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ABSTRACT

Domestic hot water (DHW) systems account for almost 6% of the energy
consumption in the United States. Today, most commonly, electric and gas water heaters
are used. Costwise, solar thermal and heat pump water heating systems can usually barely
compete with these conventional systems. An altemnative, which has rarely been explored,
is a combined use of solar thermal and heat pump system. Energywise, two free sources
can be used. Synergetic effects between solar and heat pump system can be utilized: The
performance of collectors is best at low temperatures, and the performance of heat pumps is
best at high evaporator temperatures. Costwise, the initial investment is twofold. High
initial costs are most likely acceptable with large-scale commercial or industrial
applications.

This study investigates the thermal and economic performance of large scale domestic
water heating systems using computer modeling techniques. The hot water load of a
hospital models the large scale water usage. The study compares a conventional electric
domestic water heating system to a solar domestic hot water system (SDHWS), a heat
pump water heating system (HPWHS), and a combined parallel solar heat pump water
heating system (PSHPS).

The thermal system performance is modeled with TRNSYS, a transient system
simulation program, for the location Madison,WI. System parameters are varied. Heat
pump water heater performance data are generated with EES (Engineering Equation Solver)

and integrated in the TRNSYS simulation model. Results of the thermal simulation are nsed



to investigate the economic performance.

The TRNSYS simulations give the following thermal performances: A SDHWS at
3,000 m? collector area yields a 72.1% free fraction. A HPWHS with the capability to meet
the entire load reaches a 65.9% free fraction. A PSHPS combining these system
parameters, yields a free fraction as high as 84.4%. Smaller collector areas or heat pump
capacities reach lower free fractions.

The economic performance depends 1o a large extend on the economic scenario and
the related equipment costs. Striving for maximum LCS, the PSHPS is only competitive
with a low related equipment cost, and assuming an economic scenario which promotes
renewable energy application. The SDHWS is recommendable at the best and medium
investigated economic scenarios and with low area-dependent costs, and high heat pump
costs. The HPWHS yields maximum LCS mostly when the area-dependent costs are high,

or the economic scenario does not promote renewable energy application.
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CHAPTER ONE

INTRODUCTION

This chapter, in a first part, gives the reasons why this study was done. Then, the
goals are summarized. The following part introduces the way this study was performed.

The last part gives some basic background on heat pumps.

1.1 Motivation

Domestic hot water (DHW) systems account for almost 6% of the energy
consumption in the United States. Facing a decrease in fossil fuel resources and an increase
in pollution, the ecological benefits of renewable and emission-free energy usage is well
known. Mostly driven by federal and state tax incentives during the 1970s and early
1980s, solar domestic and heat pump water heating systems were installed. After the
support had been canceled in the mid 1980s, the rate of new installed systems dropped
immediately. Due to high initial equipment costs and still low conventional energy prices,
these alternative systems can barely compete with conventional domestic hot water
systems. The best economic performance is in areas where natural gas is unavailable,
especially when electric water heaters are replaced.

An alternative, which has rarely been explored, is a combined use of solar energy
and heat pump system. Energywise, two free sources can be used, from solar insolation

and from the environment or indoor waste heat. Coupling of solar and heat pump system



has synergetic effects: The performance of collectors is best at low temperatures, and the
performance of heat pumps is best at high evaporator temperatures. The use of low
temperature solar heated water as heat pump source increases the heat pump COP, and
thus, the overall system COP. Costwise, the initial investment is twofold, for collector and
heat pump equipment, with a high potential of energy costs savings.

Earlier studies of the late 1970s and early 1980s on solar assisted heat pump
systems were focused on residential size forced air space heating systems (see section
1.4.3). The systems could not compete with conventional heating systems. Doing an
investigation on domestic water heating nowadays is different in manifold ways: In contrast
to building heating loads, the load varies non-seasonally only during the course of the day,
with a high volume draw during the day and a low draw during the night. Heat pump water
heaters perform differently than air conditioning heat pumps, because of the different
properties of the heat transfer media. Last, but not least, the technologic development of the
recent years, and changing economic conditions (energy and equipment costs) have to be
taken into consideration.

It makes sense to specifically investigate large-scale commercial or industrial
applications, where high initial costs are most likely acceptable. This study analyzes the hot
water systern of a hospital. A hospital with 220 beds uses as many as 24,000 gallons of hot
water per day (see chapter 2.1). The consumption leads to annual energy costs of $ 40,000
or $ 140,000 using natural gas or electric costs, respectively. These numbers demonstrate
that there is definitely a high energy and cost savings potential. Large scale equipment
might perform differently than a residential sized one. Also, through economy of scale,
relative equipment costs might be lower than in residential applications. A hospital uses
large scale mechanical equipment for reason of air purification, conditioning, heating,
sewagc treatment etc. Waste heat from these processes might be easily recovered by

integrating them into 2 heat pump system.



1.2 Objective

The objective of this study is to investigate the thermal and economic performance of
large scale domestic water heating systems using computer modeling techniques. The hot
water load of a hospital will model the large scale hot water usage. The study will compare
a conventional electric domestic water heating system to a solar domestic hot water system
(SDHWS), a heat pump water heating system (HPWHS), and a combined parallel solar
heat pump water heating system (PSHPS).

The thermal system performance will be modeled with TRNSYS (Klein et al.
(1996)}, a transient system simulation program, for the location Madison,WI. System
parameters in terms of solar collector area, storage size, and heat pump capacity will be
varied. A crucial point of this study will be to generate usable heat pump water heater
performance data for integrating in the TRNSYS simulation model.

Results of the thermal simulation will be used to investigate the economic
performance in terms of allowable equipment costs and life cycle savings (L.CS). Finally,

recommendations will be given for system selection.

1.3 Methodology

The study investigates the three system types SDHWS, HPWHS, and PSHPS. In a
first step, the thermal performance of the systems was ﬁrcdictcd using the transient system
stmulation program TRNSYS. System parameters were varied. In a second step, the
economic performance of the systems was estimated using the Engineering Equation Solver
EES (Klein et al., 1995), and the results of the simulations were compared.

First, the SDHWS, then the HPWHS, and last the PSHPS were investigated. The
SDHWS, in a first step, was simulated with the parameter settings of the VA hospital (see

subchapter 1.4.1). The results were compared to the actual performance data of the hospital



system. Furthermore, the results were compared to f-chart (Klein et al. (1994})
estimations. Before setting up the actual TRNSYS model of the HPWHS, the heat pump
was modeled using EES. The heat pump model provides a wide range of performance data
which can be used in connection with other investigations.

TRNSYS (Klein et al. (1996)) is a widely used, modular thermal process simulation
program. The program allows to simulate time-dependent, dynamic processes. The system
components, called types, are modeled in FORTRAN code and linked together to form the
system. A TRNSYS deck describes how the different types shall interact with each other-
The new TRNSYS version 15.0 for Windows was used.

F-chart (Klein et al. (1994)) is a solar energy system simulation program. The
program uses the f-chart method, where numerical experiments are correlated in terms of
dimensionless variables. The program allows the choice between different standard solar
energy system types and locations.

The Engineering Equation Solver EES (Klein et al. (1995)) is a general equation-
solving program capable of solving non-linear algebraic and differential equations without
requiring the knowledge of an actual programming language. The program allows
optimization and regression. A thermal and transport property library for a variety of

substances is integrated.

1.4 Background

The first part of this section briefly introduces the SDHWS of the William S.
Middieton Memorial Veterans Hospital in Madison, WI. The next section discusses basic
heat pump technology and the thermodynamics applied to the EES heat pump model
(chapter 2.4). The last section gives a brief overview of solar assisted heat pump system

configurations.



1.4.1 William S. Middleton Memorial Veterans Hospital

The William S. Middleton Memorial Veterans Hospital is located in Madison, W1.
Having a size of 220 beds, the hospital is about 20% larger than the average U.S. hospital
(Longo et al. (1990)). The hospital used a solar domestic hot water system to meet part of
its hot water load. The system was designed by Affiliated Engineers, Inc. Madison, W1 in
1977778, and was installed in 1979. In 1994, another story was added to the wing where
the solar collectors were located. And, the solar panels were removed.

The solar domestic hot water system was added to the existing domestic hot water
system, which was natural gas driven. According to information of the Hospital
Engineering Department (Frazier, 1995), the investment for collectors, storage, pumps,
piping and installation was $ 330,000, in 1979. In 1994, the hospital's gas bill was $
39,360, and an estimated $ 7,300 could be saved. The actual hot water draw has not been
measured. According to the cost information, the solar fraction is about 18.5 %. The
collector relocation costs were estimated with $ 282,000. In face of a resulting payback
period of 38 years, the Hospital Engineering Department decided not to relocate the
collectors.

The purpose of investigating the system, is to have a guideline for component sizing

to simulate the system, and a real life example for simulation result evaluation,

1.4.2 Heat Pump Fundamentals

The principle of a heat pump is to transfer heat from a lower temperature source to a
higher temperature sink. Hence, a heat pump uses the energy contents of a medium at low
temperature level for temperature rise. Therefore, a motor driven compressor is required,

which circulates and modifies a working medium. The source medium can either be




gaseous or liquid, and most commonly are air and water.

The vapor compression heat pump is the most common heat pump design. Vapor
compression heat pumps used for domestic water heating are called heat pump water
heater. They are available in large sizes (see chapter 2.4.1). The design consists of four
basic components: The compressor, which is driven by an electric motor, the condenser,
the evaporator, and the expansion valve.

Figure 1.1 shows the heat pump water heater cycle on pressure-enthalpy

coordinates. The working medium is a refrigerant, here R134a.
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Figure 1.1 Vapor compression cycle (p-h diagraxn)
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Refrigerant enters the compressor at point 1, where it is compressed to superheated
vapor at higher temperature and pressure, point 2. An ideal cycle would follow the
isentropic line to point 2s. Practically, because of heat transfer phenomena and
irreversibilities, the compressor increases the enthalpy by a greater amount. The amount of

increase is expressed by the isentropic efficiency (Reay and MacMichael (1988))
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where hj is the enthalpy at point i. Mechanical losses do also decrease the compressor
efficiency. The mechanical efficiency is defined as output over input

_t(h,—hy)

N mech™ Pcl

(1.2)

where m, is the refrigerant mass flow rate, h; is the enthalpy at point i, and Py is the
electric power input to the compressor motor.

In the condenser, energy is removed from the refrigerant with a cool external fluid,
i.e. the water which should be heated. This heat transfer causes the superheated refrigerant
to cool to saturation state, point 2', and then condense to point 3. Using the nomenclature

of Equ. 1.2, the delivered heat to the water is
Qdel =li‘lr(h2 - h3) (1.3)

The heat transfer is composed of the cooling and the condensing process as follows:

Qdel = Qdesup + Qcond (1.4)

The relation between the delivered heat and the required compressor input is expressed in

terms of the heat pump COP (coefficient of performance) (Mitchell and Braun (1996))

cop=%lé (1.5)
1

[



Substituting Qg from Equ.1.3, and substituting Py from Equ.1.2 into Equ.1.5 leads to

hy—h
copzthﬁ-:ﬁ (1.6)

Substituting the enthalpy difference (hy - hy) from Equ.1.1 into Equ.1.6 simplifies the
cycle COP calculation to

COP:TImech Niso m (1.7)

At point 3, the refrigerant enters an expansion valve which decreases the pressure and
temperature. At point 4, lower temperature refrigerant enters the evaporator, evaporating as
it removes energy from a warmer external fluid, the source. The refrigerant then reenters
point 1 and repeats the cycle. The heat removal from the source to the evaporator is

corresponding to Equ.1.3

Qevap =1, (h; — hy) (1.8)

Figure 1.2 shows the equipment arrangement of a heat pump water heater. The heat

pump cycle can be followed through the components as described above.
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Figure 1.2 Heat pump water heater equipment arrangement

The heat transfer from the condenser to the water at flow rate rh,, is through a
counterflow heat exchanger. The water temperature is raised from the inlet temperature Ty
to the outlet temperature Ty o. Usually, Ty is the mains water temperature, and Twois the
desired water set temperature. Expressing the delivered heat introduced in Equ.1.3 on the

load side leads to

Qdcl =ty Cp,w(Tw'o - Tw.i) (1.9)

where cp w is the specific heat of water. Applying the NTU-effectiveness method for heat
exchanger analysis (Incropera and DeWitt (1990)), the relation between Tw.i» Tw,o and Ty,
T3 is found as a function of the effectiveness. The effectiveness € is the ratio of the actual

heat transfer rate for a heat exchanger Q to the maximum possible heat transfer rate Q max



10

as follows

£= (1.10)

Q
Qmax
According to Equ.1.4, the delivered heat at the condenser side is composed of cooling and

condensing part. So, the effectiveness is composed of €desup and € cond. Applying

Equ.1.10, € gesup is (Incropera and DeWitt (1990))

_ Cw(Tw,o - T'w)
edssup - Cmin(TZ _ T'w)

(1.11)

Cw and Cip are capacitance rates, the product of specific heat and mass flow rate. cy is
the capacitance rate of the water load, and Cpj, is the lower one of water load and
refrigerant capacitance rates. The temperatures are defined as above. Ty, is the water
temperature between condensing and cooling process. Figure 1.3 qualitatively illustrates
the course of temperatures, both at the load, and at the source heat exchanger (see below).
Condensation and evaporation are represented by horizontal lines. Equ.1.10 gives £ ¢opd as
follows

_Ty-Tyy)
€cond = (T3 _ Tw.i) | (1.12)

€ cond is only a function of temperatures. During condensation, the refrigerant capacitance
rate approaches infinity. Consequently, cy is equal to cyin. The effectiveness of a
counterflow heat exchanger is determined by the following equation (Incropera and DeWitt

(1990)



i1

L _1-¢-NTUO -Cp)
“1-C.e-NTUI-Cp

(1.13)

NTU is the number of transfer units, a dimensionless heat exchanger parameter.
Commonly, NTU is between 2 and 5. ¢y, is the heat capacitance ratio cpjp OVer ¢max.
Corresponding to cmin, which was defined earlier, ¢y is the higher one of water load and
refrigerant capacitance rates. In case of condensation, ¢y, is zero, and Equ.1.13 simplifies

to
€eong =1 — €&~ NTVcana (1.14)

The heat transfer from the source to the evaporator is also through a counterflow heat
exchanger. The source temperature is decreased from the inlet temperature Ty i to the outlet
temperature Tso. The heat delivered from the environment is equals to evap (Equ.1.8)

and is
Qenv =g - Cp.s(Ts,i "Ts.o) (1.15)

mh 1s the mass flow rate, and cp s is the specific heat of the source. Neglecting effects from

subcooling or superheating, the heat transfer is entirely through evaporation (see horizontal

line in Figure 1.3). Corresponding to Equ.1.12, the effectiveness is

_ (Ts.o - Ts.i) ‘
eevnp —W (1.16)

Or, corresponding to Equ.1.14 for counterflow heat exchange
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Eeoyap =1 — € "N Vep (1.17)

-
e
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Source Heat Exchanger

Figure 1.3 Temperatures at load and source heat exchangers

Heat pump water heaters use different types of sources, originating from the
environment or indoor. The source medium is either air or water. Table 1.1 shows a
selection of typical sources. The question of which type of source is the best cannot be
easily answered. Ambient air is plentiful available and easily accessible. Havin g a specific
heat about four times higher than air, water is the better heat transfer medium. With
northern continental climate conditions, lake and especially ground water temperatures
seasonally vary less than the ambient air temperature. Usually, indoor sources provide a
comparatively high and constant temperature. The volumetric flow rate of waste heat from
air conditioning fluctnates, whereas the waste water flow rate is year around evenly
available. In this study, the systems are modeled with a ground water source heat pump

for the reasons mentioned above. An additional advantage is that the ground water source is
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easy to model and simulate. Indoor source flows are hard to determine. The developed EES
heat pump model (see chapter 2.4.1) has the capability to be adapted to other sources than
ground water.

Table 1.1 Heat pump scurces

Origin Medium Source
environment | ar ambient
environment | water lake
environment | water ground
environment | air/water radiation
indoor air waste heat
indoor water waste water

The lack of a suitable heat pump size, or flexibility of controls, Tequires a battery of
heat pumps, especially with large scale applications and when no additional back-up is
used. There are different options to hook a set of heat pumps together. Figure 1.4 shows
two typical heat pump configurations, series and parallel configuration (Reay and
MacMichael (1988)). Certainly, more than two heat pumps can be hooked together. In a
series system, the entire load flow rate 1h,, passes from one condenser heat exchanger
through to the other. The water is gradually heated up. Consequently, the heat pumps must
be able to handle the entire load flow rate, but they don't have to do the entire required
temperature rise. In a parallel system, the water flow is divided into several flows, and each
stream must be heated up to the required temperature by one heat pump. The heat pumps
do only need the capability to handle a part of the load-,'but they have to be able to provide
the entire required temperature rise. In this study, a parallel heat pump configuration is

modeled (see chapter 2.4.1).
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Series Configuration

Ii"w l'i'lw,II
Figure 1.4 Heat pump configurations

The heat pumps don't necessarily have to meet the total water-heating load. An
additional back-up can be used. The heat pumps fulfil the function of pre-heaters. They are
smaller sized, which decreases the investment costs. At the same time, more auxiliary heat
is necessary. This option doesn't effect the heat pump COP as given by Equ.1.5, but
lowers the system COP, which is defined as follows (Mitchell and Braun (1996))

— ngd
COP,..... W TWTW | (1.18)

Q Joad is the hot water load (see Equ.2.1). W comp is the compressor power input, i.e. Pey
of Equ.1.2. W gy is the auxiliary heat input, which is from either electric resistance,
natural gas, or heating oil. This study is based on auxiliary heat from electric resistance
with an efficiency of 1.0, which is of specific significance only when considering the

economics (see chapter 4), W para 15 the parasitic power input for circulator pumps and
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controllers.
The system COP is directly related to the free fraction (Equ.3.1) over
=_1_
COP,prn = 7 (1.19)

Neglecting the parasitic energy, having no auxiliary backup, and with Q jgaq and W comp

being equals to Qg4 (Equ.1.3 and 1.9) and Py, respectively, the system COP is equals to

the heat pump COP.

1.4.3 Solar Assisted Heat Pump Systems

Generally, three different solar assisted heat pump system configurations can be
found in literature: parallel, series, and dual source (L&f ( 1988), Duffie and Beckman
(1991)).

In a parallel configuration, the heat pump serves as an independent energy source for
the solar energy system. In a series configuration, the heat pump evaporator is supplied
with energy from the solar energy system. Energy from the collector can also bypass the
heat pump if its temperature is sufficient. The dual-source configuration combines parallel
and series configuration with the heat pump evaporator supplied with energy from either
solar energy or another source.

Figure 1.5 shows those three basic system configurations in a schematic way. The
legend explains the system components. An electric auxiliary heating element is optional

(faded).
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Figure 1.5 Basic solar assisted heat pump system configurations
The top and middle systems are two parallel system options. The upper parallel
system is a system where hot water from the solar storage tank and from the heat pump
flows into a hot water tank. There are two control strategy options: Hot water drawn from
solar and from the heat pump is mixed and flows into the hot water tank. Or, only either the

hot water from the solar storage tank, or from the heat pump serves the hot water tank. The
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lower paraliel system shows a system where low temperature solar heated water is made up
to the set temperature by the heat pump water heater.

The bottom system shows a series, or dual-source system. In a series system, the
solar heated water, drawn from the storage tank, supplies the heat pump evaporator, cools
down, and recirculates to the storage tank. The dual-source system uses two sources: the
solar storage tank draw, and a collector-independent source like the parallel system uses.
The controls selects the source with the higher available temperature. In the diagram, the
solar-independent source is shown faded.

All the systems have in common that the heat pump is bypassed as soon as the
storage tank draw temperature exceeds the domestic hot water set temperature.

It is difficult to qualitatively estimate how the systems compare in their thermal
performance. A lot of factors effect each other, like collector and heat pump performance,
choice of control strategy, and type of source. The performance of collectors is best at low
temperatures. And, the performance of heat pumps is best at high evaporator temperature
and low required water outlet temperature at the condenser side. Due to the thermophysical
properties of refrigerants, the maximum possible outlet temperature is limited.

The following two paragraphs discuss advantages and disadvantages of the different
systems. If not mentioned otherwise, a system without additional auxiliary heating element
is assumed. The advantages and disadvantages of using an auxiliary heating element have
been briefly summarized in the preceding section and will be discussed in a more detailed
way in chapters 2.4 and 3.5.

The parallel system uses two free energy sources: solar collector heated water, and a
separate source at the heat pump evaporator. The various advantages related to a separate
heat pump source were mentioned in the preceding section, The mixing control strategy
applied 10 the upper system shown in Figure 1.5 has the advantage that water from the

solar storage tank is drawn, which temperature is lower than the domestic hot water set
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temperature. When using no other auxiliary heater, on the other hand, the heat pump
condenser side must have the capability to heat up water to a temperature which exceeds the
required set temperature. Consequently, this control strategy improves the collector
efficiency, but lowers the heat pump COP. The control strategy with either solar storage
tank draw or heat pump operation causes the opposite effect. Additionally, stand-by losses
are increased due to higher solar storage tank temperatures. Also, the solar storage tank
draw is easier to control. The preheat system as shown in the middie diagram of Figure 1.5
seems to combine the advantages of the parallel configurations mentioned above: Solar
storage tank draw for temperatures lower than set temperature, the heat pump performance
is limited to the set temperature, and a lower temperature lift is required. On the other hand,
it's difficult to find a suitable control strategy, which combines benefits from lower
temperature solar storage tank water draw and heat storage.

The series system has several advantages: Pre-heated water from the solar storage
tank is used on the evaporator side, which causes a higher average COP. Low tempered
water from the solar tank is regularly drawn, which increases the collector efficiency. Also,
the heat pump set-up is simpler, because no ground coupled heat exchanger is Tequired. On
the other hand, the benefits of the solar collector gains can only be used as long as the heat
pump operates and processes the solar heated water (unless the solar storage tank
temperature exceeds the set temperature and is bypassed). Another important point is that in
northern continental climates, the solar gain during some winter periods can be so marginal
that the water storage cannot provide sufficient temperature at the heat pump €vaporator ic
exclude freezing. That means, this system is only feasible with an additional auxiliary heat.
The dual system avoids the freezing problem by selecting the higher source temperature of
the two available.

Earlier research on solar assisted heat pump systems gives simulation and test resuits.

Most of the research was done in the late 1970s, early 1980s, as a result of the energy
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crisis. Most studies and tests were focused on residential size forced air space heating
systems (Duffie and Beckman (1991), Freeman, Mitchell, and Audit (1979), Lsf (1988),
Anderson (1979)). Usually, the heat pumps were air-to-air or water-to-air, and another
additional auxiliary source was used. Simulation studies (Freeman, Mitchell, and Audit
(1979), Duffie and Beckman (1991)) compare the three basic systems mentioned in the
beginning of the section. These studies came to the conclusion that the parallel system with
mixing control strategy is the best configuration. With same heat pump size, collector type
and area, the free fraction was highest. The reason for this is that in the series and dual-
source systems, the heat pump must operase whenever the stored solar energy is below the
required supply temperature. The additional compressor energy required more than was
compensated by the combined advantages of higher collector efficiency and higher heat
pump COP, as mentioned above.

In this study, it was not possible to actually compare different system configurations.
It was decided to only investigate a parallel system with either solar storage tank draw or
heat pump operation as described earlier in this section. The heat pump is modeled with a
ground source. Chapter 2.4 describes the system and its control in a more detailed way.

Several reasons led to this decision: Earlier simulation studies recommend a parallel
system. Originally, the idea of the study was to investigate a system which does not use
any auxiliary source other than the heat pump. This premise requires the heat pump has the
capability to deliver water at least at set temperature. In order to keep the heat pump outlet
temperature as low as possible, it was decided that water from the solar storage tank should
only be drawn when the storage temperature exceeds the set temperature. This
consideration led to this particular control strategy choice. The control strategy was kept,
when later in the course of the study, the TRNSYS system model was extended to a model
with auxiliary heating element. Also, a parallel system is the easiest to model. The heat

pump was modeled with a ground source for reasons pointed out in the preceding section.
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CHAPTER Two

SYSTEM DESCRIPTIONS

This chapter gives a description of the different domestic water heating system

models, which are investigated in this study. It shows the assumptions made, describes the
system parameters and the implementation in TRNSYS. Appendix B lists the TRNSYS

decks written in context with this study.

2.1 Load

Generally, the hot water load of a hospital is characterized by a continuous, high
volume water draw, which varies in the course of the day. Unlike a typical residential
domestic hot water load, short-time peak demand periods are not common. In contrast o
building heating loads, no significant seasonal variation occurs. And, being a hospital,
100% reliability must be provided.

The instantaneous hot water load is calculated as

Qload=p w'vw' Chw (Tset‘Tmains) (2 1)

where p,, is the density, V,, the required volumetric flow rate, cp,w the specific heat, Tee

the required outlet water temperature, and Twsins the mains inlet water ternperature. The

density and specific heat of water are assumed constant.
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Table 2.1 Hot water use in hospitals and nursing homes (U.S. DOH (1983/84))

Clinical Dietary Laundry
Water flow rate per bed, I/s (gph) 0033 (3) 0021 (2) 0021 (2)
Temperature, °C (°F) 43 (110) 49 (120) 71 (160)

For a hospital, the required volumetric flow rate is a function of number of beds and
time. The U.S. Department of Health and Human Services Guideline for Construction and
Equipment (1983/84) establishes the design hot water load for hospitals and medical
facilities. The system must have sufficient capacity to supply water at the temperatures and

amounts indicated in Table 2.1.

Hot water use [gal per bed]
N

1 23 45 6 7 8 9 10111213 1415 16 17 18 19 20 21 22 23 24
Time of day [hr] -

Figure2.1 Forcing function water draw for a typical hospital

The resulting load profile assumes that the recommended capacity is the constant day
demand from 6 a.m. through 9 p.m. Night use has a constant lower level of 1 gph (.00105
I/s). Figure 2.1 shows the resulting forcing function used in Type 14, which models the

water draw during the course of one day. Given a hospital with 220 beds, the volumetric



22

flow rate is 1540 gph (5829 I/hr) during the day and 220 gph (833 V/hr) during the night.
The hot water consumption over a 24 hour period is 23,760 gpd (89932 I/day). It is
obvious that this idealized load profile does not reflect reality. As it was not possible to
retrieve a more accurate model and as it accounts for design capacity, the idealized load is
used in all system simulations.

The set temperature of 60 C is assumed to be constant. According to the A.O. Smith
Corporation Catalog (1995), the current design practice is to provide the high temperature
water demand for the laundry by a steam jet or a separate booster heater.

The catalog also suggests a "rule of thumb" for the required hot water load of 125
gallons (473 liters) of 140 °F (60 °C) water per bed per day. Given a hospital with 220
beds, the hot water consumption over a 24 hour period is 27,500 gpd (104,087 l/day).
Although somewhat higher than the Health and Human Services Guideline, the
recommendation is close to the calculations and assumptions, made above.

The mains water temperature slightly varies seasonally. The data reader Type 9 uses
the F-CHART weather data file, which provides monthly average mains water temperatures
for different U.S. locations.

Solving Equ. 2.1 for the maximum volumetric flow rate assumed above and a
temperature lift of 95 °F (53 °C) yields a design instantaneous hot water load of about

1.2:106 Br/hr (350 kW).

2.2 Electric Domestic Hot Water System

The electric domestic hot water system model is used to establish a reference model
for the non-conventional systems. Figure 2.2 shows the system configuration. Appendix
B.1 shows the resulting TRNSYS deck. The simulation load profile does not account for
peak demands. Consequently, hot water storage is not necessary. Nevertheless, a tank is

introduced into the system, because this configuration rather reflects reality, and provides



an easy option to implement a more detailed load model, later.

Load
Q load
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Storage I
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Figure 2.2 Electric domestic hot water systemn

The system energy balance on the tank yields

: . du
Pel = Qioad - Qloss = ’E

23

(2.2)

P, is the electric power input, Qg the energy rate delivered to the load as specified by

Equ. 2.1. The loss energy rate is

Qloss = "lli' : AT : (TT - Tcnv)

(2.3)

where R is the insulation R-value, At the tank surface area, and (Tt - Tenv) is the

temperature difference between the tank water and the tank environment. The change in

internal energy of the storage tank water is

_ = (m.c ) . g
d ~ P¥ g

(2.4)
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: . . dT .
where Cp,w 1S the specific heat, m the mass of the water in the tank, and E the time-

dependent change in the average tank temperature.

2.2.1 Tank

The core of the system is the electric water heater. The thermostat and heater element
are positioned at the bottom of the vertical water storage tank in order to provide a uniform
high storage temperature. The tank and heating capacities are sized according to A.O. Smith
Corporation Catalog (1995) , which assume a one hour storage capacity in order to cope
with short time peak demands. Hence, the 220 bed model hospital requires a 1,500 galion
tank. A storage tank Type 4 is used. The tank is modeled to be fully mixed, because of the
following three reasons: The stored water is heated at the very bottom of the tank, the water
volume change rate is high, and the hot mass flow to the load is the only retarn mass flow
from the tank. The tank is coated with a 4" (0.1 m) thick fiber glass insulation (ASHRAE
(1993)). Table 2.2 shows the tank parameters.

Table 2.2 Tank parameters

Parameter

Tank Volume 1,500 [gal] 5678 [1]

Tank Height 13 [ft] 3.96 [m]
Insulation R-Value 16.0 [hr-ft2-"F/Biu} 0.79 [hr-m2-°C/kJ]
Maximum Electric Power Input | 1500 [kW] 5.4-106 [k])

2.2.2 Controls
The heater is temperature controlled. It turns on whenever the tank temperature in the
4th node drops 5 "C below the set point temperature and stays on at its maximum power

output until it reaches the set point. The controls is built into the storage tank Type 4.
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A rempering valve is introduced to the system in case the tank outlet temperature is
above the set point. Under this condition the tempering valve mixes mains water with a
reduced water mass flow from the tank. The reduced flow rate can be found with mass and

energy balances on the tempering valve:
MT+ Mmains = Mioad . (2.5)
th T‘Cp,w'TT + m mainsCp,w" T mains = M oad Cp,w Tset (2.6)

This concept is applied to all systems, investigated in this study, and is implemented in

TRNSYS with a set of equations.

2.3 Scolar Domestic Hot Water System

The system configuration, shown in Figure 2.3, corresponds to the solar domestic
hot water systemn of the William S. Middleton Memorial Veterans Hospital in Madison, W1.
Appendix B.2 shows the TRNSYS decks. The sun heats the circulating collector fluid. The
heat is transferred by a heat exchanger to the solar storage water tank. An auxiliary heater
makes up the water to the load to the desired set point temperature. For purpose of this
simulation, an electric heater is used instead of a gas furnace. The system parameters
correspond as far as possible, to information of the Hospital Engineering Department

(Frazier (1995)) and the design company (Nelson and Kausch (1995)).
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Figure 2.3 Solar domestic hot water system

Neglecting effects from pumping, the system energy balance yields

. . . . : du dU
Qu+ Qaux- Qloss,solar - Qloss,backup‘ Qioad= a‘solar'*‘ "&t_backup 2.7)

Q is the net solar input, Q the added auxiliary heat, in this case electric power in ut,
u p aux ary P P
Qloss,solar and Q loss,backup ar€ the loss energy rates from the solar and the backup storage

water tank, respectively as defined in Equ. 2.3, Qload is the energy rate delivered to the

load as specified in Equ. 2.1, and %J-sola, and %back-up are the changes in internal

energy of the tanks as characterized in Equ. 2.4. The useful energy gain from the solar

collector field is (Duffie and Beckman (1990))

Qu=A. - Fg [Gr (1o)- Up- (T ;- Tl (2.8)
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where A is the collector area, Fy the collector heat removal factor, Gy the irridiance on the
tilted collector surface, (T(t) the transmittance absorptance product, Uy the collector overall
heat loss coefficient, T ; the collector inlet temperature, and T, the ambient temperature.
Fg, (1), and Uy, are collector performance properties. Fy (tar) indicates the energy

absorption, FpUj counts for the energy loss.

2.3.1 Weather Data and Radiation Processor

The simulation uses weather data for the location for which the system performance
is to be predicted. The Veteran Hospital's location is Madison. Madison represents a
continental climate with hot summers and cold winters. The TRNSYS TMY database
contains hourly weather data for different U.S. locations and is accessible by data reader
Type 9. The data are based on the widely accepted SOLMET Typical Meteorological Year
weather information. The global horizontal and the direct normal radiation are used in the
radiation processor Type 16. The solar and the ambient temperature data are inputs of the

solar collector Type 1.

2.3.2 Solar Cellector

The solar collector field consists of flat-plate collectors with double glazing and non-
selective surface, arranged in parallel. It was impossible to retrieve the original PPG
collector performance data of 1976, which would ease evaluation. The Solar Rating &
Certification Corporation rates and certifies solar collectors and water heating systems
using standardized methods. Collector parameters typical to those listed in its directory
were chosen (SRCC (1994)). The collector efficiency curve is modeled by a straight line
with the Y intercept Fy (1ex) and the slope -FrUy. It is assumed that the details of the
collector performance do not significantly impact the general tendency of system

performance results. An antifreeze fluid is used for freeze protection. A heat exchanger
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transfers the energy from the antifreeze to the water circulating through the solar storage

tank. Table 2.3 shows the most important collector parameters used for TRNSYS.

Table 2.3 Collector parameters

Parameter

Number of Collectors 291 [-]

Area per Collector 17.5 [f12] 1.63 [m?]
Intercept Efficiency Fg (T01) 0.7 [-]

Negative of Slope FrU;. 0.749 [Biu/hr-ft2-°F] 15.0 [kJ/hr-m2-°C]
Incidence Angle Modifier by 1.0 [-]

Collector Slope 33[°]

Collector Flux 13 [1b/hr-ft2] 63.47 [kg/hr-m?]
Flux at Test Conditions 10.24 {1b/hr-fi2) 50 [kg/hr-m?2]
Specific Heat Collector Fluid 0.85 [Bu/Ib-R] 3.56 [kI/kg-K]
Heat Exchanger Effectiveness | 0.5 [-]

Tank Side Flux 13 [lb/hr-ft2! 63.47 [kg/hr-m?]

2.3.3 Solar Water Storage Tank

Due to its high volume, the solar water storage tank has a horizontal shape.
Generally, a horizontal tank does not stratify as much as a vertical tank. The tank is
modeled by the algebraic tank (plug-flow) Type 38. This component model uses variable
size segments of fluid, which allows a smaller simulation time step than a Type 4 tank. The

important tank parameters are shown in Table 2.4.

Table 2.4 Tank parameters

Parameter

Tank Volume 10,000 [gal] 37,850 [1}

Tank Height 8.83 [ft] 2.69 [m]
Insulation R-Value 16.0 [hr-ft2-°F/Btu] 0.79 [hr-m2-°C/kJ]
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2.3.4 Backup Tank with Auxiliary Heater

The auxiliary heater is located in a backup tank. The heating element must have the
capability of heating up the total required hot water load for case when the water cannot be
preheated by solar due to weather conditions. Therefore, the tank and heater are identical to

the heater used for the conventional system (see subsection 2.2.1).

2.3.5 Pumps

Two pumps operate in the system: the collector loop pump and the tank loop pump.
The collector loop pump is integrated in the collector model. The tank loop pump has the
capability to produce the required mass flow rate of 30,000 kg/hr and has a power
consumption of 3.73 kW. It is modeled by Type 3. The temperature lift of the water due to
pressurizing is neglected. This simplification to the pump model is made in all systems,

which are modeled in context of this study.

2.3.6 Controls

The pumps, and consequently the collectors, are controlled by an on-off controlier.
The controller compares the collector inlet temperature, measured at the bottom of the tank,
with the collector exit fluid temperature or the mean plate temperature, when the collector
fluid does not flow. Whenever the plate temperature at no-flow conditions exceeds the
collector inlet temperature by a specific temperature difference AT,y, the pumps are turned
on. When the pump is on and the measured temperature difference falls below ATy, the
controller turns the pump off. According to Duffie and Beckman (1991), the turn-off

criterion must meet the following relation or the system will go unstable:

AcFrUL

ATog < .
€-(m-cp)min

- ATon (2.9)
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The numerator of Equ. 2.9 counts for the useful energy gain when the pump turns on. A is

the collector area, F g Uy, is modified for the heat exchanger (Duffie and Beckman (1991)).

The denumerator indicates the heat removal. € is the heat exchanger effectiveness,

(m- cp)min the capacitance rate of the collector fluid. Solving Equ. 2.9 for the system

parameters mentioned in the subsections above leads to

2> 8 (2.10)
AT ¢

FrUy yields 13.9 kJ/hr-m2-°C (0.69 Btu/hr-fi2-°F). The relation of Equ. 2.10 is
independent of the collector area, because the mass flow rate through the collector is
proportional to its area. An on/off differential controller Type 2 is used. AT,¢, which
coresponds to the lower deadband temperature, is chosen to be 1 °C. ATon, which
corresponds to the upper deadband temperature, is chosen to be 10 °C. The collector
pumping system is shut down as soon as the water temperature exceeds the boiling point.
The control of the auxiliary heater is built into the backup tank as pointed out in

subsection 2.2.2.

2.4 Heat Pump Domestic Hot Water System

The purpose of simulating a heat pump hot water system is to investigate the
performance of a system configuration in which the hot water load is exclusively met by a
heat pump water heater. Figure 2.4 shows the system configuration with heat pump and
water storage tank. Appendix B.3 lists the TRNSYS decks used for the simulations. The
heat pump is actually a battery of seven heat pumps, arranged in parallel, as pointed out in
chapter 1.4.2. The number of heat pumps is chosen according to the load profile, as

described in section 2.1. Each heat pump compressor is driven by an electric motor, the
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evaporators use environmental energy. External heat exchangers transfer the heat, released
at the heat pump condensers, to the water, which flows to the tank. External heat

exchangers are used, in order to provide a high flow velocity, and thus, good heat transfer.

; Load
Qloss,mech ® - Qlead
Qenv I
1—"\\
. Storage |
S| | Heat 3 Qioss,T| “Tane )
Pump -]

| I
e —@ﬁ 5

A

Pump Mains

Figure 2.4 Heat pump domestic hot water system

Neglecting effects from pumping, the system energy balance yields

. . . . du
Qenv + Pej - Qloss,mech - Qloss,T - Qload = E (2.11)

Qenv is the rate of energy contribution from the environment to the heat pump evaporator,
Petis the electric power input to the compressor, Q loss,mech 18 the 1oss energy rate resulting
from mechanical inefficiency, Qloss,T is the loss energy rate from the hot water storage

tank as defined in Equ. 2.3, O joad is the energy rate delivered to the load as specified in

Equ. 2.1, and %I_;I_ is the change in internal energy of the tank as characterized in Equ. 2.4.

Heat pump details are given in chapter 1.4.2.



32

2.4.1 Heat Pump

The core of the system is the battery of heat pumps. For the purpose of modeling,
simulating, and analyzing the performance of a heat pump domestic hot water system, the
following two quantities of the heat pump performance must be known: the heat pump
capacity under specific conditions and the resulting required electrical compressor power
input in terms of the COP. The instantaneous capacity at the condenser depends on the
following input variables: type of source, i. e. water or air, the given source inlet
temperature, source mass flow rate, water inlet temperature and required water outlet
temperature. Source temperature, source mass flow rate, and refrigerant mass flow rate

have physical limits. For the water source, the outlet temperature has to be above freezing

point.
TRNSYS Types

Currently, in TRNSYS, a general heat pump type does not exist. The available types
require user-supplied performance data, usually retrieved from catalog tables. The data,
dependent on the values of input variables, are provided in files. The model reads,
interpolates and processes the data if required. The following three paragraphs give a brief
description of the types 42, 20 and 71, which have the capability to model the performance
of a heat pump. |

Type 42 conditioning equipment (Klein et al. (1996)) models any piece of equipment
whose performance can be characterized in terms of between one and three independent
variables and between one and five dependent performance variables. The performance data
are supplied in one single data file.

Type 20 dual-source heat pump (Klein et al. (1996)) models the performance of a
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heat pump having two evaporators: a liquid source to utilize heat from a solar system or
other processes, and an ambient air source to be used when the outdoor temperature
exceeds the liquid source temperature, or if the liquid source temperature approaches its
freezing point. The model also allows a direct heating mode in which the hot liquid source
bypasses the heat pump whenever its temperature exceeds a user specific minimum.
Performance data are supplied in two data files as a function of the source temperature
only,

Type 71 (Thornton (1995)) models a single-stage heat pump system. In the heating
mode, energy is absorbed from a liquid stream at the evaporator and released to heat an air
stream. In the cooling mode, energy is absorbed from the air and rejected to water.
Performance data are supplied in six files as a function of mode, flow rates, and

temperatures.

Catalog Data

Manufacturers of heat pump water heaters were contacted according to listings in
Abrams and Sheedel (1989), and Thomas Register (1995) in order to obtain suitable
catalog performance data. The product specifications of six manufacturers were
investigated. It was not possible to retrieve any information from the companies beyond

that given in the received catalogs.
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Table 2.5 Catalog performance data of heat pump water heaters

Company Product | Max. | Source Capacity given for COP

series | capacity | type Ts.i g Two

[Btu/hr] {F] [GPM/CFM] [F]
Fedders SOCFO | 80,000 | water | 55-120 8.8 120-160 | yes
Drake PWWH | 527,780 | water | 75 107 135 no
PAWH | 487,250 | air 75 %) - 135 1o
Therma-Stor| HP **) | 20,700 | air 67.5 - AT=6(/80 | ves
Crispaire | WH-NT | 376,000 | air | Twb=45-75| 9,200 95-130 | yes
WH-HT | 276,000 | air Tdb=75 8,600 150 yes

Twb=63

ECU WWH | 50,000 | water | 45-55 7.7-11.0 - yes

AWH | 60,000 ar | Twb=59-71 1,900 95-130 | yes

DS 11,200,000] air - - - -
Wallace WRCB | 45,000 air - - 125 -
max. capacity: maximum available nominal capacity

COP: COP or electr. compressor power input given for each capacity
AT: temperature lift

Tdb: dry bulb temperature

Twb: wet bulb temperature

*): relation given for capacity as a function of source temperature
**). inte grated backup heating element

-: no details given in catalog

Table 2.5 systematizes the performance data supplied by the companies. The first two
columns specify the heat pump model by company and series name. The third column
gives the maximum available nominal capacity of the series. The values show that heat
pump water heaters are on the market which have the required capacity. Drake Industries,
Inc. (1995), Crispaire Corporation (1995), and Energy Conservation Unlimited (1988)
offer heat pumps with capacities larger than 200,000 Btu/hr, The performance tables for

heat pumps with different nominal capacities show different results for same test conditions
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(Crispaire, ECU). Hence, performance data of small scale heat pumps like Fedders Solar
Products Company cannot be linearly extrapolated into large scale application. The fourth
column indicates the source type. Air-source heat pump water heaters are more common
than water-source. Air-source heat pumps usually provide air-conditioning or use waste
heat from refrigeration systems. Crispaire gives the case study of a hospital in Huntsville,
AL. The hospital kitchen is air-conditioned by a heat pump water heater which helps
provide to meet the hot water load of the hospital. The following three columns show as a
function of which variables (Ts,i, g, or Ty o) and in which range, the capacities are
provided. The last column indicates if the performance table shows the COP or electrical
compressor power input corresponding to each given capacity. Frequently, the catalogs
give incomplete details (e.g. Drake, ECU, Wallace Energy Systems (1995)) and/ or only

one test condition (e.g. Crispaire, Therma-Stor Products (1995)).

EES Model

The lack of suitable performance data which can be used to run the TRNSYS types
mentioned above leads to the necessity to create a generic heat pump water heater model. It
is beyond the scope of this study to model a new general TRNSYS heat pump type in terms
of a FORTRAN code. Therefore EES was used to create a model which is capable to
generate the performance data required for the existing TRNSYS types. Appendix A.l
shows the EES heat pump model which was developed in context with this study. The
model follows the ideas outlined in the first paragraph of this subsection. The model
processes the input data in terms of a given design capacity Qdel,design’ heat pump water
outlet temperature Ty o, which is usually the desired set temperature, source inlet
temperature Tgj, source mass flow rate mg, and heat pump water inlet temperature Ty, ;,
which is, assuming a stratified tank, usually close to the mains temperature. The simulation

is based on thermal modeling and on approximations of catalog data. The simulation
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returns the performance data for the specified inputs, of which the energy released on the

condenser side Q gej and the COP are of most interest. Figure 2.5 symbolizes the process.

Qclel,(.lesignl T’s,i TW,O m s Tw i

¥

EES model

Q el COP

Figure 2.5 EES model

Heat pump cycle and heat transfer through the heat exchanger are modeled according
to Equs. 1.1 through 1.17. Relations need to be found for the effectivenesses, efficiencies,
and the heat pump capacity.

The refrigerant R134a is selected, because it is the state-of-art working fluid
recommended for high condensing temperature application (Crispaire Corporation (1995)).
The mechanical efficiency Nmech is chosen to have thé constant value 0.9 as recommended
by Reay and MacMichael (1988).

The mechanical efficiency accounts for the whole working cycle. Effects of
superheating or subcooling are neglected.

Isentropic efficiency 1iso and NTUs are functions of the condensing temperature, or
the set temperature. In order to find these relations, performance data of the Fedders Solar

Products Company SOCFO8C heat pump are investigated. The performance table gives the
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values of COPs for six source inlet temperatures and five water outlet temperatures (see
table 2.5). The COPs returned by the simulation are approximated to the table values.
Therefore for each set temperature a set of values for NTUevap, NTUcond. and s is
found, which minimizes the sum of deviations between the table and simulated values at
different source temperatures. The deviation & is found with the method of least square

CITor
8 = (COPyaple-COPgim)? (2.11)

where COPyap|e refers to the table data, and COPg;, to the simulation results. The sum x is

given by

x= 38 (2.12)

i=]

where ;s the deviation according to Equ. 2.11, and the subscript i indicates the different
source inlet temperatures. The triples found for the five water outlet temperatures are
curvefitted using linear regression. Figure 2.6 shows the resulting relations. The NTU
values range between 2.5 and 5.0. These numbers are reasonable according to Incropera
and DeWitt (1990). The equations for the NTUs are built in the EES model. The
effectivenesses can be determined. It is assumed that the heat exchanger effectivenesses for
heat transfer through condensing and through desuperheating are equal. The isentropic

efficiency Mjgo is between 0.4 and 0.7.
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Figure 2.6 Relations for NTUs and Tjg,

It is not possible to determine the heat pump capacity for specific input conditions
without knowing compressor and electric motor details. Therefore the relation of the
capacity for changing input conditions is approximated using catalog data. Drake Industries
(1995) gives a relation for the capacity as a simple linear function of the source
temperature. For every 10 “Frise or fall in source temperature the capacity will increase or
decrease by approximately 6% compared to the capacity at test condition, listed in the
performance table. Another simple linear relation is found for the capacity as a function of
the set temperature by investigating and linearly curvefitting Fedders Solar Products
Company SOCFO80 performance data. Combing these two relations, and introducing a

design condition the capacity MBH yields

MBH = MBHaesign - (1+ATs - -0+ ATgq =) @13)
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where AT and ATge are the difference between the design and actual source temperature
and set temperature (i.e. Ty ), respectively. The design capacity MBHgesign is the capacity
the heat pump is able to deliver at design conditions, i.e. the worst case with lowest
possible source temperature and highest necessary set temperature. Note that Equ.2.131is
given for pound-inch units.

The relation given in Equ. 2.13 is independent of the source mass flow rate and the
heat pump inlet temperature. Figure 2.7 shows the influence of the source mass flow rate
on the heat pump COP. The three curves are results of simulations for same design capacity
and heat pump inlet temperature, but for different settings for source and heat pump outlet
temperatures. With increasing mass flow rate, the COP increases in an asymptotic way.
Mass flow rates higher than a certain rate yield approximately identical heat pump
performance. Hence, choosing a suitable rate, the influence of the source mass flow on the

heat pump performance can be neglected.
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Figure 2.7 COP vs. s for different settings Ts j/T W0
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Figure 2.8 shows the influence of the heat pump inlet temperature on the COP. The
three curves are results of simulations corresponding to those shown in Fi gure 2.7. The
source mass flow rate is 2.5 kg/s. The COP decreases slightly with increasing heat pump
inlet temperature. Hence, the influence of the heat pump inlet temperature on the heat pump

performance can be neglected.
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Figure 2.8 COP vs. Ty for different settings Ts /Ty,o
Validation

The validation of the model is difficult and ambiguous. As mentioned before, a
variety of heat pumps are on the market, and most of the available performance data are
incomplete.

Figures 2.9 and 2.10 compare the heat pump performance according to the EES
simulation and to the Fedders Solar Products Company SOCFO80 catalog data. The
simulations were carried out using identical values for design capacity, heat pump inlet
temperature, and source mass flow rate. Figure 2.9 shows the delivered heat vs. the source

temperature for different heat pump water outlet temperatures Tw,o. The calculated
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delivered heat is less sensitive to the source temperature than the delivered heat according to

the Fedders catalog performance data, because this relation was found using Drake

Industries, Inc. (1995) catalog information.
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Figure 2.9 Simulation and catalog data Qgej vs. Ts,i for different settings Ty, o

Figure 2.10 shows the COP vs. the source temperature for different heat pump outlet
temperatures. For an outlet temperature of 50 °C, the calculated COPs are up to 20% higher
than the catalog data COPs. For higher heat pump outlet temperatures, the calculated COPs
show sufficient coincidence with the catalog data. With a set temperature of 60 °C, the

design water outlet operating point of the heat pump, the COPs give reasonable values.
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Figure 2.10 Simulation and catalog data COP vs. Ts,i for different settings Ty o

Performance

The heat pump performs for heat pump outlet temperatures which are at least as high
as the source temperature, but do not exceed 85 °C. With source temperature and heat pump
outlet temperature being the same, the COP theoretically reaches infinity. Above 85 °C heat

pump outlet temperature, a two phase condition does not exist anymore. The COP

approaches unity.
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Figures 2.11 and 2.12 show the heat pump performance for a design capacity of 53

kW at Tg=7 °C and Ty =60 °C. The source mass flow rate is 2.5 kg/s, and the heat pump

inlet temperature is 7.5 °C. Figure 2.11 shows the relation of delivered heat Q ge1» Supplied

heat from the environment Q .y, 2nd compressor power Pgj to the source temperature and

heat pump outlet temperature. Delivered and supplied heat increase with increasin £ source

temperature and decreasing outlet temperature. The compressor power decreases. The

course of the curves illustrates the relation between Qenv, Pe), and Qdel pointed out in

subsection 1.4.2, Figure 2.12 shows the resulting COP versus the source temperature for

different heat pump outlet temperatures. The COP increases with increasing source




temperature and decreasing outlet temperature. Appendix A.2 shows a table with the heat
pump performance data Qggj, COP, and Q.yy, for different heat pump water outlet and

source inlet temperatures.
20 - . : . : :

18 ] Two =50 T: ]

15 Tyo =60 C ]

12+ 4

10| -

CcoP

0 L J L i 4 L L Il L 1 L
0 10 20 30 40 50 60

Ts,i [°C]

Figure 2.12 COP vs. T ; for different settings Two

Sizin
The heat pump capacity must be capable to meet the entire load. Using Equ. 2.1, and
assuming a heat pump inlet temperature of 7.5 °C, the required capacity of each heat pump
is 53 kW. This design capacity has to be delivered at the lowest possible source
temperature, which is assumed to be 7 °C. The ground source temperature of a specific
location can be approximated using the average annual ambient temperature of this location.
The Madison average annual ambient temperature is 7.2 °C.

The source mass flow rate has to meet three requirements as mentioned earlier: The
mass flow rate must be high enough that it does not significantly influence the COP (Figure

2.7), and that the source leaving temperature does not drop below the freezing point at
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lowest possible source entering temperature. On the other hand, the source mass flow rate
must not exceed an amount which can practically be obtained. Comparing information
given by Figures 2.7, 2.13, and Drake Industries, Inc. (1995) catalog data, a mass flow

rate of 2.5 kg/s at each heat pump evaporator is reasonable.
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Figure 2.13 Tg g vs. 1w

Implementation in TRNSYS

TRNSYS Type 42 conditioning equipment is used to process the performance data
generated by the EES model. Type 42 is the most flexible and has the capability to handle
the two independent input variables, which are Tg; and Tw,o. The dependent performance
variables are the corresponding delivered heat Q. and the COP. A relation for the
delivered heat dependent on the mass flow rate through the condenser heat exchanger and
the temperature lift is given by Equ. 1.9. The heat pump outlet temperature is obtained by
rearranging this equation. The mass flow rate through each condenser heat exchanger is

constant at 842 kg/h. Providing sufficient capacity, the heat pump outlet temperature
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balances into a value sufficient to meet the required set temperature at design water draw.

2.4.2 Hot Water Tank

The hot water tank is sized according to the recommendations given in subsection
2.2.1. With the cold water from the mains entering the bottom of the tank, and the hot
water from the heat pump entering the top of the tank, stratification is assumed. A 5-node-

tank Type 4 is used.

2.4.3 Pumps

Each heat pump requires a circulation pump to move the water through the heat
exchanger. Each pump has the capability to produce the required mass flow rate of 842
kg/h, and has a power consumption of 106 W. The pumps are modeled by one single Type

3, varying the mass flow rate and power consumption with help of a control function.

2.4.4 Controls

The operation of the pumps, which is coupled to the operation of the heat pump
compressors, is both, time and temperature controlled. During the night, only one heat
pump operates. By 6 a.m., a timer turns on the other six available pumps. By 8 p.m., the
pumps are turned off, again. The timer is identical to the forcing function type 14 used to
model the load profile (see section 2.1). The pumps shut down whenever the temperature
measured in the third node of the tank exceeds the set temperature of 60 C, and turns on
whenever it drops below. An on/off differential controller Type 2 is used. With the mains
water temperature being the only time-dependent variable besides of the load, the system
operates in almost steady state. In this case the temperature controller is rather a safety

device.
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2.5 Parallel Solar Heat Pump Domestic Hot Water System

In context of this study, a parallel solar heat pump system was investigated as
introduced in chapter 1.4.3. Figure 2.14 shows the configuration according to L5f (1988).
Appendix B.4 gives the TRNSYS decks. Either the solar or the heat pump domestic hot

water system operates, as described in sections 2.3 and 2.4, respectively.

Heat
Exchanger Load
Collector Qload
Q“ 7/ k ﬂ l
’ ]
!
Hot
§§ Solar Storage Tank Water }
Tank |
r . > Qloss,mech 5 |
Qenv , ‘
= Qloss,solar _V —"‘(5_"‘
Qloss,hot
P Heat -}< )
umps 3| Heat [T Mains
1 )
Pel

< {)-@_

Figure 2.14 Parallel solar heat pump domestic hot water System

Combining Equ. 2.7 and 2.11, and using identical nomenclature, the system energy
balance yields
du du

Qu + Qenv + Pej - Qloss,solar - Qloss.ho[ - Qloss,mech - Qload = Esolar + E{‘hot (2.14)
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The system components are sized according to sections 2.3 and 2.4. The heat pump
has the capability to meet the total load, because the solar gain is not reliable. The following

subsection will characterize the control strategy, which is specific to the parallel system.

2.5.1 Controls

The solar collector and the heat pump subsystems are controlled in accordance with
subsections 2.3.6 and 2.4.4, respectively. There are two ways to supply hot water to the
hot water tank: Hot water is either drawn from the solar storage tank, or is supplied by the
heat pump. The hot water supply to the hot water tank is temperature controlled. An on/off
differential controller Type 2 is used. Whenever the water temperature at no-draw
conditions measured at the top of the solar storage tank exceeds the set temperature by 10
°C, hot water is drav)n from the solar storage tank and replaced by cold water from the
bottom of the hot water tank. The heat pump compressors shut down. When water is
drawn from the solar storage tank and the measured temperature falls below 1 °C above the
set temperature, the draw is terminated and the heat pump compressors turn on. The chosen

deadbands allow stable controls (see subsection 2.3.6).



49

CHAPTER THREE

SYSTEM SIMULATIONS

The first two sections of this chapter show the methodologies used simulating the
systems with TRNSYS, and analyzing the system performances. The later sections
describe the simulations which were run for each systemn, and show, evaluate, and validate

the obtained results. Appendix B lists the used TRNSYS decks.

3.1 Methodology

Before running time-consuming one-year simulations, one-day simulations of an
average day (April 9th) were analyzed. In order to exclude effects of initialization, one
week simulations were run, using the same weather and radiation data for each day. It was
assumed that a steady periodic state was reached by the 7th day. Hourly values of
temperatures and mass flow rates of the 7th day were investigated in terms of reasonability.
The analysis should ensure that the system components and controls are designed properly.

Annual simulations were run with 6 days pre-simulation, as well, The weather and
radiation data of the last days of December were used. The results are summarized in
monthly simulation summaries. The TRNSYS simulation summary, Type 28, has the
capability to integrate and average simulation outputs for each month of the year.

Additionally, the system energy balance can be checked. The monitored simulation outputs
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are: the monthly system energy inputs and outputs, the monthly average collector and tank
temperatures, and the monthly average heat pump COPs. The average annual deviation of
the system energy balance check compared to an ideally closed energy balance never
exceeded 0.5%.

The total annually required amount of auxiliary energy is used to calculate the free

fraction. The free fraction is given by

— Qconv - Qel
f= —-~——va (3.1

Qconv is the annual energy requirement of a conventional domestic hot water system as
described in section 2.2. Q is the sum of back-up, heat pump, and parasitic energy
requirement of the investigated system. Parasitic energy includes the energy required by
circulator pumps and controllers. For purpose of this study, the parasitic energy
requirement is neglected. Later on, the validity of this assumption will be discussed.

Annual simulations were run for different system parameter settings. Collector area,
solar storage tank capacity per collector area unit, and heat pump capacity were varied.

The results of the thermal analysis are a basis for economic considerations. The
annual fuel savings are calculated using the free fraction. The parameter settings influence

the additional initial investment.

3.2 Simulation Time Step

TRNSYS requires the user to specify a simulation time step which is fixed
throughout the simulation. For a thermal process, the largest possible value of time step for

which the integration algorithm is estimated to be stable is (Klein et al. (1996))
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At=— (m- Cp-)
(m-cp)1+(m-cp)2

3.2)

where (m-cp) is the thermal capacitance and (rh - cp)1, (m - cp)2 are the thermal capacitance
rates. Regarding the capacitance of a single tank node and assuming constant density and
specific heat leads to

Vr

A e r——
"NV, V)

(3.3)

where VT is the total tank volume, N the number of nodes, and V1, V2 are the volumetric
flow rates through the tank, e.g. the collector and the mains flow rate. The variables have
to be chosen for an extreme case with smallest total tank volume, highest number of nodes,
and largest occurring volume flow rates. The obtained critical time step is a first guess

value, which must be evaluated for each case during the system simulations.

3.3 Conventional System

The total annual energy requirement was estimated by running a one year TRNSYS
simulation of the conventional system according to subsection 2.2. Appendix B.1 shows
the TRNSYS deck. The total annual energy requirement is used to calculate the free fraction
as defined in Equ. 3.1. The TRNSYS simulation yields 7.264 -109 kJ/year. F-chart (Klein
et al. (1994)) gives 7.273 -109 kl/year for the same load requirement, but different load
profile. The F-chart result deviates from the TRNSYS result by 0.1%. The total annual
energy requirement can also be estimated on basis of the VA hospital data as described in
subsection 1.4.1. Assuming a gas price of 4.55 $/106 Btu for a commercial application as

listed by the Wisconsin Energy Statistics 1995 (Wisconsin State Department of
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Administration (1995)), the total energy requirement yields 9.126 -10° kJ. Comparison
with the TRNSY'S result leads to a gas boiler efficiency of (.8. This is a reasonable value.
Hence, both, the F-chart and the VA hospital energy requirements, support the TRNSYS

simulation very well.

3.4 Solar Domestic Hot Waster System

For purpose of validation, an annual TRNSYS simulation of the system as described
in section 2.3 was run. Appendix B.2 shows the TRNSYS deck. The first twelve columns
of the chart in Figure 3.1 show the monthly average daily auxiliary energy requirement
from January through December according to the TRNSYS simulation. The last column
shows the annual average daily energy requirement. The auxiliary energy requirement is
higher during the winter months than during the summer months. The daily total energy
requirement does not significantly vary over the course of the year. The annual average free
fraction is 19.8% compared to 18.5% observed at the VA hospital. One reason, why the
TRNSYS simulation yields a higher free fraction than observed with the VA hospital, is,
that the TRNSYS model does not count for any pipe and duct losses. In a hospital, where
the domestic hot water is served by a single central unit, long pipes and ducts with high

heat losses are inevitable,
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Figure 3.1 SDHWS monthly average daily auxiliary energy requirement

The result of another annual TRNSYS simulation was compared to an F-chart simulation.
The F-chart model {R22} assumes a vertical one node solar storage tank. An instantaneous
heater as back-up heats the water to the desired temperature. In the TRNSYS simulation,
the solar storage tank is modeled by a Type 4 tank with one node. The auxiliary heater is
modeled by Type 6 heater. The TRNSYS simulation yields a free fraction of 18.1%,
whereas the F-chart simulation yields only 16.0%. The deviation is comparatively large.
According to Duffie/Beckman 1990 {R6}, the F-chart model is generally rather
conservative. Furthermore, the F-chart program was developed for residential size systems
with residential water draw than for rather commercial applications.

After the validation, annual simulations with different parameter settings for collector
area and tank volume per collector area unit were run. Appendix B.2 shows the TRNSYS
deck. Collector area and solar storage tank size are the mbst significant system paramcteré
which influence the free fraction. The collector area was varied in a range from 500 to
3,000 m2. For areas larger than 3,000 m2, the average monthly solar storage tank

temperature exceeds 70 °C from March through September. This fact indicates, that a lot of
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energy is dumped. Duffie and Beckman (1991) recommend a ratio of tank volume to
collector area unit in a range from 40 I/m? to 100 l/m2. The VA hospital system was
operated at a tank volume to collector area ratio of 77 /m2 which is within the
recommended range. Simulations were run for the lower and upper limit of recommended
ratios. Table 3.1 lists the simulation runs. The tank height was adjusted to the volume
according to A.O. Smith Corporation catalog (1995). The last column shows the estimated
free fractions. Figure 3.10 summarizes the free fractions in a graphical way in comparison
with the free fractions obtained for the other systems. which were investigated. As
expected, the free fraction increases with increasing collector area. With 3,0000 m2, a state
of saturation is reached. The collector area has more impact on the free fraction than the
tank size. For small collector areas, the tank size hardly effects the free fraction, at all,
because the solar heated water is instantaneously used. For large collector areas, the larger
tank increases the free fraction by about 10%. With large collector areas, the water is heated
more than required during the day, and this energy is used during the night.

Table 3.1 Simulation runs solar domestic water heating system

# coll. tank vol. tank ht. area vol./farea free fraction
[-] [gal] [£t] [m?2] [Vm?] [-]
300 5,000 6.8 488 40 0.182
600 10,000 8.8 975 40 0.338
900 15,000 9.7 1463 40 0.469
1,200 20,000 11.4 1951 40 0.585
1,500 25,000 12.1 2439 40 0.667
1,800 30,000 12.9 2926 40 0.721
300 12,500 9.2 488 100 0.195
600 25,000 12.1 975 100 0.359
900 40,000 14.7 1463 100 (.498
1,200 50,000 16.1 1951 100 0.623
1,500 65,000 17.8 2439 100 0.717
1,800 80,000 19.6 2926 100 0.788
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3.4 Heat Pump Water Heating System

Originally, a full design capacity heat pump water heating system was assumed which has
the capability to meet the entire hot water demand (see chapter 2.4). Using a full capacity
heat pump, energy is saved in comparison to an electric resistance heater, as long as the

heat pump COP is larger than unity. On the other hand, a full capacity heat pump means

high initial costs.
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Figure 3.2 COP vs. Ty o for T ;=7 °C
Another effect, which has already been shown in Figure 2.12, is that the COP
increases with decreasing heat pump outlet temperature. Figure 3.2 illustrates this
phenomenon more clearly. The figure shows the COP for different heat pump water outlet
temperatures, but with the same source inlet temperature and heat pump water inlet

temperature. With the heat pump water outlet temperature approaching 7 °C, which is the
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same as the source temperature, the COP reaches theoretically infinity. With the heat pup
outlet temperature reaches high values, the COP approaches unity. This phenomenon has
the following effect on the energy savings: Reducing the heat pump design capacity, and
maintaining the condenser mass flow rate, lowers the heat pump outlet temperature, and
thus, increases the COP. Hence, reducing the heat pump capacity by a certain proportion
means that the energy savings are reduced by a smaller proportion.

These considerations led to the conclusion to investigate systems with different heat
pump design capacities. The systems with heat pumps smaller than full design capacity use
the heat pump as a pre-heater. The pre-heated water is backed up by an electric auxiliary

heater as used with the solar domestic water heating system.
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Figure 3.3 COP vs. m for different design capacities, usual conditions
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An easy way to implement systems with different design capacities in TRNSYS is
using the full capacity performance data file for Type 42 as described in subsection 2.4.1
(and also shown in Appendix A.2), multiplying the delivered heat by a heat pump design
capacity fraction, and hence, keeping the COP performance identical to the full design
capacity. Figure 3.3 shows the COP vs. the source mass flow rate for full and quarter
capacity. The plain vertical lines illustrate that the COP of the quarter capacity heat pump
for a mass flow rate 0.625 kg/s does not significantly deviate from the COP of a full
capacity heat pump at 2.5 kg/s mass flow rate, which is four times as much. This fact

justifies the simplification done above.
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Figure 3.4 Energy flows on heat pump vs. Ty, o for full and half capacity
Figure 3.4 shows the energy flows for heat pumps of full and half design capacity,
and constant source temperature and heat pump inlet temperature. The ﬁll capacity heat

pump meets the load of 53 kW for Ty, o=60 °C. The half capacity heat pump meets only
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half of the lad at each condition. The energy delivered by the source Qepy, and the
compressor energy Pe are half, as well. The delivered heat increases with decreasing Ty o.

Rearranging Equ. 1.9 for the heat pump outlet temperature as pointed out n section
2.4.2, and assuming for this time constant heat pump inlet temperature, and condenser
mass flow rate, which leads to steady state conditions, one sees that for each capacity, a
balance temperature is reached. Hence, the lower the capacity, the lower the balance
temperature. And, the lower the balance temperature, and thus, the heat pump outlet
temperature, the higher the COP,

The TRNSYS simulations are not steady state simulations for the following two
reasons: The heat pump inlet temperature varies slightly, which is related to the mains
temperature. And, the condenser mass flow rate switches between day and night, which
causes delays due to the controls system. These two factors cause only slight differences in
daily system performance over the course of a year. Therefore, investigating the different
heat pump water heating systems, this paper presents only annual daily-average energy
consumption.

Annual TRNSYS simulations according to section 2.4 were run for heat pump design
capacity fractions feap from 1 to 0.03125 (=1/32). Appendix B.3 shows the TRNSYS
deck. Figure 3.5 compares the annual average daily energy consumption of the heat pump
compressor and the auxiliary heater for heat pump design capacity fractions ranging from 1
to 0.03125. For full capacity (fcap=1), the auxiliary heater requirement is zero. With
decreasing capacity fraction, the auxiliary heater energy consumption increases, whereas
the compressor energy consumption decreases. The horizontal line at 20-10° kl}/day, which
frames the chart is the average annual daily total energy requirement, i.e. at a heat pump

fraction equals zero, the energy requirement is entirely met by a heater.
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Figure 3.5 Annual average daily energy usage for different heat pump capacities
Figure 3.6 shows the resulting free fraction vs. the heat pump capacity fraction. The

black dots indicate the capacity fractions for which simulations were run. With full

capacity, the free fraction is 65.9%. The smaller the heat pump capacity fraction, the

smaller the free fracton.
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Figure 3.6 Free fraction vs. heat pump capacity fraction

Figure 3.7 compares the obtained heat pump and systemn COPS for different heat
pump capacity fractions The heat pump and system COPS were calculated according to
Equ. 1.5 and 1.19, respectively, neglecting parasitic energy requirement. With increasing
heat pump fraction, the average annual heat pump COP decreases exponentially, whereas
the average annual system COP increases almost linearly at a slope smaller than 1. For a
capacity fraction equal 0.03125, the system COP is almost unity (bold horizontal line), as it
was for the conventional system. For full capacity, the pump and system COP are both
equal to 2.93. The curves intersect when the total added electric energy equals the

COMPpressor energy input.
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Figure 3.7 Heat pump and system COPS vs. heat pump capacity fraction
The effect of decreasing heat pump COP with increasing heat pump capacity fraction
can also be illustrated by introducing a related free fraction. The related free fraction relates
the free fraction at a certain capacity to the free fraction obtained by a full capacity system.

The related free fraction is given by the ratio

f=-1 (3.4)

where f is the free fraction as defined in Equ.3.1, and ffyy is the free fraction obtained by
the full capacity system, in this case 0.659. Figure 3.8 shows the related fraction vs. the
heat pump capacity fraction. If there was not the effect of increasing heat pump capacity
with decreasing heat pump outlet temperature, the heat pump fraction would be equals the

related free fraction, i.e. the curve would be a straight line with slope=1. One sees that the
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related fraction is always equal to (at full capacity) or larger than the corresponding heat

pump capacity fraction. This fact will be of specific significance for the economic analysis

of chapter 4.
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Figure 3.8 Related free fraction vs. heat pump capacity fraction

3.6 Parallel Solar Heat Pump Domestic Hot Water System

The parallel system is a combination of the solar domestic water heating system and
the heat pump water heating system as described in section 2.5. Appendix B.3 shows the
TRNSYS deck. Consequently, annual simulations were run varying the following three

parameters: collector area, tank volume per collector area unit, and heat pump capacity.



Table 3.2 Simulation runs parallel solar heat

ump water heating system
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# coll. tank vol. feap area vol./area free fraction
{1 [gal] [-] [m?] [/m?] [-]
300 5,000 1.0 488 40 0.687
600 10,000 1.0 975 40 0.72
900 15,000 1.0 1463 40 0.748

1,200 20,000 1.0 1951 40 0.784

1,500 25,000 1.0 2439 40 0.821

1,800 30,000 1.0 2926 40 0.844
300 12,500 1.0 488 100 0.696
600 25,000 1.0 975 100 0.732
900 40,000 1.0 1463 100 0.773

1,200 50,000 1.0 1951 100 0.810

1,500 65,000 1.0 2439 100 0.849

1,800 80,000 1.0 2926 100 0.883
300 5,000 0.5 488 40 0.535
600 10,000 0.5 975 40 0.587
9S00 15,000 0.5 1463 40 0.629

1,200 20,000 0.5 1051 40 0.682

1,500 25,000 0.5 2439 40 0.734

1,800 30,000 0.5 2926 40 0.768
300 12,500 0.5 488 100 0.549
600 25,000 0.5 975 100 0.605
900 40,000 0.5 1463 100 0.657

1,200 50,000 0.5 1951 100 0.717

1,500 65,000 0.5 2439 100 0.769

1,800 80,000 0.5 2926 100 0.821
300 5,000 0.25 488 40 0.360
600 10,000 0.25 975 40 0.433
900 15,000 0.25 1463 40 0.492

1,200 20,000 0.25 1951 40 0.568

1,500 25,000 0.25 2439 40 0.638




1,800 30,000 0.25 2926 40 0.696
300 12,500 0.25 488 100 0.378
600 25,000 0.25 975 100 0.455
900 40,000 0.25 1463 100 0.541

1,200 50,000 0.25 1951 100 0.620

1,500 65,000 0.25 2439 100 0.698

1,800 80,000 0.25 2926 100 0.757

Table 3.2 lists the simulation runs. Collector area and tank volume were varied in the
same réngc as the solar domestic water heating system simulation runs as listed in Table
3.1. Each of these parameter settings was run for three heat pump capacity fractions: full
capacity, half capacity, and quarter capacity. Again, the last column of the table lists the
obtained free fraction, and Figure 3.10 shows the free fractions in a graphical way in
comparison with the free fractions obtained for the other systems which were investigated.
As expected, the free fraction increases with increasing heat pump fraction, collector area,
and tank volume per unit area. The tank volume effects the system performance at large
collector areas more than observed with the solar domestic water heating system. The
curves start at zero collector area with free fractions corresponding to those of the heat
pump water heating systems. Again, with 3,000 m?, a state of saturation is reached, and
the monthly average solar storage tank temperature exceeds 70 °C from March through
September.

Figure 3.9 gives more detailed TRNSYS simulation results for a system with the
following parameters: full heat pump capacity, collector area of 2,439 m2, and storage tank
volume per collector area unit of 100 I/m2. The first twelve columns show the monthly
average daily auxiliary energy requirement from January through December. The last
column shows the annual average daily energy requirement. The seascnal differences in

auxiliary energy requirement are much smaller than for a solar domestic water heating
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system, because the heat pump performs steadily without regard to climate changes. The

free fraction varies between 75% in January and 95% in July, and it yields an annual

average of 85%. The horizontal line at 20-10° kJ/day, which frames the chart, is the

average annual daily total energy requirement.
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Figure 3.9 PSHPS monthly average daily auxiliary energy requirement
3.7 Comparison of Systems

Figure 3.10 gives an overview of the simulation results. The chart shows the free
fraction vs. the collector area. Parameters are the heat pump capacity fraction, and the tank
volume per collector area unit, as described in the preceding sections.

The chart shows the course of the free fractions of three heat pump water heating
systems: full capacity, half capacity, and quarter capacity. The course of the free fractions
is represented by the dashed, horizontal, straight lines. The free fraction is independent of

the collector area, and higher for the larger the heat pump capacity.
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Furthermore, the chart shows there the free fractions obtained by the simulation of
the solar domestic water heating system depend on the collector area. The course of the free
fraction of the small tank solar domestic water heating system (labeled solar 40) is
represented by the solid, bold line starting at zero free fraction for zero collector area. The
course of the solar fraction of the large tank solar domestic water heating system (labeled
solar 100) is represented by the solid, thin line starting at zero free fraction for zero
collector area.

Last, the chart shows the dependency of the free fractions for the parallel solar heat
pup water heating system on the collector area. Three heat pump capacity fractions are
considered corresponding to the heat pump water heating systems, which were
investigated. Two tank sizes were considered corresponding to the solar domestic water
heating systems, which were investigated. The course of the free fractions is represented
by the dotted-dashed lines. The lines start at zero collector area at the free fraction o the
corresponding heat pump water heating system. The bold lines represent the small tank
system (labeled parallel x-40), and the thin lines represent the large tank system (labeled
parallel x-100). x indicates the heat pump capacity fraction.

In terms of the free fraction, the solar domestic water heating system can only
compete with a heat pump system for areas larger than 2,100 mZ, and 2,400 m2 for high
and low tank volume, respectively. The heat pump water heating systems without solar-
assistance yield very high fractions With increasing collector area, the free fraction of the
full capacity parallel system increases with a smaller slope than the free fraction of the solar
domestic water heating system. The larger the collector area is, the smaller is the difference
between parallel and solar domestic water heating system. Prejudging the economic
analysis of the following chapter, for parallel systems, large collector areas seem to make

RO sense.
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CHAPTER FOUR

ECONOMICS

In this chapter, the systems, which were modeled and simulated as described in the
preceding two chapters, will be analyzed with regard to their economic performance.

Investigating the economic feasibility of alternative systems is important, because
these systems have to compete on the market with reliable conventional systems. The
decision in favor or opposed to a certain system, is usually based on cost savings rather
than on resource and pollution savings.

The economic analysis, executed in context with this study, is a rough estimation.
The purpose of the analysis is to give a guideline to which system configuration and with
which parameter settings shows the best economic performance assuming different
economic conditions. The settings of collector area, tank size, and heat pump capacity are
the driving factors of both, the initial costs and the free fraction, which influences the
annual costs in terms of energy costs signiﬁcantly._The economic conditions include
assumptions for equipment costs, for electricity cost, and for general market conditions.

The first section of this chapter will briefly introduce the method of economic
analyses, the P1,P; method. The following sections will analyze the systems, investigated
in this study. The last section will compare the systems and discuss the results. Appendix

A.3 shows the EES program which was written to execute the economic analysis.
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4.1 P1,P; Method

The P, P2 method was introduced by Duffie and Beckman (1991). The Py,P2
method is a quick and convenient way of doing life cycle savings analysis of solar process
systems. Life cycle savings (LCS) is defined as the difference between the life cycle costs
of a conventional system and the life cycle cost of the solar plus auxiliary energy system.
Life cycle cost (LCC) is the sum of all the costs associated with an energy delivery sysiem
over its life time or over a selected period of analyses. LCC are expressed in today's
dollars, and take into account the time value of money.

Using the nomenclature of this paper, the LCS can be written as

LCS = P1-cei-Qeonv-f - P2-cs (4.1)

The first part of the right side expresses the energy cost savings, and the second part stands
for the additional initial costs. Py is the ratio of the life cycle electric cost savings to the
first-year electric cost savings, and P» is the ratio of the life cycle expenditures incurred
because of the additional capital investment to the initial investment. ce is the first year's
electrical cost in $/kWh. Qconv is the total annual load in kWh. f is the free fraction as
defined in Equ. 3.1. cg is the total cost in § of the installed solar energy and heat pump
equipment above the cost of the conventional energy system.

P depends on assumptions for the following economic parameters: period of
economic analysis, income tax rate, inflation, and discount rate. P2 depends on these same
parameters but, in addition, depends on the down payment, morigage interest rate, resale
value, and other investment related parameters. For purpose of simplification, Pj and P

were not explicitly calculated, but two settings were assumed: P1 = 10/P3 =1, and Py =



70

5/P2 = 1. The first setting is typical of residential situations, the second setting is typical for
commercial applications as recommended by Mitchell and Braun (1996). The higher Py, the
greater the energy cost savings, and hence, the better the economic performance. As the
costs of commercial energy use are tax deductible, P for commercial applications is lower
than for residential ones.

The economic analysis was executed assuming two different first year's electric costs
for operating the auxiliary resistance heater and the heat pump compressor: ce = 0.06
$/kWh, and cej = 0.10 $/kWh. The first value represents the current average Wisconsin
electric rate for commercial application according to Wisconsin Energy Statistics 1995
(Wisconsin State Department of Administration (1995)). The second value assumes z
potential future higher rate, which is desirable to promote solar energy technology
application.

Combining the settings of Py, Pp, and ce}, Table 4.1 shows the three economic
scenarios which were investigated. The first row number set is the best case in favor of
solar energy use with high P; and cej. The last row number set is the worst case regarding
solar energy use with low P1 and c,). The middle row number set is in-between the two
extreme scenarios.

Table 4.1 Economic scenarios

Scenario Py P; Cet [$/kWh]
best 10 1 0.10
medium 5 1 0.10
WOTSst 5 1 0.06

The value of the total annual load Q4 is taken from the conventional system (see
chapter 3.3), and is 2.018.106 kWh. Hence, the conventional system, which is the base
system for the LCS, is a system whose free fraction and additional initial costs are zero.

The value of the free fraction f of a specific system is the free fraction obtained by the
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corresponding simulation. The values are shown in sections 3.4 to 3.7. The free fraction
can be dependent on the collector area, the tank size, and the heat pump capacity.
The total cost cg is composed of collector-area-dependent costs and area-independent

costs as follows:

Cs = c,:;-Ac-kchp-Cap-fcap 4.2)

The first summand expresses the collector-area-dependent costs of the solar domestic water
heating system. A is the collector area in m2. ¢4 includes the costs in $/mZ of both

collectors and tank, and is composed of

ca={(cc+ cT-v) (4.3)

cc is the collector cost per collector area unit in $/m?2, ¢t is the tank cost per volume unit in
$/liter, and v is the ratio of tank volume to collector area in I/m? as introduced in chapter
3.4. In this study collector and tank costs are considered together. The second summand of
Equ. 4.2 represents the area-independent costs of the heat pump system: cpp is the heat
pump cost per unit of capacity at standard conditions in $/kW. Standard conditions are Ts =
100 °F (or 38 °C), and Thp,o = 140 °F (or 60 °C), and they are taken from Fedders Solar
Product Company performance catalog. Cap is the design capacity at standard conditions,
which totals 490 kW for the seven heat pumps according to Figure 2.11. feap is the heat
pump capacity fraction as introduced in chapter 3.5. During the economic analysis, these
parameters, determining Cg, were varied as will be described in the following sections of
this chapter. For the solar domestic water heating system, only the first summand of Equ.
4.2 is relevant. For the heat pump water heating system, only the second summand is

relevant. For the parallel system, both the first and the second summand are relevant. Other
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additional costs than for collectors, tank, and heat pump are not considered. It is assumed
that other additional costs as for controls, piping eic. are small compared to the cost drivers
mentioned above,

The P1,P2 method was applied in two ways: In a first step, the economic break-even

was determined. Setting Equ. 4.1 equals zero and rearranging for ¢g leads to

P
Cs = P—;  cet-Qoonv - (4.4)

Knowing the break-even of equipment cost, gives a rough idea about the economic
feasibility of a system.

In a second step, equipment costs ¢g were assumed, and the resulting LCS were
calculated according to Equ. 4.4. This approach allows determining optimum system
parameters by maximizing the LCS at given costs.

Due to the large system scale, it is difficult to determine a realistic cost range of cp
and cygp. References like the Means Mechanical Cost Data (1995) or the Solar Resource
Guide (Poplawski (1993)) focus on residential size systems. Estimates by distributors and
suppliers are difficult to obtain for a system of this scale. On the one hand, manufacturing
and installation costs should be lower than with a residential size system. But on the other
hand, large scale systems are rather customized solutions. Taking these considerations into
account, it was decided to do the LCS analysis for arange of c4=100 to 400 $/m2, and

cap=250 to 1,000 $/kW.

4.2 Solar Domestic Hot Water System

Applying Equ. 4.4 for the solar domestic hot water system, and using the

nomenclature introduced in the preceding section, leads to allowable collector-area-
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(4.5)

For any given economic scenario, the allowable collector-area-dependent costs are only a

function of the collector area A, because the free fraction is also only a function of the

collector area. The free fractions at corresponding collector areas were obtained from the

results given in chapter 3.4. Also, according to chapter 3.4, two ratios of tank volume to

collector area were analyzed.
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Figure 4.1 Allowable area-dependent costs vs. collector area for SDHWS

Figure 4.1 shows the allowable area-dependent costs vs. the collector area. Three

economic scenarios were investigated according to Table 4.1. In each case, the allowable
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collector cost decreases with increasing collector area. Considering the worst economic
scenario, the allowable collector cost has a range from about 250 $/m2 for a 500 m2 area, to
150 $/m? for 3,000 m2. The plain lines characterize the systems with 40 I/m2 tank volume,
and the dashed lines characterize the systems with 100 I/m? tank volume. The 60 1/m2
larger tank volume allows an additional cost of 25 to 50 $/m? dependent on the economic
scenario. This results in an allowable tank cost of 0.42 to 0.84 $/1. Means Mechanical Cost
Data (1995) gives 0.50 to 2.00 $/1 depending on volume and quality.

LCS

The LCS were estimated applying Equ. 4.1 on the SDHWS. Only the small tank
system was investigated as a function of collector areas. As mentioned above, the large
tank system allows an additional investment, but the general economic performance does
not significandy differ frorn the small tank system. The total cost cg given by Equ. 4.2 is
only composed of the first summand, the collector-area-dependent costs ca. The LCS were
estimated for three values of cA: $ 100, $ 200, and $ 400 (see preceding subchapter).

Figure 4.2 compares the LCS in 1000 $ vs. the collector area for these three values of
ca. The solid bold curves represent the best economic scenario, the dashed ones the
medium, and the solid plain ones the worst scenario. The curves start at the origin of the
axes system. Zero collector area corresponds to the conventional system, which is the base

system, and consequently has zero LCS.
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Figure 4.2 LCS vs. collector area for SDHWS

The location of the maximum LCS as a function of the collector area can be
analytically determined by differentiating Equ. 4.1 with respect io A, and setting it equals

ZECT0:
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9LCS _ (4.6)

c

Executing the derivation in Equ. 4.6, using Equ. 4.1, and rearranging for -a%f?— leads to:
c

of P c,

B et S (4.7
E Pi *Cel Qctmv )

BaT;f— is the derivative of the free fraction with respect to the collector area, i.e. the gradient
3

of the SDHWS curve f vs. A; shown in Fig. 3.10. The larger the collector area, the smaller
the gradient BQAL gets. There is no maximum LCS at all, if the value of the right side of
c

Equ. 4.7 is higher than the maximum gradient at A equal to zero. If there is any maximum,
the following can be concluded: The lower the collector cost is, and the better the economic
scenario is, the larger the collector area at maximum LCS is.

The amount of maximurm LCS shows the same dependencies as the collector area:
The lower the collector cost is, and the better the economic scenario is, the higher the _
maximum LCS is,

Considering the best economic scenario, the SDHWS pays for each investigated
collector-area dependent cost. The optimum collector area is between 2,000 m? and 3,000
m2, and the LCS are between $ 300,000 and $ 1,200,000, respectively. The medium
cconomic scenario yields smaller LCS. ca=$ 400 is at the borderline of economic
feasibility, since the LCS barely get positive, at all. And, for areas larger than about 300
m?, the LCS is negative, which coincides with Figure 4.1. As far as the worst economic
scenario is concerned, the borderline of economic feasibility is already reached at ca=$%

200, where the LCS also barely reaches a positive value.
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4.3 Heat Pump Water Heating System

Applying Equ. 4.4 for the heat pump water heating system, and using the
nomenclature introduced in the preceding section, leads to allowable heat pump costs as

following

P
CHP = m - Cel - Qeonv-f (4.8)

For any given economic scenario, the allowable heat pump costs are only a function of the
heat pump capacity fraction feap, because, again, the free fraction is also only a function of
the capacity fraction. The free fractions at corresponding capacity fractions were obtained
from the results given in chapter 3.5. Figure 4.3 shows the allowable heat pump costs vs.
the heat pump capacity fraction. Three economic scenarios were investigated according to

Table 4.1. In each case, the allowable collector cost decreases with increasing heat pump
capacity fraction. At first glance, this result seems surprising. Considering the worst
€conomic scenario, the allowable heat pump cost has a range from about 1,700 $/kW for a
0.01325 fraction to 800 $/kW for full capacity. But, the LCS at given heat pump cost are
not proportional to these values. If the heat pump capacity fraction is low, the heat pump
capacity is low. The LCS, resulting from the equal difference between actual and maximum

allowable heat pump cost per kW, are higher the larger the total heat pump capacity is.
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Figure 4.3 Allowable heat pump costs vs. capacity fraction for HPWHS
LCS

The L.CS were estimated applying Equ. 4.1 on the HPWHS The total cost ¢cg given
by Equ. 4.2 is only composed of the second summand, the heat pump costs cyp. The LCS
were estimated for three values of cyp: 250 $/kW, 500 $/kW, and 1000 $/kW (see
subchapter 4.1). Figure 4.4 compares the LCS in 1000 $ vs. the heat pump capacity factor
for these three values of cyp. The analyzed economic scenarios, the general course of the
curves, and the way of presentation is identical 1o the SDHWS of the preceding subchapter,
and especially Figure 4.2. The location of the maximum LCS on the x-axis, i.e. the heat
pump capacity factor at maximum LCS can be anatytically determined substituting in Equ.
4.7, A, for feap, and ca for cyp. Consequently, the maximum LCS of the HPWHS show
the same performance as the maximum LCS of the SDHWS as described in the preceding
subchapter.
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The best economic scenaric reaches the highest LCS. The peak is at full capacity for
cup=250 $/kW and 500 $/kW, and is 0.75 for cgp=1000 $/kW. The maximum LCS are
between $1,200,000 and $800,000. The medium economic scenario yields significantly
lower LCS. Again, the peak is at full capacity for cyp=250 $/kW and 500 $/kW, and is 0.5
for cup=1000 $/kW. The LCS are between $ 500,000 and $ 200,000. Assuming the worst
economic scenario, the LCS still reach a positive maximum in each case. The maximums
are found at full capacity for cgp=250 $/kW, at 0.75 for 500 $/kW, and at 0.25 for
cHp=1000 $/kW. Hence, with increasing heat pump costs per kW, the optimum heat pump
capacity fraction decreases. This observation corresponds to the course of the allowable

CHP as shown in Figure 4.3. The maximum LCS are between $280,000 and $60,000.
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Figure 4.4 1.CS vs. heat pump capacity factor for HPWHS



80

4.4 Parallel System

Investigating the parallel system on allowable costs is more complex than for the
SDHWS and the HPWHS, because collector-area-dependent and independent costs are
involved. As this study focusés on solar assistance and for purpose of simplification, only
the allowable area-dependent costs cA were investigated at three given heat pump costs cyp
per kW. Applying Equ. 4.2 and 4.4 for the parallel system, and using the nomenclature

introduced in subchapter 4.1, leads to allowable collector-area dependent costs as follows:

P
ea= A Prca Quony = Cip Cap - fo) 4.9)

For any given economic scenario, the allowable collector-area-dependent costs are a
function of the collector area A, the heat pump capacity fraction feap, and the heat pump
costs cyp. The performance of ¢y is hard to predict. On the one hand, the free fraction in
the minuend of Equ. 4.9 is larger the larger A, and fcap are. On the other hand, fcap is part
of the subtrahend, and A is the denominator of Equ. 4.9. The free fractions at
corresponding collector and heat pump capacities were obtained from the results given in
chapter 3.6. Also, according to chapter 3.6, two ratios of tank volume to collector area
were analyzed. Figure 4.5 shows the allowable area-dependent costs vs. the collector area.
Three heat pump capacity fractions were investigated: The left plot is for full, the middle
one for half, and the right one for a quarter capacity. Three economic scenarios and heat
purmnp costs per kW were investigated according to Tabie 4.1 and the preceding subchapter,
respectively. For purpose of clarity, the figure shows only the results for the small storage
systems. The large storage systems allow an additional cost very similar to the SDHWS

(see subchapter 4.2). Generally, the allowable area-dependent-costs decrease with
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increasing collector area in a hyperbolic way. The higher the related heat pump costs, the
lower the allowable ca. The larger the heat pump capacity the wider the range of ca. The
subtrahend is larger and has more weight. In the case of the full capacity system, the
allowable cost drops to negative for the worst economic scenario and the highest
considered heat pump cost. The curve is flipped vertically in relation to the other curves.
With the worst economic scenario, and cyp being 500 $/kW, ca has a range from 350 $/m2
to 90 $/m? with increasing collector area, and from 320 $/m2 to 120 $/m2, for full and
quarter capacity, respectively. Half capacity is in-between these ranges.

The allowable ¢ of the parallel system is more sensitive to the area than the one of
the SDHWS, because of the higher free fraction. But, as discussed in the preceding
section, the allowable cost is not an indicator for the best economic performance for the
case where the actual area-dependent cost is lower than the maximum allowable cost, The

succeeding section will compare the different systems in a more detailed way.
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LCS

The LCS were estimated applying Equ. 4.1 to the PSHPS. The total cost ¢ is given
by Equ. 4.2. The L.CS were estimated for a combination of the three values of area-
dependent and the three values of area-independent costs as used with the SDHWS (chapter
4.2) and the HPWHS (chapter 4.3), respectively. Figures 4.6 to 4.8 compare the LCS in
1000 § vs. the collector area A¢. Again, the collector area was chosen to be the independent
variable because the focus of this study is on solar. The curve for A.=0 represents the
HPWHS. Each figure shows the LCS for one area-dependent cost ca: Figure 4.6 for
ca=100 $/m?2, Figure 4.7 for cA=200 $/m?2, and Figure 4.8 for c4=400 $/m?2. Like Figure
4.5, each figure is divided into three sections: the left one shows the performance of a
parallel system with full heat pump capacity, the middle one a system with half capacity,
and the right one with quarter capacity. Each plot shows curves for three related heat pump
costs and three economic scenarios identical to those pointed out in the preceding
paragraph.

The location of the maximum LCS on the x-axis, i.e. the collector area at maximum
LCS can be analytically determined using Equ. 4.7. The location of the maximum on the x-
axis is not a function of cyp, though the value of the maximum LCS is. On the plots,
parallel curves illustrate this phenomenon. With the maximum being located at A.=0, the
HPWHS shows better economic performance than any corresponding parallel system. This
is the case for c3=400 $/m? (Figure 4.8). The increased free fraction cannot economically

Justify the high additional costs for solar collectors. The LCS drops far below zere. With
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cA=200 $/m2 (Figure 4.7), the parallel system can only compete with the HPWHS at
quarter capacity and best economic assumptions. The economic benefits due to the higher
free fraction overcompensate the additional equipment costs. The maximum LCS are
reached at A.=3000 m? and yield around $ 750,000. The value of cgp shows only minor
effect on the LCS, because the heat pump costs are small compared to the collector area-
dependent costs. At half capacity and best economic scenario, the LCS are nearly
independent of collector area over the entire area range. Higher free fraction and higher
additional investment balance each other. With cA=400 $/m? (Figure 4.6), the parallel
system can compete with the HPWHS under best economic assumptions. The maximum
LCS is between $ 1,300,000 and $ 900,000, and between $ 1,100,000 and $ 1,000,000
for the full capacity system and the quarter capacity system, respectively. The half capacity
system yields maximum LCS in-between. Regarding the medium economic scenario, only
the quarter capacity system can compete with the HPWHS, yielding $ 300,000 to $
400,000 maximum LCS.

4.5 Comparative Discussion

After having investigated the economic performance of each system type separately in
the preceding sections, the question remains which system is recommendable under given
specific economic conditions. Optimum system selection from an economic point of view
can be approached in different ways. The profit-oriented approach selects the system which
is reaches the maximum L.CS. The environment-oriented approach selects the system which
yields maximum free fraction at zero LCS. A hospital administration might go for the later
option, because a hospital is not as profit-oriented run as a commercial corporation,

This section investigates both the profit-oriented and the environment-oriented

approach. The LCS were obtained from subchapters 4.2 to 4.4. No actual optimization was
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executed. Each economic scenario and each combination of ca and cyp were separately
analyzed. First, the system with maximum LCS was determined. Therefore, the maximum
obtained LCS of each systemn were compared among each other. If the maximum LCS of
different systems were identical or close, the system with the higher free fraction was
preferred. Then, the system with maximum free fraction was determined. Therefore, the
maximum obtained free fractions at LCS 2 0 of each system were compared among each
other. If the maximum fractions of different systems were identical or close, the system
with the higher LCS was preferred.

Figure 4.9 shows the results of the analysis. The legend in the upper right section
illustrates how to read the chart. The upper section shows the maximum LCS, the lower
section the maximum free fraction. The left section takes into account the best economic
scenario, the middle section the medium, and the right section the worst scenario. Each
column represents one specific system. Each system type, i.e. SDHWS, HPWHS, or
PSHPS, is represented by a specific column pattern. The horizontal bar contains the nine
combinations of area-dependent and area-independent costs repeated for each economic
scenario. The upper number is ca in $/m?, and the lower number is cgp in $/KW.

Regarding the upper section, the height of the column represents the LCS reached by
the system with the best economic performance. A column reaching the border of the plot,
would mean § 1,500,000 LCS. The number set at the top of the column shows the system
performance. The upper number is the actual LCS in 1,000 $. The lower number is the
corresponding free fraction in % according to chapter 3. The bottom number set shows the
system parameters in terms of collector area and heat pump capacity fraction.
Consequently, a system with Ac=0 is a HPWHS, and a system with fcap=0 is a SDHWS.

The collector areas are rounded to full 500 m2.
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The height of the column in the lower section indicates the magnitude of the free
fraction reached by the system with best thermal performance and LCS20. A column
reaching the border of the section would mean 100% free fraction. The numbers in the
columns represent the same parameters as pointed out regarding the upper section. The top
number set has switched: The upper number is the optimized free fraction. The lower
number is the corresponding LCS.

In all cases, a system exists which yields positive maximum LCS regardless of the
economic scenario and the related equipment costs. Hence, the installation of an alternative
domestic hot water system always pays. The system choice and the obtainable LCS depend
to a high extend on the assumed economic scenario, and on ca and cyp, as well. The
PSHPS performs the better the better the chosen economic scenario is, because the PSHPS
yields the highest free fraction. Low initial area-dependent and independent costs especially
support the PSHPS with a high volume of equipment. It makes sense that a low ca and a
high cyp are in favor for the SDHWS. Vise versa, with regard to the HPWHS.

The full heat pump capacity PSHPS is the best system choice at best economic
scenario and low ca/cyp. The LCS are higher than $ 1,000,000. The free fraction is very
high (82.1%). The SDHWS is the best system choice at best and medium economic
scenario and low ca/high cyp. The free fraction is 72.1% which is the fraction at the largest
investigated collector area. A collector area larger than 3,000 m2 has the potential to obtain
higher LCS. In all other cases, especially at worst economic scenario, the HPWHS shows
the best economic performance. With high cyp, only a small, quarter capacity, heat pump
makes sense. The LCS are significantly lower ($ 58,000), but the free fraction is only
about 30%.

Focusing on maximum free fraction, the full capacity large collector area PSHPS is
the best choice in most of the cases. At best and medium economic scenario, the free

fraction reaches to 84.4%. The LCS are so high that there is a large potential to increase
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the free fraction by enlarging the collector area beyond 3000 m2 till the LCS drops below
zero. At the medium economic scenario and high ca, the free fraction is still around 70%.
The LCS are significantly lower. The 73.4% of the cA=200 $/m%/cp=1,000 $/kW might
be outperformed by a large area SDHWS, because the 72.1% at 3,000 m? area still yield $
142,000 LCS. Otherwise, the large arca SDHWS is only the best choice at worst economic
scenario and low ca and high cyp. With $ 144,000 LCS, the system has still a potential of
increasing its free fraction by increasing the collector area. The HPWHS yields maximum
free fraction at worst economic scenario and high ca/high cgp. At first glance, this seems
to be surprising, but one has to take into account that at these conditions, the SDHWS
barely reaches positive LCS, at all. The best choice is a half capacity system, which means
a comparatively low additional investment, but still almost 50% free fraction. There is still a

potential to yield a higher fraction by varying the heat pump capacity.




92

CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

This chapter will first summarize the results of the thermal and economic system
analyses. Then, recommendations for future work on the subject of this study will be

given.

5.1 Conclusions

The TRNSYS simulations give the following thermal performances: A SDHWS at
3,000 m? collector area yields a 72.1% free fraction. A HPWHS with the capability to meet
the entire load reaches a 65.9% free fraction. A PSHPS combining these system
parameters, yields a free fraction as high as 84.4%. From an ecological point of view, this
PSHPS system is highly recommendable. Smaller collector areas or heat pump capacities
reach lower free fractions.

The economic performance depends to a large extend on the economic scenario and
the related equipment costs. Striving for maximum LCS, the PSHPS is only competitive
with a low related equipment cost, and assuming an economic scenario which promotes
renewable energy application. The free fraction is over 80%, and the LCS are over $
1,000,000, which makes remewable energy application economically interesting,.

Otherwise, the higher free fraction does not compensate for the higher additional costs. The
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SDHWS is recommendable at the best and medium economic scenarios and with low area-
dependent costs, and high heat pump costs. The HPWHS yields maximum LCS mostly
when the area-dependent costs are high. Assuming an economic scenario which does not
promote renewable energy application, the HPWHS yields maximum LCS regardless of
the related equipment costs. The free fractions are between 30 and 66%, and the LCS are
between $ 58,000 and $ 276,000.

Being interested in a highest possible free fraction at no economic loss, the PSHPS is
mostly the best choice. Only when assuming the worst economic scenario does the LCS
drop below zero at such low free fraction that the SDHWS and the HPWHS become
competitive. The free fraction is between 48.7 and 84.4%.

The results are only a rough estimation and meant to be a guideline for system
selection and design. Before designing an actual system, climate conditions, available
collector, tank and heat pump designs, and current market conditions have to be taken into

consideration and further investigations have to be executed.

5.2 Recommendations for Future Work

In this study, only a parallel solar assisted heat pump system with a specific control
strategy is investigated. The following suggestions are also valid for the SDHWS and the
HPWHS.

The TRNSYS system model is simple and could be refined in different ways, in
order to obtain a more accurate and reliable performance prediction. For example, the hot
water draw could be modeled in a more accurate way, taking into account short period
peaks. A suitable tool is the water draw modeling program WATSIM (EPRI (1992)).

The system was only simulated for collector areas up to 3,000 m2. It might be

interesting to investigate larger areas, not only to provide higher free fraction but also to
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optimize the LCS.

The resulis of the thermal performance are entirely for Madison, WI. Not only solar
radiation and ambient air temperature, but also the ground source temperature are functions
of location. Under other climate conditions, collector and heat pump performance are
different and will lead to a different free fraction, which effects the LCS.

The system control strategy could have a major impact on the performance. In this
study, only a parallel system with either solar storage tank draw or heat pump operation
was investigated. Solar storage tank draw is only given when the storage tank temperature
exceeds the domestic hot water set temperature. Other control strategies as discussed in
chapter 1.4.3 work with a more frequent storage tank draw at a lower temperature. These
control strategies could significantly increase the collector efficiency, avoid cycling, and
decrease storage tank standby losses. These control strategies seem to be most promising in
combination with an auxiliary heating element. The heat pump water outlet temperature can
also be kept low so that the COP is not effected. The remaining required temperature lift to
set point is made up by auxiliary heat. Appendix B.5 shows a system where low
temperature solar heated water is made up by the heat pump water heater. The system was
not investigated in a detailed way. This could be the subject of a future study.

Other system configuration options exist: the series system and the dual system (see
chapter 1.4.3). With the solar heated water being the heat pump source, the heat pump
COP is significantly increased. It would be of interest to compare the performance of the
different system configurations. Appendices B.6 and B.7 propose TRNSYS decks for
series and dual systems with and without auxiliary heating element. The systems were not
thoroughly investigated. A future study could execute the required simulations and
analyses,

The EES heat pump model was developed to model the heat pump performance for

different source temperatures. This provides the opportunity to run simulatons for different
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or varying ground source terperatures as required for other climate conditions than
Madison, and the series and dual systems. The option to use waste heat in terms of drain
water should also be investigated.

It would be valuable, if a generic heat pump model, in the form of a TRNSYS type,
was developed. This TRNSYS type would be helpful for further heat pump systems
research done at the Solar Energy Laboratory.

The economic analysis is based on electricity costs. Today, large scale domestic hot
water plants are usually fired by natural gas or heating oil, because electricity is more
expensive. Basing the economic analysis on today's natural gas or heating oil costs would
significantly lower the obtained LCS. More general, accurate and reliable predictions could

be done by extending and refining the economic analysis.
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APPENDIX A

EES PROGRAMS

A.1 Heat Pump Water Heater

"

HEAT PUMP WATER HEATER MODEL

This program models the performance of a heat pump water heater, which has the capability to meet the
entire water heating load. The model is based on thermal modeling and on approximations of catalog data.

The SI system is the default unit system.

INPUT VARIABLES

Source inlet temperature T_s_i [°C], i.e. the temperature of the source entering the heat exchanger ai the
evaporator side.

Set temperature T_w_o [°C], i.¢. the temperature of the water leaving the heat exchanger at the condenser
side, in this case the hot water set temperature.

The input variables can be varied in a parametric table.

L[]

"CONSTANTS"

"mass flow rate source"mdot_s=2.5"[kg/s]"
"water inlet temperature, i.e. mains water iemperature™T_w_i=7.5"[°C]"
"specific heat capacity water"cp_w=4.19"[kI/kg-K]"

"DESIGN CAPACITY"

i

The design capacity has to meet the required hot water mass flow rate (220 GPH)
@ maximum possible temperature Lfi (=54C from 6 C to 60 C).

MBH_des=220%3.785/3600%4.19%3413/1000* 54" 1000 Btu/hr]"
"UNIT CONVERSIONS"

"SI -> BUII

T w_o=(T_w_o_F-32)*58

mdot_w=GPH/3600*3.785
T_s_i=(EWT-32)*5/9



mdot_s=GPM/60%3.785
T w_i=(T_w_i_F-32)*5/9

"RELATIONS FOR EFFECTIVENESS & EFFICIENCY"

"isentropic efficiency curvefit (Fedders performance table)"
eta_is0=.9731999-7,289098e-3*T_w_o

"NTU evaporator side curvefit (Fedders performance table)”
NTU_evap=9.525239-9.824399¢-2*T_w_o

"NTU condenser side curvefit (Fedders performance table)”
NTU_cond=3.673%(1-3.125129e-2*(T_w_0-60))
"mechanic efficiency counts for all losses caused by friction, pressure drops etc.”
eta_mech=9

"relation for effectiveness evaporator side”
epsilon_evap=1-exp(-NTU_evap)

"relation for effectiveness condenser side condensing”
epsilon_cond=1-exp(-NTU_cond)

"relation for effectiveness condenser side desuperheating”
epsilon_desup=epsilon_cond

"specific heat capacity refrigerant”

cp_r=SpecHeat(R134a, T=((T_2+Tprime_2)/2),p=p_3)"ki/kg-K]"
"capacitance rate water” C_w=cp_w*mdot_w"[kJ/s-K]"

“capacitance rate refrigerant” C_r=cp_r*mdot_r" [kJ/s-K]"

"determination of minimum capacitance rate” C_min=min(C_r,C_w)"[k}/s-K]"

"REFRIGERATION CYCLE"
T_2=Temperature(R134a,h=h_2,p=p_2)

T_1=T_4
Tprime_2=T 3

p_3=Presswre(R 1342, T=T_3,X=0)
P_2=p_3

p_l1=Pressure(R134a,T=T_1,X=1)
p_4=p_l

h_1=Enthalpy(R134a,T=T_1,X=1)
h_3=Enthalpy(R134a,T=T_3,X=0)
h_4=h_3

hprime_2=Enthalpy(R134a,T=T_3,X=1)

"100% isentropic efficiency”
s_I=Entropy(R134a,T=T_1,X=1)
h_2_s=Enthalpy(R134a,P=p_2,8=s 1)

eta_iso*(h_2-h_1)=(h_2 _s-h_1)
COP*(h_2-h_1)=(h_2-h_3)*eta_mech
P_el=Q_del/COP"kW"

97
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"

CONDENSER

The course of the capacity is curvitted where the influence of T_s_i is considered according to performance
table Drake HP, and the influence of T_w_o is considered by linear curvefit according to performance table
Fedders SOCFOS80.

MBH=MBH_des+deltaT_EWT/10*MBH_des*6/100+deliaT_sei F*MBH_des*5/1000
deltaT_EWT=EWT-EWT ref
deltaT _set F=Tset F ref-Tset F
"reference temperatures”
"lowest possible entering source temperature"EWT_ref=45
"highest possible exiting water temperature™Tset_F_ref=140

"unit conversion"Qdot_del=MBH*1000/3413

“calculation of water mass flow"Qdot_del=mdot_w*cp_w*(T_w_o-T_mains)
"calculation of refrigerant mass flow"Qdot_del=mdot_r*(h_2-h_3)
"condensing"epsilon_c=(Tprime_w-T_w_i)/(T_3-T_w_i)

“desuperheating"C_min*(T_2-Tprime_w)*epsilon_desup=C_w*(T_w_o-Tprime_w)

"EVAPORATOR"

Qdot_evap=mdot_s*cp_w*(T_s_i-T_s_o)
Qdot_evap=mdot_r*(h_i-h_4)
epsilon_evap=(T_s_o-T_s i/(T_1-T_s_i)

A.2 Heat Pump Performance Data Table

According to EES program (Appendix A.1) @ Q del,design=53 kW, Ty i=7.5 °C, gy =2.5 kg/s
First row: Ty o [°Cl, first column: Tg j [°C], each cell: Q del [kW] - COP - Q evap [(KW]

40 50 60 70 85
7 145.9-5.1-37.9 | 41.2-3.8-31.5 | 36.5-3.0-25.6 | 31.8-2.4-20.0 | 24.7-1.3-8.2
15} 50.4-6.4-43.2 | 45.7-4.6-36.6 | 41.0-3.5-30.2 | 36.3-2.7-24.2 | 29.3-1.4-11.0
201 53.3-7.7-47.0 | 48.6-5.2-40.1 | 43.9-3.9-33.6 { 39.1-2.9-27.0 | 32.1-1.5-13.0
25] 56.1-9.5-50.7 | 51.4-6.1-43.7 | 46.7-4.3-36.9 | 42.0-3.2-30.1 | 34.9-1.6-15.3
30158.9-12.6-54.6| 54.2-7.3-47.4 | 49.5-4.9-40.4 | 44.8-3.5-33.2 | 37.7-1.7-17.8
35]161.8-18.2-58.6] 57.0-9.0-51.3 | 52.3-5.7-44.0 | 47.6-3.9-36.6 | 40.6-1.8-20.5
40 - 59.9-11.8-55.2 | 55.2-6.8-47.7 | 50.5-4.4-40.1 | 43.4-2.0-23.5
45 - 62.7-16.9-59.3 | 58.0-8.3-51.6 | 53.3-5.1-43.8 | 46.2-2.1-26.7
50 - - 60.8-10.8-55.6 | 56.1-6.0-47.6 | 49.0-2.3-30.2
55 - - 63.6-15.3-59.8 | 58.9-7.3-51.6 | 51.8-2.6-33.7
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A.3 Economics

n

ECONOMICS

This program calculates the economic performance (break-even point and LCS) of alternative DHW system
types.

"Constants;"
"annuat energy usage conv. system"Q_conv=2017939"[kWh]"
"full heat pumy capacity "Cap=490"[kW]"

Parameters in parametric table:

free fraction f [-]

costs collectors + tank together ¢_A [$/sm]
heat pump costs ¢ HP [$/kW]

collector area A_c [sm)

heat pump capacity fraction {_cap [-]
present worth factors PW_1, PW_2[-]
electricity costs c_el= [$/kWh]

LCS [$] -> LCS=0 at break-¢ven point

"heat pump capacity” HP= {_cap*Cap"[kW]"
"LCS" LCS=PW_1*C - PW_2*I"[%]"
"Annual electric costs”

C=(1-£) * C_conv"[§]"
C_conv=Q_conv¥c_F"[$]"

"Initial costs”

I= A_c*c_A+ HP *c_HP"[$]"
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A PPENDIX B

TRNSYS DECKS

B.1 Electric Domestic Hot Water System

B.2 Solar Domestic Hot Water Systems

B.3 Heat Pump Water Heating Systems

B.4 Parallel Solar Heat Pump Water Heating Systems

B.5 Parallel Solar Heat Pump Water Heating Systems (Pre-heating)
B.6 Series Solar Heat Pump Water Heating Systems

B.7 Dual Solar Heat Pump Water Heating Systems
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