating the available solar exergy, the
Carnot efficiency and the exergy/energy ratio of radiation were often being used, for

example, by Alta et al. (2010), Akpinar & Kogyigit (2010), and Akyuz et al. (2012).

Studies focusing on the exergetic performance of solar collector were
documented since the late 80’s. Bejan et al. (1981) analyzed the irreversibility
associated with the collection-delivery process of solar collector. Suzuki (1988)
presented the expression of exergy balance of solar thermal collector. The capacity of
exergy gain of evacuated tubular collector was nearly equal to that of flat plate collector.
The study also concluded that the loss during the absorption of solar heat took the
largest proportion among the overall exergy loss, which included the optical loss,
leakage loss, and the heat conduction loss as well. Petela (2005) concluded that the
escaping of insolation and the heat loss to the environment decreased the efficiency of
solar collection device from the exergetic viewpoint. In Akyuz et al. (2012), the exergy
efficiency of solar photovoltaic panel was calculated with the exergy loss due to wind

speed being taken into account.

The maximum exergy embodied in the radiative energy, especially the solar
radiation, was concerned in studies, since the 60’s to the 80’s. Petela (1964) derived the
exergy/energy ratio of radiation for the estimation of the theoretical maximum exergy
embodied in the radiative heat. Parrott (1978) addressed the theoretical maximum

exergy in solar radiation. Edgerton (1980) questioned the convertibility of solar radiation
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to thermodynamic work. Jeter (1981) theoretically investigated the maximum
conversion efficiency of direct solar energy utilization, which was as the Carnot
efficiency. Petela (2010) and Agudelo & Cortés (2010) were the latest to review and

summarize the studies regarding the exergy analysis of thermal radiation process.

2.5. Conclusions

Based on the literature review conducted for this research, four main issues got
the attention: (i) The computer modeling of HVAC systems are popular among the
applications in a system-based scheme or the applications in a component-based
scheme. An equation-based modeling scheme is superior at allowing specifications of
inputs and outputs. (ii) Solar combisystems have proofed the vitality, however, exergy
analysis studies on solar combisystems are rare; (iii) The modeling of water storage tank
is an indispensable aspect in the modeling of a solar combisystem. Research in the
modeling of stratified storage tank should be conducted; and (iv) Including a heat pump
as a component of a solar combisystem makes a challenging system configuration for

investigation.

To address these issues, a model development study should be done, to use the
EES program as the modeling platform developing a Second-Law model of a solar
combisystem presenting the solar heat pump combination. Using the component
approach, the solar combisystem model being developed is obtained by integrating the

model components, which are to be developed at first. With the developed solar
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combisystem computer model, the system operation can be simulated and performed

with the Second-Law analyses.
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3. Methodology

This chapter presents the methodology of the research presented in this thesis.
This research investigated a solar combisystem in a specified configuration using

computer simulation. The steps followed are:

=  Choosing the modeling approach;

=  Determining model inputs and outputs and performing case data collection;

= Establishing the control scheme and defining the controlled variables;

= Developing the solar combisystem mathematical model;

= Implementing the solar combisystem computer model in the EES program;

= Assigning the case study data and control settings;

= Model validation and verification;

= Simulating the solar combisystem model and performing results analysis;

= Drawing the conclusions based on the simulated solar combisystem operation

and performance analysis.

Regarding the steps listed above, the followed sections will provide more details.

3.1. Quasi-equilibrium process

Many actual processes are approximated by the quasi-equilibrium processes

with negligible error (Cengel & Boles 2002). In such a quasi-steady approach, the
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combisystem mathematical model was formulated. The thermodynamic balance was
written for rate of energy in W. The time increment of 15 minutes was used, which is
also used by other modeling programs, for instance, the simulation program EnergyPlus
(Building Technologies Office 2013) uses as default of simulation time step. In the
development of IBLAST, a research version of simulation program Building Loads
Analysis and System (BLAST), the value has been identified giving stable results without

largely increase in computation time (BLAST Support Office 1991).

The modeling of the solar combisystem is in a dynamic modeling because of the
thermal energy storage tanks being the combisystem components in connection with
other component equipment. The modeling of thermal energy storage tank follows a
dynamic approach, where the computation results of time-lagged variables from the
previous time are processed as the initial values for calculating the time-lagged variables

at the current time.

3.2. Input and output

The input and output of the solar combisystem computer model were identified
at the beginning stage, before starting the mathematical model development. Data
collection is part of the inputs identification because a computer modeling of HVAC
system only represents the system operation scenario by cases, which is the same true
for the development of a computer model. The collected data will be input to the model

during the development for trial run.
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The solar combisystem outputs were identified for the purpose of operation
investigation, including the temperature of working fluid, heat transfer rate between
components, auxiliary energy use, and performance indices. The model inputs identified
can be grouped to input parameters and input variables. The input parameters are
constants including the equipment dimensions and the operation constraints. The
operation constraints are, such as, the operation temperature limits. The input variables
have values varying time, including the heating requirements and the boundary
conditions. The heating requirements are the space heating demand and the domestic
hot water consumption. The boundary conditions are referred to the conditions of the
environment of thermodynamic system, including the insolation, outdoor temperature,

indoor temperature, and city main temperature.

The input equipment dimensions can be from the documents published by the
manufacturers, which could be the installation, operation and maintenance manuals,
specification catalogues, rating certifications, etc. However, to fix certain parameters
one might need to specify the exact product model to set the capacity. The input
variables can be from other studies or applications. For instance, the studied case used
data from other studies for the heating demands, indoor temperature, and city main
temperature; used weather data from TRNSYS simulation program for the climate

conditions.
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3.3. Control scheme

The control scheme presents the general thoughts about how to operate the
control devices (e.g., valves, thermostats, etc.) to actuate the component in order to
manipulate the solar combisystem operation. Bearing a control scheme in mind was one

of the premises to formulate the mathematical model.

3.4. Mathematical model

The mathematical model of solar combisystem was developed using the
component approach. In this approach, the whole combisystem model is composed of
component models, including the solar thermal collector model, heat pump model, ice
storage tank model, water storage tank model, circulating pump model, system model
(to describe the operating conditions and to evaluate the operation performance at the
system level), and control system model. By developing relations among the component
models, the whole combisystem model was formed. The component mathematical
models were formulated mainly in equations, some in conditions. The equations were to
describe the thermodynamic process that each of the components undergoes. The

conditions were for the decision algorithms of the control system model.

The presented models in this thesis, some parts of certain component models
are new approaches or new algorithms being developed during this research. The other
parts were adopted from existing models documented by other researchers, with or

without modification.
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3.5. Computer model

The solar combisystem computer model was obtained by implementing the
developed component mathematical models in the EES program. Essentially, the
program can solve coupled non-linear algebraic and differential equations. The program
has the built-in functions calculating the thermodynamic and transport properties of
substances. The program can check unit consistency, which may appear to be a minor
feature, but is especially useful for complex models; the solar combisystem being

studied in this research is one of those.

At this step, the interface for model inputs was created in the EES program. The
equations and conditions were implemented as procedures. Main procedure was set up
to compile the computation directives, functions, and procedures so for the execution in
sequence. During implementing the procedures, efforts were made to prepare the

component models ready for future reuse in different system configurations.

3.6. Testing and modifications

The computer model needed tests and verification before running the simulation
for final results. The testing was performed by running the model and observing the
model responds and model outputs to ensure if the observed are as being expected

(Kennedy & O’Hagan 2001). The tests were performed for various simulation time spans,

25



for day, and for season (i.e., heating season and non-heating season), before performing

on a complete simulation year.

Detailed outputs from the test simulations were examined. The error detection
at this step was time consuming. The model was examined with energy balance, as well
as with certain variables, such as temperatures, efficiencies, exergy destructions. For
instance, the efficiency, exergy destruction, and dimensionless variables typically have
values within certain range. Their outputs can expose problems or errors hiding in the

model.

3.7. Simulation and results analysis

The developed computer model was run to simulate the solar combisystem
annual operation. To eliminate the impact made by the initial values, the simulation of
three continuous years was performed, and only the results for the third year were used
for the analysis. The exported simulation results were vast sets of data requiring data
treatment. The program MATLAB was used in this study as a post-processor for this

purpose.

At the step of data treatment, an important aspect is to distinguish the on/off
status of solar thermal collector, heat pump, and radiant floor, because a variable that
belongs to the model of either one of them is a step function. When the operation is in

off status, the variable does not have a value. However, a dummy value of 0 was
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assigned out of the computation needs. When analyzing the data exported, the dummy
value must be filtered out first due to the value does not represent any physical
meaning. A variable that belongs to the water storage tank model or the ice storage
tank model is not a step function. The controlled variables (Section 4.9.1) and the
variables regarding the heating demands were used in filtering the dummy values. Any
of them served as a classifying index to recognize dummy values for certain step

function.
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4. Development of mathematical model
4.1. Solar combisystem configuration

The solar combisystem consists of solar thermal collector, a water storage tank,
a radiant floor, a heat pump, an ice storage tank, and three circulating pumps. The solar
combisystem configuration is illustrated in Fig. 4.1. Three circulation loops (L1, L2, L3)
make connections among the solar thermal collector, water storage tank, ice storage
tank, heat pump, and radiant floor. The circulating pumps drive water, the heat transfer
fluid, circulating along the loops to transfer heat among the connected equipment. The
solar thermal collector traps solar heat input to the combisystem, and the heat is stored
in the water storage tank and ice storage tank. By using solar thermal energy and
electricity, the combisystem covers the needs for domestic hot water and residential
space heating. Cold water from the city main is heated in the water storage tank. While
preparing domestic hot water, the water storage tank also supplies heat being used for
space heating. The space heating is provided by the radiant floor using heat supplied
from the water storage tank, or by the heat pump. The heat pump extracts heat from
the ice storage tank to supply, in a given sequence, the radiant floor, and the water

storage tank as well.
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Fig. 4.1 Schematic of solar combisystem configuration

The modeling is based on the combisystem characteristics and residential design
requirements. The combisystem characteristics include the insolation density, outdoor
air dry bulb temperature, and main water temperature. The residential design
requirements include the sensible heating load, design indoor temperature, and

domestic hot water consumption. Assumptions being made for the modeling include,

= The pressure of water is assumed to be constant at the standard atmosphere

pressure,

= Heat transfer to the heat transfer water due to electrical power input to
circulating pumps is neglected;

= Heat transfer through the circulation loop pipes is neglected;
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= Heat storage in pipe walls, device shell and attached insulations, floor material
and surface attachment is neglected;

= Tank shell is assumed to be uniformly insulated; neglecting pipe entrance on
tank shell as well as junctions of thermal or control instruments;

= The magnitude of immersion heat exchangers, mounted in the water storage
tank, is neglected. Thus, the volume of immersion heat exchanger does not
reduce the inside volume of water storage tank;

= The turbulence of jet flow (due to water drawn-off) in the water storage tank is
neglected;

= Thermal transmittance of the pipe walls, device shell, and insulation material is

constant. Film resistance on the exterior surface of storage tanks is constant.

This chapter presents the mathematical models of the solar combisystem
components, and the integration of all models to comprise the combisystem computer

model.

4.2. Mathematical model of solar thermal collector

The solar thermal collector (Fig. 4.2) absorbs solar radiation that is transferred to
the heat sink through the circulation loop using water as the working fluid. The
mathematical model calculates the heat transferred by the working fluid and the fluid

leaving temperature.
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Fig. 4.2 Schematic of solar thermal collector model

4.2.1. Solar heat absorption and loss

The incident solar radiation on the solar thermal collector is calculated as:

YColl __ ~ 4Coll Coll
sol — GApaneln § (4'1)

where, QS9! is the insolation rate upon tilted solar thermal collector when the solar
thermal collector is operated; G is the power density of insolation upon tilted collector

panel surface; Aggﬁel is the gross area of single solar thermal collector panel; n°" is the

number of solar thermal collector panel.

The absorbed solar energy is calculated as function of the thermal efficiency of

solar thermal collector, nc"”, and the incident insolation as:

Q'Coll — nCOIng:lll' (4_2)
where,
2
T'COIl —-T T‘COll -T
ncou = a() + al ln'WG e + aZ ( dilid G Oa) ) (43)
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(% is the solar heat absorption rate of solar thermal collector; a ... a, are the

T.COll

inw IS the temperature of water

coefficients of solar collector thermal efficiency;
entering the solar thermal collector; T,, is the outdoor air temperature. For the
Coll<

calculations of solar collector thermal efficiency, two situations are excluded: (1) n

0, and (2) n¢°%> 1. Constraints required to apply Eqn. (4.3) are presented in Appendix A.

The solar energy loss rate at the solar thermal collector, E£%Y, is calculated as:

B = (1 - o) QSet (44

Coll Coll

The surface area Ay gy, the number n="", and the coefficients ay, a;, a,, are
input parameters. The Certification and Rating sheet of selected solar thermal collector
product provides such information. For instance, the studied case simulated the Empire
EC-24 glazed flat plate solar collector (SunEarth 2012) of 14 panels in parallel. Each
panel has the area of 2.298 mZ. The coefficients are ay=0.728, a;=-2.98830 W/(m2-°C),

a,=-0.01930 W/(m*°C?). The coefficient a, has positive value; the coefficients a,, a,

have negative values to take into account the decrease of efficiency due to heat loss.

The insolation G and the temperature T, are input variables. For instance, the
case study was performed for Montreal. The insolation density on the tilted surface of
60° due south, and the local outdoor dry bulb temperature were used. These weather
information were extracted from the weather data file TMY2 of TRNSYS 16 simulation

environment (Klein 2006) at 15 minutes time step.
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4.2.2. Entering temperature of heat transfer fluid
The entering temperature of heat transfer fluid is determined by the operation
of other device connected to the solar thermal collector. The entering temperature is

the input of the solar thermal collector model.

The water storage tank and ice storage tank are the heat sinks of solar thermal
collector in the solar combisystem. Operating the solar thermal collector against one of
the storage tanks at a time, the temperature of water in the storage tank is taken as the

temperature of water entering the solar thermal collector,

TColl _ {Td)’l, against water storage tank

= , 4.5
WY, against ice storage tank (4.5)

where, T‘,{,Vl is the temperature of the water-node N1 in the water storage tank (Section

4.5.1); T is the temperature of the water-layer in the ice storage tank (Section 4.4.1).

Coll CollawWT for

The heat transfer rate of solar thermal collector Q is noted as Q

the transfer to the water storage tank and QCOUMT for the transfer to the ice storage

tank.

4.2.3. Leaving temperature of heat transfer fluid

The temperature of water leaving the solar thermal collector, Toclf,f,lw, is

calculated as:

Q‘Coll

Coll _mColl , _ ~

Tout,w_Tin,w . coll ~ Coll’ (4-6)
my, pr
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and

m‘(;‘voll — p‘f,O”VVEOU, (4.7)
7Coll _ y7Coll 4Coll Coll
VW - VunitApaneln : (4-8)

where, mG°! is the mass flow rate of water; ,¢°% is the volume flow rate of water, V,2%!

is the volume flow rate per unit collector area. The water properties, constant pressure

specific heat Cp‘f/"” and density p$°Y, are estimated at the average temperature of

water through the solar thermal collector, T520,, as:

Coll Coll
TCOH _ (Tin,w + Tout,w

ou, = > (4.9)

The volume flow rate V% is the input parameter. For instance V5% = 20.1x10°

m>/(s-m?) was used in this case study referring to Certification and Rating sheet of

Empire EC-24 (SunEarth 2012).

4.2.4. Exergy analysis of solar thermal collector

This section presents the exergy analysis of the solar thermal collector operation
by regarding the solar thermal collector as the thermodynamic open system. The exergy
balance equation is established considering the absorption of solar radiation, the flow of

water, and the exergy destroyed during the operation.

34



Specific exergy of fluids

The velocity of substance and the elevation of substance are neglected to
calculate the specific exergy of the fluid. The specific exergy of the flow mass ¢, e.g.

liguid water, is calculated as:

W = h—TKys, (4.10)

and the specific exergy of the non-flow mass ¢, e.g. solid water (ice), is calculated as:

@ =u+ Pyv—TKys, (4.11)
where, h is the specific enthalpy; s is the specific entropy; u is the specific internal
energy; v is the specific volume; P is the pressure at the reference state; TK is the
absolute temperature at the reference state. Eqn. (4.10) and (4.11) are referred to

Cengel & Boles (2002).

Solar exergy absorption
The solar exergy input rate, Xsolr due to the absorbed solar enengy is calculated

as:

Xeor = QY osou, (4.12)
where, g, is the exergy/energy ratio of radiation with respect to the Sun’s

temperature (Petela 1964),

4

_4 Tk +1<TK0 > , (4.13)
3 TKSun 3 TKSun

Oso1 =

TK,y is the absolute temperature of the Sun, 5700 K (Petela 2010).
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The solar exergy absorption is calculated with the associated solar energy
absorption. The solar energy absorption is the net of the incident solar energy on the
solar thermal collector panel surface and the loss of the incident occurred at the same

time in various ways.

Exergy of water flow through solar thermal collector
The exergy transfer rate by water flow through the solar thermal collector, X “°",

is calculated as:

XCOU = qnotl (yCall  — ycoll (4.14)

out,w inw)’

Coll :

Coll
inw IS

where, Y51y, is the specific exergy of water leaving the solar thermal collector;

the specific exergy of water entering the solar thermal collector.

The exergy transfer rate of solar thermal collector XU s noted as X O4T for

the transfer to the water storage tank, and X COUHT £or the transfer to the ice storage

tank.

Exergy destruction and exergetic efficiency

The exergy destruction rate by the solar thermal collector operation, X5, is

obtained from the exergy balance equation:

XColl .V _XColl’ (4.15)

dest — “sol

The exergetic efficiency of the solar thermal collector operation, n,C,"”, is calculated as:

XColl

Coll dest
=1 - ==t (4.16)
N ¥

sol
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4.3. Mathematical model of water-to-water heat pump

The heat pump (Fig. 4.3) is operated under the vapor compression refrigeration
cycle of the refrigerant. The heat pump evaporator is connected to the heat source by
one circulation loop. The heat pump condenser is connected to the heat sink by another
circulation loop. By operating the heat pump, heat is transferred from the heat source
to the heat sink. The mathematical model calculates the electric power input to the
water-to-water heat pump, the heat transferred by heat transfer fluids, and the fluid

leaving temperatures.

N ——————— | ottt o

I Circulation loop against heat sink }

Cond
Tout,w

e —
: A Cond
m@ond Q

!

Cond
Tinw

Fig. 4.3 Schematic of heat pump model

4.3.1. Electric power and heating capacity

The electric power, WP, and the heat output rate at the condenser, Q€°"%, are
estimated for given inlet temperature and volume flow rate at both of condenser and

evaporator using a regression model developed by Tang (2005):
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] TK Cond TKE”“P V7 Cond VEvap ‘
WHP — (bo n bl inw + b2 inw + b3 'Mz‘ond + b4 -M;:uap W}fgge:
283.15 ' 228315 ' 3y gon v (4.17)
. T Cond Tk Evar J7Cond yEvary
QOond = | do + dy 5o+ dy e + dy Zoe + dy e | Qond,
283.15 © “2283.15 " 3y com v (4.18)
where, TKE2 is the absolute temperature of water entering the condenser; TKi'fxp is

the absolute temperature of water entering the evaporator; VWC"nd is the volume flow

rate of water through the condenser; V.>"*? is the volume flow rate of water through
the evaporator. The subscript ;5. denotes the physical quantity at the baseline
condition. The so-called reference condition in Tang (2005) is called baseline condition in
this thesis to avoid the confusion with the reference state of the thermodynamic

analysis.

{7 HP \Cond
Wbase' base

The coefficients by, b4, ... b, and d, d4, ... d4, and the quantities

. . E
Cond and V. vap

base hase are specific values assigned by the user for a specified heat pump. The

ten coefficients and four quantities are identified as constants using regression

technique. The absolute temperatures TKﬁl‘,’v’;d and TKiiUv?,p, and the volume flow rates

ycond and vavap are dependent variables. Table 4.1 shows the coefficients and the
baseline condition of the case heat pump used in this study prepared for a heat pump

GeoSmart HS050 (GeoSmart 2012) using StatGraphics software (StatPoint 2012).
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Table 4.1 Coefficients and baseline condition of case heat pump

Coefficients of b, b, b, by b,
electric power input,
dimensionless -6.32321 0.498219  6.52788 0.0211943 -0.115108
Coefficients of d, d, d, ds d,
heat output rate,
dimensionless -2.36262 4.11641 -0.949693 0.0853777 -0.0135187
i ; 5 Cond yEvap
Baseline condition Wiase base base ~ | Voase 5 s
3390 W 21072 W 9.46x10° m’/s 9.46x107 m’/s

Egns. (4.19) and (4.20) are used to calculate the power WP and heat output

rate Q€°"? of the modeled case heat pump.

TK.COTld Evap
WHP = | —6.32321 + 0.498219 —*_ + 6.52788 ——_
( + 283.15 T 283.15
(4.19)
V‘A(;‘ond 'vaap
+0.0211943——~— — 0.115108 ——~—— | x 3390,
0.000946353 0.000946353
TK Cond Evap
ycond — | 236262 + 4.11641 —— — 0.949693 — 2
Q < 283.15 283.15
vaond VEvap (4.20)
+0.0853777 ————— — 0.0135187 ———~———
0.000946353 0.000946353

X 21072.

In this study, the heat pump has equal flow rates at the condenser side and the
evaporator side. The baseline condition was chosen with equal flow rates as well (Table
4.1). The Coefficient of Performance (COP) was calculated from Eqgns. (4.19) and (4.20)
and compared with the case heat pump performance data. The comparison is fairly
good (see results). However, when the flow rates are unequal, the results are not in

agreement with the manufacturer’s data.
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Shenoy (2004) indicated the use of computer model of the manufacturer to
generate the technical data table with a few measured points obtained from the testing
process. In preparing the case heat pump model, sample points were carefully chosen

by examining the reversible cycle COP (Cengel & Boles 2002):

TKy

COProy = ———,
TV TKy —TK,

(4.21)

where, COP,., is the reversible cycle COP; TKy is the absolute temperature of the high-
temperature reservoir; TK; is the absolute temperature of the low-temperature
reservoir. The high temperature corresponds to the entering temperature at the
condenser, the low temperature to the entering temperature at the evaporator. Among
the performance data of the case heat pump, the points corresponding to COP,,,, in

negative or at unreasonable high values (up to hundreds even thousands) were rejected.

With the electric power input and heat output rate, the COP of heat pump,

COPHP s calculated as:

4P Q'Cond
copP"’ = TS (4.22)
4.3.2. Flow rates and entering temperatures of heat transfer fluids

The flow rates meond and vavap are input parameters of the heat pump model.

In this study, V,£o"4= 17579 = 9 46x10> m3/s, referred to the case heat pump

performance data.
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The entering temperatures of heat transfer fluids are determined by the

operation of other devices connected to the heat pump. The entering temperatures are

the inputs of the heat pump model. At the heat pump evaporator side, the entering

temperature is taken the temperature of the water-layer TV in the ice storage tank

(Section 4.4.1) as:

TK:'%P = 27315+ TYV. (4.23)

inw

At the condenser side, the water storage tank and the radiant floor are the heat sinks.

The temperature of water entering the condenser either is the temperature of water

RF

leaving the radiant floor Tgy; ,, (Section 4.6.1), or the water-node temperature T,5* in

the water storage tank (Section 4.5.1), or the mass-weighted average temperature of

those two as:

TR
273.15 + TRE
3 273.15 + T,
- - RFTRF . Cond . RF\T'N1
my, Tout,w + (mw —my )Tw
273.15 + TnCond )
where,
i = pGe,

against radiant floor
against water storage tank

against both radiant floor and water storage tank

(4.24)

ygond, (4.25)

TRE w is the temperature of water leaving the radiant floor; T,)'! is the temperature of

the water-node N1 of the water storage tank; M’ is the mass flow rate of water

. Cond

through the radiant floor; m;;”"“ is the mass flow rate of water through the heat pump

Cond

condenser; przanw iS the mean density of water through the condenser.
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The density p5%%4 |, is calculated at the mean water temperature over the

certain period of time t; (k= 1...k), as of

Zk TCond
k=1 ‘avg,w tr

Cond (4-26)
Tmean,w = k )
where,
Cond Cond
Tac;?;ﬁ/ — inw + Tout,wl (4.27)
’ 2

The time interval t; (k= 1...k) denotes the time interval when the heat pump isin
operation; the temperature Tfﬁ;ﬁ, is the average temperature of water through the

condenser.

The average temperature T(f,j’;“}vt is step function. The mean temperature
Ul

T,gggg,w therefore only corresponds to the time spans when the heat pump is turned on.

In the model, the mean is the input parameter of the heat pump model. The input to the
modeled case was based on the Eqns. (4.26) and (4.27). The studied case used Trﬁgﬁﬁ,w=
44.1 °C, which is the mean value during the heating season when the heat pump is on

operation.

4.3.3. Energy balance and leaving temperatures of heat transfer fluids

The heat input rate at the evaporator, Q€7%? is derived from the heat pump

energy balance equation as:

QFvap = (Cond _ |j/HP (4.28)
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TCond

The temperature of water leaving the condenser, Ty}, is calculated as:

Q‘Cond
Cond _ Cond
Tout,w - Tin,w . Cond ,~ Cond ’ (4-29)
my, D
mean,w

where, mﬁ,"”d is the mass flow rate of water through the condenser; the constant

pressure specific heat Cp;o:d is calculated at the temperature T,5914 .

n,

The temperature of water leaving the evaporator, TEVAP s calculated as:

out,w’
g e Q'Evap
vap _ vap _
Tout,w - Tin,w mEvap Evap ’ (4.30)
w Pmeanw
where,

. Evap _ _Evap > Evap

my, - mean,wVw ’ (4.31)

. E . .
m,, 7 is the mass flow rate of water through the evaporator; Cpfn”e”;ﬁlw is the mean

Evap

mean,w 1S the mean

constant pressure specific heat of water through the evaporator; p

density of water through the evaporator.

The water properties, the density p,En’;'ff,’LW and constant pressure specific heat

Evap

P reanw’ &€ calculated as at the mean water temperature over the certain period of

time t;, (k=1..k), as of

Zk TEvap

k=1 tavgw ¢

TEvap _ k
meanw — k ’

(4.32)

where, the average temperature of water through the evaporator
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TEvap + TEvap

TEvap _ _inw out,w. (4.33)
avg,w 2
The mean temperature TleZfl‘W is the input parameter of the heat pump model. The

studied case used T,fLZZﬁ,W= 3.9 °C, which is the mean value during the heat season

when the heat pump is turned on.

4.3.4. Ice mass fraction at evaporator outlet
Ice mass fraction, ¢, is the fractional mass flow rate of solid water (ice) in the
water through the evaporator. The mass flow rate of solid water, liquid water, and the

overall without distinguishing phases are subject to the following relations:

m‘i‘;a?’ = gm"f/"az’, (4.34)
i ® = (1 - Oy, (4.35)

. Evap . . . . . Evap .
where, m, ; P is the mass flow rate of solid water (ice) leaving the evaporator; m,, ¢ Pis

the mass flow rate of liquid water leaving the evaporator.
The heat transfer rate at the evaporator can be formulated as:

VEvap — ., Evap . Evap ~ Evap Evap _ mEvap
Q =My, Ly +mwf Cpavg,w Tin,w Tout,wf ’ (4.36)

where, L,, is the specific enthalpy of fusion of water, 333606 J/kg. The constant

pressure specific heat Cpiz;”;v is calculated at the average temperature of water at the

evaporator,
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Evap Evap
TEvap _ Tl'Tl,W + Tout,wf (4.37)

avgw — 2 )

where, Tf;t‘fﬁf is the temperature of liquid water leaving the evaporator. When

solidification occurs, the liquid water temperature is noted by Tfiftf‘:jf, while the solid

water temperature is noted by Tﬂtaﬁi. The liquid water temperature is estimated as

0.01 °C. The solid water temperature is estimated as 0 °C regardless of sub-cooling

(Tamasauskas et al. 2012).

By substituting Egns. (4.34) and (4.35) onto Eqn. (4.36), the mass fraction is

derived as:
QEvap _ Evap Evap _ TEvap
. Evap 14 inw out,wf
g=w wow (4.38)
__ ~ Evap Evap _ mEvap '
LW CD avg,w (Tin,w Tout,wf)
4.3.5. Isentropic efficiency of compressor

The isentropic efficiency of compressor is a measure of the deviation of the
compressor operation from the corresponding ideal process. The compressor isentropic

efficiency, ;" , is calculated as:

Comp __ Wige[)n (4 39)
Nisen = WHP' :

where, WHF is the isentropic compression power.

The isentropic power Vi/'l-ls"fn is obtained by modeling the vapor compression

refrigeration cycle. Fig. 4.4 illustrates the single-stage vapor compression refrigeration
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cycle in temperature-entropy (T-S) diagram. The points 1, 2, 4 ... 8 are the key states of
the refrigerant under the operation of heat pump. In counter-clockwise the actual
process is represented by 1->2 for the compression in the compressor, 2-54->5-6 for
the de-superheating, condensation, and sub-cooling in the condenser, 6->7 for in the
expansion valve, 7->8->1 for the vaporization and superheating in the evaporator. The
pressures of vaporization and condensation are indicated by P, and P, along with T,
and T, as of the corresponding temperatures. The process of isentropic compression is

represented by the transformation 1-3. The isentropic power is calculated in

irC .
Wis;)ﬁnp = mr(hr,3 - hr,l): (4.40)
where,
WHP
My = =5 (4.41)
(PC - Pe)vr,l

m, is the mass flow rate of refrigerant; h,. 5 is the specific enthalpy of refrigerant at the
state 3; h, , is the specific enthalpy of refrigerant at the state 1; v,. ; is the specific
volume of refrigerant at the state 1. Eqn. (4.39) to (4.41) are referred to Cengel & Boles

(2002).

By consulting the technical information of the case heat pump (GeoSmart 2012),
the refrigerant R410A was used in this study, along with the operating parameters
presented in Table 4.2. Where the condition, the temperature of water entering the
condenser at 21.1 °C, was determined referring to the leaving temperature of water at

the radiant floor (Section 4.6.1).
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Fig. 4.4 T-S diagram of single-stage vapour compression refrigeration cycle

Table 4.2 Operating parameters of case heat pump (GeoSmart 2012)

Temperature of water entering condenser at 21.1 °C
Temperature of water entering evaporator, °C

<10 10<t<21.11 t>21.11
Suction pressure, kPa 468.84 520.55 572.27
Discharge pressure, kPa 1727.14 1825.39 1923.64
Superheat temperature
difference, °C 4.72 5.97 7.22
4.3.6. Heat output

The heat output from the heat pump is transferred to the water storage tank
and/or the radiant floor. When only the water storage tank needs heat from the heat

pump, the following condition applies:

QIF*RE =0, (4.42)
Q'HP4-WT — Q'Cond. (443)
When both the water storage tank and the radiant floor need heat, the need of

the radiant floor is satisfied first while the water storage tank is supplied with the

Cond HP4WT for

excessive heat. The heat transfer rate from the condenser Q is noted as Q
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the transfer to the water storage tank, and Q7P*RF for the transfer to the radiant floor.

The heat distribution is computed using the following relations:

Cond
(HPAWT _ (jCond _ GRF if Qdfema < Q

QHP4RF__ \RF
{ — Y¥demd
demd

(4.44)

{Q'HPALRF — Q Cond

Cond
Q'HP4WT -0 ' if Qdemd >Q

where, QRF . is the demanded heat transfer rate of the radiant floor.

4.3.7. Exergy analysis of heat pump

This section presents the exergy analysis of the heat pump operation by
regarding the heat pump as a thermodynamic open system. The exergy balance
equation is established considering the use of electricity, the flows of water, and the

exergy destroyed during the operation.

Exergy of water flows through evaporator and condenser

The net exergy transfer rate by water flow through the evaporator, X" is

estimated as

XEVaP — gy Evap, Evap Evap Evap E"‘W Evap (4.45)

- in,w outwf+ out,wi/’

Evap

where, wgvap is the specific exergy of water entering the evaporator; .

mn,w

f is the

Evap

specific exergy of liquid water leaving the evaporator; Poutwi

is the specific exergy of

the solid water leaving the evaporator.
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The net exergy transfer rate by water flow through the condenser, xcond g

estimated as

yCond .
Xeond = mGone (Yeors — wiv'), (4.46)

where, wgg;f;iv is the specific exergy of water leaving the condenser; z/)icrfﬁ,d is the specific

exergy of water entering the condenser.

The exergy is transferred through the circulation loop L3 from the heat pump

condenser to the radiant floor and/or the water storage tank. The exergy transfer rate

XHP4-RF XHP4WT )

to the radiant floor is noted as , and that to the water storage tank as

Therefore,

xCond _ yHPARF | yHPAWT (4.47)

Exergy destruction and exergetic efficiency
The exergy destruction rate by the heat pump operation, Xge’;t, is obtained from

the exergy balance equation:

X(Ij-IeP;t — WHP + XEvap _ XCond’ (448)

The exergetic efficiency of the heat pump operation, n}i¥, is calculated as:

Xaest
HP _
7’]” - 1 - WHP + XEvap. (449)
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4.4. Mathematical model of ice storage tank

The storage tank (Fig. 4.5) contains water as the storage media, allowing the
coexistence of liquid water and solid water. The storage tank is operated between a
heat source and a heat sink. The mathematical model simulates the ice storage tank

operation to calculate the temperature of water and the mass of ice in the storage tank.

ITL ITS
Tinw Tinw
. ITL o ITL . ITS
s -
T o Tce-layer : . _.' S ~
i Circulation loop | _— i Circulation loop |
| against heat sink ! T, ey Tey | against heat source |
i b p R - N )
Qext A |' * ;EO
Uint Qf 0
— bwi T
. int 914
th F | okl Tce
2 I — storage
Ty Ly tank

Water-layer ‘
ITL ITS
Toutw Tourw

Fig. 4.5 Schematic of ice storage tank model

In the case of only liquid phase, the storage media is one homogeneous water-
layer. In the general case of two phases, there is one homogeneous water-layer below
one homogeneous ice-layer. When the ice storage tank is under the heat transfer with
the heat source and/or the heat sink, there is flow of water through the storage media
from top to bottom. In the general case, the water flow contains solid water (ice) and
liquid water. The liquid water is called passing flow in here, which across the ice-layer
flow into the water-layer, while the ice accumulates the ice-layer. The heat transfer of
the ice storage tank takes place: (i) across the contact surface between the ice-layer and

water-layer; (ii) through the storage tank surface with the surrounding environment; (iii)
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by the passing flow with the heat source and heat sink. This section presents the ice

storage tank model by Tamasauskas et al. (2012) with modifications.

4.4.1. Energy balance of ice-layer and water-layer

The energy balance equation of the ice-layer is as follows:

Qéto = Qine + Qbxe + Q,I‘ — Ly}, (4.50)
where, Q;to is the energy change rate of the ice-layer; Q{nt is the heat transfer rate of
the ice-layer with the water-layer across the contact surface in between; Q.,, is the
heat transfer of the ice-layer with the surroundings across the tank surface; Q} is the
heat transfer of the ice-layer with the passing flow; L,, is the latent heat of fusion of

water; !I" is the mass flow rate of solid water (ice) from the heat sink.

Terms in Egn. (4.50) have following formulations,

L (451

th = hslurryAcnt(TMZV - TiIce); (4.52)

Qext (UigA{;S + Uhs 7rwlt)(Tia - TiIce)' (4.53)

Qf _ ITL g‘lL TLInT\l;v +m‘1/g‘scp1TS Tllr’lra/ (mITL +m1TS)CpIT TIT (4.54)

where, t is the time; m!_, is the mass of the ice-layer; m",vT]é is the mass flow rate of

liquid water from the ice storage tank heat sink; m/I" is the mass flow rate of water
from the ice storage tank heat source; T/, is the temperature of the ice-layer; T,/ is the

temperature of the water-layer; T;, is the air temperature of the surroundings; T’,CV is
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the temperature of the passing flow; g,y is the heat transfer coefficient between the
slurry ice and liquid water; U!T is the thermal transmittance of vertical surface of the ice
storage tank; U,ILS is the thermal transmittance of the horizontal surface of the ice-layer;
AT is the contact surface area between the ice-layer and the water-layer; AL is the

vertical surface area of the ice-layer.

The energy balance equation of the water-layer is as follows:

Qsto = Qe + Qexe + 07, (4.55)
where, QZ‘{O is the energy change rate of the water-layer; Ql”,ft is the heat transfer of the
water-layer with ice-layer across the contact surface in between; Q, is the heat
transfer of the water-layer with the surroundings across the tank surface; Q?/ is the heat

transfer of the water-layer with the passing flow.

Terms in Egn. (4.55) have following formulations,

d (mw chTW)

oW == - , (4.56)

Qtne = hsiyrry A nt( ice — Tu‘;v): (4.57)

Q¥ = (UEAY, + U AT (Tiy = T ), (4.58)

Qf — (mgfL +m1TS)CpIT T ITL +mITS)CpWTW (4.59)

where, m‘,”l,’ is the mass of the water-layer; U,'{'; is the thermal transmittance of the
horizontal surface of the water-layer; AY is the vertical surface area of the water-layer;

AlT is the base area of the ice storage tank.
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4.4.2. Mass content in ice storage tank

The total water mass inside the ice storage tank, m"f, consists of the mass of the

two layers,

mil = ml,, + mW. (4.60)

The mass fraction of ice in the ice storage tank, y, is the ratio as of

1
_ Mice
where,
W,
m‘l/g' — pW plce IT’ (462)

Vmaxpv\M// + (1 - Vmax)pice

and for the rectangular tank,

VIT = HITWITLIT, (4.63)
pY is the density of the water-layer, estimated with the maximum temperature of the
water-layer, denoted as T)¥,..; Pice is the density of the ice-layer, estimated as 916.2
kg/m? for ice at 0 °C; ¥pnqy is the maximum mass fraction of ice in the ice storage tank;
V1T is the volume of the ice storage tank; H'T is the height of the rectangular tank; W!T

is the width of the rectangular tank; LT is the length of the rectangular tank.

The maximum mass fraction of ice ¥4, the maximum temperature of water-
layer T, and the three dimensions of tank H!T, W!T, and LT, are the input
parameters. For instance, in the case study, H7=2m, W!T=2m, and L'"=3.5 m. The
maximum mass fraction of ice ¥,,,4, is set for the operational requirement, since certain

amount of liquid water should be secured for the circulations with the heat source and
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heat sink. Referring to Sunwell (2012), ¥nax= 0.7. The maximum temperature T, is
set from the economic considerations. High water temperature damages the
possibilities of water undergoing phase change, which decreases the thermal storage
capacity. Besides, the heat pump acts as the heat sink of the ice storage tank. Heat
pumps usually get an operation range, in terms of the entering temperature at the
evaporator. Based on the heat pump performance data from GeoSmart (2012), T,% .=

37.7°C.

4.4.3. Heat transfer between layers

The heat transfer between the ice-layer and the water-layer is treated as natural
convection of warm water underneath a cold plate (Kreith & Bohn 2001), due to the
small magnitude of the passing flow. The intensity of heat transfer between ice and
water varies (Maciejewski 1996). The heat transfer coefficient between ice and water is

calculated as (Kreith & Bohn 2001),

w
h _ N uslurrykw
slurry — 7 =)

(4.64)
where, Nug,,y is the Nusselt number of ice slurry; kY is the conductivity of the water-

layer; L! is the characteristic length, taken as the wet perimeter of the ice-layer,

IT 7IT
I = L (4.65)
2(WIT 4 [T

The Nusselt number piecewise depends on the Rayleigh number (Kreith & Bohn 2001),
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0, Raslurry = 105
1
Nitgiupry = § 0.54RAgurry /4, 105 < Ragprry < 107, (4.66)

1
\0.15Ragprry /3, Ragpyryy > 107

where, Rag,,y is the Rayleigh number for ice slurry,

Ragpyrry = Gr'PryY, (4.67)
and

3
A

2
w
Uw

Gr (4.68)

Gr'is the Grashof number of the ice-layer; Pr;¥ is the Prandtl number of the water-
layer; g is the gravity acceleration; p,, is the density of the water-layer; TV is the

temperature of the water-layer; ul is the viscosity of the water-layer.

The area of contact surface between the ice-layer and the water-layer is

calculated as:

0, ify<o
AT = { 4.69
cnt AIT, lf % >0 ’ ( )
where,
A =wITLT, (4.70)
for a rectangular storage tank.
4.4.4. Heat transfer with surroundings

The heat transfer between the ice storage tank and its surrounding environment

takes place around the storage tank surface. Neglecting the thermal transmittance of
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the tank shell, the thermal transmittance of vertical surface of the ice storage tank is

calculated with:

UIT — 1

vs 1 + RAiT’
IT

Uinsu v

(4.71)

where, U/T_ is the thermal transmittance of insulation attached to the ice storage tank;
RAI™ is the surface film resistance of still air under horizontal heat flow, 0.12 m?®-°C/W

(ASHRAE 2009c).

The thermal transmittance of the horizontal surface of ice-layer is a piecewise

function as follows:

1
Ufllrg,down' Tice < Tia
UfIlS = 0; TlICe = ia’ (472)
Uit TL, > T,
hs,up’ ice ia
where,
UIT — 1
hs,down 1 L A ’ (4.73)
UIT hs,down
insu
UIT _ 1
hs,up 1 4 RAIr ’ (4.74)
yiT hs,up

U,’lgdown is the thermal transmittance of ice storage tank horizontal surface under heat
flow downward; U,’lgup is the thermal transmittance of ice storage tank horizontal
Air

surface under heat flow upward; Ry s 404y, is the film resistance of still air under

horizontal surface under heat flow downward, 0.16 m*-°C/W (ASHRAE 2009c); R,‘;‘S"Lp is
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the film resistance of still air under horizontal surface under heat flow upward, 0.11

m?2-°C/W (ASHRAE 2009c).

Respecting the relation between the water-layer temperature and the indoor air
temperature, the piecewise function of the thermal transmittance of horizontal surface

of the water-layer is as

Uhs up hs down(1 sgn(y)), TVI\/IV < Tia

Ups = 0, TY=T, (4.75)
U!lz,down + Uillz,up(l - sgn(y)), TMZV > Tia
where, the sign function sgn(y) returns 1 for y> 0, returns 0 for y= 0.
The vertical surface area of the ice-layer is estimated as
Als = YA, (4.76)
and the vertical surface area of the water-layer
A= (L — AL, (4.77)
where, the vertical surface area of the ice-storage tank walls is
Af}; = 2(WIT + LIT)HIT, (4.78)

The thermal transmittance U/’ and the temperature T;, are the input
parameters. The case study used UL, = 0.253 W/(m?-°C) for the ice storage tank

thermal transmittance; the residential environment temperature of 18 °C (Leckner &

Zmeureanu 2011) as the indoor air temperature.
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4.4.5. Passing flow
The passing flow temperature is lower than the entering liquid water
temperature, because the ice-layer cools the passing flow. The temperature of the

passing flow is calculated as Behschnitt (1996):

ITL ITL ITS ITL(TITL I ITS
TIT T nwf + mITSme g[m nwf - TlCE) + mITS(me lce)]
fw miTS + m‘IAZ"fL
(4.79)

where, ¢ is the cooling effectiveness of the ice-layer, calculated as Tamasauskas et al.

(2012):
42.35y, 0<y<0.02
€ ={121.5y° — 165.9y* + 88.77y3 + 23.31y2 + 3.12y + 0.7928, 0.02 < y < 0.44.
1, 044<y<1
(4.80)
4.4.6. Temperatures in ice storage tank

The temperature of the ice-layer is estimated at constant temperature of 0 °C
(Tamasauskas et al. 2012). The water-layer temperature is calculated by solving the
energy balance Egns (4.50) and (4.55). By employing backward Euler method to

discretize the ordinary differential equations, we obtain:

Il
. _ Tnicetj mlCetj_l L (4.81)
QStO - At w»
w.w w w
(mifepyy), (md (" Ty ) (4.82)

tj—l

0 /-
QStO At 4

where,
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At = t] - tj—l' (483)
At is the time step; tjis the current time; ti_1is the previous time. Rearranging Eqns.

(4.81) and (4.82) we have:

Qseolit
mgcetj = Tngcetj_1 - L.’ (4.84)
w
AW
TW — TW QStOAt .
W t; Witj1 (mWC W) (485)
wtp, -

The temperature of the water-layer is calculated by simultaneously solving above two

equations with m¥ = m'"- m!_, substituted.

The time step At is the input parameter, the case study used At=900s.

4.4.7. Interchange of energy in solid-liquid equilibrium

Interchange of energy for solid-liquid equilibrium is a procedure to amend the
discretized solutions for the occasions involving the phase changing. Phase change
occurs during the heat charging and discharging of the ice storage tank. In the numerical
solution of the discretized energy balance equations of the ice storage tank, the final
moments of phase change may take place during one of the calculation time period. In
the final moments the ice could completely disappeared, or the water eventually
reached the solidification temperature of 0 °C. The calculation time period refers to the
time step used to discretize the ordinary differential equations of the energy balances.
The discretized solution cannot tell the final moments, but only given for the fixed time

step, e.g. t; and ¢;_;. If the moments take place between t; and t;_;, the calculations
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should able to handle, or the numerical solutions as m{wt_< 0or T‘E’tg 0 are possible to
J J

present. Smaller time steps mitigate but do not eliminate the potential problem.

With the procedure employed in this thesis, the limit states of heat charging and
discharging are counted. Reaching the limit states, the amount of heat that is unable to
be charged onto the ice-layer is charged onto the water-layer instead; and the amount
of heat that is unable to be discharged from the water-layer is discharged from the ice-
layer. Two new variables are introduced for counting the dispatch: (i) The heat transfer
rate, denoted by QIZW, is the interchange of energy from the ice-layer to the water-

w2li

layer; (ii) The heat transfer rate, denoted by Q"V%, is the interchange of energy from the

water-layer to the ice-layer.
I. Theice-layer

The procedure starts with the pre-estimation of the energy change rate of the

ice-layer, Qétopre' with:

Qétopre = Q{nt + Qéxt + Q)I‘ - me\I;iL- (4.86)
Because of not knowing if exists enough ice to fulfill the heat charging, the calculation

by Eqgn. (4.50) is distinguished by the pre-estimated quantity.

I

The pre-estimation of the mass of the ice-layer, Mice prer

at time ti is calculated

with:

o7/
_ M_ (4.87)
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I
iCepr

I — ] L
iceti =m if

If the pre-estimated mass m icepretj'

2 0, then at the time t;, m

I

1
ice pre < O’ m

icet, 1S set equal to zero.

The heat storage capacity of the ice-layer is calculated with Eqn. (4.81). The heat
transfer rate Q"W is calculated as the difference between the pre-estimated demand
for heat storage and the capacity of the ice-layer as:

Q™" = Qitopye = Qitor (4.88)

Il.  The water-layer

The heat transfer rate QIZW is added to Eqgn. (4.55):

0,0 = (O + Qe + Q) + 0™, (4.89)
The pre-calculation of the temperature of the water-layer at time t;, Tv‘ﬁ’pre, is pre-
calculated as:
; QY
Tw pre;. =Ty tj—1 + w (4.90)
j My Cp,
tj_]_
w . W o_ W e TW
If T,y pretjz 0, congelation does not commence, and hence T, 6= T,y Wetj' if T,y pre< 0,

T‘Z"t, is set equal to zero. With the temperature Tv{ﬁ"t_, the heat storage capacity of the
] ]

w2l

water-layer is calculated with Eqn. (4.82). The heat transfer rate Q is calculated as:

Q" = 0o, — Qi (4.91)
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which corresponds to the amount of ice frozen from water in extra. The mass of ice-

layer, therefore, should be:

I _ I I
micetj = Micepre + Miceorira’ (4.92)
where, m/_, is the extra mass of ice,
extra
W21
A
m! _¢ 3 (4.93)
Ceextra L
w
4.4.8. Entering conditions of heat transfer fluid

The entering conditions of heat transfer fluid are determined by the operation of
other devices connected to the ice storage tank. The entering conditions are the ice

storage tank model inputs, related to the storage tank heat source and heat sink.

The solar thermal collector is the heat source of ice storage tank in the solar
combisystem. The leaving conditions of the heat transfer water from the solar thermal

collector are the entering conditions to the ice storage tank:

m\I;S = m‘%"”’ (4.94)

Tinw = Toutow (4.95)
ITS _ Coll

Cpin,w - Cpout,w' (4.96)

The heat pump is the heat sink of ice storage tank in the solar combisystem. The
leaving conditions of the heat transfer water from the heat pump evaporator are the

entering conditions to the ice storage tank:
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- ITL . E'Uap (4.97)

My = My;

. . E

Tyt = 1, T, (4.98)
ITL _ mEvap

inwf = Toutws (4.99)
ITL _ Evap

p inwf p out,wf’ (4.100)

4.4.9. Exergy analysis of ice storage tank

This section presents the exergy analysis of the ice storage tank operation by
regarding the ice storage tank as a thermodynamic open system. The exergy balance
equation is established considering the flow of water, the heat transfer between the
storage tank and surroundings, the inter-layer heat transfer between the two control

volumes, and the exergy destroyed during the operation.

Exergy transfer with heat source and heat sink

When the solar thermal collector is operated against the ice storage tank, the

net exergy transfer rate from the heat source, X'5, is:

YITS _ xColl4IT (4.101)

When the heat pump is turned on, the net exergy transfer rate to the heat sink, X'7%, is:

XL = xEvar, (4.102)

Exergy transfer with surroundings
The exergy transfer between the ice storage tank and the surroundings, th, is

calculated with:
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XIT, =XL,+ X%, (4.103)

where,

Xixt = Qéxt|Tial, (4.104)

Xeet = Qextltial, (4.105)
X! .. is the exergy transfer rate of the ice-layer with the indoor surroundings; X', is the
exergy transfer rate of the water-layer with the indoor surroundings; 7;, is the quality
factor of conduction-convection with respect to the indoor air temperature TK;,,

TK,
Tig = 1-— .
TK;,

(4.106)

TK,
TK'’

For the quality factor of conduction-convection, generally expressed as 7= 1-
when TK> TK,, the quality factor is positive, indicating the conduction-convection
embodies warm exergy with respect to the reference state. When TK< TK,, the quality
factor is negative, indicating cold exergy embodied. When TK=TK, the quality factor is
zero, indicating no exergy is transferred due to the conduction-convection. By taking the
quality factor in absolute value, the sign convention of the quality factor is withdrawn,

so that no confliction would be caused against the sign convention of energy transfer

process.

Exergy destroyed by inter-layer heat transfer
The heat transfer between the ice-layer and water-layer due to the temperature
difference degrades the quality of the heat. The inter-layer exergy destruction rate,

XIT

int dest IS Calculated as:

64



XIT

int,dest — Xilnt - Xiwn/tJ (4.107)
where, X! . is the exergy transfer rate of the ice-layer with the water-layer; X}V, is the

exergy transfer rate of the water-layer with the ice-layer. Further transforming,

Xiﬁt,dest = Q{nt(|7W| - |TI ): (4.108)

where, 7% is the quality factor of the transferred heat with respect to the water-layer

temperature, TK), as:

TK,

w
=1-—.
TKY

(4.109)

7! is the quality factor of the transferred heat with respect to the ice-layer temperature,

TK!  as:

ce’

TK,
TKL

Lce

=1 (4.110)

Change of exergy during heat storage process in ice storage tank
The exergy variation rate within the ice storage tank, AX'T, is calculated as the

sum of that of the two layers,

AX'T = AXT + AXY, (4.111)
where, AX' is the exergy variation rate of the ice-layer,
I I
o1 (micetj mzcetj_l) Pice - (4_112)

AX' = ;
At

AX"™ is the exergy variation rate of the water-layer,
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w w w w
m —m
Wtj‘l/)W t]' Wtj_llpw t]'—l )
)

At

AXW = (4.113)

(p{ce is the specific exergy of ice in the ice-layer; YV is the specific exergy of water in the

water-layer.

Exergy destruction and exergetic efficiency
The exergy destruction rate by the ice storage tank operation, Xéist, is obtained

from the established exergy balance:

X =X = X4 XD+ XIT ose — AX. (4.114)

The exergetic efficiency of the ice storage tank operation, n!T, is calculated as:

8 vIT
X
ni =1 ——Zot. dest, (4.115)
20] XITS

tj . . . . .
20’ XIT .+ is the sum of exergy destruction of the ice storage tank since the start time of

operation, where,

Xiost = XgeseAt, (4.116)
t .
ZO’ XTS5 is the sum of exergy transfer from the heat source of ice storage tank since the

start time of operation, where,

XS = x1TS ¢, (4.117)

4.5. Mathematical model of water storage tank

The water storage tank (Fig. 4.6) contains water as the thermal storage media.

Two immersion heat exchangers are mounted inside the storage tank, as part of two
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circulation loops connecting the storage tank to the heat sources and heat sinks. Inside
the circulation loops, water is the heat transfer fluid. Heat transfers between the heat
transfer fluid and the storage media by the immersion heat exchangers. Cold water from
the city main flows into the storage tank to compensate the hot water drawn off.
Whenever the draw-off temperature below the set temperature, an inline heater on the
draw-off pipeline starts up to reheat the hot water using electricity. The mathematical
model simulates the water storage tank operation to calculate the temperature of water

in the storage tank and the electric power input to the inline heater.

| Auxiliary inline heater !

WAux

N

;r Hot water draw-off |

‘Water
storage |

,,,,,,,,,,,,,,, i —]
| Heat exchanger HX1 | T

(._I-fe at exchanger H. 3( 2 ) |

ir Eold wa{e} 751113})13; ﬁ:

Fig. 4.6 Schematic of water storage tank model

The modeling of water storage tank is based on Duffie & Beckman (2006) and
Cruickshank & Harrison (2010). The storage media is regarded as five distinct
homogeneous layers in equal mass. Each layer is identified as one water-node, denoted

as Ni,i=1,2.. 5insequence from the bottom to top. One immersion heat exchanger
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HX1 locates at the water-node N1, the other immersion heat exchanger HX?2 locates at
the water-node N3. The heat transfer of water-nodes takes place across the contact
surface between adjacent water-nodes, tank surface, and immersion heat exchanger
surfaces. The cold water port locates at the water-node N1, the hot water port locates
at the water-node N5. The water flow created by the leaving hot water and entering
cold water is called jet flow in here, which is involved with the transfer of heat with the
water-nodes as well. The modeling assumes that the jet flow takes place as water
moving from the lower node to the right above higher node, which is a pattern of relay
in the bottom-up direction. A premise implied is that the amount of jet flow at one time

step does not exceed the mass of the one water-node.

4.5.1. The energy balance of water-nodes
Energy balance is established for the water-node Ni as:

)ito = Offy + Ol + Qe + 0F (4.118)
where, QN is the energy change rate of the water-node Ni; QN% is the heat transfer
rate of the immersion heat exchanger; QN is the heat transfer rate of the water-node
Ni with the adjacent nodes across the contact surface in between; QY is the heat

transfer rate of the water-node Ni with the surroundings across the tank surface; Q}Vl is

the heat transfer rate of the water-node Ni with the jet flow.

Terms in Egn. (4.118) have following formulations,
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NipNi
i _d(mwcp Tw ) (4.119)

sto — dt ,

Q% = Qlrs1 + OWrs2 + Qe (4.120)
( kWTl+1 ' '
JWTi+1 (AWT + Acsshell)(Tvlv\hJr1 - Tvlvw)' i=1

WTi

[WTi (ay™ + AP nen (T — TN +

ANi {
int — kWTl+1 ’

(AWT + Acs shell)(Tv{/VHl - T\/{/Vi)' i= 2' 3'4

(4.121)

LWTH-l

WTi

(AWT + ‘Llcsshell)(Tvllyi_1 - TVIVW)' i=5

LWTl

— {(U%TAQ;' +URTAY )Ty — TN, i=1,5 (4.122)

ext — UWTANL( - Td/Vi), i=234

TDHW (CpMalnsTv{\;Iam —c xlezyz), i=1

ot = ™ . (4.123)
f . DHW (szvl 1pNi-1 _ xlT‘/{)’l), i=2345

my
where, QiV%-¢, is the heat transfer rate from the heat source through the heat exchanger
HX1 to the water-node Ni; Ql%, is the heat transfer rate from the heat source
through the heat exchanger HX2 to the water-node Ni; Ql%,, is the heat transfer rate
from the water-node Ni to the heat sink through the heat exchanger HX1; ml) is the

DHW ;

mass of the water-node; m2H" is the mass flow rate of domestic hot water drawn; T,¢

is the temperature of the water-node Ni; TN*1 is the temperature of the of the water-
node Ni+1; TN:=1 is the temperature of the of the water-node Ni-1; TM%" is the
temperature of water from the city main; kYT is the thermal conductivity of water
given by Eqn. (4.140) (similar to kWT”l); UXT is the thermal transmittance of vertical

surface of the water storage tank; Uy%" is the thermal transmittance of the horizontal

surface of the water storage tank; L7 is the length given by Eqn. (4.144) (similar to
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LTy, AWT is the base area of the water storage tank; A%L, ., is the cross-sectional
area of the water storage tank shell; AN¢ is the vertical surface area of the water-node

Ni.

4.5.2. Heat transfer of immersion heat exchangers

The heat transfer by conduction takes place in the water storage tank between
the adjacent nodes, in functional of the temperature gradient and thermal conductivity.
The dependent quantities generally are available for the modeling. In contrast, the heat
transfer by convection is more complex, and the modeling does not have an approach
widely being accepted for all situations. However, the convection cannot be abandon.
Without employing certain computational approach, large temperature difference
present among the exchanger node (the node with the heat exchanger) and non-

exchanger node (the node without the heat exchanger).

Because the convection caused by the fluid mechanism of buoyancy effect is
unknown, a new concept of so-called continuous node is conceived for modeling
stratified thermal storage tank. The concept is presented in this section, with a series of
definition including node exchange heat, node exchange contribution, and node
exchange mass for explicate the continuous node components. The application

approach is given by case of this study.
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The heat transfer of immersion heat exchanger HX with the node Ni is defined

as node exchange heat. Denoting the node exchange heat rate by QJ%, the overall heat

transfer rate of immersion heat exchanger HX by Q"%, here has
n
YooM= 0" i=1.m) (4.129)

=1

where, n is the number of nodes in the stratified thermal storage tank. The ratio of the
node exchange heat rate to the overall heat transfer rate of immersion heat exchanger

HX is defined as node exchange contribution, denoting by aMt,

AN

al = Q.’:,f(. (i=1..n) (4.125)

For a single heat exchanger HX, the summation of all node exchange contributions

equalsto 1,

n
dYavi=1 (0=a*<1), (4.126)

i=1
where, a"'= 0 indicates that the node Ni is not influenced by the heat transfer of
immersion heat exchanger HX; a"V*> 0 indicates that the node Ni is influenced by the

heat transfer of immersion heat exchanger HX if aVi= 1, the node Ni is the only one

node that undergoes the heat transfer with the immersion heat exchanger HX.

The continuous node is a lumped node aggregated with the nodes that
undergoing the transfer of heat with the immersion heat exchanger. By assigning the
indices p ... g to the component nodes, the continuous node is composed of the node Ni

(i=p ...q), and the component node exchanger contribution is subject to:
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a"'>0. (i=7p..q (4.127)
Because the component nodes aggregate into one continuous body, each has an equal

node exchange contribution. The magnitude of the node exchange contribution is,

therefore, the reciprocal of the component number,

aNi — 1

= m (l =p q) (4.128)

The continuous node includes the exchanger node, and, maybe, non-exchanger node.
Being with the immersion heat exchanger, an exchanger node is always under the
influence of the heat transfer and, therefore, Eqn. (4.127) is applied and an exchanger
node is always the continuous node component. As for the non-exchanger node, it
could be or not be involved in the heat transfer of immersion heat exchanger. The
situation for a non-exchanger node involved the transfer of heat and becomes the
continuous node component is: (i) its adjacent higher temperature node in positive at
under a heat charging process, or (ii) its adjacent lower temperature node in positive

a™t under a heat discharging process.
During a heat charging process, the node exchange heat rate is calculated as:

INE = oVQHX . (i = 1..n) (4.129)
Both of the quantities at the right side are known. During a heat discharging process, the
node exchange mass is defined as the partial mass of node Ni that is upon the
discharge, denoted by m% The magnitude of the node exchange mass is between 0

and the mass of the node, inclusive. The node that does not belong to the continuous
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node has the node exchange mass of zero. The component nodes of continuous node

have equal node exchange mass for each, denoted by m¥,,

SHX
A
Miiy = n Ni 7 Ni tNi HXpHX |’ (=1..m) (4.130)
i=1[59n(“ )(Cp T =Gy Tin )]

where TV is the temperature of the node Ni; THX is the temperature of the heat

transfer fluid entering the immersion heat exchanger HX. And the discharging
temperature of the immersion heat exchanger operation is the arithmetic mean
temperature of the component nodes, calculated as:

E?:;, sgn(a”i)TNi

THX —
q—-p+1

out —

(i=p..q (4.131)

The node exchange mass features the heat discharging process, used to calculate the

node exchange mass of node Ni,

miy = sgn(a")mly. (= 1..n) (4.132)

Whereupon, the node exchange heat is calculated as:
mﬁﬁ( (CpNiTNL' _ CpngTiﬁX)

SN .
= . =1..
HX At (@ n)

(4.133)

A brief summary is given for the above concept development: The simplest
situation for a continuous node being formed is with one exchanger node; the utmost is
with all nodes in a storage tank. Within a continuous node, the temperature of an
exchanger node is the highest during the heat charging, the lowest during the heat

discharging. If a non-exchanger node joins a continuous node depends on: (i) the
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temperature difference with the adjacent nodes; and (ii) the operation status of an
immersion heat exchanger, in heat charging or heat discharging. Each node in a storage
tank is appointed a node exchange contribution. The heat charging/discharging impacts

made by an immersion heat exchanger on each of the nodes are calculated.

The following subsections are presented how the concept is applied. The water
storage tank has two immersion heat exchangers, HX1 and HX2, operated in three
ways: the immersion heat exchanger HX1 in heat charging mode; the immersion heat
exchanger HX?2 in heat charging mode; the immersion heat exchanger HX1 in heat

discharging mode.
I.  The immersion heat exchanger HX1 in the heat charging mode

The heat transfer rate Ql4, is calculated as:

AWTS1

II/VVlT.S'l = aII/VVlT.S'l ) (4.134)

WTS1

where, Q is the heat charging rate of the immersion heat exchanger HX1; alrq is

the node Ni exchange contribution with respect to the heat transfer rate QWTSI.

The node exchange contribution aiy/; is determined with the water-node

temperatures in the heat charging mode, shown in Table 4.3.

Table 4.3 Node exchange contributions of immersion heat exchanger HX1 in heat charging mode

Conditions

Decisions

Ty < T)?
W' 2T <T)3
N1 N2 N3 N4
TN 2 T)? 2 Ty° < Ty
T 2 Ty? 2 TP 2 T)* <T,°
N1 N2 N3 N4 N5
T 2T 2T 2T > T)

abg1=1and alls;=0 (i=2,3...5)
alie=1/2 (i=1,2) and adlrg,=0 (i= 3, 4, 5)
alirs1=1/3 (i=1,2,3) and alltg,= 0 (i=4, 5)
abte1=1/4 (i=1,2...4) and al}5s;= 0
alie=1/5(i=1,2...5)
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Il.  The immersion heat exchanger HX2 in the heat charging mode

The heat transfer rate Ql}, is calculated as:

Qvrs2 = avrs2Q""2, (4.135)
where, Q75 is the heat charging rate of the immersion heat exchanger HX2; al}., is

the node Ni exchange contribution with respect to the heat charging rate Q"752.

The node exchange contribution a4, is determined with the water-node

temperatures in the heat charging mode, shown in Table 4.4.

Table 4.4 Node exchange contributions of immersion heat exchanger HX2 in heat charging mode

Conditions Decisions
TN? > TN3 < T4 al3s,=1and allts,=0(i=1,2,4,5)
TN > TN* < T3 < T)* alirs,=1/2 (i=2,3) and alrs,= 0 (i= 1, 4, 5)
TNt < TN? < TN3 < TN* alto,=1/3 (i=1,2,3) and all,= 0 (i= 4, 5)
TN? > TN3 > TN < TS alyys,=1/2 (i=3,4) and adjrs,=0(i=1, 2, 5)
)

TN > TN2 < TN3 > TN+ > TNS  qolit . =1/3(i=3,4,5)and aly;rs,=0(i=1,2
TNt < TN2 <TN3 > TN+ >TNS  alic,=1/4(i=1,2..4)and alj3,=0

TN? > TN = TN* > TS alie,=1/3 (i=3,4,5) and aljtrs,= 0 (i=1, 2)
TN > TN2 < TN > TN* > TN aljirs,=1/4(i=2,3...5) and aljrs,=0
TN <TN?<TN}>TN*>TN5 alis,=1/5(i=1,2..5)

lll. The immersion heat exchanger HX1 in the heat discharging mode

WTL1

The heat transfer rate Q is calculated as:

Ni Ni Ni WTL1 WTL1
- 3 G\ Pwe, W b Pinw Yt (4.136)
WTL1¢; At )

where,
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Ni _ Ni N
MwrLie, = SN (aWTth].) MWL (4.137)

and
YWTL1
A
miy = M
WTL1g; = . i i WL e wTLL ’ (4.138)
L 12 —
X [sgn (aWTthj) <pr tj_lTW tj-1 Cpin,w thin,W t,-)]

Q""" is the heat discharging rate of the immersion heat exchanger HX1; T 1 is the

temperature of water entering the immersion heat exchanger HX1; mi-,, is the node

Ni exchange mass with respect to the heat discharging rate Q"7**; al\i., | is the node

Ni exchange contribution respecting the heat discharging rate QWTLl; mbr., is the

node exchange mass respecting the heat discharging rate QWTLl.

The node exchange contribution ai}%;; was determined with the water-node

temperatures for the heat discharging mode, shown in Table 4.5.

Table 4.5 Node exchanger contributions of immersion heat exchanger HX1 in heat discharging mode

Conditions Decisions
TN > TN? alt=1and ally 1= 0 (i=2, 3..5)
TN < TN? > TJh3 aliri=1/2 (i=1,2) and aljr1=0(i=3, 4, 5)
TN < TN? < TN3 > TN* ali1=1/3 (i=1,2,3) and aljt, =0 (i= 4, 5)

TN <TN?2 <TN <TN*>TN°  alj=1/4(i=1,2..4)and al}3,,=0
TN <TN2 <TN3 <TN* <TNS  ali,,=1/5(i=1,2..5)

As for the discharging temperature of the immersion heat exchanger HX1, the

calculation is as:

q ( Ni ) Ni

sgnl|la T,
pwrir  _ Z7P g WTLLy ) "W tj, (4.139)
out,w t] q—p+ 1 f

where, Tgﬂﬁ} is the temperature of water leaving the immersion heat exchanger HX1.
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Substituting Egns. (4.134), (4.135), and (4.136) to Eqn. (4.120), the determined
node exchange contributions ayre, aivrs,, and ai,,, based on the node

Nt the heat transfer

temperatures of previous time T,,{,‘”t, , will be used to calculate Qyx
j-1

rate of the immersion heat exchanger of node Ni. The node temperatures at the current

time, T,,{,Vit,, is calculated by solving the energy balance equations of the five nodes of
]

the water storage tank.

The approach presented above was used to estimate the immersion heat
exchanger operation onto the stratified nodes. The concept of continuous node was
developed by acknowledging that the fluid motion of convection takes place in the
presence of temperature difference. The existence of flow motion can be recognized by
the temperature differences among the nodes: From the point of view of fluid
mechanics, the temperature difference indicates the diffusion and collisions in the fluid,
especially when large temperature difference in place, the buoyancy is bustling about to
homogenize the density of fluid (Turner 1973). With the concept of continuous node, to
model the flow motion is avoided. Instead, by designating thermodynamic system in a
flexible way, the approach replaces the need for modeling the convection. From the
thermodynamic point of view, how the continuous node concept works can be
explicated this way: The establishment of energy balance equation (4.118) upon
controlled mass implies that, one node is one thermodynamic system, and the storage
tank operation is represented by several thermodynamic systems. When the continuous

node has more than one component nodes, the multiple thermodynamic systems of the
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component nodes (each in one-node-magnitude) are regarded as one thermodynamics
system (in multiple-nodes-magnitude) undergoing the heat charging or discharging
process. In this perspective, the node exchange contribution is assigned. Afterwards, the
multiple thermodynamic systems are resumed, the energy balance equation (4.118) is

valid and the unknown temperature of each node can be solved.

4.5.3. Heat transfer between nodes

The inter-nodal heat transfer takes place under the temperature difference
between adjacent water-nodes in the vertical direction by conduction. In addition, the
heat conduction through the tank shell is calculated. It was assumed that the inner
vertical surface of tank shell has the temperature equal to the temperature of the

water-node at the same height.

The thermal conductivity k"t is an area-weighted property as

WT 4WT [ AWT

_ KsheuAcssnen  kavg whp .

- 5. wowTh | i=23..5 (4.140)
Acs,shell + Ab

kWTl

where, k%7, is the thermal conductivity of the water storage tank shell; k%Tgi,W is the

thermal conductivity of water with respect to the temperature,

TMains + TNi
WZ—W’ i=1
WTi _
Tavgfw = TNi-1 | Ni . (4.141)
WZ—W, i=23..5

For a vertical cylinder tank, the areas A< ,.;;, Ay" are calculated as:
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A?g;heu =D 5o (4.142)
i
AT = ZDWTZ, (4.143)

DWT

where, is the diameter of the cylinder water storage tank; 647, is the thickness of

the water storage tank shell.
The distance that corresponds to the inter-nodal heat conduction is calculated in

WT wT
Lyj_q + Ly;

IWTi — lf' i=273..5, (4.144)
where,
N
m
Lyi = —NL-XWT, (4.145)
w Ap

LT is the thickness of the water-node Ni. For a five-nodes water storage tank model,

m‘IAV, = % (p\K]VTAZVTHWT), (4146)
where, p?T is the density of water in the water storage tank, estimated at 99 °C; H"7 is

the height of the water storage tank.

The thermal conductivity k%7, and tank dimensions §enr,;, DT, HYT are the
input parameters. For instance, in the case study: k% T,=13.64 W/(m-°C) for stainless

steel at 40 °C, and 64 7;,= 0.002 m, D"T=1.3 m, H¥T=1.657 m (Consolar 2012).

4.5.4. Heat transfer with surroundings

The heat transfer between the water storage tank and the surrounding

environment takes place through the storage tank walls. The thermal transmittance is
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calculated with the thermal transmittance of the storage tank insulation and the surface

film resistance of still air.

The thermal transmittance of water storage tank horizontal surface under heat
flow upward is denoted by U,‘{';Lp; the thermal transmittance of water storage tank
horizontal surface under heat flow downward is denoted by U,‘{‘;,Zown. The calculations
for Upth, and Upehown, and U™ as well, are similar to Eqns. (4.71), (4.74), and (4.73),
respectively (Section 4.4.4), except using Ui",'gu (the thermal transmittance of insulation
attached to the water storage tank) instead of using U/I . . The thermal transmittance of
horizontal surface of the water storage tank is calculated in a piecewise function with

respect to the relation between the bottom and top nodes temperatures and the indoor

air temperature as:

Unshpr TP <Tyq or TY® > Ty
Ups' = 0, TN =T, orTNS=T,. (4.147)
Uilg,Tdown' TN > T, or TN < Ty,

For a cylinder storage tank, the vertical surface area of the water-node Ni is

calculated as:

ANE = gDWTIWT. (4.148)
The thermal transmittance U/XT is the input parameter. In the case study,

UXT =0.286 W/(m*°C).
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4.5.5. Domestic hot water makeup

Due to the discharge of hot water, heat output rate from the water storage tank

is calculated as:

QWTL2 = yyDHW (CpxSTMIYS _ CpI\M/:ainsTv{\//lains)’ (4.149)
where,
PHW = pMainyyDHW (4.150)
Q%72 is the heat output rate of the water storage tank onto heating water for the

domestic draw-off; V,P#Y is the volume flow rate of the domestic hot water draw-off.

The temperature T M3 is the input variable. For instance, the case study used
the correlated data by Hugo (2008) based on the measured temperature of the city

main of Montreal by Dumas & Marcoux (2004),

TMain — ¢ + £, cos(wN) + g4 sin(wN) + f, cos(2wN) + g, sin(2wN) + -+
(4.151)
+ f17 cos(17wN) + g17 sin(17wN),

where, w, ¢, f;, g; (i=1, 2 ... 7) are the coefficients cited in Table 4.6.

The flow rate V.PAY is the input variable. The case study used data by Ulrike
Jordan & Vajen (2001) with average daily domestic hot water consumption of 266 L
(Aguilar et al. 2005); The published consumption rate in one-minute time scale was

transformed to 15 min time scale.
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Eqn. (4.123) calculates the heat transfer rate due to the hot water draw-off. The
formulation implies a premise that the mass of the jet flow is not greater than the mass

of the water-node. The studied case satisfied the premise, that is,

mPHWAL < mlY, (4.152)

where, At is the time step, At=900 s.

Table 4.6 Coefficients of city main temperature of case study

Units Units
W 0.0086904 dimensionless | e 11.490452 °C
fi 0.1839946 °C g1 0.0905672 °C
£ -6.7763674 °C 9> -7.3992997 °C
fs -0.0965715 °C g3 -0.2033946 °C
fa 0.0843686 °C 9a 0.8829336 °C
fs -0.0031887 °C Js -0.0370572 °C
fe -0.0969744 °C Je 0.1161188 °C
£ 0.0140706 °C g7 -0.0229117 °C
fs -0.3362503 °C Js -0.0142773 °C
f -0.0277629 °C 9o -0.0179754 °C
fio -0.0362475 °C J1o -0.1390454 °C
fi1 -0.0136723 °C g1 -0.0541225 °C
fi2 -0.0187207 °C 912 0.1353561 °C
fis -0.0066015 °C 913 -0.0206411 °C
fia -0.0893228 °C 14 0.0843321 °C
fis -0.0449833 °C J1s -0.0122686 °C
fie 0.1727085 °C 916 0.0686489 °C
fiz 0.0242816 °C e 0.0008067 °C
4.5.6. Temperatures in water storage tank

The water-node temperature is calculated by solving the energy balance
formulated for the water storage tank. Employing backward Euler method to discretize

the Eqgn. (4.119), we obtain:
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N_. Ni
my,C
N _( Y Pw )t,._l (4.153)

sto — At

By rearranging we have:

)3t
N _ TN M
TW tj - TW tj—l + N~ Ni - (4154)
(mwc Wl)t
-1

4.5.7. Electric power of heater

The electric power of the heater is calculated as:

W = (e TS — o), 159
ux

where, W4%* is the electric power of the auxiliary heater; Ta%% is the set point

temperature of domestic hot water.

The set temperature TAY is the input parameter. For instance, the studied case

set TAU*= 40.5 °C (California Energy Commission 2005).

4.5.8. Heat transfer with heat source and heat sink

The heat transfer rates of the water storage tank with the heat sources and heat
sink are the input of the water storage tank model. Determined by the operating
conditions of the devices connected to the immersion heat exchangers, the heat

transfer rates are as below.

For the immersion heat exchanger HX1, the heat transfer rate in the heat

charging mode is corresponded to the heat transfer from the heat pump as:
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Q'WTSI — Q'HP4-WT (4156)
In the heat discharging mode, the entering condition of the heat transfer water is taken

as the leaving condition from the radiant floor,

T = TRE ., (4.157)

inw

where, Tcﬁﬂ‘w is the temperature of water leaving the radiant floor. The heat discharging

rate is corresponded to the heat transfer to the radiant floor as:

Q'WTLl — Q‘WT4-RF’ (4.158)
where,
QWT4RF = ORF (4.159)
YWT4RF i ; Q&L
Q is the heat transfer rate from the water storage tank to the radiant floor; Qgzma

is the heat transfer rate demanded by the indoor space onto the radiant floor.

For the immersion heat exchanger HX?2, the heat charging rate is corresponded

to the heat transfer from the solar thermal collector as:

Q‘WTSZ _ Q-comWT_ (4.160)

4.5.9. Heating load of water storage tank

The heating load of water storage tank has two components: the heat
discharging of heat exchanger HX1 and the domestic hot water makeup. Therefore, the

WTL

heat output rate of water storage tank, Q , is calculated as:

Q'WTL — Q'WTLI + Q'WTLZ. (4.161)
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4.5.10. Exergy analysis of water storage tank

This section presents the exergy analysis of the water storage tank operation by
regarding the water storage tank as a thermodynamic open system. The exergy balance
equation is established considering the flow of water, the heat transfer between the
storage tank and surroundings, the inter-nodal heat transfer between adjacent water-

nodes, and the exergy destroyed during the operation.

Exergy transfer with heat source and heat sink

XS i

The net exergy transfer rate from the water storage tank heat sources,

calculated as:

XWTS — XWTSl +XWTSZ (4162)
where, X751 is the net exergy transfer rate of the immersion heat exchanger HX1;
XWT52 is the net exergy input rate of the immersion heat exchanger HX2; both are the

input of the water storage tank model. When the water storage tank receives exergy

from the heat pump,

YWTS1 _ yHPAWT, (4.163)

)

When water storage tank receives exergy from the solar thermal collector,

YWTS2 _ 5 CollaWwT (4.164)

XHP4WT

The exergy transfer rate is calculated with:

Y HPAWT _ yCond _ yHPARF (4.165)
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The net exergy transfer rate to the water storage tank heat sink, XWT“, is the
input of the water storage tank model. When the water storage tank output exergy to

the radiant floor,

XWTL1 _ yWT4RF (4.166)

XWT4-RF

where, is the exergy transfer rate from the water storage tank to the radiant

floor.

Exergy transfer with surroundings

The exergy transfer between the water storage tank and the surroundings, XZ',/C{,

is calculated as:

XWT = z XN, (4.167)
i=1
where,
XN = QN |tial, (4.168)

XNt is the exergy transfer rate of the water-node Ni with the indoor surroundings.

Exergy destroyed by inter-nodal heat transfer

Due to the temperature difference among the adjacent nodes, the inter-nodal

exergy destruction rate of the water storage tank, Xl-”n’tT‘dest, is calculated as:

4
T qese = 2108 i (17 = [V (4.169)
i=1

where,
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kWTi+1

'g\rltit,NHl = W (A‘I/JVT + A?g;hell)(Td/wH - TMI/W)' (4.170)
Ni=1- TKy N (4.171)
TKN
vt _TKo , (4.172)
TK‘{VVH-l

Qf‘,’fmi“ is the heat transfer rate of the water-node Ni with the node Ni+1, t"% is the
quality factor of conduction-convection with respect to the water-node Ni absolute

temperature TKN:.

Change of exergy during heat storage process in water storage tank
The exergy variation rate within the ice storage tank, AXW7, is calculated as the

sum of that of the water-nodes,

5 N Ni _ ,Ni
AXWT — zmw (¢W  ~ Yw tf—l) (4.173)

_ At ’
=1

where, wxit, is the specific exergy of water in the water-node Ni.
]

Exergy destruction and exergetic efficiency
The exergy destruction rate by the water storage tank operation, Xg{‘gt, is

obtained from the established exergy balance:

XWT _— xWTS _ yWTL + XWT 4 xwr AXWT. (4.174)

dest ext int,dest ~—

The exergetic efficiency of the ice storage tank operation, ni¥7, is calculated as:

t.
JyWT
Zo Xdest

S (4.175)
0

mit=1-
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The calculations for Zgj XWT., and Zgj X"TS are similar to the Eqns. (4.116) and (4.117),

respectively.

Exergy output for heating

The exergy output rate of the water storage tank onto heating, X%, is

calculated as:

XWTL — xWTL1 | yWTL2 (4.176)
where,

XWTL2 _ The,HW(l/J,f,HW _ lpa}dains), (4.177)
XWTLL is the exergy output rate of the immersion heat exchanger HX1; X" T1% is the

exergy output rate for domestic hot water makeup; Y27% is the specific exergy of water

with respect to the temperature of the domestic hot water drawn-off; M7 js the

specific exergy of water with respect to the temperature of the city main.

4.6. Mathematical model of radiant floor

The radiant floor (Fig. 4.7) takes heat from the heat source to emit to the
residential space, which is the heat sink of the radiant floor. The mathematical model
simulates the radiant floor operation to calculate the radiant floor heat supply to the

residential space.
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Fig. 4.7 Schematic of radiant floor model

4.6.1. Heat transfer flow

The mass flow rate of water through the radiant floor, m&F, is calculated as:

\RF

. RF _ Q

Mw = -RF rRF _ - RF TRF ’ (4.178)
Pinw’ tnw Pout,w" outw

where, Q%F is the heat input rate to the radiant floor; T{ffw is the temperature of water

entering the radiant floor; T;ﬁft_w is the temperature of water leaving the radiant floor.

According to ASHRAE (2004), the minimum floor surface temperature is 19 °C.

The temperature of water leaving the radiant floor is set at 20 °C.

4.6.2. Supply conditions
The supply conditions are the inputs of the radiant floor model, determined by
the leaving conditions of the devices connected. The heat transfer rate from the radiant

floor heat source is as:
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ORF = Q';Z‘:f, when water storage tank supplies. (4.179)
Q , when heat pump supplies
The temperature of water entering the radiant floor is as:
TWILL  when water storage tank supplies
Tilrele = { ZZ;‘;V I PP ing' (4.180)
' Towtows when heat pump supplies
4.6.3. Exergy analysis of radiant floor

This section presents the exergy analysis of the radiant floor operation by
regarding the radiant floor as a thermodynamic open system. The exergy balance
equation is established considering the flow of water, the heat transfer between the

radiant floor and indoor space, and the exergy destroyed during the operation.

Exergy of water flow through radiant floor
The exergy transfer rate by water flow through the radiant floor, XRES s

calculated as:

XRES = mﬁzp(lpfnpw - ¢§5t,w ’ (4.181)
where, wﬁfw is the specific exergy of water entering the radiant floor; Y2E, , is the

specific exergy of water leaving the radiant floor.

XRFS

The exergy transfer rate is noted as XP*RF for the heat pump as the heat

source, and XT*RF for the water storage tank supplying the radiant floor.

Exergy flow into indoor space

The exergy output rate of the radiant floor, X¥FL, is calculated as:
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XRFE = 0 e (4.182)

ia|'

Destroyed exergy and exergetic efficiency
The exergy destruction rate by the radiant floor operation, XXF. ., is obtained

from the exergy balance equation:

XEBE, = XRFS — xRFL, (4.183)

The exergetic efficiency of the radiant floor operation, nEF, is calculated as:

7 RF
Xdest
XRFS'

nRF=1-— (4.184)

4.7. Mathematical model of circulating pump

The circulating pump (Fig. 4.8) drives water flow along the circulation loop. The
mathematical model simulates the circulating pump operation to calculate the electric

power input.

W Pump

!r Electric power input |

L S SISl

Fig. 4.8 Schematic of circulating pump model
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4.7.1. Electric power

The pump performance is calculated using polynomial model (ASHRAE 2009a).
Electric power input is calculated using a regression model with the following

formulation:

_ . . 2 : 3 - 4 ) >
WPump — (CO + C1V‘,5ump + CZVMI;umP + C3VMI:ump + C4V‘A}/’ump + CSVMI:umP
(4.185)

- Pump® - Pump”’ - Pump3 Pum
+ eV, P+ VTP g, T O

where, WFP¥MP js the electric power input to the circulating pump; Co ... Cg are the

coefficients; vaump is the volume flow rate of water through the circulating pump;

FP*™P is the flow fraction,
VPump
Pump _ 'w
F = P (4.186)
max
and V,,f;‘;”p is the maximum volume flow rate of water through the circulating pump.

The coefficients ¢, ... cg and the quantity V22" are given for a specific pump by

the user extracted from the manufacture catalogue. Fig. 4.9 shows the coefficients and
the performance curve of the pump, Wilo-Star 16F (Wilo 2012), used in the case study.
Eqn. (4.187) is the specific formulation prepared to model the case pump, used onto all
pumps of the solar combisystem. Regarding the flow fraction, a minimum is required for
the sake of avoiding low flow damage, such as, temperature rise, radial bearing loads,
axial thrust, etc. Recommended minimum flow rate ranges from 10% to 80% of the flow

at best efficiency point; however, the same type of pump may have the
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recommendation in a range for a given application (Volk 2005). The case study set the

. Pump _
minimumas F,_, ""=0.1.
16
12
S
5]
=
[e]
o
4,
0
1 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1 1.2
Flow (m°/s) x107°
Co, C1, R C2, ;e C3, s s Cq) , Cs, Ce) o 18 C7, 5 Cs, -
w W-s/m W-st/mé WesP/m® west/m? o wes/mP wes®/m? wW-s'/m*? wes¥/m*

14.918 -0.55325 -5.423 1.9018 -0.76084 -0.76548 0.74376 0.1408 -0.15351

Fig. 4.9 Performance curve of case pump

‘ . . 2 . 3
JirPump — (14.918 —0.55325 V7™ 5423 V7Y™ 4 19018 1)V

w

. 4 . 5 . 6
—0.76084 V"™ — 0.76548 V. + 0.74376 VWP (4.187)
7 3 VPump
s Pump s Pump w
+0.1408 V) +0.15351 V) )—0.001041.

The flow rate vaump is noted by vaumpl, V‘:umpz and V‘,fumm for the pump P1,

P2, and P3 connected to the circulation loop L1, L2, and L3, respectively. Also, the

power input WP¥™P is noted by W, ™1 W “™P2 and WP“™P3 For the solar

combisystem, the overall electric power input of the circulating pumps is calculated as:

VVSZ’;ZW — JyPumpl 4 yjyPump2 4 yjyPump3 (4.188)
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4.7.2. Flow rates
The volume flow rate is the input of the circulating pump model, determined by
the operation of the circulation loop connected. On the circulation loop L1, the flow

rate is that through the solar thermal collector,

pPumpl _ ycott, (4.189)

w

On the circulation loop L2, the flow rate is that through the heat pump evaporator,

VPumpZ — VEvap. (4.190)

w w

On the circulation loop L2, the flow rate is that through the heat pump condenser,

yfump3 _ ycond, (4.191)
4.7.3. Exergy analysis of circulating pump

For the operation of circulating pump P1, P2, and P3, the exergy destruction

rate, denoted by X 4P yxPumpz o4 xPump3

dest » Xgest  »and X, .7, are calculated as the following:

XUTPL = yyPumpl, (4.192)
XPUmp2 — yjyPump2 (4.193)
XPump3 = ViyPump_ (4.194)

dest
For the solar combisystem, the overall exergy destruction of circulating pump

Pump

operations, W, .., is calculated as:

irPump _ i, Pump
Waest = M/supp . (4.195)
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4.8. Mathematical model of system

The mathematical model of system is developed by coupling all the
mathematical models of the component devices. For the whole combisystem, the
thermodynamic system boundary was drawn around the combisystem physical parts (Il
in Fig. 4.10) to isolate the combisystem from the outer and indoor environment, which

are the thermodynamic system surroundings.

» Energy supply

» Heat storage
» Heating load
» Heat transfer
I Outer environment
II.  Solar combisystem » Energy loss

II1. Indoor environment

Fig. 4.10 Thermodynamic system boundary of solar combisystem

4.8.1. Heating load

The combisystem heat output rate for heating, Qfg:d, includes that for the

preparation of domestic hot water and that for space heating,

Q'Sys = QWTL2 4 ORF (4.196)

load —

4.8.2. Energy supply and loss

~SYys
Ey

supp- IS calculated as:

The energy supply rate of the combisystem,
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E'.Sys _ E'.Sys +W5ys (4.197)

supp — “sol ele ’

where, E>7° is the solar energy supply rate to the combisystem,

ESyS _ AColl, (4.198)

sol — ¥sol

Vi/'e‘fzsis the electric power input rate to the combisystem,

Wir* = WA + WHP 4 Whem?, (4.199)
The energy loss rate of the combisystem, Elsoﬁ, is the energy loss rate at the

solar thermal collector,

. S .
EYS = EGOL. (4.200)
4.8.3. Heat transfer with environment
The heat transfer rate of the combisystem with the environment, Q:,fts, includes
that of the ice storage tank and that of the water storage tank,
. S . .
Qee = Qéke + QAT (4.201)

4.8.4. Heat storage

Sys

sto » includes that in the ice

The energy change rate of the combisystem, Q

storage tank and that in the water storage tank,

Qs = QIT + QuWT (4.202)

sto sto -
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4.8.5. System performance
The performance of the solar combisystem is examined over the whole
simulation period using indicators: (i) the Coefficient of Performance, (ii) the solar

energy contribution, and (iii) the solar energy fraction.

System COP

The combisystem COP is calculated as the overall combisystem heating load,

>, Qload' divided by the overall combisystem electricity consumption, Y.t_, efgs, as:
Sys
cop = 2tz Yoaa (4.203)
t I/VSys
t=0 "ele
where,
Sys Sys
Qload QloadAt (4-204)
Sys _ Sys
I/Vele VVele At. (4-205)
Solar energy contribution
The solar energy contribution of the combisystem, SCg , is calculated as the
overall solar energy supplied to the combisystem, ¥.t_, sol , divided by the overall
energy supplied to the combisystem, Yt_, Essngp, as:
Sys
SCp = Zizg ;;é , (4.206)
Zt 0 supp
where,
ESYS = S5, (4.207)

sol sol
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Sys _ pSys
ESipp = EsippAt. (4.208)

Solar energy fraction

Solar energy fraction evaluates the contribution of solar devices of a solar system.
The evaluation of the solar energy fraction requires the comparison with a reference
system that does not include any solar device but meets the same heating needs as the
solar system does. In this study, an all electrical heating system is used as the reference

system.

The solar energy fraction of the combisystem, SFg, is calculated as the overall

Coll

solar energy supplied by the solar thermal collector, Yt_, Q“°", to the energy used by

ErefSys

the reference system, Y_, supp + aSs:
Yioo Q"
SFp = W, (4.209)
t=0 ~ supp
where,
QCOll — QCOllAt, (4210)
ELehsYs = BLelSYeat. (4.211)

4.9. Mathematical model of control system

The mathematical model simulates the operation controls of the valves,
circulating pumps, and auxiliary heater. The control system simulation is accomplished

by customizing the controlled variables, set points, and organizing the control logic.
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4.9.1. Controlled variables

The control system sends out operation instructions by control signals. In the
control system modeling, the control signals are simulated using controlled variables.
Controlled variables are customized for the combisystem to control the flows of heat
transfer fluids, to operate the auxiliary heater. The developed mathematical models of
combisystem devices are integrated with the controlled variables, particularly into those
model sections that are related to the heat transfer fluid flows and the electric power of
the auxiliary heater. Table 4.7 shows the controlled variables with respect to the devices

being controlled (see Fig. 4.1).

Table 4.7 Controlled variables of devices

Devices Controlled variables
Circulating pump P1 geott
Circulating pump P2 eHP

Circulating pump P3 gHP QWT4RE

Three-way valve V1, L-type QEOUAWT g ColldiT

Three-way valve V2, T-type QHPAWT gHPARE qWT4RF

Bypass valve V3 eHP gWTRE

Auxiliary heater fAwx

I.  The circulation loop L1

The solar thermal collector and the two storage tanks are linked by the
circulation loop L1, which has the circulating pump P1 and the valve V1. When the
circulation loop is on operation, heat is transferred from the solar thermal collector to

the storage tanks. The valve V1 is simulated as a three-way valve of L-type, so that one
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of the storage tanks, either the water storage tank or the ice storage tank, can receive

the heat transferred.

The controlled variable 8" is defined for the control of circulating pump P1:

9C0[l= QCOllz

1 for turning on the pump, 0 for turning off. The controlled
variable 8€°"WT is defined for the control of valve V1 to connect the solar thermal
collector with the water storage tank, geoMWT - 1 for opened connection, geotawWT - o

@Co!IT i< defined for the control of valve V1 to

for closed. The controlled variable
connect the solar thermal collector with the ice storage tank: GCOUHT = 1 for opened

connection, 6 CoUT = g for closed.

With the controlled variables defined, Eqn. (4.5) is modified as:

N1 Coll4aWT __
T'CO” — TW t—At’ 9 - 1 (4 212)
inw; T‘X,V A OColl4IT — 1' .
t—At’

Il.  The circulation loops L2 and L3

The operation of the circulation loop L2 is related to the operation of the
circulation loop L3, due to both are connected to the heat pump. The controlled

0" is defined for the control of heat pump: 877 = 1 for turning up, 877= 0 for

variable
shutting down. The circulating pumps P2 and P3 are operated together with the heat

pump, and therefore both are controlled by the controlled variable 817

The heat pump, the water storage tank, and the radiant floor are linked up by

the circulation loop L3, which has the circulating pump P3, and the valve V2. The valve
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V2 is simulated as a three-way valve of T-type. The circulation loop L3 has one bypass
for the switch of heat sources. By controlling the bypass valve V3, either the heat pump
or the water storage tank is switched to be the heat source of the circulation loop L3.
The operation is a sole source situation: When the circulation loop L3 is on operation
with the heat pump as the heat source, heat is transferred from the heat pump to either
the water storage tank, or the radiant floor, or both. When the circulation loop is on
operation with the water storage tank as the heat source, heat is transferred from the
water storage tank to the radiant floor. The operation of circulation loop L3

synchronized the operation of the circulating pump P3.

HPAWT oHP4RF WT4RF
0 ,0 (7]

The controlled variables , and are defined for the

specified device connections along the circulation loop L3, either one of controlled

variables influences the operations of valve V2 and valve V3 at the same time. The

0HP4-WT

controlled variable is defined for the connection between the heat pump and

the water storage tank: 877*"T= 1 for opened connection, 8 F*"T= 0 for closed. The
controlled variable @7P4RF is defined for the connection between the heat pump and

radiant floor: 87P*RF = 1 for opened connection, 87P*RF = 0 for closed. The controlled

0WT4RF

variable is defined for the connection between the water storage tank and

radiant floor, §"T*RF= 1 for opened connection, OWT4RF= g for closed.

0 HP 0 WT4RF

The controlled variables and never both equal to 1 at the same time,

because the heat pump does not work simultaneously with the hot water storage tank
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0 HP4RF 0 HP4AWT

to heat the radiant floor. For the controlled variables and , if one or both

equal to 1, then 8%P=1.

With the controlled variables defined, Eqns. (4.23) and (4.24) is modified as:

TKli";p =27315+TY, .. (4.213)
and
TR,
(273.15 + TRE ot W 9HPAWT — ( and FP4RF = 1
27315+ T, gHPWT = 1 and HPARF =
o MmRFTRE 4 (méond — TN )
k273'15 4w outw ( — ) t-At QHPAWT _ 1 o1 gHPARF _ 4
mW
(4.214)
lll.  The heater

The controlled variable 84%* is defined for the control of the auxiliary heater:

64%*= 1 for turning on, 84%*= 0 for turning off.

4.9.2. Set points

The set point is the constant assigned to a setting variable for specifing the
designed/expected operation state represented by the variable. Any departure of the
current operation state from the expected state would make the control system to send
new control instruction for adjustment. The control settings are presented in Table 4.8,

where, the set points are given by quantities so for the user to assign values.
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Table 4.8 Settings of solar combisystem component models

Devices Setting variables Set points
; RF

Radiant floor TR TRE,

Ice storage tank Y. T Yimax Trvax

Water storage tank TN, TN3, NS T, TWT T

I. The radiant floor

The supply temperature to the radiant floor is limited to a lower bound. The

setting is

TRF > TRF (4.215)

inw = fcoms

where, TEE is the comfort temperature of radiant floor. In the study, the value was

TRE =25 °C. The setting was referred to the optimal temperature for sedentary in terms

of thermal comfort by Olesen (1977).

Il.  Theice storage tank

The mass fraction of ice in the ice storage tank is limited to an upper limit. The

setting is

Y < VYmaxr (4.216)

where, Ymax 1S the maximum mass fraction of ice in the ice storage tank. In the case
study, ¥max= 0.7£0.01, as the maximum value of 0.7, allowing the variation of 0.01 in

the simulation.

The temperature of liquid water in the ice storage tank is limited to an upper

limit. The setting is
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W <TW. (4.217)
where, TW . is the maximum temperature of the water-layer in the ice storage tank. In
the case study, T .= 37.8+1 °C, as the maximum temperature of 37.8 °C, allowing the
variation of 1 °C in the simulation. The setting complied with the heat pump catalogue
in terms of the operation temperatures of the heat source (GeoSmart 2012). To limit

with a maximum was also regarded in favor of making use of thermal capacity of water

under phase changing, since the storage tank is operated as a cold energy store.

lll. The water storage tank

Temperatures in the water storage tank are subject to a maximum, denoted by

TWT . The basic settings are the water temperature of three nodes in the water storage

tank as follows.

TN > TWT _ TWT, (4.218)
TNS > TWT, (4.219)
Tl <Tw® < Tl + 1547, (4.220)

where, TWT is the temperature set for the water storage tank; T)?T is the variation

allowed with respect to the water storage tank setting temperature.

In the case study, T%T.= 60 °C, T¥I'= 40 °C, and T%I= 5 °C. With the maximum
limit, the operation range for the bottom, middle, and top section temperatures are 35 °C
<TN1<60°C, 40 °C < TN3< 60 °C, and 40 °C < T,N°< 45 °C, respectively. For the top
water-node N5, the upper bound is to meet the temperature requirement of domestic

hot water use, the safety requirement of not exceed 50 °C from scald, as well as
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avoiding the Legionella pneumophila to be “in the 60 °C range” (ASHRAE 2007). For the
bottom water-node N1, the setting was referred to the supply temperature
requirement of the radiant floor. The impact made by the low temperature of the heat
source of heat pump was also taken into account. For the middle water-node N3, the
setting was in between of the top and the bottom, the lower bound was set the same as

of the top node.

4.9.3. Control logic

The control logic is modeling the decision making at the control hub of
mechanical system based on setting values and the deviations of corresponding
measures taken by sensors, before control actuators setting out control directives to
regulate the behavior of system devices (ASHRAE 2011). Table 4.9 sorted the controlled
variables for the combisystem component devices. Each of the devices is under the

operation control directives delivered by the listed controlled variables.

Table 4.9 Controlled variables of solar combisystem component

Devices Controlled variables
Coll |nCOllAWT pColl4lT
7] (0 ,0 )

Solar thermal collector

Heat pump gHP (9HP4WT, 9HP4-RF)

Ice storage tank 960114”' gHP

Water storage tank QEOUAWT HPAWT qWT4RE

Radiant floor QHPARF gWT4RF

Fig. 4.11 illustrates the control logic of the non-heating season operation of the
combisystem. Fig. 4.12 illustrates the control logic of the heating season operation of

the combisystem. The control logic direct the integral response of the solar
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combisystem operation based on the conditions of: (i) the relations of the current values
of setting variables and the set points, (ii) the availability of insolation, and (iii) the
residential heating demands. The conditions are represented by diamond conditional
boxes on the figures. To have the graphic presentations in concise, a couple of premises
are not detailed: (i) G > 0 for 8°!= 1, also §°H*WT= 1 or 9COU4IT= 1 that is, only when
insolation is available, the solar thermal collector might start on to collect solar heat. (ii)
TW < TW . for ¢°"T= 1 that s, only when the ice storage tank water-layer
temperature below its set point, the heat is possibly allowed to transfer from the solar

thermal collector to the ice storage tank.

Control directives are firmed by assigning values to the controlled variables,
which are enclosed in the rectangular boxes and trapezoidal boxes on the figures. The
control directives are decisions made for the conditions based on True or False, denoted
by T and F on the figures. These control directives would control the auxiliary heater
(circled by the line in oval on the figures), manipulate the operations of circulation loop
L1, L2, and L3 by control the operations of circulating pumps and valves. Control
directives enclosed in the trapezoidal boxes are flexible situations with one decision in
higher priority over the other. Flexibility is granted regarding the heat transfer from the
solar thermal collector to one of the two storage tanks, when neither of the storage

tanks in urge of heat charging.
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The control logic is not exclusive to obtain the same series control directives.
However, any change is believed very likely to yield different results. The presented

control logic is used in this study.

N1 wT wT
Tw = Tset - Tband
N3 wT
Ty~ = Tse

NS wT WT
Tw = Tset + Tband

( gCollaIT — 1 ]

;(GColl4WT =0

QHPAWT —

Fig. 4.11 Flowchart of operation control algorithm for non-heating season
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F \
(900114” _ 1) (9HP4WT i 0)

WTL1 RF
Tout,w 2 Tcom

N3 wT
Tw 2 Tset

N5 wT
Tw 2 Tset

N1 wT wT
TW = Tset - Tband

N3 = WT
TW 2 Tset

N5 wT wT
TW = Tset + Tband

:{ QWT4RF _ ] /
7’

—-— e e o e .

WTL1 <, TRF
TW 2 TCOm
N3 WT
TW 2 TSEt
N5~ mWT
TW 2 TSEt

N1 wT WT
Ty = Tser — Tband

gColl4WT _ |

prior over
gCol4IT — 1

— GEEDS
gColl4IT — |
&=

prior over
HColl4WT =1

N 9HP4WT =1 |« y
ARF

Cond RF
Tout W > Tcom

> OWTHRF = 1 14 Qftma >0

Fig. 4.12 Flowchart of operation control algorithm for heating season
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The control for the non-heating season operation (Fig. 4.11) is relative simple.
During then, the water storage tank takes on the heat distribution center of the
combisystem. In contrast, the control for the heating season operation (Fig. 4.12) is
relative complex. To ensure the residential heating demands being met, the thermal
storage capacity of the ice storage tank is crucial. On Fig. 4.12, the top left part is circled
by dashed outline noted with the callout I, which corresponds the situation of ice
storage tank lacked of heat storage capacity, featured by y2 y,,,,. This part of control
flows indicate: If the ice storage tank is crippled, so is the heat pump, and the water
storage tank becomes the sole device that can respond to the heating demands. In such
situation, the combisystem is completely climate-dependent. With only water storage
tank and solar thermal collector be functional, the combisystem supplies heat far from

enough as being demanded.

If the ice storage tank has the capacity to store heat, the control logic would flow
to the situation that has the water storage tank status being focused, noted by the
callout 11, Ill, and IV on Fig. 4.12. For the condition in callout I, the water storage tank is
sufficient with heat in storage, and would supply heat if needed but not take in any. The
condition in callout Ill represents the bottom line of water storage tank in heat
reservation, for space heating. Reaching this bottom line, the heat pump is to be
employed for heat input to the water storage tank. The condition in callout IV
represents that the water storage tank can be used to heat the radiant floor. And at this
situation, the solar thermal collector is employed as the heat source of water storage

tank. The control strategy suggested in here is that, using the water storage tank to
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respond the heating demands of radiant floor at the higher priority than using the heat
pump. The reason is that unlike the water storage tank, the heat pump output is lack of

flexibility.

On Fig. 4.12, the condition regarding heat supply to the radiant floor, as

formulated by Eqn. (4.215), is distinguished into conditions of two forms:

TWTLL > TRF (4.221)

out,w = ‘coms

for the water storage tank on the supply, and

TCond - TRF (4.222)

out,w = fcoms

for the heat pump condenser on the supply.

4.10. Integration of mathematical models in complete computer model

The solar combisystem mathematical model is built from integrated component
models, including the control system model, the system model, and the component
equipment models. The component equipment models, including the solar thermal
collector model, heat pump model, ice storage tank model, water storage tank model,
radiant floor model, and circulating pump model, are coupling one with the other
through the relations that represent the heat transfer water behaviors within the
circulation loops. The integration of control system model with the coupled component

equipment models is practiced by not only including the control algorithm, but also by
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modifying those relations regarding circulation loops with appropriate controlled

variables to represent the controlled heat transfer through the circulation loops.

The solar combisystem computer model is achieved by implementing the solar
combisystem mathematical model onto a computer program. Where, interface was
created for inputs. The solar combisystem operation can be modeled by running
computer simulation with the computer model. This research used the EES program
(Klein 2012) for the implementation. EES is a general purpose equation-solving program
handling coupled non-linear algebraic and differential equations. The program has built-
in functions calculating the thermodynamic and transport properties of substances.

Such features make the program suitable for this study to use.

Reading previous values in quasi-static approach

The combisystem thermodynamic model is developed in quasi-static approach.
This implies the thermodynamic process of the combisystem is regarded as steady state
over each of the time interval At. Because of thermal storage process involved, as given
by Egns. (4.87), (4.90), and (4.154), the state of one time interval is related to the state
of the previous time interval. This requires the computer model should be able to carry
the previous state over to the current time for the thermal storage process to be

computed.

Two variables are introduced for the purpose of continuous computation: Run

as the sequencing number of simulation runs, which starts from 1 at the initiation; Time
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for the combisystem operation time simulated, which is the input starting from 0 s at

the initiation. The following relation is subjected:

Time

1. 4.223
A + ( )

Run =

For example, the case study has At=900 s, with Time= 0, 900, 1800 ... input, Run=1, 2,

3 ... are obtained.

Certain types of variables

A few variables are functional for the computer model to compute, presented in
Table 4.10. These variables are grouped into three types by their functions. The time
variables are the input variables of the combisystem model, varying at each time step.
The differential variables are the variables from the differential equations of storage
tank models. This type of variables needs the initial value input, the case study used:
ml.=0, T =18 °C, and T}V'= 18 °C. The tracing variables are the variables being traced

for the previous values. Those differential variables are belonging to this type too.

Multiple so-called Parametric Tables are created for these variables. The number
of parametric tables depends on the number of simulation runs. Because each table,
named, can hold a limited number of rows, one row corresponding to one simulation

run. The parametric tables are jointly used with the build-in TableValue FUNCTION,

variable = TableValue FUNCTION((table, row, variable), (4.224)

where, table denotes the name of the parametric table; row denotes the number of
the row in the parametric table; variable is the name of the variable included in the

parametric table. By assigning the argument row as,
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row = Run — 1, (4.225)

the function reads and assigns the previous value of the given variable from the

specified parametric table.

Table 4.10 Variables in parametric tables of EES-based solar combisystem model

Symbols Descriptions Type
G Insolation on tilted panel
Tha Outdoor air temperature
Tv’l‘,”ai” City main water temperature . .
) ) Time variable
y,pHW Domestic hot water volume flow rate
)RE Space heating demand
Time Simulation time
mle, Ice-layer mass . . '
w Differential variable
T Water-layer temperature i )
) Tracing variable
TN Water-node temperature
y Ice mass fraction
mhy Water-layer mass
mRF Water mass flow rate of radiant floor Tracing variable
pHPAWT Controlled variable of heat pump charging water storage tank

QHPARE Controlled variable of heat pump charging radiant floor

Model parameters

The so-called Lookup Tables are created to store the model parameters input by
the user. One table is used for one component equipment, plus a common one for the
simulation operation (including parameters such as the time step At). The built-in

Lookup FUNCTION is used for the program to read and assign the parameter values,

parameter = Lookup FUNCTION(table, row, parameter), (4.226)

where, table denotes the name of the lookup table; row denotes the number of the

table row; parameter is the parameter to be looked up for values.
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Programming

At this stage, each of the component models needs to be broken down to parts
for each part to be written as a procedure. The procedures, along with some user-
written functions, become the subroutines of the combisystem computer model. The
subroutines, either saved as stand-alone EES library files under particular directory or
arranged within a so-called Equation Window, are to be used by the main routine of the
combisystem computer model. The main routine is written in the equation window,
with functions and directives compiled in sequence. Arranging the sequence is
necessary for solving the unknown with the known in ready (appeared earlier). The
programmed model can pre-calculate, such as the imminent capacities of component
equipment. This was used by the control algorithm for adjusting the device operation.
Values were read from the lookup tables and parametric tables using the specific

functions, the directives call procedures and export results.

Solving

Running simulation is executed upon the parametric tables using the so-called
Solve Table COMMAND. While the solving is processed row by row on the parametric
tables, the combisystem operation is simulated from one time step to the next. During
each run of simulation, the variables in the parametric tables (except the input time
variables) are written with results that are just solved by going through the main routine
to compute for all the unknowns. The solving operation employs iterative computation
technique, starting from a guess value for an unknown, and terminating till the stop

criteria being reached. The case study applied the default setting of criteria tolerances
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of EES: number of iterations > 100, relative residuals < 10°®, change in variables < 10°,

elapsed time > 3600 s.

4.11. Model validation and verification

After completing the model implementation, model validation and verification
were conducted following two of the four processes presented by Sargent (2011) (Fig.
4.13): the conceptual model validation and the computerized model verification. The
former verifies the solar combisystem mathematical model’s representation is for the
intended purpose of the modeling of the system operation. The latter verifies the

programming and implementation in the EES program was correct.

Problem Entity

K- ~ (System) " <
# = e
Operational Conceptual
Validation Model
! Validation
' | .
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! ]
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Computerized |, Computer Programming Conceptual
Model and Implementation Model
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~ 0 . =
~~_ Computerized v
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Fig. 4.13 Simplified version of the modeling process (Sargent 2011)

The mathematical and logical relationships of the combisystem component

models and the overall combisystem model were examined for validation. The
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component energy models, either from previous studies, current industry practice or
new developments underwent the checkup of the Second Law of thermodynamics.
Whenever the models failed to comply with both the First Law of thermodynamic and

the Second Law of thermodynamic, the models were modified.

For computer model verification, structured walkthroughs and correctness
proofs were performed, as of the static testing approach. Dynamic testing was executed
under simulation tests with various simulation time spans, for day, for season (i.e.,
heating season and non-heating season), and for a complete simulation year. Detailed
output from the test simulations were traced for investigating the input-output relations,
the model internal consistency, etc. Energy balance was checked for each component
equipment models, as well as for the complete combisystem model. Efforts were made
to look for the hidden errors, for instance checking dimensionless numbers, such as
thermal efficiency, which bears values in a range between 0 and 1. The feature of
checking unit consistency in the EES program was used to reduce errors for this complex

combisystem model.
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5. Results and discussions

The case study house is in Montreal, Canada. The heating season is from October
17 to April 30, followed by the non-heating season from May 1 to October 16. The
design indoor temperature of the house is 18 °C. The building geometry and physical
characteristics can be found in Leckner & Zmeureanu (2011). The solar combisystem
computer model was simulated to meet the case house residential heating
requirements during a year. The input space heating demand was from the study by
Leckner & Zmeureanu (2011) with a seasonal overall of 8,323 kWh and a peak of 12.992
kW in January. The input domestic hot water consumption was from the study by Ulrike
Jordan & Vajen (2001) with a daily average of 266 L (Aguilar et al. 2005). The input cold
water temperature was from the study by Hugo (2008), who correlated the temperature

of the city main of Montreal measured by Dumas & Marcoux (2004).

Table 5.1 presents the capacity and control settings of the solar combisystem
equipment in the simulated case. The water storage tank (Consolar 2012), heat pump
(GeoSmart 2012), and solar thermal collector (SunEarth 2012) are products available for
purchase; the size of ice storage tank was studied as customized. Their capacities and
the node setting temperatures were finalized after analyses performed using the
developed computer model. The decision was made based on: to meet the case heating

requirements using equipment in the lowest capacities.
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Table 5.1 Capacities and control settings of solar combisystem simulated case

Component equipment Capacity Settings
Minimum supply temperature 25 °C (Olesen 1977)
Return temperature 20 °C (ASHRAE (2004)
Nodes setting temperature 405 °C

3 Maximum allowable temperature 60 °C (ASHRAE 2007)

Radiant floor loop -

Water storage tank 2.2m Auxiliary heater start-up temperature 40.5 °C
(California Energy Commission 2005)
lce storage tank 14 m Maximum ice fraction 70% (Sunwell 2012)
Maximum water temperature 37.8 °C (GeoSmart 2012)
Heat pump 12.95 kW )
CoP3.1
Solar thermal collectors 27.58 m’ Tilt angle 60° (Hugo 2008)

Orientation due South

The initial conditions of the simulation were the temperatures in the storage
tanks, which were taken as the indoor air temperature 18 °C. The impact of the initial
values was eliminated by simulating the combisystem operation for a simulation time of

three continuous years. Results of the third year were used for the analysis.

5.1. Energy performance of solar combisystem
5.1.1. Overview of annual energy flow

The solar combisystem used solar heat and electricity to meet the residential
heating needs. The annual energy flows among the system components are plotted in
Fig. 5.1. The rectangular boxes by continuous line represent the system components.
The rectangular boxes by dotted line represent the supply of energy (at the top) and the
heating loads (at the bottom). The boxes in irregular shape represent the outdoor
environment and the indoor surroundings. The arrows connecting the boxes show the

direction of the flow paths.
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Fig. 5.1 Flowchart of energy flows of solar combisystem annual operation

The annual energy use was quantified in kWh. The amount of change of energy

was indicated for the storage tanks, positive for energy stored and negative for energy

extracted. Similar convention was used for the indoor surroundings. The operation

temperatures were labeled. For instance, in the case of solar collectors, T,/ Ty, is the
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mean outlet temperature followed by the mean inlet temperature. In the case of
outdoor environment, Ty, 5/ Tinin is the upper limit and the lower limit of outdoor
temperature. Some cases were labelled with one temperature: mean temperature of
the ice storage tank water-layer, mean temperature of the water storage tank nodes, or

supply temperature along the flow path.

5.1.2. Combisystem energy performance

Combisystem COP

The system COP was calculated as the ratio of the system heating load to the
system electricity consumption. Annual operation of the combisystem used 2,956 kWh
of electricity meeting the heating needs of 11,763 kWh. The combisystem had an annual

system COP of 3.98.

system heating load
System COP =

system electricity consumption
(5.1)
11,763

2,956

Solar energy fraction compared to reference system
A compared non-solar system is supposed to satisfy the same heating needs as
of a solar system (Hastings & Wall 2007). The reference system compared was consisted

of electric water heater and electric baseboard heater (Table 5.2).
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By comparing the two systems, the solar energy fraction of a solar system is
calculated as a ratio of the solar energy collection of a solar system to the energy used

by the reference system,

solar energy collection of solar system

. ) =
Solar energy fraction (SFy) energy used by reference system

(5.2)
14121

10,850

The solar combisystem had an annual solar energy fraction of 1.3. April had the

solar energy fraction peak of 5.39, and the minimum appeared in December as of 0.52.

Table 5.2 Reference system energy use vs. solar energy collection of solar combisystem

Reference system Solar combisystem

Electricity Electricity

consumption consumption

of baseboard of water Total energy | Collected solar Solar energy

heater, heater, use, radiation, fraction,

kWh kWh kWh kWh dimensionless
January 2,331.04 277.51 2,608.55 1,707.84 0.65
February 1,721.11 262.53 1,983.64 2,222.92 1.12
March 949.38 306.54 1,255.92 2,807.75 2.24
April 182.27 283.44 465.72 2,511.75 5.39
May 0.00 213.88 213.88 433.03 2.02
June 0.00 156.79 156.79 342.73 2.19
July 0.00 117.67 117.67 298.52 2.54
August 0.00 100.80 100.80 274.45 2.72
September 0.00 145.52 145.52 350.41 2.41
October 171.68 171.73 343.41 1,018.88 2.97
November 976.15 218.15 1,194.30 974.43 0.82
December 1,991.79 271.83 2,263.62 1,178.00 0.52
Year 8,323 2,526 10,850 14,121 1.30

Solar energy contribution

Among 28,023 kWh of energy, a sum of the annual incident solar energy (25,067

kWh) and the annual electricity consumption, the annual incident solar energy

contribution was 89.5%.
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. o incident solar energy
Incident solar energy contribution (SCg) = - X 100
system energy input

(5.3)
25,067

~ 28,023

X 100% = 89.5%

Among 17,077 kWh of energy, a sum of the annual solar energy collection
(14,121 kWh) and the annual electricity consumption, the annual collected solar energy

contribution was 82.7%.

o solar energy collection
Collected solar energy contribution (SCg) = - x 100
system energy input

(5.4)
14,121

17,077

X 100% = 82.7%

Energy efficiency
The system operation used 28,023 kWh of energy to meet the heating needs of
11,763 kWh over one year. The annual system energy efficiency of 42.0% was calculated

as the ratio of the annual heating load to the annual energy input:

. system heating load
System energy ef ficiency = system energy input X 100

(5.5)
11,763

~ 28,023

X 100% = 42.0%

If counting the energy use since the heat input by the solar thermal collector, to

supply the heating load led the energy efficiency of 68.9% (among 17,077 kWh).
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5.1.3. Electricity consumption and combisystem COP

Table 5.3 presents the electricity consumption of heat pump and circulating
pumps, along with the system COP calculated as the average of the system COPs over

the corresponding time period.

Table 5.3 Results of electricity consumption and system COP of solar combisystem annual operation

Heat pump, Circulating pumps, kWh System COP,

kWh P1 P2 P3 Overall | dimensionless
January 854.89 1.58 1.54 1.73 4.85 3.07
February 564.02 1.84 1.03 1.18 4.04 3.55
March 264.50 2.21 0.48 0.59 3.29 4.84
April 99.43 2.36 0.19 0.23 2.78 4.94
May - 0.78 - - 0.78 449.77
June - 0.67 - - 0.67 420.69
July - 0.47 - - 0.47 491.50
August - 0.55 - - 0.55 380.45
September - 0.51 - - 0.51 553.23
October 64.64 1.16 0.12 0.17 1.44 6.54
November 367.64 1.27 0.65 0.83 2.75 3.31
December 714.98 1.30 1.29 1.49 4.08 3.19
Year 2,930 15 5 6 26 3.98

The heat pump used 2930 kWh of electricity in the year, with the highest
consumption in January followed by December. The circulation pumps P2 & P3 were
operated during January to April and October to December in the heating season. The
circulation pump P1 has been operated throughout the year. The auxiliary heater, not
shown, was never used without any consumption. In the heating season, the monthly
averaged system COP was over 3 from January to April and from October to December.
From May to December monthly averaged system COP represented large values, due to
small amount of electricity was consumed on operating the circulating pump P1. The
monthly averaged system COP in October was larger than in the rest heating season

months, because half of the month was in non-heating season.
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5.1.4. Major flows of energy

The energy flows of solar combisystem annual operation shown in Fig. 5.1 are

detailed by month in the followed Table 5.4.

Table 5.4 Results of energy flows of solar combisystem annual operation

Energy input, kWh Heat
transferred Heat lost to

Incident Heating with indoor outdoor Heat

solar load, surroundings, environment, storage,

heat Electricity Overall kWh kWh kWh kWh
January 2,823.18 859.75 3,682.93 | 2,640.14 66.91 1,115.34 -10.49
February 3,680.97 568.06 4,249.02 | 2,014.13 25.57 1,458.05 798.38
March 4,714.15 267.79 4,981.94 | 1,295.93 -51.51 1,906.41 1,724.80
April 4,015.50 102.22 4,117.72 504.91 -59.81 1,503.75 2,046.47
May 1,200.62 0.78 1,201.40 351.81 -65.85 767.59 15.36
June 948.72 0.67 949.39 279.79 -64.76 605.99 -1.82
July 725.36 0.47 725.83 233.21 -68.20 426.83 -2.88
August 758.99 0.55 759.53 208.46 -68.79 484.53 -2.80
September 875.64 0.51 876.16 284.46 -62.49 525.23 3.46
October 1,783.80 66.08 1,849.88 431.87 -53.31 764.91 598.34
November | 1,530.94 370.39 1,901.33 | 1,224.29 17.47 556.51 135.25
December | 2,008.93 719.06 2,728.00 | 2,294.88 41.29 830.94  -360.62
Year 25,067 2,956 28,023 11,764 -343 10,946 4,943

Heating load and energy use

The combisystem supplied 11,764 kWh of heating load for the space heating
(8,323 kWh) and the preparation of domestic hot water (3,440 kWh) during an annual
operation. Fig. 5.2 presents the monthly profile of space heating load and water heating
load. The simulated space heating load matched the input heating demand appeared
from October to April, corresponding the heating season started from October 17 to

April 30. The water heating load continued throughout the 12 months.
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Fig. 5.2 Energy supply and heating load of solar combisystem

The total 28,023 kWh of energy input to the system included 2,956 kWh of
electricity and 25,067 kWh of incident solar heat during the operation periods. The

profile of monthly energy use from the two sources is also presented in Fig. 5.2.

Heat transfer between combisystem and indoor environment

The combisystem lost 343 kWh of heat to the indoor environment throughout an
entire year. The loss was the results of transfer of heat between the water storage tank
and the surroundings, and between the ice storage tank and the surroundings. Fig. 5.3
shows the monthly profile of the heat transfer, where the positives represent the heat
transferred from the indoor environment to the storage tanks, the negatives represent

the heat transferred from the storage tanks to the indoor environment.
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Fig. 5.3 Heat transfer between storage tanks and indoor surroundings

(positive values represent tanks in heat gain; negative values represent tanks in heat loss)

Heat loss to outdoor environment
The combisystem lost 10,946 kWh of heat to the outdoor environment during
the annual operation. The loss was accounted for the amount of solar heat failed to be

absorbed by the solar thermal collectors.

Heat storage

The combisystem using the water storage tank and the ice storage tank stored
4,943 kWh of heat throughout an entire year. Fig. 5.4 presents the storage of heat by
month, where the positives represent the heat stored in the storage tanks, the
negatives represent the heat released from the storage tanks. The monthly profile
shows the ice storage tank in active of storing and releasing heat from January to May
and from September till December during the heating season. The most amount of heat

stored appears at the ice storage tank in April, the most amount of heat released at the
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ice storage tank in December. The results showed smaller magnitude of storage of heat

took place in the water storage tank, in contrast to the ice storage tank.
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Fig. 5.4 Heat storage of solar combisystem

(positive values represent heat stored; negative values represent heat released)

5.2. Combisystem operation in non-heating season

The combisystem had non-heating season operation of 169 days, from May 1 to
October 16, producing the domestic hot water. The non-heating season operation is

discussed with the hourly results of three continuous calendar days from July 20 to July

22.

Heating load and use of heat
Fig. 5.5 presents the heating load of the solar combisystem for domestic hot

water production. The water storage tank, where to prepare the domestic hot water,
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had two heat sources: the heat pump and the solar thermal collectors. But the results
showed that the idle status of heat pump during the non-heating season. This indicated
the use of solar thermal collectors in non-heating season was sufficient. The heat charge

from the solar thermal collectors to the water storage tank is presented in Fig. 5.6.

Heat, kWh
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Fig. 5.5 Heating load of solar combisystem from July 20 to July 22
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Fig. 5.6 Solar heat collection charging water storage tank from July 20 to July 22
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Fig. 5.7 presents the solar radiation and the heat flows at the solar thermal
collectors. The available solar incident is referred to the incident solar energy on the
surfaces of solar thermal collectors regardless the collector operation. The utilized solar
incident is referred to the incident solar energy on the surfaces of solar thermal
collectors during the on operation of solar thermal collectors. When the solar thermal
collectors were on, solar heat was collected charging to the storage tanks. The results

show the heat charging only took place from the solar thermal collectors to the water

storage tank, nothing for the ice storage tank.
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Fig. 5.7 Solar heat collection and storage from July 20 to July 22

The solar thermal collectors have been operated within two hours on July 20 and
within 3 hours on July 22, no operation on July 21. This suggested that the domestic hot
water production on July 21 used the heat stored in the water storage tank. After the

release of heat from storage, the solar thermal collectors collected heat on July 22 for
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the water storage tank, more than on July 20. This showed how the solar thermal

collector operation serving the short period heat storage operation of water storage

tank.

Heat storage
Fig. 5.8 presents the change of heat in the water storage tank. The positive
values indicate the water storage tank was under the heat charging, the negative values

indicate the water storage tank was under the heat discharging.

15+

10

Heat, kWh

T T T T T T T T T T T 1
0 6 12 18 24 6 12 18 24 6 12 18 24
July 20 July 21 July 22

Fig. 5.8 Heat storage of water storage tank from July 20 to July 22

Storage temperature

Fig. 5.9 presents the temperature variation of five water-nodes (N1 to N5) in the
water storage tank. After the domestic hot water production on July 21, the
temperature of node N1 dropped down to 35.5 °C, near the set point of 35 °C. This led
the solar thermal collectors to start operation on the next day July 22 as soon as solar

heat was available. The combisystem control system allowed the charge of heat to the
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water storage tank when the temperature in water storage tank is below 60 °C. For this
reason, as the temperature reached 62 °C at the node N4 and 61 °C at the node N5, the
solar thermal collectors stopped the on operation (Fig. 5.7) though solar heat was still

available. The temperature profile indicated thermal stratification in the water storage

tank.
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Fig. 5.9 Node temperature of water storage tank from July 20 to July 22

Electricity use

Fig. 5.10 presents the electricity used by the combisystem operation. The
electricity consumption was solely due to the operation of pump P1 to circulate water
along the loop L1 for the transfer of heat from the solar thermal collectors to the water

storage tank.
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Fig. 5.10 Electricity consumption of solar combisystem from July 20 to July 22

5.3. Combisystem operation in heating season

The combisystem had the heating season operation of 196 days from October 17
to April 30. The combisystem covered the heating needs for the domestic hot water and
the space heating. The operation at the peak space heating is to be overviewed in this
section, followed by the heating season operating condition discussed with the hourly

results of three continuous calendar days from January 11 to January 13.

Peak space heating
The residential space heating demand reached the peak of 12,992 W at 7:15 a.m.

on January 12, and there was also domestic hot water use at this moment (Fig. 5.11).
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Fig. 5.11 Flowchart of energy flows of solar combisystem at space heating peak

Above flowchart presents the operation temperatures along with the energy
flow rates in W. At this peak time, the outdoor temperature was -26.4 °C, city water

temperature was 3.5 °C, and the indoor temperature was 18 °C. The combisystem used
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electricity (0.56 W) to run a circulation pump for the space heating, which was supplied
by the radiant floor using the heat from water storage tank (12,992 W). The water
storage tank also covered the heat meeting the domestic hot water needs (609 W). The
supply temperature was 47.7 °C for the radiant floor and 44.4 °C for the domestic hot
water. The total heat transfer rate from the water storage tank for the heating was

13,601 W.

Terrell (1979) has reported the possibility of a solar heating system satisfying the
heating demand during the coldest months without directly using solar energy. Instead,
the solar energy stored from the previous time was released to meet the heating needs,
and the store temperature was reduced by such operation. The reported results were
confirmed by the results shown in this simulated case: The combisystem satisfied the
heating demand at the residential peak space heating time using the heat stored from

the previous time.

The surroundings of the combisystem underwent the heat transfer with the
storage tanks. The water storage tank lost heat (71 W) to the surroundings, whereas the
ice storage tank gained heat (159 W) from the surroundings. The water storage tank
operation at this peak decreased the heat stored at the rate of 13,672 W. At this peak,

the solar thermal collectors, heat pump, and the auxiliary heater were idle.

Heating load
Fig. 5.12 presents the combisystem heating load for the space heating and the

domestic hot water. The space heating was supplied by the radiant floor using the heat
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from heat pump and water storage tank. The domestic hot water was prepared in the
water storage tank. The space heating load exhibited similar patterns of variation
through the hours of each day. The heat provided by water storage tank for the space
heating was no less than the heat provided by heat pump, when the space heating load
were relative low. When the space heating load was high, the heat pump provided most
amount of heat for the space heating. This indicated the operation difference between
the heat pump and the water storage tank, in terms of matching the space heating

demand respecting its own capability.
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Fig. 5.12 Heating load of solar combisystem from Jan. 11 to Jan. 13

Heat pump output
Fig. 5.13 presents the use of the heat output from heat pump. The heat output
was transferred to the water storage tank and the radiant floor. Within the hours with

higher output, the heat pump provided the radiant floor more heat than does the water
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storage tank. On the contrary, the water storage tank received heat from the heat pump

more than the radiant floor did within the hours that the heat pump made outputs.
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Fig. 5.13 Heat output of heat pump from Jan. 11 to Jan. 13

Solar heat collection

Solar heat was the sole source providing the combisystem with heat. Fig. 5.14
presents the solar radiation and the heat flows at the solar thermal collectors.
Solar heat was available around the middle house each day, and the solar thermal
collectors were on operation during then. The collected heat was input to the ice
storage tank and the water storage tank for storage. The results show that the ice
storage tank received more heat than the water storage tank during these days. The
seasonal peak space heating took place on January 12. The results show that the solar
thermal collectors had on operation during most of the time when solar heat was

available.
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Fig. 5.14 Solar incidence and solar heat collection from Jan. 11 to Jan. 13

Heat storage

I.  Water storage tank

Fig. 5.15 presents the heat charging to the water storage tank, by the heat pump
and the solar thermal collectors. The water storage tank started to take in heat at every

early morning from the heat pump. Around the middle hours of each day, there was

heat transferred from the solar thermal collectors.

Fig. 5.16 presents the change of heat in the water storage tank, exhibited the
short term heat storage. The positive values were corresponded to the heat gains, the
negative values were corresponded to the heat losses. The greatest magnitude of heat

gain was on January 12, which occurred hours after the peak space heating load.
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Fig. 5.16 Heat storage of water storage tank from Jan. 11 to Jan. 13

Il. Ice storage tank

The ice storage tank is the thermal energy storage operated between the solar

thermal collectors and the heat pump. Fig. 5.17 presents the input and output of heat of
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ice storage tank. The results showed the ice storage tank output heat more frequently

than input.
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Fig. 5.17 Heat input and heat output of ice storage tank from Jan. 11 to Jan. 13

Fig. 5.18 presents the change of heat in the ice storage tank. Compared to the
water storage tank, the ice storage tank had larger magnitude of change of during the

day. This suggested the ice storage tank was operated with larger storage capacity than

the water storage tank.
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Fig. 5.18 Heat storage of ice storage tank from Jan. 11 to Jan. 13

Storage temperature

I.  Water storage tank

Fig. 5.19 presents the temperature of nodes (N1 ... N5) in the water storage tank.
Most of the temperatures fell in between 42.9 °C and 49.3 °C. The largest temperature
drop occurred in January 12 down to 36.7 °C. The hourly results showed the node N5
had the steadiest temperatures among all the nodes. The node N1 had the most
dynamic change of temperature, which was due to the charging and discharging
operation of the immersion heat exchanger HX1. The temperature variation of each
node during this period was: node N5 in 2 °C, node N4 in 3 °C, node N3 in 4.2 °C, node
N2in 4.4°C, and node N1 in 12.6 °C. Thermal stratification existed locally at some time,
for instance, among the nodes N2, N3, N4, and N5 from 18:00 on January 12 to 6:00 on

January 13.
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Fig. 5.19 Node temperature of water storage tank from Jan. 11 to Jan. 13

Il. Ice storage tank

Fig. 5.20 presents the temperature of the water-layer of ice storage tank. The
water temperature remained almost constant at 0.1 °C. Related to the water-lay
temperature, the mass fraction of ice in the ice storage tank is presented on Fig. 5.21.
The mass fraction of ice was 0.45 at the beginning of January 11, reached 0.53 at the
end of January 13. The results showed the coexistence of two phases of water in the ice
storage tank during this period. The ice storage tank had the maximum ice mass fraction
of 0.7 in this simulated case. At the end of January 13, the ice storage capacity of ice

storage tank was used up to 75.7%.
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Fig. 5.20 Water-layer temperature of ice storage tank from Jan. 11 to Jan. 13
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Fig. 5.21 Ice mass fraction of ice storage tank from Jan. 11 to Jan. 13

Electricity use
Fig. 5.22 presents the total electricity consumption of the combisystem during

the three day in heating season. The electricity was used to operating the heat pump,
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and the circulating pumps P1, P2, and P3. The heat pump used 121 kWh of electricity,
the largest amount in the overall. The circulating pumps P1, P2, and P3 used electricity

of 0.15 kWh, 0.218 kWh, and 0.237 kWh, respectively.

Electricity, kWh
w
|

0 6 12 18 24 6 12 18 24 6 12 18 24
Jan 11 Jan 12 Jan 13

Fig. 5.22 Electricity consumption of solar combisystem from Jan. 11 to Jan. 13

5.4. Response for space heating

As space heating demand for the indoor space, the radiant floor was provided
heat from two heat sources, the heat pump and the water storage tank. This section
presents the management of the two heat sources to respond the radiant floor and

meet the space heating demand, which is the operation of circulation loop L3.

Table 5.5 presents the space heating demand and the heat supply to radiant
floor. The results showed the space heating demands were satisfied completely, among

the heat pump supplied 30.4% and the water storage tank supplied 69.6%. The results
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were due to the use of water storage tank was controlled to respond the radiant floor
needs for heat at the higher priority (4.9.3). The advantage of the strategy was the
space heating demand was matched by operating the circulating pump P3 to transfer
the demanded amount of heat to the radiant floor. Unlikely, the heat pump (with
constant water flows at the evaporator and condenser) lacked of flexibility, in terms of
heat output amount. Not using this strategy, the operation would tend to overheat the
space, or overheat the water storage tank and further cause the combisystem shut

down.

Table 5.5 Results of space heating demand and heat supply to radiant floor

Space heating Heat supply, kWh

demand, By heat From water

kWh pump storage tank  Overall
October 171.68 23.05 148.63 171.68
November 976.15 220.76 755.39 976.15
December 1,991.79 653.39 1,338.39 1,991.79
January 2,331.04 875.18 1,455.86 2,331.04
February 1,721.11 539.30 1,181.82 1,721.11
March 949.38 187.15 762.24 949.38
April 182.27 29.18 153.09 182.27
Season 8,323 2,528 5,795 8,323

- 30.4% 69.6% 100%

5.5. Operation of heat pump with ice storage tank

Heat pump performance

Table 5.6 presents the heat pump operation results, including the energy flows
and the operation COP over the heating season. Among the heat pump output of 9326
kWh, the water storage tank received 73% (6,799 kWh), more than the radiant floor.

The seasonal average COP was 3.19.
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Table 5.6 Monthly results of heat pump operation

Energy input, kWh Heat output from condenser, kWh
Heat at Toradiant  To water COP,
Electricity  evaporator | floor storage tank  Overall dimensionless
October 64.64 187.65 23.05 229.24 252.29 3.93
November 367.64 801.98 220.76 948.86 1,169.62 3.19
December 714.98 1,455.79 653.39 1,517.37 2,170.77 3.04
January 854.89 1,611.14 875.18 1,590.85 2,466.04 2.89
February 564.02 1,201.15 539.30 1,225.87 1,765.17 3.13
March 264.50 804.02 187.15 881.38 1,068.52 4.06
April 99.43 334.77 29.18 405.02 434.20 441
Year 2,930 6,397 2,528 6,799 9,327 3.19
Fig. 5.23 presents the daily mean COP of heat pump throughout an entire
heating season. The daily mean temperature of water entering the evaporator is
presented in Fig. 5.24, in Fig. 5.25 presents the daily mean temperature of water
entering the condenser. Results shown with the three figures suggested the impact
made on the heat pump COP from the inlet temperature at the evaporator side.
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Fig. 5.23 Heat pump COP in heating season, daily mean
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Fig. 5.25 Temperature of water entering heat pump condenser, daily mean

State of water in ice storage tank
Fig. 5.26 presents the mass fraction of ice in the ice storage tank. The ice
appeared in November, presenting a stable existence since early December. Throughout

one month of accumulation, the mass fraction of ice climbed up to the peak of 0.69 at

146



the late January. The ice melted away by mid-February. After then and till the end of the

heating season, the ice storage tank contained only liquid water.
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Fig. 5.26 Ice mass fraction of ice storage tank in heating season, daily mean

5.6. Operation of solar collector with thermal storage

Solar heat was an exclusive heat source to the combisystem. Table 5.7 presents
the energy flows regarding the operation of solar thermal collectors, as well as the
thermal efficiency of solar thermal collectors. During the time when the solar thermal
collectors were on operation, the annual incident solar energy was 25,067 kWh, the
annual solar heat collection was 14,121 kWh, while 10,946 kWh of solar heat failed to
be collected and lost to the outdoor environment. The operation of solar thermal

collectors had an annual average thermal efficiency of 0.51.
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Table 5.7 Monthly results of solar collector operation

Solar heat collection, kWh Heat loss to Thermal

Incident solar | In water Inice outdoor efficiency of

radiation, storage storage environment, solar collector,

kWh tank tank Overall kWh dimensionless
January 2,823.18 232.74 1,475.10 1,707.84 1,115.34 0.58
February 3,680.97 289.61 1,933.30 2,222.92 1,458.05 0.57
March 4,714.15 272.66 2,535.08 2,807.75 1,906.41 0.54
April 4,015.50 119.03 2,392.72 2,511.75 1,503.75 0.57
May 1,200.62 433.03 0.00 433.03 767.59 0.31
June 948.72 342.73 0.00 342.73 605.99 0.31
July 725.36 298.52 0.00 298.52 426.83 0.36
August 758.99 274.45 0.00 274.45 484.53 0.31
September 875.64 350.41 0.00 350.41 525.23 0.35
October 1,783.80 217.84 801.05 1,018.88 764.91 0.51
November 1,530.94 99.18 875.26 974.43 556.51 0.62
December 2,008.93 173.25 1,004.75 1,178.00 830.94 0.55
Year 25,067 3,103 11,017 14,121 10,946 0.51

Distribution of solar heat collection

Among the annual solar heat collection (14,121 kWh), the water storage tank
received 3,103 kWh of heat throughout an entire year, counted for 22%. The ice storage
tank received 11,017 kWh of heat during the heating season (from May 1 to October 16),
counted for 78%. The operation of ice storage tank handled the majority of solar heat

storage.

Among the annual heat stored in the water storage tank (3,103 kWh), the water
storage tank stored 1,870 kWh of heat in the heating season. In addition to the 11,017
kWh of heat stored in the ice storage tank in the heating season, the overall solar heat
storage during the heating season was 12,887 kWh, counted for 87% of the annual solar
heat collection. The rest 23% of solar heat collection was made during the non-heating

season, which was all charged to the water storage tank.
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Thermal efficiency of solar collector operation

The two storage tanks, with different levels of operation temperature, made
different impact on the performance of solar thermal collector. Table 5.8 presents the
thermal efficiency of solar thermal collector by storage tanks, to show the impact made

by the entering temperature of collector working fluid.

Table 5.8 Monthly results of thermal efficiency of solar thermal collector

Units: dimensionless

With water With ice

storage tank storage tank
January 0.30 0.66
February 0.34 0.62
March 0.33 0.58
April 0.31 0.59
May 0.31 -
June 0.31 -
July 0.36 -
August 0.31 -
September 0.35 -
October 0.32 0.59
November 0.26 0.69
December 0.28 0.63
Year 0.32 0.62

Operated with the water storage tank, the solar thermal collector had the annual
mean thermal efficiency of 0.32. Operated with the ice storage tank, the solar collector
thermal efficiency ranged from 0.58 in March to 0.69 in November, leading the annual
mean thermal efficiency of 0.63. The thermal efficiency of solar thermal collector rose
about two times when against a cold thermal storage, compared to with a warm

thermal storage.
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5.7. Operation of water storage tank

Temperature

The water storage tank was modeled as a stratified thermal storage tank. Table
5.9 presents the temperatures of five nodes (N1 to 5 ) in the water storage tank, along
with the hot water draw-off temperature. The temperature profile is presented on Fig.
5.27. The results showed that the nodes N3, N4 & N5 have higher monthly average

temperatures from May to November than other months.

Table 5.9 Monthly results of water storage tank node temperatures

Hot water
Node temperature, °C draw-off
temperature,
N1 N2 N3 N4 N5 Mean °C

January 45.3 44.9 45.3 45.1 44.7 45.1 44.8
February 45.2 44.8 454 45.3 45.0 45.1 45.1
March 43.8 44.8 46.1 45.9 45.4 45.2 45,5
April 41.7 441 45.8 45.9 45.4 44.6 455
May 31.3 46.0 57.6 59.7 59.5 50.9 59.6
June 34.5 47.9 58.7 60.3 59.9 52.3 60.0
July 37.8 49.7 59.1 60.6 60.2 53.5 60.2
August 39.7 51.1 59.7 60.7 60.0 54.3 60.2
September 35.9 48.1 58.0 60.2 60.0 52.4 60.0
October 39.0 45.6 51.9 53.5 53.4 48.7 53.3
November 46.3 45.1 45.2 45.0 44.6 45.2 44.6
December 45.6 44.7 449 44.8 445 449 445
Year 40.5 46.4 51.5 52.3 51.9 48.5 51.4
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Fig. 5.27 Node temperature of Water storage tank, monthly mean

Heat input and output

The temperature distribution in the water storage tank was the outcome of the
heat transfer that the storage tank underwent. Table 5.10 presents the heat flows of the
water storage tank operation. The annual heat input was 9,902 kWh. The annual heat
output was 9,236 kWh. Due to the temperature difference with the surroundings, the

storage tank lost 667 kWh of heat throughout an entire year.
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Table 5.10 Monthly results of heat flows of water storage tank

Heat input, kWh

Heat output, kWh

Heat transfer

From with Heat

solar By heat To For hot surroundings, storage,

collector pump Overall space water Overall kWh kWh
January 232.74 1,590.85 1,823.59 | 1,455.86 309.10 1,764.96 -51.21 7.43
February 289.61 1,225.87 1,515.49 | 1,181.82 293.02 1,474.84 -46.33 -5.68
March 272.66 881.38 1,154.04 762.24 346.55 1,108.79 -51.17 -5.91
April 119.03 405.02 524.05 153.09 322.63 475.73 -48.11 0.21
May 433.03 0.00 433.03 0.00 351.81 351.81 -59.46 21.76
June 342.73 0.00 342.73 0.00 279.79 279.79 -60.36 2.58
July 298.52 0.00 298.52 0.00 233.21 233.21 -64.96 0.35
August 274.45 0.00 274.45 0.00 208.46 208.46 -66.50 -0.51
September 350.41 0.00 350.41 0.00 284.46 284.46 -60.91 5.03
October 217.84 229.24 447.08 148.63 260.18 408.81 -56.82 -18.56
November 99.18 948.86 1,048.04 755.39 248.14 1,003.53 -49.98 -5.47
December 173.25 1,517.37 1,690.62 | 1,338.39 303.09 1,641.48 -50.88 -1.74
Year 3,103 6,799 9,902 5,795 3,440 9,236 -667 -0.51
5.8. Heat transit via thermal storage

The heat transit is referred to the overall transfer of heat through heat charging

and heat discharging. The two thermal storage tanks of combisystem bridged the time

gap of heat between the available and in needy. Fig. 5.28 presents the heat charges and

discharges of the water storage tank over the year. The annual gross of heat transit of

the water storage tank is calculated as a sum of the heat charged to the water storage

tank and the heat discharged from the water storage tank; the amount was 19,138 kWh.

Fig. 5.29 presents the heat charges and discharges of the ice storage tank over the year.

The annual gross of heat transit of the ice storage tank is calculated as a sum of the heat

charged to the ice storage tank and the heat discharged from the ice storage tank; the

amount was 17,414 kWh.
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Fig. 5.29 Heat transit via ice storage tank, by week

The annual gross of heat transit via the ice storage tank was 1,724 kWh less than
the water storage tank. Counting the two storage tanks together, the overall heat transit

was 36,552 kWh. Among this amount, the water storage tank has been in charge of
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52.4%, the ice storage tank 47.6%. The results showed the significant performance of

the water storage tank in the simulated combisystem annual operation.

5.9. Exergy performance of solar combisystem

Combisystem exergetic COP
The exergetic COP is calculated as the ratio of the exergy of heating load (507
kWh) to the auxiliary electricity consumption (2,956 kWh). The combisystem had an

annual exergetic COP of 0.17.

Solar exergy fraction compared to reference system
Table 5.11 presents the exergy used by the specified reference system (i.e.,
electric heating system), and the exergy collection of the combisystem solar thermal

collectors.

Table 5.11 Reference system exergy use vs. combisystem solar exergy collection of solar combisystem

Reference system Solar combisystem

Electrical

exergy use of  Electrical

baseboard exergy use of Total exergy | Collected Solar exergy

heater, water heater, use, solar exergy, fraction,

kWh kWh kWh kWh dimensionless
January 2,331.04 277.51 2,608.55 49.85 0.02
February 1,721.11 262.53 1,983.64 95.67 0.05
March 949.38 306.54 1,255.92 226.53 0.18
April 182.27 283.44 465.72 209.86 0.45
May 0.00 213.88 213.88 76.27 0.36
June 0.00 156.79 156.79 61.23 0.39
July 0.00 117.67 117.67 53.70 0.46
August 0.00 100.80 100.80 49.49 0.49
September 0.00 145.52 145.52 62.63 0.43
October 171.68 171.73 343.41 91.19 0.27
November 976.15 218.15 1,194.30 41.64 0.03
December 1,991.79 271.83 2,263.62 49.53 0.02
Year 8,323 2,526 10,850 1,068 0.10
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Over the entire year, the solar collectors collected 1,068 kWh of thermal energy.
Compared to 10,850 kWh of exergy of heating load by the reference system, the
combisystem had a solar exergy fraction of 0.10. The maximum solar exergy fraction
appeared in August as of 0.49. The minimum solar exergy fraction of 0.02 appeared in

January and December.

Solar exergy contribution

Among 26,421 kWh of exergy, sum of the annual incident solar exergy (23,465
kWh) and the annual electrical exergy, the annual incident solar exergy contribution was

88.8%.

Among 4,024 kWh of exergy, sum of the annual solar exergy collection (1,068
kWh) and the annual electricity consumption, the annual collected solar exergy

contribution was 26.5%.

Exergy efficiency

Table 5.12 presents the exergy destruction estimated by monthly and annual
operation of the combisystem. The combisystem operation over the year destroyed
15,657 kWh of exergy out of the total 26,421 kWh of exergy supply including the
incident solar exergy and electricity. Less exergy were destroyed during May through
October than the other months. Among the component equipment, the most amount of
exergy was destroyed by operating the solar thermal collector, accounted for 77.6%.

Other contributions were: the heat pump 11.2%, the radiant floor 4.3%, the water
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storage tank 3.8%, the ice storage tank 2.9%, and the circulating pumps 0.2%. The

estimated exergetic efficiency is presented in Table 5.13.

Table 5.12 Monthly results of exergy destroyed by solar combisystem operation

Units:kWh
Ice Water
Solar Solar Heat Auxiliary storage  storage Radiant
combisystem collectors pump Pumps heater tank tank floor
January 2,390.27 1,548.87 512.22 4.85 0 2193 11151 190.87
February 2,590.32 1,985.22 335.54 4.04 0 35.82 94.76  134.94
March 2,845.44  2,401.82 160.30 3.29 0 140.03 68.58 71.42
April 2,420.35 2,141.41 62.53 2.78 0 172.75 27.54 13.34
May 361.54 329.09 - 0.78 0 2.51E-02 31.65 -
June 285.56 259.60 - 0.67 0 1.23E-02 25.28 -
July 247.54 225.75 - 0.47 0 6.43E-03 21.31 -
August 227.53 207.43 - 0.55 0 3.22E-03 19.55 -
September 289.35 265.39 - 0.51 0 1.58E-03 23.44 -
October 992.11 862.60 38.84 1.44 0 49.06 27.04 13.12
November 1,246.33 870.53 216.00 2.75 0 22.11 54.18 80.76
December 1,760.89  1,053.20 423.84 4.08 0 20.00 95.58 164.18
Year 15,657 12,151 1,749 26 0 462 600 669
100% 77.6% 11.2% 0.2% 0.0% 2.9% 3.8% 4.3%
Table 5.13 Annual results of exergetic efficiency of solar combisystem operation
Solar Solar thermal Ice storage  Water storage
combisystem collectors Heat pump  tank tank Radiant floor
40.7% 9.3% 42.6% 19.0% 61.0% 17.8%

If the exergy destroyed during the solar thermal collector operation is excluded

from the analysis, the exergy destroyed was summed to 3,506 kWh and the

corresponding exergy efficiency was 12.9% (among 4,024 kWh).
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6. Conclusions

This thesis has presented the development of a solar combisystem computer
model, implemented in EES program. The work presented in the thesis includes: (i) A
methodology for the development of a solar combisystem computer model; (ii) The
mathematical models of the solar combisystem model components; (iii) The features of
a EES-based computer model of a solar combisystem being developed; (iv) A simulated
solar combisystem operation case results; and (v) The analysis of the simulated solar

combisystem operating conditions based on the Second Law of thermodynamics.

= The model development basis was the Second Law of thermodynamics, which
was chosen for the ability to represent the energy and the quality of the energy
related to the solar combisystem operation.

= The mathematical model of the solar combisystem was developed in component
approach as of modular type, which left the opportunity for the developed
modules to be integrated for models of diverse HVAC systems.

= The mathematical model of solar combisystem was implemented in the EES
program, which was chosen for its equation-based scheme, as well as the built-in
functions for calculating the thermodynamic properties of working fluids.

= The complete computer model of solar combisystem is suitable for modeling the
selected solar combisystem operation as a function of the space heating demand,

domestic hot water consumption, outdoor dry-bulb air temperature, and solar
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radiation, and subject to the operating control along with the simulation time

step assigned by the user.

Operation features

The energy-consuming equipment of the solar combisystem includes the solar
thermal collector, circulating pumps, heat pump, and auxiliary heater. The solar thermal
collector and the heat pump are the primary energy-consuming components, their
energy consumptions are determined not only by the heating requirements and climate
condition, but also affected by the entering state of heat transfer fluid. The states at the
equipment inlets rely on the operation of thermal storage tanks under the operating

control performed on the complete solar combisystem.

=  The simulated solar combisystem provided 3,440 kWh of heat for the annual
domestic hot water use of a typical one-storey detached house, and met the
residential space heating demand of 8,323 kWh throughout a heating season of
196 days with the outdoor temperature the lowest at -28.1 °C in Montreal
Canada.

= The draw-off temperature of the domestic hot water was 51.4 °C in annual
average. The supply temperature of the radiant floor was 37.7 °C in seasonal
average, while the return temperature being controlled at constant 20 °C.

= Satisfying the annual heating needs of 11,764 kWh in total, the solar
combisystem received 14,121 kWh of solar heat from the solar thermal

collectors, consumed 2,956 kWh of electricity to run a water-to-water heat
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pump and three circulation pumps whereas without starting up the auxiliary
electric heater.

= The water storage tank (warm thermal storage) had an annual average
temperature of 48.5 °C.

= The ice storage tank (cold thermal storage) had an annual average temperature

of 13.7 °C.

Energy performance

=  The solar combisystem operation represents:

a. Anannual system COP of 3.98;

b. Anannual solar energy fraction of 1.3 compared to an electric heating
system;

c. Anannual incident solar energy contribution of 89.5% and an annual
collected solar energy contribution of 82.7%;

d. Anannual system energy efficiency of 42.0% regarding the incident solar
heat during the collectors on operation as the thermal energy input, and
of 68.9% regarding the solar heat collection as the thermal energy input.

= The solar thermal collector operation represents:

a. Anannual average thermal efficiency of 0.51;

b. Anannual average thermal efficiency of 0.62 operated against the cold
thermal storage;

c. Anannual average thermal efficiency of 0.32 operated against the warm

thermal storage.
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= The heat pump had a seasonal average COP of 3.19.

Exergy performance

= The solar combisystem destroyed 15,657 kWh of exergy over the annual
operation and represents:

a. Anannual exergetic COP of 0.17;

b. An annual solar exergy fraction of 0.10 compared to an electric heating
system;

c. Anannualincident solar exergy contribution of 88.8% and an annual
collected solar exergy contribution of 26.5%;

d. Anannual system exergy efficiency of 40.7% regarding the incident solar
exergy during the collectors on operation as the thermal exergy input,
and of 12.9% regarding the solar exergy collection as the thermal exergy
input.

= The annual average exergy efficiency was:

a. 61.0% for the water storage tank;

b. 19.0% for the ice storage tank;

c. 9.3% for the solar thermal collectors;

d. 42.55% for the heat pump;

e. 17.82% for the radiant floor.
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6.1. Future work

l. Model validation

To improve the developed solar combisystem model, validation of the
component models and the whole solar combisystem model can be carried out, if

installation or experimental setup is available.

Il.  Analysis of sensitivity

An interesting issue found during the model simulation is that the solar
combisystem component capacities, the system operating control, and the combisystem
heating performance are closely related. To investigate the three aspects the impact
added by one onto the other will provide valuable information for the system

application, and favor the solar combisystem operation towards better performance.

lll.  Solar combi-plus, high solar combi-plus, and optimization

The results showed the drawback of oversizing of the solar combisystem for the
simulated case, without cooling load in the non-heating season. A case with solar
cooling can be simulated using the developed model with certain modification to
investigate a solar combi-plus system operation, to see if able to achieve the
performance as a high solar combi-plus system does, and further conduct optimization

study. The studied solar combisystem seemed has the potential because the
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configuration has both sensible thermal storage and latent thermal storage, plus the

configuration is not only complex but also flexible.

IV. Second Law model Library of HVAC components

Similar model development can be done onto other HVAC components for a

Second Law model library of simulation programs.
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Appendices

Appendix A

Application constraints of Eq. (4.3)

To reveal the potential of the situations (1) n¢°%< 0 and (2) n¢°"> 1, a theoretical
approach of finding solutions to quadratic is presented below. Abnormal results would

occur, if

T‘COll -T T'COIl -T 2

ao + al ln,WG oa + az( in,w G oa) < 0 (l) (1)
TColl _ TColl _ 2

ap + a, m‘WG 2 +a, ( LW z oa) >1 (i)

which could be further transformed as (denoting T,, to T, Tl-ff‘ff to Ti)

Q2 (20, 4 Qor 2, 4Gp [
GTa (—G Tm+ G)Ta+(G Tm +GTln+a0)<0 (l) (2)
ZT% — (—GZ Tin + ?1) Ty + (72 Tin® + 7 Tin + g — 1) >0 (i)
or
Y, <0 i
b © 3)
7 >0 (i)
where,
a 2a a a a i
YO = fZTaZ — (TZTL'TL + ?1) Ta + (?2 Tin2 + FlTiTL + aO) (l) (4)
v, = BT - (TZTin + ?1) T, + (?ZTl-n2 + 7 Tin + ag — 1) (D)

fits in a general quadratic form of
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Yy = AT,* + BT, + C, ()

2 .. (5)
Y, = AT,2 + BT, + C, (i)

which bears the discriminant

B? — 4AC, ]
a=18 ~* @) (6)
B* — 4AC; (i1)
with
a;
A== 7
2 (7)
2a a
B=—(GTutg) @)
a a .
Co = fZTin2 + flTin + ag (l)
a; 2, A9 .. (9)
CIZ?TL'TL +?Tin+a0_1 (ll)

When A2 0, quadratic function Y, and Y; has two distinct roots

_—BxVA

Ta 1,2 24 (10)

Quadratic functions in Eqn. (4) are illustrated in Fig. 1 using the case solar
collector coefficients, where a,< 0, A< 0 and, therefore, the curves open upward. If
quadratic discriminant A> 0, two distinct roots exist as the plotted situation. Eqn. (3) (i)
is true when Ty< Ty, , or Tg> Ty ; Ean. (3) (if) is true when T, < To< T, ,. Under the
application of the solar collector operation, only T, is meaningful, since one can

calculate T, at a much value than that of the outdoor air may reach in reality, such as

200 °C. The weighted curves that overlaying upon Y, and Y; highlight where Y; < 0
and Y; > 0, respectively. Similar situation for A= 0, but two distinct roots becoming one.

If A< 0, the roots do not exist, the quadratic curves fall below the axis T,,. Therefore, Eqn.
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(3) (i) always holds but not (ii). Among the situations explicated, whenever Eqn. (3)
true justifies the invalid application of thermal efficiency of solar collector, which should

always lie in a range of 0< n¢ot< 1.

Fig. 1 Solutions to quadratic in applications of solar thermal efficiency

The application constrains of solar thermal collector product used in the case
study were examined in the quadratic approach. Fig. 2 shows the upper and lower
bounds of the outdoor air temperature with respect to the solar insolation from 0 W/m?
to 1200 W/m? while various entering temperatures, T;,,, between 0.01 °C to 70 °C. For
instance, the valid application of thermal efficiency should be with the outdoor
temperature ranging in -20 °C< T,< 40 °C when the entering temperature at 20 °C and

the solar insolation density at 200 W/m?’.

Abiding by the lower bounds ensures thermal efficiency of solar thermal collector
n¢oU> 0, by the upper bounds ensures n°''< 1. Along the vertical axis downward, the
bounds of outdoor temperature drop and lower bounds go along with lower entering

temperatures. Along the horizontal axis to the left side, the outdoor temperature is
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constrained tighter within narrow ranges as the solar insolation decreasing. But,

constraints are relieved providing the solar insolation higher than 425 W/m?.

150 4

Outdoor temperature, °C

0.01 °C
=iee pEhE

10 °C

20 °C
- 25 C
e 30°C
it 3515E
— 40 °C
- - 45 °C
tennne 50°-°C
vy 55 °C
— 60 °C
- =H5 e
e 70 °C

T 1
0 600 900 1200

Insolation, W/m 2

Fig. 2 Upper and lower bounds of outdoor temperature of case solar thermal efficiency
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Appendix B

Input and output of the component models

The solar thermal collector model:

Symbols Descriptions Units
Inputs ag Coefficient of solar collector thermal efficiency dimensionless
a; Coefficient of solar collector thermal efficiency W/(m2-°C)
a, Coefficient of solar collector thermal efficiency W/(m2-°C2)
Aggﬁel Gross area of single solar thermal collector panel m’
ncou Number of solar thermal collector panel dimensionless
Vol Volume flow rate per unit collector area m*/(s:m?)
¢ Power density of insolation upon tilted collector panel surface, W/m?
time variable
Toq Outdoor air temperature, time variable °C
Tl-fl"# Temp.erature c.of water entering solar thermal collector, oC
’ associated variable
Outputs TSI, Temperature of water leaving solar thermal collector °C
méol Mass flow rate of water through solar thermal collector kg/s
ygout Volume flow rate of water through solar thermal collector m*/s
Qe Solar heat absorption rate of solar thermal collector w
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The heat pump model:

Symbols Descriptions Units
Inputs ]./bi,;zp Vqur.n'e flo'w rate of water through evaporator under baseline /s
condition, input parameter
. Cond Volume flow rate of water through condenser under baseline 3
base condition, input parameter m'/s
. Electric power of heat pump under baseline condition, input
Wiase parameter W
: cond Heat output rate at condenser under baseline condition, input W
base parameter
by, by, ...b,  Coefficients of heat pup electric power, input parameter -
dy,dq, ...d, Coefficients of heat transfer rate at condenser, input parameter -
['/WE”ap Volume flow rate of water through evaporator, input parameter m>/s
ycond Volume flow rate of water through condenser, input parameter m>/s
Tii’_;‘fp Temperature of water entering evaporator, associated variable °C
Tifl?;}d Temperature of water entering condenser, associated variable °C
Tflzgfhw Mean temperature of water through evaporator, input parameter °C
T,fl‘;f;g,w Mean temperature of water through condenser, input parameter °C
ATguprn Superheat temperature difference, input parameter °C
P. Pressure of condensation, input parameter Pa
P, Pressure of vaporization, input parameter Pa
)BE 4 Space heating demand onto radiant floor, input time variable w
Outputs ToElft‘_l‘ﬁf Temperature of liquid water leaving evaporator °C
T(,begfﬁ Temperature of water leaving condenser °C
my, P Mass flow rate of water through evaporator kg/s
j i,’}ap Mass flow rate of liquid water leaving evaporator kg/s
mf;;“p Mass flow rate of solid water (ice) leaving evaporator kg/s
mgond Mass flow rate of water through condenser kg/s
['/WE”ap Volume flow rate of water through evaporator m>/s
ygond Volume flow rate of water through condenser m*/s
WwHP Electric power of heat pump w
Qcond Heat output rate at condenser w
QHPARE Heat output rate from heat pump to radiant floor W
QHPAWT Heat output rate from heat pump to water storage tank W
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The ice storage tank model:

Symbols  Descriptions Units
Inputs Lr Length of rectangular storage tank m
wiT Width of rectangular storage tank m
HT Height of rectangular storage tank m
Thermal transmittance of insulation attached to ice storage )
Ufisu W/(m"<C)
tank
TV Maximum temperature of water-layer °C
Vimax Maximum ice mass fraction in ice storage tank dimensionless
At Time step s
Ty, Indoor air temperature °C
TS Mass flow rate of water entering from ice storage tank heat
my, . . ke/s
source, associated variable
ITL Mass flow rate of solid water from ice storage tank heat sink,
my,; . . kg/s
associated variable
ITL Mass flow rate of liquid water entering from ice storage tank
My . . . kg/s
heat sink, associated variable
7iTs Temperature of water entering from ice storage tank heat o
nw source, associated variable
ITL Temperature of water entering from ice storage tank heat o
inwf sink, associated variable
ITS Constant pressure specific heat of water entering from ice
p; . . J/(kg-°C)
nw storage tank heat source, associated variable
. ITL Constant pressure specific heat of liquid water entering from 1/(kg-°C)
Pinwf ice storage tank heat sink, associated variable &
Outputs W Temperature of water-layer °C
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The water storage tank model:

Symbols Descriptions Units
Inputs  H"T Height of water storage tank m
pwT Diameter of cylinder water storage tank m
ST, Thickness of water storage tank shell m
EWT, Thermal conductivity of water storage tank shell W/(m-°C)
uwT ;I'::krmal transmittance of insulation attached to water storage W/(m2-°C)
At Time step S
Tia Indoor air temperature °C
ypHw Volume flow rate of domestic hot water drawn, input variable m*/s
T Main Temperature of water from city main, input variable °C
GWTS1 Heat charging rate of immersion heat exchanger HX1, associated W
variable
GWTS? Heat charging rate of immersion heat exchanger HX2, associated
variable
RE Space heating demand onto radiant floor, input variable W
Outputs TN Temperature of water-node Ni °C
T Temperature of water leaving immersion heat exchanger HX1 °C
QWL Heat discharging rate of immersion heat exchanger HX1 w
QWL Heat output rate of water storage tank for domestic water heating W
Qv Heat output rate of water storage tank for heating w
QWTARE Heat transfer rate from water storage tank to radiant floor w
The radiant floor mode:
Symbols Descriptions Units
. Heat transfer rate from water storage tank to radiant floor,
Inputs QU associated variable : w
(HPARF Heat transfer rate from heat pump to radiant floor, associated W
variable
WTLL Temperature of water leaving immersion heat exchanger HX1,
Toutw . . °C
associated variable
Cond Temperature of water leaving heat pump condenser, associated
Toutw variable C
Outputs  mfF Mass flow rate of water through radiant floor kg/s
QFF Heat input rate to radiant floor w
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The circulating pump model:

Symbols  Descriptions Units
Inputs Co Coefficient of electric power input to circulating pump w
c1 Coefficient of electric power input to circulating pump W-s/m>
Cy Coefficient of electric power input to circulating pump W-s*/m°®
C3 Coefficient of electric power input to circulating pump W-s*/m’
Cy Coefficient of electric power input to circulating pump W-s'/m™
Cs Coefficient of electric power input to circulating pump W-s’>/m®
Co Coefficient of electric power input to circulating pump W-s®/m™®
cy Coefficient of electric power input to circulating pump W-s'/m?*!
Cg Coefficient of electric power input to circulating pump W-s?/m**
V,ﬁ;‘;"p Maximum volume flow rate of water through circulating pump m*/s
me”mz’l Volume flow rate of circulating pump P1, associated variable m>/s
]'/Mf“m”2 Volume flow rate of circulating pump P2, associated variable m>/s
]'/Mfump3 Volume flow rate of circulating pump P3, associated variable m>/s
Outputs Vi Pumpl Electric power input to circulating pump P1 w
Vi Pump2 Electric power input to circulating pump P2 w
WPump3  Electric power input to circulating pump P3 W
WSZI;ZIP Overall power input on circulating pumps w
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The control system model:

Symbols  Descriptions Units
Inputs ¢ F’ower de'nsity of insolation upon tilted collector panel surface, W/m?
input variable
)RE 4 Space heating demand onto radiant floor, input variable W
VM?HW Volume flow rate of domestic hot water drawn, time variable m3/s
y Ice mass fraction of ice storage tank, associated variable dimensionless
Vimax Maximum ice mass fraction in ice storage tank, input parameter  dimensionless
i Ice storage tank water-layer temperature, associated variable °C
TS";’E Temperature set for water storage tank, input parameter °C
wr Variation allowed respecting to setting temperature of water oC
var storage tank, input parameter
TNt Temperature of water-node N1, associated variable °C
T3 Temperature of water-node N3, associated variable °C
TV{,VS Temperature of water-node N5, associated variable °C
WTL1 Temperature of water leaving immersion heat exchanger HX1,
Toutw . . °C
associated variable
TS Temperature of water leaving condenser °C
TRE Comfort temperature of radiant floor, input parameter °C
Outputs  g¢°U Controlled variable for operating circulating pump P1 dimensionless
gCollaIT Contro.lled variable for three-way valve V1, res?ecting the dimensionless
operation between solar thermal collector and ice storage tank
Controlled variable for three-way valve V1, respecting the
geoWT — gperation between solar thermal collector and water storage dimensionless
tank
gHP Controlled variable for operating heat pump dimensionless
HPIWT Controllled variable for three-way valve V2, respecting the dimensionless
operation between heat pump and water storage tank
QHPARF Contro.lled variable for three-way valve.VZ, respecting the dimensionless
operation between heat pump and radiant floor
QWT4RF Contro.lled variable for bypass valve V3, respecicing the dimensionless
operation between water storage tank and radiant floor
gAux Controlled variable for operating auxiliary heater dimensionless

186



Appendix C

Empire EC-24 SRCC OG-100 certification

SOLAR COLLECTOR CERTIFIED SOLAR COLLECTOR
CERTIFICATION AND RATING
SUPPLIER: SunEarth, Inc.
B425 Almeria Avenue
Fontana, GA 82335 USA
MODEL: Empira EC-24
COLLECTOR TYPE: Glazed Flat-Plate
CERTIFICATION#: 20060247
Original Certification Date: 18-DEC-07

COLLECTOR THERMAL PERFORMANCE RATING

Kilowatt-hours Per Panel Per Day Thousands of BTU Par Panel Per Day
CATEGORY| CLEAR MILDLY CLOUDY CATEGORY CLEAR MILDLY CLOUDY
(Ti-Ta) DAY CLOUDY DAY (Ti-Ta) DAY CLOUDY DAY

(6.3 KWh f (4.7 kWh/J (3.1 KWh {2000 Biu / (1500 Btu / (1000 Btu /
mz.day] mz_day} ma.day: ﬂz.daﬂ hz.day] ftz.daw
A -5 1C) 9.6 73 4.9 A -8 F) 329 24.7 16.7
B (5 °C) 8.9 65 41 B (9°F) 303 222 14.1
C (20 C) 7.6 53 3.0 C (36 F) 26.0 18.0 10.1
D (50 *C) 49 28 0.8 D {30 F) 16.8 9.6 29
E (BO °C) 23 06 0.0 E (144 °F) 79 241 0.0

A- Pool Heating (Warm Climaie) B- Poaol Heating {Coal Climate) G- Water Heating (Warm Climate) D- Water Heating (Cool

Climate) E- Alr Conditioning

COLLECTOR SPECIFICATIONS
Gross Area: 2 298 m2 2474 nz Hat Aperture Area: » o m221_35 ﬂE
Dry Weight: 36.1 kg 80. b Fluid Capacity: 2.7 liter 0.7 gal
Test Pressure: 1103. KPa 160. psig
COLLECTOR MATERIALS Prassure Drop
Frame: Aluminum Extrusion Flow AP
Cover (Outer): Low Iron Tempered Glass mil's apm Pa in H20
Cover (Inner): Naone 20.00 0.32 25.10 010
50.00 0.79 117.6 0.5
80.00 1.27 276.20 1.1
Absorber Material: Tuba - Copper / Insulation Side: Polyisocyanurate
Plate - Copper
Absorber Coating: Black Chrome Insulation Back: Pplytsncyanurale :
Fiberglass
TECHNICAL INFORMATION
Efficiency Equation [NOTE: Basad on gross area and (P)=Ti-Ta] Y INTERCEPT SLOPE
Sl Units: n=0.728 -2 98830 (PyI «0.01930 [p}zﬂ 0.735 o4 041 an‘l‘z. o
IP Units: n=0728 -0.52638 Py -0.00189 [p}zﬂ 0.735 0712 Elstu-'hr.ﬂz.'F
Ir::idan: Angle Mn:l:;; [E:};:ﬂcnsﬁ -1, 0"-:8-::1520’] Test Fluld: Waler
e = 0.013 (S} Test Flow Rate: 2 2
Kra=1 -0.28 (3) L kisar Fi 201 milfs.m™ 00235 gpm/fi
REMARKS:
June, 2012

Ceriification must ba renewed annually, For current sfatus contact:
SOLAR RATIMG & CERTIFICATION CORPORATION
400 High Point Drive, Suite 400 + Cocoa, Florida 32926 « (321) 213-6037 » Fax (321) 821-0910

Source: SunEarth (2012)
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Appendix D

Regarding coefficients identification with StatGraphics for GeoSmart HS050

wHP ,
I.  The plot of 3390 for Eqn. (4.19) regression
160 " T T T T ; ]
"fv“
1.49 el -
2 1.20 ‘ﬁ/ —
g ;
g
£ .
° 109 -
i
0.89 - ’ 1
w?',;"":
069 . . ) . e
0.69 0.89 1.08 1.29 1.49 1.69
predicted

R-Squared = 99.7768 percent
Standard Error of Est. = 0.0136088

The R-Squared statistic indicates that the model as fitted explains 99.7768% of

e, . WHP . A
the variability in 3390" The standard error of the estimate shows the standard deviation

of the residuals to be 0.0136088.
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QCond

IIl.  The plot of
21072

for Egn. (4.20) regression

. r T T T T ™
1.04 |- T -
0.94 - _1_4--"' g

° -

g i

g 0.84 2 ” —

k=] i g

© -

-
0.74 - i = -
0.64 i -
m‘!‘
0.54 |- |".. L 1 i 1 L -
0.54 0.64 0.74 0.84 0.94 1.04 1.14
predicted

R-Squared = 98.6571 percent
Standard Error of Est. = 0.0158837

The R-Squared statistic indicates that the model as fitted explains 98.6571% of

yCond

the variability in ¢

1073 The standard error of the estimate shows the standard deviation

of the residuals to be 0.0158837.
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lll.  GeoSmart HSO50 performance data

HSO050 - Performance Data cont.

Heating Capacity

Source Load Flow-8 GPM Load Flow-11.5 GFM Load Flow-15 GPM
EST | Flow | ELT | LT HC | Pewer| HE | cop | LST | wr HC [ Power | HE | coR | LST | LT | HC | Power HE
¢ |oem | *F *F | MBTUH | KW | MBTUH *F “F | MBTUH | kW | MBTUH °F *F | MBTUH | kW | MBTUH
60
15 Operation not recommended
100
120
28 60 | 713 [ 433 [ 25 | 354 [S515 [ 201 [ 678 | 440 [ 250 | 354 [516[ 204 [eco | 440 | 248 355 [ 548 [ 201
15 B0 91.0 426 341 310 366 20.7 BT.6 426 3.37 a1 an 207 858 4286 33 N3 3.75 207
100 [ 106 | 413 | a32 | 266 [280 | 213 [1ord | 413 425 | 268 | 285 | 213 1057 | 413 | 497 270|280 [ 213
120 130.3 40.0 5.23 222 2.24 22.0 1272 40.0 512 225 229 219 1255 300 501 228 233 | 18
B0 | 718 | 457 | 236 | 376 | 567 | 203 | g0 | 458 243 | 375 [ 553 203 Jes3 | 458 | 248 [EEEEED
B0 214 #4.4 n 331 3.82 215 B&.8 444 333 33.0 i 215 861 44.4 334 330 3.89 215
& 100 | 111 ]| 430 | 427 | 285 [206 | 227 15| 430 | 423 | 286 [ 288 | 226 |1059] 430 [ 440 287 |30 | 225
120 130.7 &1.7 5.22 238 234 238 1282 41.7 513 241 233 X8 125.7 416 5.04 244 242 237
60 722 472 250 3B6 5.53 224 B8.3 472 2.49 387 5.56 24 BE.5 473 248 388 5.50 224
30 15 a0 ;.7 455 341 33.9 3.92 234 8.0 45.6 3.37 M1 3.96 233 B6.3 456 333 34.2 4.01 233
100 1.3 439 431 282 298 24.3 108.7 439 4.25 294 3.03 242 106.0 438 418 288 308 | 242
120 130.8 423 5.22 24.5 237 252 1284 423 5.13 248 242 251 125.8 422 503 25.0 246 | 251
60 725 488 264 30.6 5.39 245 60.6 487 2.56 400 559 245 B5.7 488 ZAT 40.4 578 | 245
80 82.0 46.7 3.50 34.8 3.9 252 89.2 468 341 351 402 252 BE.4 458 3.32 35.5 413 | 251
b 100 1115 448 4.36 209 3.0 259 108.9 448 4.27 302 3.08 258 106.2 44 8 4.7 306 315 | 258
120 131.1 429 5.22 25.1 2.41 26.6 128.5 429 5.12 254 245 26.5 1259 428 5.02 25.7 250 | 265
60 751 588 256 50.0 B.65 ara e 588 254 500 672 ara BB.0 58.5 252 49.9 680 [ 371
a 80 84.5 563 347 & 4 4.7 38.5 81.1 562 3.42 446 4.80 38.5 BY.7 56.2 3.36 447 488 | 385
100 139 539 4.39 380 358 40.0 10.6 538 4.30 38.2 366 399 107.4 538 421 304 374 308
120 1332 514 530 333 263 41.4 1302 514 518 3.7 2, 413 1271 515 5.06 342 288 | 412
=] 75.7 61.0 264 52.0 E6.78 30.8 720 60.8 258 52.0 6.91 399 68.3 60.5 251 519 T.06 309
B0 85.0 58.1 3.53 46.1 4.83 41.0 815 57.9 344 462 4.93 410 878 578 3.36 #6.3 5.04 41.0
o na 100 114.2 55.2 441 40.2 3.67 42.1 110.9 55.1 4.31 404 3.75 421 1076 550 a1 406 3.83 | 420
120 1335 52.4 5.50 34.3 2.88 43.3 1303 52.3 5.18 346 296 432 127.2 52.3 506 35.0 308 3.1
B0 76.3 633 272 54.0 6.79 426 724 62.9 261 540 7.03 426 686 625 25 539 1.7 426
15 80 854 59.9 3.58 47.7 4.89 434 81.8 59.6 3.47 [1f:] 5.03 434 882 594 3.56 47.9 5.17 434
100 146 56.6 4.44 415 ar 44.3 111.2 56.4 4.32 aa 3.82 443 107.7 56.2 420 419 am 442
120 [133.7] 533 | 530 | 352 [ 284 [ 452 [1305] s32 [ 518 | 385 [ 300 | 451 J12v3| s34 505 358 [ 307 | 454
B0 TB.5 718 278 62.4 7.62 53.9 741 T1.5 265 6825 7.92 5389 BG9.5 712 254 62.5 8 53.9
. 80 | o7s | sa2 | 363 | ssa | ss0 | 566 | 9as | et 3.5 s6.1 | 50| s55 [ ees | e78 | 330 563 | 587 | ss5
100 ME.T 647 4.51 48.3 4.20 57.3 MZ8 646 4.37 487 434 572 108.9 646 4.23 50.2 447 | 571
120 1357 | 611 | 538 | 427 [333 | se0 [1321] 612 | 523 | 434 | 343 | sem |1284| 613 | 508 440 | 354 | 587
6O 783 749 278 65.4 7.90 57.3 TaT 743 2.66 6852 B.18 573 T0.1 Tar 255 65.0 848 | 573
70 | 1s 80 | 282 ]| 707 | 364 | s83 |66 [sa6foao| 703 f 3520 | sas |sec| sac Jeos | eoo | 330 583 | 64 | 586
100 172 B6.6 4.51 5.2 4.32 60.0 131 663 4.37 514 444 589 1091 66.1 424 5186 457 | 599
120 13861 624 5.38 44.0 3.40 61.4 1323 624 5.23 445 3.49 61.3 12886 623 5.08 450 350 | 612
&0 80.1 e 279 6B.4 B.18 60.6 753 LA 2.67 678 g.ar 60.7 70.5 76.2 255 675 8.76 | 60.7
80 98.9 732 3.65 60.7 587 B1.7 044 725 a5 805 604 BLY B0.9 7.8 3.38 603 621 B1.7
12 100 176 &a.4 4.52 53.0 444 62.7 113.5 8.0 4.38 531 4.56 827 1083 676 4.24 531 4 68 627
120 136.4 63.7 5.38 453 347 63.8 1326 63.5 523 45.7 3.56 637 128.7 63.3 508 46.0 365 63.7
60 61.9 84.9 285 75.2 8.73 T0.6 T6.5 B2.8 s 70.8 a2 Ak i1 80.7 4.16 66.5 5.68 728
8 BO 1006 0.1 an E7.4 B.32 726 856 7B.7 4.09 648 5.70 733 20.6 T74 4.47 2.2 5.08 T4.0
100 184 75.2 4.58 50.6 4.82 T4.6 114.8 Ta.7 4.68 58.7 4.68 749 1102 741 4.77 57.8 4.55 751
5 ; - : -
60 82.3 86.6 286 TE.9 B.89 74.9 T6.8 84.1 3.12 735 7.91 756 71.2 81.6 3.38 701 7.08 T6.4
B0 1011 a1.8 3.72 0.0 B.43 T76.5 859 B0.2 384 671 B.12 769 908 TBE 385 B5.1 583 | 773
” Ha 100 19.8 769 4.59 61.2 4.9 T8.0 115.1 T6.2 4.56 60.7 4.90 a1 110.4 78.5 4.52 60.1 4,90 78.3
120 ] _
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120 i
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Source: GeoSmart (2012)
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Appendix E

Wilo-Star 16F performance curve
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Source: Wilo (2012)
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