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Preface

This project was carried out within the Technology Collaboration Programme on Heat Pumping
Technologies (HPT TCP), which is a Technology Collaboration Programme within the International
Energy Agency, IEA.

The IEA

The IEA was established in 1974 within the framework of the Organization for Economic Cooperation
and Development (OECD) to implement an International Energy Programme. A basic aim of the IEA is
to foster cooperation among the IEA participating countries to increase energy security through energy
conservation, development of alternative energy sources, new energy technology and research and
development (R&D). This is achieved, in part, through a programme of energy technology and R&D
collaboration, currently within the framework of nearly 40 Technology Collaboration Programmes.

The Technology Collaboration Programme on Heat Pumping Technologies (HPT TCP)

The Technology Collaboration Programme on Heat Pumping Technologies (HPT TCP) forms the legal
basis for the implementing agreement for a programme of research, development, demonstration, and
promotion of heat pumping technologies. Signatories of the TCP are either governments or
organizations designated by their respective governments to conduct programmes in the field of
energy conservation.

Under the TCP, collaborative tasks, or “Annexes”, in the field of heat pumps are undertaken. These
tasks are conducted on a cost-sharing and/or task-sharing basis by the participating countries. An
Annex is in general coordinated by one country which acts as the Operating Agent (manager).
Annexes have specific topics and work plans and operate for a specified period, usually several years.
The objectives vary from information exchange to the development and implementation of technology.
This report presents the results of one Annex.

The Programme is governed by an Executive Committee, which monitors existing projects and
identifies new areas where collaborative effort may be beneficial.

Disclaimer

The HPT TCP is part of a network of autonomous collaborative partnerships focused on a wide range
of energy technologies known as Technology Collaboration Programmes or TCPs. The TCPs are
organized under the auspices of the International Energy Agency (IEA), but the TCPs are functionally
and legally autonomous. Views, findings and publications of the HPT TCP do not necessarily
represent the views or policies of the IEA Secretariat or its individual member countries.

The Heat Pump Centre
A central role within the HPT TCP is played by the Heat Pump Centre (HPC).

Consistent with the overall objective of the HPT TCP, the HPC seeks to accelerate the implementation
of heat pump technologies and thereby optimize the use of energy resources for the benefit of the
environment. This is achieved by offering a worldwide information service to support all those who can
play a part in the implementation of heat pumping technology including researchers, engineers,
manufacturers, installers, equipment users, and energy policy makers in utilities, government offices
and other organizations. Activities of the HPC include the production of a Magazine with an additional
newsletter 3 times per year, the HPT TCP webpage, the organization of workshops, an inquiry service
and a promotion programme. The HPC also publishes selected results from other Annexes, and this
publication is one result of this activity.

For further information about the Technology Collaboration Programme on Heat Pumping
Technologies (HPT TCP) and for inquiries on heat pump issues in general contact the Heat Pump
Centre at the following address:

Heat Pump Centre

c/o RISE - Research Institutes of Sweden
Box 857, SE-501 15 BORAS, Sweden
Phone: +46 10 516 53 42

Website: https://heatpumpingtechnologies.org
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Summary

This report gives a summary of the system concepts and designs as well as lab-testing and
simulation results of the prototype systems of integrated heat pumps developed in the frame
of IEA HPP Annex 32 on "Economical heating and cooling systems for low energy buildings".
Since the functionality of the building technology is extended in low energy houses due to
mechanical ventilation needs and an additional comfort cooling, integrated heat pumps have
advantages of internal heat recovery options, while the heat would be probably wasted in
appliances with single functionality, e.g in case of combined space cooling and water heat-
ing.

All developed prototypes have multiple integrated functions. The prototypes thereby mainly
address two aspects not covered by many of the marketable heat pumps for the application
in low energy houses to date: on the one hand, additional functionalities like a passive or ac-
tive cooling function are integrated in the developments, and on the other hand, use of natu-
ral refrigerants with reduced global warming impact is considered by some of the prototype
developments. All developed prototypes are adapted to the typical capacity range of residen-
tial low and ultra-low energy houses of 3-5 kW.

In Norway, feasibility studies of CO,-heat pump applications in low energy houses have been
carried out, both for combined space heating and DHW and for DHW-only operation. Simu-
lation results of a central CO, heat pump water heater for blocks of flat yielded a seasonal
performance factor of 3.7 with a gray water heat source of 7 degrees and a DHW tempera-
ture of 65°C. This means about 75% primary energy saving compared to a direct electrical
water heating and still about 25% primary energy saving compared to a solar water heater of
a solar fraction of 50% and with direct electrical back-up heating which are common water
heating layouts in Norway. The system is also economically advantageous. For combined
space and water heating heat pumps simulation showed, that a CO, heat pump outperforms
a conventional heat pump at a DHW share of 60%. With improved CO, technology (im-
proved compressor and ejector) the break-even point is shifted to 50% DHW share.

In Austria a 5 kW CO.-B/W heat pump prototype has been built and lab-tested. System
simulations for space heating, DHW, passive and active cooling in a typical low energy
house yields an overall system performance of 3.2, in case of higher cooling loads in ex-
treme summers, the performance increases. Further system improvements are seen in im-
proved components (compressor efficiency for low capacities, ejector) as well as system in-
tegration of the buffer storage and control.

At the Oak Ridge National Laboratory, USA, an air-source and ground-source integrated
heat pump covering all building services including humidification and dehumidification has
been developed, lab-tested and simulated. Annual simulation in a residential NZEB for 5 cli-
mates of the US show energy saving potentials for 47-62% for the air-source and 52-65% for
the ground source prototypes compared to DOE minimum requirement state-of-the-art tech-
nology. Economical evaluation yield simple payback times of 6-15 year for the ground source
type and 4-8 year for the air-source prototype.

In Canada two field monitoring projects are equipped with solar PV/T systems for direct
heating and as heat source for an air-source heat pump in the cold climate in Montreal re-
gion. A second ground source heat pump is used as back-up in one building. Systems simu-
lations show that the buildings reach almost an annual net zero energy consumption. More-
over predictive control strategies can have advantages for the system control.

Some of the prototypes will be field monitored in the near futures in order to prove the func-
tionality in real-world operation and analyse, if the promising results of simulations are
reached under real boundary conditions, as well. Moreover, field testing will reveal further
operational problems and optimisation potentials. However, due to the project time sched-
ules, results of the field test could not be covered in the time frame of IEA HPP Annex 32.
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PREFACE

Introduction to IEA HPP Annex 32

Since the mid of the nineties low energy buildings with a significantly reduced energy con-
sumption down to ultra-low energy standard (typical space heating energy need of 15
kWh/(m?®a)) or even net zero energy consumption (on an annual basis by an integration of
on-site renewable energy systems) have been realised.

These building concepts recently show strong market growth in different European countries.
Many governments address the spread of low energy buildings as a major strategy to reach
climate protection targets according to the Kyoto protocol. Heat pump markets are growing
in many countries as well.

Low energy buildings have significantly different load characteristics compared to conven-
tional existing buildings. This requires adapted system solutions to entirely use energy-
efficiency potentials for the remaining energy needs.

Integrated heat pump solutions have favourable features for the use in low energy houses.
The main advantages are the potential for internal heat recovery and simultaneous operation
to cover different building needs at the same time as well as installation space and cost
benefits. This leads to a significantly improved system performance in an adequate capacity
range to reduce primary energy consumption and cut CO,-emissions and costs.

However, in many countries, no adequate system solutions are available on the market or
energy performance of available and newly-introduced low energy house technology is not
yet approved by field experience. Therefore, system development and field approval of func-
tionality and real-world operational performance of the systems are needed. These are the
main working areas of IEA HPP Annex 32.

Main objectives of IEA HPP Annex 32

The main objectives of the IEA HPP Annex 32 are the further development and field monitor-
ing of integrated heat pump systems for the use in low energy buildings, leading to the fol-
lowing objectives:

e To characterise the state-of-the-art in the different participating countries

e To assess and compare the energy performance of different system solutions for the
residential low energy house sector

e To develop and lab-test new system solutions of integrated heat pumps in the low-
energy-house capacity range including the use of natural refrigerants

e To accomplished field tests of new developments and marketable systems and to docu-
ment best-practice examples

e To disseminate the results

Results of the IEA HPP Annex 32

The results of IEA HPP Annex 32 comprise:

¢ Overview of market system solutions of integrated heat pumps for low energy houses
e Design recommendations of the standard system solutions

o New system developments as prototypes including lab-test and simulation results

¢ Documentation of field monitoring results of new and marketable systems

¢ Dissemination of results by a website, workshop presentation and reports






1 INTRODUCTION

Low energy houses have growing market shares in many countries. While the first efforts
concentrated on the building envelope, adequate building technologies hold further energy
saving potentials in these houses.

Heat pumps have several advantages for the application in low energy houses. In particular
integrated solutions for different buildings services have efficiency benefits, e.g. by covering
different building needs in simultaneous operation.

However, integrated heat pumps in the low capacity range required in low energy houses are
still rare on the market. Moreover, market trends try to integrate further functionalities like a
comfort cooling function or a link to the ventilation system, so trends go to higher integrated
systems. While not very common in Europe, there are regions in Japan and the USA, where
dehumidification is a major requirement of the building technology, and no integrated system
solutions including a dehumidification exist, so far.

Last but not least most of the market available heat pumps are operated with HFC refriger-
ants, which have reduced Ozone Depletion Potential (ODP) values, but still have a consider-
able Global Warming Potential (GWP). Natural refrigerants like Carbon-Dioxide (CO,, R744),
Propane (C3;Hs R290), Ammonia (NH; R717) and water (H,O, R718) have nearly no GWP
and may even have advantages for the use in low energy houses. For instance, CO,
reaches a high performance for DHW production and low energy houses are characterised
by increasing fractions of energy needs for the DHW production due to strongly reduced
space heating needs.

Tab. 1: Overview of characteristics of common HFC and natural refrigerants (BFE, 2008)

Refrigerant GWP100a | Practical | Security Critical Temperture | Boiling

(CO2=1) | limit information temperature | glide at 1 temperature
[kg/m®] [°C] bar [K] at 1 bar [°C]

R134a 1200 0.25 - 101 0 -26

R407C 1520 0.31 - 87 7.4 -44

R404A 3260 0.48 - 73 0.7 -47

R410A 1720 0.44 - 72 <0.2 -51

R417A 1950 0.15 - 90 5.6 -43

R507A 3300 0.52 - 71 0 -47

R290 (CzHs) 3 0.008 flammable 97 0 -42

R717 (NH3) 0 0.00035 | toxic 133 0 -33

R718 (H20) 0 - - 374 0 100

R723 (NH:&DME) | 8 - toxic 131 0 -37

R744 (COy) 1 0.07 high pressure | 31 0 -57*

Therefore, the main focus of the prototype developments in IEA HPP Annex 32 addresses
the issues of system integration of extended functionality, mainly space heating, DHW and
space cooling, but also dehumidification, as well as the use of natural refrigerants.
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2 OVERVIEW OF INVESTIGATED PROTOTYPES

2.1 Scope of prototype developments

Focus of the multifunctional integrated heat pump concept and prototype developments in
the frame of Annex 32 are the

integration of a passive cooling or simultaneous active cooling and DHW function
integration of a dehumidification function

use of natural refrigerants with reduced global warming potential

building integrated renewable system components as heat source for the heat pump

2.2 Outline of national prototype projects

2.2.1 System integration

In the Canadian field test houses in the frame of the nationwide EquiIibriumT'VI Initiative of the
Canadian Mortgage and Housing Corporation uses building integrated PV/Thermal systems
in combination with a heat pump to cover the space heating need of the building. While one
system uses a ground source heat pump independent of the PV/T system, the other system
uses the PV/T as a heat source. Simulation results show that the two housing concepts
nearly achieve a net zero energy consumption.

The USA has developed a ground-source and air-source highly-integrated prototype of a
multifunctional heat pump systems covering all building needs including the functions space
heating (SH), DHW, V, space cooling (SC) including a humidification (H) and dehumidifica-
tion (DH) function. A prototype has been constructed and lab-tested to evaluate component
efficiencies in the manifold operation modes and to perform calibrated system simulations.
Simulations yielded the assessment, if the target value of above 50% energy savings com-
pared to marketable DOE minimum requirement technology is reached under different boun-
dary conditions.

2.2.2 Natural refrigerants

Austria has compared different system configurations and different refrigerant for the deriva-
tion of an optimised prototype integrated heat pump for low energy houses. The refrigerant
CO, was chosen as best solutions for a ground-source integrated prototype for the functions
space heating, DHW production and active space cooling also in simultaneous mode as well
as a passive space cooling function. Lab-tests with the constructed prototype were carried
out to evaluate component performance and derive parameters to calibrate a simulation
model, with which system simulation for a low energy single family house have been per-
formed.

Norway has performed several feasibility studies for the application of CO, heat pumps in
low energy houses.

A CO, heat pump water heater for an apartment block of flats has been simulated with a wa-
ter source and compared to different alternative configurations of advanced water heaters
with conventional HFC refrigerants and to other systems for DHW heating.

An integrated CO, heat pump with tripartite gas cooler for both simultaneous and single op-
eration of space and DHW heating has been compared to best market available HFC
ground-source heat pumps depending on the DHW ratio on the total heating demand.

A propane W/W heat pump prototype including a simultaneous space heating and DHW
function has been developed and lab-tested. The security measures due to the flammability
of propane were designed according the EN 378:2008. The system is currently in field tes-
ting in a passive house in southern Norway.
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3 FEAsSIBILITY STUDY OF CO, HEAT PUumPS

3.1 Main Characteristic Properties of CO, Heat Pump Systems

Carbon dioxide (CO,, R744) is a non-toxic and non-flammable working fluid that neither con-
tributes to ozone depletion nor global warming (ODP=0, GWP=0). CO, has excellent ther-
mophysical properties, and by utilizing these properties by means of optimized component
and system design for the heat pump unit, the DHW system and the heat distribution sys-
tem, high energy efficiency can be achieved.

CO, has an particularly low critical temperature (31.1 °C) and high critical pressure (73.8
bars). As a consequence, the operating pressure in CO, heat pump systems will typically be
5 to 10 times higher than that of HFC, ammonia and propane heat pumps, i.e. 20 to 40 bars
during evaporation and 80 to 130 bars during heat rejection. Due to the low critical tempera-
ture most CO, heat pumps operate in a so-called transcritical cycle with evaporation at sub-
critical pressure (pe < 73.8 bars) and heat rejection at supercritical pressure (pg, > 73.8 bar).
Unlike a subcritical heat pump cycle, heat is not given off by means of condensation of the
working fluid in a condenser but by cooling of high-pressure CO, gas in a heat exchanger
(gas cooler). The temperature drop for the CO, gas during heat rejection is denoted the
temperature glide. Fig. 2 shows a principle illustration of the transcritical CO, heat pump cy-
cle in a Temperature-Enthalpy (T-h) diagram (1-2: Compression, 2-3: Heat rejection in a gas
cooler, 3-4: Expansion/throttling, 4-1: Evaporation).

A ‘ ‘ Ahgs

Temperature [°C]

e O
~T~ 7.3 MPa, 31.1°C
1

-

1
Ahy2

Specific enthalpy [kJ/kg]
Fig. 1: Principle illustration of the transcritical CO, heat pump cycle in a temperature en-
thalpy T-h diagram (left) and pressure-enthalpy (p-h) diagram (right) at decreasing
CO; outlet temperature from the gas cooler, ty..: (3, 3’ and 3”) (from Justo Alonso
and Stene, 2010)

Fig. 1 illustrates a single-stage CO, heat pump cycle in a pressure-enthalpy (p-h) diagram. In
the example, the evaporation temperature (te) is 0 °C, and the high-pressure CO, gas at 95
bar is cooled down from 100 °C (2) to 40 °C (3) in the gas cooler. Due to the relatively high
CO; outlet temperature from the gas cooler (t4.out), the COP is relatively low (COP=2.7).

If the outlet CO, temperature can be reduced to e.g. 25 °C (3’) or 10 °C (3”) by further heat
rejection at a lower temperature level, the COP will increase by 25% (COP=3.4) and 55%
(COP=4.2), respectively. The different COPs correspond to about 63%, 70% and 76% per-
centage energy saving compared to an electric heating system.

The main factors that determine the Coefficient of Performance (COP) for a single-stage
CO, heat pump unit at varying operating conditions are the evaporation temperature (f.), the
overall isentropic efficiency for the compressor (7;s), the optimum gas cooler pressure (pyc),
the CO, outlet temperature in the gas cooler (f,...) and possible recovery of expansion en-
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ergy (4h,.3) by means of an ejector or expander.

Since the discharge gas temperature from the compressor in a single-stage CO, heat pump
cycle is relatively high (> 80 °C), a CO, heat pump can meet high-temperature heating de-
mands. However, in order to achieve a high COP for a CO, heat pump system, it is essential
that useful heat is rejected over a large temperature range, resulting in a large enthalpy dif-
ference for the CO, in the gas cooler (h,-h3) and a relatively low CO, temperature (ty.ou=t3)
before the expansion/throttling valve. This in turn presupposes a relatively low inlet water
temperature in the gas cooler, i.e. a low return temperature in the (hydronic) heat distribution
system and/or a low inlet water temperature from the DHW tank.

The power input to the compressor is more or less proportional to the gas cooler pressure
(Pge), i.€. the higher the gas cooler pressure, the higher the power input. Consequently, CO,
heat pumps should preferably be designed for a moderate optimum gas cooler pressure.

3.2 Applications of CO2 heat pumps for DHW production

Heat pumps with carbon dioxide (CO, R744) refrigerant are a new and promising technology
for distinct applications, among others DHW heat pump water heaters (HPWH). CO, is a
non-flammable and non-toxic gas with a global warming potential (GWP) = 1 when used as
refrigerant, in contrast to common HFC refrigerants. Due to the low critical temperature of
31.1 °C, a so-called transcritical cycle is used for CO, heat pumps, where the heat is re-
jected by cooling down the superheated CO, in a single counter-flow gas cooler, see Fig. 2.
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Fig. 2: Heating-up of DHW in counter-flow gas cooler with superheated CO.-refrigerant
(left) and in a common desuperheater-condenser-subcooler configuration (right)
(from Justo Alonso and Stene, 2010)

Common advanced designs of HPWH use up to four heat exchangers in order to best fit the
temperatures of the heated DHW. In a desuperheater, the higher discharge temperatures of
the refrigerant at the compressor outlet are used for reheating the DHW without increasing
the condensation temperature. At the closest temperature spread (pinch point) the conden-
sation of the refrigerant starts and a subcooling of the refrigerant for preheating the DHW
has efficiency gains for the expansion process. Moreover, a suction gas heat exchanger can
be used to transfer heat of the subcooled condensate to superheat the suction gas in order
to increase desuperheating potential. Since the temperature fit reflects the exergy losses of
the heat transfer, it becomes clear that the cooling down of the CO, refrigerant in a counter-
flow heat exchanger has exergetic benefits compared to the condensation at nearly constant
temperature of other refrigerant. Thus, a higher COP for the DHW application can be ex-
pected, although very high DHW outlet temperatures of 70°C and more can be reached.
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3.3 CO; heat pump water heater in apartment house

The first study was accomplished for central HPWH for an apartment building. The apart-
ment building for the study consists of 40 flats, and the DHW is used for washbasins, bath-
tubs, showers, washing-up and cleaning and also for the washing machine, dish-washer in
order to save electricity for these appliances.

oo
o
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o

Thermal Power [kW]
o
o

= 26 kW

20

0 2 4 6 8 10 12 14 16 18 20 22 24
O ® ® Time [h]

Fig. 3: Sketch of the apartment building (left) and tapping pattern for one day (right)
(Hjerkinn, 2007)

The DHW energy demand was estimated to 170'000 kWh/a, i.e. about 12 kW/24 h, which
makes-up a DHW energy of 4'220 kWh/(a-flat). The required heating capacity of the heat
pump was estimated to 26 kW, which was evaluated assuming an operation time for the
heat pump of 18 h per the 24 h of the day at city water and tapping temperatures of 5 °C and
45 °C respectively and a storage covering instantaneous demands. The storage volume with
maximum and minimum storage temperature of 55 °C and 70 °C respectively was calculated
to V = 3800 | according to the equation

v [Q—Q-tJ _ 300kWh —26kW 2,80 _ o

a 0.06kWh /1
eq. 1
with a peak DHW energy demand Q = 300 kWh during t = 2.8 hours and an accumulation

factor of the DHW storage of a = 0.06 kWh/I. The following different heat pump configura-
tions have been considered in the study

e System 1 - Heat pump with condenser and desuperheater

e System 2 - Heat pump with condenser, desuperheater and subcooler

e System 3 - Heat pump with condenser, desuperheater and suction gas heat exchanger
e System 4 - Heat pump with CO, refrigerant and single gas cooler

Parameter variations have been simulated for the evaporation temperature (-10 to +10 °C),
the water inlet temperatures (5-30 °C) and DHW outlet temperatures (60-85 °C) with the ob-
jective to find the maximum COP for the system.

Fig. 4 shows the simulations results on COP for the parameter variations and the system
variants in function of the evaporation temperature. The CO,-HPWH achieved 20% higher
COP than the state-of-the-art units with R134a and R290 (propane) due to a high compres-
sor efficiency and the excellent temperature fit in the gas cooler. The state-of-the-art heat
pump system configuration 2 and 3 nearly achieved the same COP, while system 1 has a
15% lower COP due to higher condensation temperatures and poorer temperature fit in the
heat exchangers.

Due to the simulation results a CO,-HPWH will be installed with a design heating capacity of
26 kW at 12 °C cold water inlet temperature 70 °C DHW temperature and 3 K temperature
difference in the gas cooler at an isentropic/volumetric compressor efficiency of 0.7/0.75.
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Fig. 4: Simulation results of the parameter variations (left) and impact of the inlet water
temperature on the COP of a CO, HPWH (right) (from Hjerkinn, 2007)

The inlet water temperature has a substantial impact on the COP of the CO,-HPWH, which
is shown in Fig. 4 due to the change in enthalpy difference of the CO, refrigerant, see figure
Fig. 2. A variation of the inlet temperature from 5 °C via 15 °C to 25 °C reduces the COP by
10% and 25%. Therefore, the DHW tanks shall use small diameter storage tanks in serial
connection to keep stratification as well as efficient diffusers at the tank inlet to minimize
mixing. Therefore, the system configuration depicted in Fig. 5 was chosen.

During the tapping, cold water is flowing to the bottom of tank 4 while the same amount is
extracted from the top of tank 1. The heat pump is usually running during the tapping. An in-
verter controlled pump circulates the city water to the gas cooler, where it is heated to the
set-point temperature (T1) before entering the top of DHW tank 1. After the tapping, the heat
pump runs until the temperature T2 in tank 4 reaches the set-point temperature (70 °C). Dur-
ing operation the gas pressure is continuously optimised in order to maximise the COP.
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Fig. 5: System configuration for the 26 kW CO, - HPWH for the apartment building (from
Hjerkinn, 2007)

System simulation with an advanced simulation programme CSIM (Skaugen, 2002) devel-
oped at NTNU for the optimisation of CO, heat pumps delivered a COP of the system of 3.8
at 7 °C ground water heat source. This corresponds to an energy saving of 70-75% com-
pared to an electrical immersion heater and to 20-25% compared to a common Nordic solar
heating system layout with electrical back-up heater. The maximum permissible investment
cost was evaluated under the boundary conditions of a conservative average COP of 3.5,
and an electricity price of 0.1 € kWh and an interest rate of 6% to 125'000 € or 4'800 €/kW
with the reference system of an electrical immersion heater.

Thus, the CO, HPWH will be a very economic system solution.
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3.3.1 Grey Water as Heat Source

In traditional grey water heat pump systems the inlet city water at e.g. 10 °C is preheated by
the grey water at e.g. 30 °C and reheated by the heat pump condenser to approx. 35-40 °C.
Electric immersion heaters are used to reheat the DHW to the required temperature, e.g. 60
°C. Since the outlet DHW temperature from the grey water heat recovery system is only 35-
40 °C, the system covers less than 50 to 60 % of the total DHW heating demand. The re-
maining 40-50 % is covered by electric immersion heaters in the storage tanks.

A much more energy efficient alternative is to use a CO, water-to-water heat pump water
heater.

Fig. 6 shows a principle example of two heat exchangers and CO, heat pump configurations.
In System A the grey water is used for preheating of DHW from 5 to 15 °C before it is uti-
lized as a heat source for a CO, heat pump, which reheats the DHW from 15 to 70 °C. In
this system configuration the evaporator must be equipped with an automatic cleaning sys-
tem. In System B the CO, evaporator is separated from the grey water by means of a heat
exchanger with an automatic cleaning system. The grey water is only used as a heat source
for the CO, heat pump, which heats the DHW from 5 to 70 °C. The total heating capacity for
the systems will be practically the same since the CO, heat pump in System B operates with
a higher evaporation temperature (3.5 vs. 0.5 °C) and has a lower gas cooler inlet water
temperature (5 vs. 15 °C). System B is the recommended configuration for CO, heat pump
water heaters since it achieves the highest COP and a standard water-to-water CO, heat
pump water heater can be used.

@ COP = approx. 3.80 City water
5°c|

CO,
15°C gas cooler

70°C

Grey water CO, evaporator

3°C

reservoir

COP = approx. 4.15
CO,

City water
gas cooler

70°C

Grey water CO, evaporator

reservoir

Fig. 6: Different types of connection of a grey water heat source to the CO, heat pump
(Justo Alonso and Stene, 2010)
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3.4 Integrated CO, heat pumps in low energy houses

Due to the higher fractions of more than 50% DHW energy of the total heat energy need,
CO, heat pumps may have overall efficiency benefits for system layouts, where the heat
pump works for space heating and DHW both in single and simultaneous operation mode.
Therefore, a 6.5 kW prototype of an integrated B/W CO, heat pump depicted in Fig. 7 has
been lab-tested.

In order to achieve a high COP of a CO, heat pump the rejection of useful heat over a large
temperature range is essential, resulting in a large enthalpy difference for the CO, in the gas
cooler. Testing of various system configurations in Stene (2004) and Stene (2006) led to the
configuration of a tripartite gas cooler, where the incoming cold water for the DHW supply is
preheated in the gas-cooler A in Fig. 7, the low—temperature space heating emission is con-
nected to the gas cooler B and the DHW is reheated in the gas cooler C. This configuration
guarantees the best temperature fit to the CO, cycle, see Fig. 2.
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Fig. 7: Layout of the prototype B/W CO, heat pumps and comparison of a prototype and
improved CO; heat pump to state-of-the art (Justo Alonso and Stene, 2010)

The prototype CO, heat pump unit was equipped with a hermetic rolling piston compressor,
a tripartite counter-flow tube-in-tube gas cooler and a counter-flow tube-in-tube suction gas
heat exchanger. An expansion valve (back-pressure valve) and a low-pressure liquid re-
ceiver (LPR) were used to control the pressure in the tripartite gas cooler. Gas cooler units A
and C were connected to an unvented single-shell DHW storage tank and an inverter con-
trolled pump by means of a closed water loop. Gas cooler unit B was connected to a low-
temperature hydronic heat distribution system with a large insulated buffer tank.
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The integrated CO, heat pump unit was
tested in three different operating modes: 1)
Simultaneous space heating and DHW
heating (Combined mode), 2) Hot water
heating (DHW mode) and 3) Space heating
(SH mode). During tapping of DHW, hot wa-
ter was delivered at the tapping site, while
cold city water entered the bottom of the
DHW tank. During charging of the DHW
tank in the Combined and DHW modes, the
cold city water from the bottom of the DHW
tank was pumped through gas cooler units
A and C, heated to the set-point tempera-
ture, and returned at the top of the tank.
The CO, system was tested at 40/35 °C,
35/30 °C or 33/28 °C supply/return tempera-
ture in the space heating system, and 60 °C,
70 °C or 80 °C in the DHW system (Stene,
2004/2008-3). The heat rejection processes
in the three different operating modes are
illustrated in temperature-enthalpy diagrams
in Fig. 8. In the example, the supply/return
temperatures for the floor heating system
are 35/30 °C, while the city water tempe-
rature and the set-point for the DHW are 6.5
and 70 °C, respectively. In the Combined
mode, the so-called DHW heating capacity
ratio is approx. 45%, which means that 45%
of the total heating capacity of the tripartite
gas cooler is used for hot water heating.

Fig. 9 shows, as an example, the measured
COP at optimum gas cooler pressure (pgc.
opt), 60 °C DHW temperature and various
supply/return temperatures for the space
heating system for the 6.5 kW prototype
brine-to-water CO, heat pump with a tripar-
tite gas cooler (Stene, 2004).

Fig. 8: CO, cycle in different operation modes (Stene, 2004)

‘ B Combined mode E DHW mode

[ SH mode ‘
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3.80 3-89 3380
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The numbers at the bottom of the combined
mode bars display the DHW heating capacity
ratio. The measured COP in the combined
heating mode was 2-10% higher than that of
DHW heating mode due to the moderate op-
timum gas cooler pressure (85-95 bar) and
the relatively low CO,-outlet temperature
from the tripartite gas cooler. This is due to
an excellent temperature fit between the CO,
and the water.

Fig. 9: Measured maximum COP at 60 °C DHW temperature
and various SH supply/return temperatures (Stene, 2004)

19



The measured COP in the SH mode was 20-30 % lower than that of the Combined mode.
This was a result of the poor temperature fit between the CO, and the water, and the fact
that the CO, outlet temperature from the gas cooler was limited by the relatively high return
temperature in the space heating system. The higher the return temperature, the lower are
the COP in SH heating mode and combined heating mode.

The Seasonal Performance Factor (SPF) for the prototype CO, heat pump unit and a state-
of-the-art high-efficiency brine-to-water heat pump unit with HFC or propane as working fluid
has been calculated. It was assumed constant inlet brine temperature for the evaporator
(0 °C) as well as constant temperature levels in the space heating system (35/30 °C) and the
DHW system (10/60 °C) (Stene, 2008-3). An improved CO, heat pump unit with 10% higher
COP than the prototype system was also investigated. The COP can be increased by e.g.
using a more energy efficient compressor, optimizing the design and operation of the tripar-
tite gas cooler or replacing the expansion valve by an ejector. Fig. 10 left shows measured
COPs for the heat pump systems.

COP=3.0—SH mode at 35/30°C
COP=3.8-DHW mode at 10/60°C r ‘ ‘
—no electric reheating 45 TSRS = O CozRroolype ... —
COP=3.9-Combi mode at 35/30°C
and 10/60 °C 40 4
COP=3.3-SH mode at 35/30 °C [
COP=4.2-DHW mode at 10/60 °C 35
— no electric reheating >
COP=4.3-Combi mode at 35/30 °C 30
and 10/60 °C ’ | | | |
State-of-the-art COP=4.8—-SH mode at 35/30 °C Y BN S R

heat pump COP=2.8-DHW mode at 10/60 °C 0 20 40 60 80 100

—no electric reheating DHW Heating Demand Ratio [%]
Fig. 10: SPF of CO, and HFC heat pump variants (left) and dependent on DHW share (right)
(Justo Alonso and Stene, 2010)

The CO, (R744) heat pump units achieve the highest COP during operation in DHW heating
mode and Combined heating mode, whereas the state-of-the-art heat pump unit operating in
a standard (subcritical) heat pump cycle achieves the highest COP in SH heating mode.

Fig. 10 right shows the calculated SPFs for the three residential heat pump systems during
monovalent operation presented as a function of the annual DHW heating demand ratio. The
latter is defined as the ratio of the annual DHW heating demand and the total annual heating
demand of the residence. The calculated SPF values neither include thermodynamic losses
in the DHW tank caused by mixing of hot and cold water nor internal conductive heat trans-
fer. At low DHW heating demand ratios, the state-of-the-art heat pump is more efficient than
the CO, systems due to their relatively poor COP during operation in SH heating mode. At
increasing DHW heating demand ratios, the SPFs of the CO, systems are gradually im-
proved, since an increasing part of the heating demand is covered by operation in combined
heating mode and DHW heating mode. The SPF for the state-of-the-art heat pump drops
quite rapidly with increasing DHW heating demand, since the COP during operation in DHW
heating mode is about 35% lower than that of SH heating mode. At the actual operating
conditions, the break-even for the CO, systems occurs at a DHW heating demand ratio
around 45-55%.In existing houses where the DHW heating demand ratio typically ranges
from 10 to 30%, a state-of-the-art high-efficiency heat pump system will in general be more
energy efficient than an integrated singe-stage CO, heat pump system. However, in ulta-low-
energy houses and passive houses, where the DHW heating demand ratio ranges from typi-
cally 50%, an integrated CO, heat pump system with a tripartite gas cooler will outperform
the most energy efficient heat pump systems on the market.

At 70% DHW heating demand ratio, the COP for the improved CO, heat pump is about 3.9.
This corresponds to a net energy saving of ~75% compared with a direct electric system.

=—#—HFC heat pump

Prototype
CO; heat pump

0 CO2-Improved

SPF []

Improved
CO; heat pump
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4 INTEGRATED CO, HEAT PumMP PROTOTYPE

4.1 Motivation

Austria has a strong growing market of low energy and passive houses. Between 2006 and
2008, the number of passive houses has more than doubled from 1670 to 4150 built houses
(according to www.ig-passivhaus.at). Multifunctional integrated heat pump solutions are ex-
pected to have a better performance and advantages in low energy houses due to internal
heat recovery for other functions and due to simultaneous operation to cover several building
needs at the same time. Moreover, most of available heat pumps on the market use HFC re-
frigerants which have a global warming impact. Natural refrigerants, on the other hand, have
negligible global warming impact down to 1 (CO,-equivalent) of CO, itself.

Therefore, the national Austrian project at the Institute of Thermal Engineering (IWT) of Graz
University of Technology (TU Graz) is dedicated to the development of an integrated heat
pump in the capacity range of 3-5 kW, preferentially using a natural refrigerant, e.g. CO,
(R744) or propane (R290). The project comprises the steps (Heinz and Rieberer, 2010) of

e asystem assessment (3 system layouts)

e acycle analysis to identify the best refrigerant for the system layout (3 refrigerants)

e construction and lab-testing of a prototype

o detailed simulations of the chosen system and its dynamic interaction with the heating
system and the building (Dynamic simulations in TRNSYS (2007))

4.2 System outline

As first step, three system layouts for further investigations have been defined, which are
depicted in Fig. 11 and described in the following.
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Fig. 11: Systems configurations investigated in the Austrian project
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4.2.1 System 1: Reverse operating A/A HP with air-heating/-cooling

This system is a fresh air heating system with controlled ventilation. The heating of the build-
ing is done solely via the hygienically necessary air exchange rate of 0.4 1/h. As the supply
air temperature is limited due to comfort criteria, the heating capacity is limited to about 10-
12 W/m? reducing the applicability to passive houses. If higher heating or cooling capacities
are required, the air flow rate and thus the air exchange rate would have to be (further) in-
creased, as otherwise unacceptable high (or low) air supply temperatures would be required.
Due to the increased air exchange the ventilation losses of the building would be increased.
Additionally, the increased air exchange would cause a very dry indoor air at low ambient
temperatures due to the low absolute humidity of the supply air.

Heating mode
In heating mode the ambient air is pre-heated via a ground-to-air heat exchanger (EHX) that

consists of pipes, buried in the ground in a depth of about 1.5 m. The EHX should ensure an
air temperature higher than 0 °C at the outlet, in order to prevent a freezing of condensate
on the exhaust air side of the ventilation heat recovery heat exchanger (AHR). The AHR is a
cross flow heat exchanger in which heat is transferred from the extracted air from the room
to the fresh air coming from the EHX. The AHX is assumed to achieve a heat recovery rate
of 70%. After the AHX the air is reheated to the temperature necessary to cover the heating
demand by the condenser of the heat pump situated in the supply air duct (HX,) or by an
electrical heater (not shown in Fig. 11 left) in times of DHW production. The extracted air
flow is used for the heat recovery in the AHR and serves after the AHR as heat source for
the heat pump evaporator situated in the exhaust air duct (HX,). The second condenser for
the preparation of DHW (HXppw) is only flown through by fresh water in the DHW mode.
Thus, it is assumed that no condensation takes place in this heat exchanger in the heating
mode. The heat exchanger HXpnw acts as the condenser for charging a DHW tank. HX; is
bypassed and the re-heating of the supply air is done by an electrical heater, which is in-
stalled in the supply air duct. HX1 acts as the evaporator of the heat pump. A simultaneous
heating and DHW preparation is possible, if HXponw is used as a desuperheater and HX; as
the condenser of the heat pump, which, however, was not investigated within the project.

Cooling mode
In the cooling mode the air heat recovery is by-passed, as the air coming from the EHX is

normally colder than the extracted air. The air-exchange rate has to be increased to 1/hin
order to be able to achieve a suitable cooling capacity with acceptable supply air tempera-
tures. The heat pump process is reversed by the 4-way-valve, i.e. HX, in the supply air duct
acts as the evaporator, cooling down the air from the outlet EHX to the temperature neces-
sary to cover the cooling demand (see Fig. 11 left). HX; in the exhaust air duct is operated
as the condenser.

In the reverse mode the refrigerant flows through these heat exchangers in the reverse di-
rection, therefore the heat exchangers are operated in parallel flow instead of counter flow.
This is a disadvantage, as the process has to be operated with higher condensation and
lower evaporation temperatures than in counterflow operation.

In case of a simultaneous demand for DHW the condensation of the refrigerant is done in
the second condenser for the preparation of DHW (HXphw) and HX; is bypassed. This is
done in order to prevent a reheating of cold refrigerant by air with a higher temperature.

4.2.2 System 2: B/W HP with a hydraulic space heating/cooling system

In this system a hydraulic floor heating system is used both to heat and to cool the building.
Controlled ventilation is not used in this investigation, the air exchange is done solely by win-
dow ventilation, assuming an air exchange rate of 0.4 1/h. Using a hydraulic heating system
much higher heating and cooling capacities can be achieved compared to an air heating sys-
tem enabling the use in buildings which have higher heat loads than passive houses. A
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sketch of the system design is shown in Fig. 11 centre. The heat pump consists of a non-
reversible refrigerant cycle. A ground collector (brine) is used as the heat source for the heat
pump and partially also as the heat sink in the cooling mode.

Heating mode
In the heating mode the condenser of the heat pump is used to heat the water flowing

through the floor heating system to the supply temperature necessary to cover the heating
demand. The evaporator of the heat pump extracts heat from the brine cycle of the ground
collector.

For the preparation of hot water a DHW tank is used, which is charged by a heat exchanger
(HXopnw) that is not connected to the refrigerant cycle, but which is indirectly charged by the
heating loop. Alternatively, a second condenser for the DHW preparation can be used to in-
crease the efficiency of the heat pump (lower condensing temperature) and to enable a
combined operation (simultaneous heating and preparation of DHW).

Cooling mode
In the cooling mode the floor heating system is used to cool the living space. With this sys-

tem three different cooling modes are possible:

a) Active cooling with simultaneous DHW preparation

The heat collected in the floor heating system is transferred to the brine cycle and the evapo-
rator via the heat exchanger HX..,1. The condenser heat is used to charge the DHW tank.
Thus both the warm and the cold side of the heat pump are utilized.

b) Active cooling

If the DHW tank is already entirely charged, the condenser heat can alternatively be trans-
ferred to the brine cycle by an additional heat exchanger HX .o2. This also requires an addi-
tional pump in the brine cycle. For buildings with a small cooling demand, like it is usually the
case in residential buildings in Austria, it is thinkable to omit active cooling (without DHW
preparation), i.e. no HX.,,2 and second connection to the brine cycle are required.

c) Passive cooling

As the brine loop is connected to the floor heating system by HX.q, it is also possible to
perform passive cooling with the ground heat exchanger acting as the heat sink, i.e. without
operation of the heat pump.

4.2.3 System 3: Reverse operating B/W HP with hydraulic space heating/cooling

System 3 is quite the same as System 2 except for using a reversible heat pump cycle. This
has the advantage that HX .1, HXc002 @nd the additional pump in the brine cycle (see Fig. 11
middle) are not necessary, which saves costs and increases the efficiency due to avoiding
the temperature differences in HXc,011 @and HXo02 in cooling mode. On the other hand, the re-
frigerant cycle is more complex and passive cooling is not possible.

Heating mode
The condenser of the heat pump is used to heat the heating water to the supply temperature

necessary to cover the heating demand. The evaporator of the heat pump extracts heat from
the brine cycle of the ground collector. For the preparation of DHW a tank is used, which is
charged by a second condenser (HXphw). A combined operation mode with simultaneous
heating and DHW preparation is possible, if HXpnw is used as desuperheater and HX, as
condenser of the heat pump, but this was not investigated.

Cooling mode
The heat pump cycle is reversed via the 4-way valve. Thus, both HX; used as the evaporator

in this mode and HX; are operated in parallel flow, as the flow direction of the refrigerant is
reversed. Thus, the process has to be operated with higher condensation (and possibly
lower evaporation) temperatures than in counterflow configuration.
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Two cooling modes are possible:

In simultaneous active cooling with DHW preparation, the heat exchanger HXppw is used as
condenser to charge the DHW tank. Thus, both the warm and the cold side of the heat pump
are utilized.

If the DHW tank is entirely charged, the simultaneous operation is not possible, thus in ac-
tive cooling-only the condenser heat is rejected to the ground via the heat exchanger HX;. In
system 3, passive cooling is not possible.

4.2.4 Results of the cycle simulation and conclusions for system layout

Summarising, the following decisions were taken based on the results of the cycle simula-
tions, which are detailed in the country report (Heinz and Rieberer, 2010).

4.2.4.1 System choice

All three system concepts have been analysed in detail by means of simulations of the re-
frigerant cycle.

In a national workshop with planners and heat pump manufacturers the system concepts
and the simulation results were presented and discussed. The choice was made for a sys-
tem quite similar to system 2 (see chap. 4.2.2) mainly due to the following reasons:

e The system to be developed shall be suitable for a broad range of low energy buildings
with different heating demands. System 1 (fresh air heating system) can only be applied
in buildings that have a heating demand of < 15 kWh/(m*a).

e Air heating systems are hardly used in residential buildings in Austria, where mainly hy-
draulic heating systems are installed. Therefore, it is expected, that user acceptance for
an integrated heat pump in combination with a hydraulic heating system will be far higher
on the Austrian market.

e In general the cooling demand of residential buildings in the Austrian climate can be kept
at a minimum. If only small cooling loads occur, it should be possible to cover these with
passive cooling, without using the heat pump. A reversible refrigerant cycle, as it is used
in System 3, is therefore not considered as necessary. However, if passive cooling is not
sufficient, System 2 also offers the possibility of active cooling.

4.2.4.2 Refrigerant choice

The results of the simulations of the refrigerant cycles (Heinz and Rieberer 2008) with differ-
ent refrigerants (R134a, R290, R744) led to the following conclusions concerning the refrig-
erant choice for the system to be further investigated:

o With the refrigerant R290 the highest seasonal performance factor (SPF=3.6) can be ex-
pected with the used assumptions. However, as R290 is flammable, there are relatively
strict safety regulations concerning the refrigerant content in the cycle and/or the neces-
sary air volume in the room of installation acc. to EN 378 (2008).

o With R744 (CO2) and R134a approximately the same SPF can be expected (SPF=3.3).
While CO2 enables higher efficiencies for the preparation of DHW, R134a is advanta-
geous in the heating mode.

e With regard to the decreasing heating energy demands of low energy buildings and the
therefore rising fraction of the energy demand for DHW and due to the fact that COzis a
natural refrigerant, CO2 will be used for the further investigations in the project.
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4.3 Design of a prototype unit

4.3.1 System configuration of the prototype system

A schematic view of the system layout of the prototype brine-to-water heat pump with the re-
frigerant CO,; is shown in Fig. 12.

A central buffer storage, which is charged by the heat pump, serves as hydraulic decoupling
between the heating system (red lines, 2) and the heat pump (black lines, 1). The DHW
(green lines, 3) is produced by the external heat exchanger HXpnw. The control of the opera-
tion should as far as possible guarantee low return temperatures of the heating water to
reach low inlet temperatures to the gas cooler (GC,) of the heat pump. In order to preserve
the stratification the return of the heating system is charged to the storage by a stratification
device. The gas cooler is divided into two parts: In GC, (red lines, 2) the water is drawn from
the bottom of the storage and heated to the required temperature level of 30-35°C of the
floor heating system and is charged to the middle of the storage. In the upper part (violet
lines, 4) the preheated water is reheated to the DHW temperature of about 50-55°C and
charged to the upper part of the storage. With this configuration the operation modes space
heating-only, (only GC; in operation), DHW-only and simultaneous space heating and DHW
operation (GC; and GC, in operation) can be realised. In simultaneous operation the amount
of DHW for the reheating in GC; is controlled by a thermostatic valve.

5 3
7 % VA'AV
ground floor
coll(_ector heating
(brine) 7 system
1
o= 6

Fig. 12: System layout of the Austria prototype system

The cooling operation can be realised by an external hydraulic (orange lines, 5 and 6). For a
passive cooling option a short cut between the source and the sink can be made by the heat
exchanger HXq1 (orange lines, 5). As emission system in the room the floor heating is used
in the cooling operation, as well. For the active cooling operation the condenser heat of GC;
can be rejected by HX.,02 into the ground, in simultaneous cooling- and DHW operation the
condenser heat is used for the DHW production.

4.3.2 Bipartite gas cooler

The heat pump is equipped with only two gas coolers. In the system that was used for the
comparison of refrigerants as well as the system investigated in chap. 3.4 a tripartite gas
cooler is used, whereby two are used to pre- and reheat the DHW and one is used for space
heating. Reasons for using a tripartite gas cooler are

» to provide enough heat exchange surface for the DHW preparation mode, as the surface
of the gas cooler for the reheating of DHW is quite small and the gas cooler for heating
cannot be used in this mode.

e to ensure that the CO2can be cooled down to a quite low temperature by the cold water
entering the first gas cooler.

The first reason does not apply in the prototype layout including the buffer storage, where
both gas coolers are flown through by the same fluid (heating water), thus providing enough
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heat exchange surface for the operation mode, in which the heating water is heated to about
55°C (for the instantaneous DHW preparation).

The CO2z temperature at the outlet of the last gas cooler in the current system with two gas
coolers tends to be higher and therefore the COP of the heat pump is lower. However, this
applies only to the combined heating and DHW mode.

The COP as a function of the ambient temperature in this mode under the assumed condi-
tions for both systems with tripartite and bipartite gas cooler is shown in Fig. 13. It can be
seen that the advantage of the tripartite gas cooler decreases with an increasing ambient
temperature. This is due to the decreasing return temperature of the floor heating system,
which is the limiting factor for the CO2 temperature at the outlet of the gas cooler in case of
the bipartite gas cooler.

In the system with the buffer storage tank the inlet temperature into gas cooler 1 is depend-
ing on the current temperature at the bottom of the buffer tank, which itself depends on the
connected heating and DHW preparation system and the current mode of operation.
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00 +——+——+——+———+——+ 1 20
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Fig. 13: Comparison of bipartite and tripartite gas cooler

After a DHW draw-off the temperature will be near to the cold water temperature (15°C). Af-
ter some time with no draw-off the temperature will be equal to the return temperature from
the floor heating system, which was assumed for the calculation shown in Fig. 13. In practise
the average temperature at the bottom of the tank will be lower than this temperature, de-
pending on the relation of the energy demand for DHW and the space heating energy de-
mand. Due to the following reasons it is expected that the SPF will be approximately the
same as with a tripartite gas cooler:

o For the system with the tripartite gas cooler a cold water inlet temperature of 15°C was
assumed in the simulations. In practice it can be expected that this temperature will av-
erage to higher values, due to the heat transfer processes from warmer to colder water
layers in a DHW tank. This would decrease the COP difference compared to a system
with a bipartite gas cooler.

e In the DHW mode the average water inlet temperature into the gas cooler will be slightly
higher in the current system with buffer storage due to the mixing of water coming from
the heat exchanger for the preparation of DHW (HXbpnw) and the return water from the
heating system. However, the temperature of the water, which is used for the preparation
of DHW, can be chosen lower than the DHW temperature in a system with a DHW tank,
where a temperature of >60°C is needed in order to avoid problems with legionella bac-
teria.

e The losses due to start-stop operation are reduced due to the buffer storage, which en-
ables a compensation of the mismatch between the capacity provided by the heat pump
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and the capacity requirement of the heating system. In case of a speed controlled com-
pressor, where the capacity of the heat pump can be adjusted to the actual heating de-
mand, this is not absolutely necessary. However, speed control does only work in a cer-
tain range and thus the number of start-stop cycles of the heat pump will be reduced in
any case.

4.3.3 Test rig

A schematic view and a photograph of the test rig is given in Fig. 14. The system was de-
signed to fulfil the following purposes:

o Provide the possibility of creating the necessary thermodynamic conditions (inlet tem-
peratures and mass flow rates etc.) at the heat exchangers of the heat pump in order to
simulate different load conditions and operation modes.

o Measurement equipment with an appropriate accuracy, in order to be able to analyse the
heat pump cycle in detail in different operating conditions. The following data is measu-
red:

o Refrigerant pressure and temperature at the inlet and outlet of every component of
the heat pump cycle

Refrigerant mass flow rate

Electricity consumption of the compressor

Brine and water inlet and outlet temperatures of every heat exchanger
Brine and water flow rates

e Automatic adjustment of different operating conditions via electronic controllers

O O O O

The test rig consists of the following cycles:

e The refrigerant cycle (black loop in Fig. 14)

e The brine cycle (orange loop in Fig. 14)

e The heating cycle (red loop in Fig. 14)

e The hot water cycle for the preparation of DHW (blue loop in Fig. 14)

The cooling cycle, the heating cycle and the hot water cycle for the preparation of DHW
characterise the periphery facilities connected to the refrigerant cycle.

The layout of the refrigerant cycle used in this system is shown in black colour in Fig. 14, in-
cluding the measurement equipment that has been installed in the laboratory prototype.

The compressor in the laboratory prototype is a speed controlled hermetic compressor with a
swept volume of 4 cm?3. The bipartite gas cooler and the internal heat exchanger (IHX) are
tube-in-tube heat exchangers, which were tailor-made in the workshop of the institute. The
evaporator and the accumulator are compact components from the car industry. The expan-
sion device is an electronic expansion valve.

The measured data obtained with the test rig was used to validate a detailed steady state
model of the heat pump cycle that was developed within the project.

As can be seen, the heat pump test rig does not contain a buffer storage. This is due to the
principal purpose of the rig to analyse the refrigerant cycle in different operating modes by
providing the appropriate conditions at the evaporator and the gas coolers of the refrigerant
cycle. The behaviour of the system including a storage tank will be analysed in detail in the
dynamic system simulation (see chap. 4.4).
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Legena:
T — temperature measurement

p — pressure measurement

Ap - pressure difference measurement

V — volume flow measurement

M — mass flow measurement

kWh — electricity consumption measurement
IHX — internal heat exchanger

r — refrigerant

h — water

b - brine

Fig. 14: Schematic and photograph of the test rig
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Fig. 15: Components of the refrigerant cycle
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4.3.4 Results of prototype component testing

The laboratory prototype was used to conduct an extensive experimental analysis of the heat
pump cycle in different modes of operation. The obtained data was used to validate a steady
state simulation model of the heat pump cycle. In the following exemplary measurement re-
sults, which were obtained in different modes of operation, are presented.

As a first step the performance of the used compressor was measured in order to develop a
compressor performance map, which is used as a basis for the simulation model of the heat
pump system. A test matrix with 40 different operating conditions was established using
varying suction pressures, discharge pressures and compressor speeds. Based on the re-
frigerant mass flow rate, the power consumption of the compressor, suction and discharge
temperature and pressure, the overall isentropic efficiency, the volumetric efficiency and the
heat loss of the compressor were evaluated. The results show that there is only a small de-
pendency of the isentropic and the volumetric efficiency on the compressor speed and the
suction pressure. The overall isentropic efficiency (thermal capacity/electricity consumption
of the compressor) varies between 0.66 and 0.52 and the volumetric efficiency between 0.94
and 0.82 for pressure ratios between 1.7 and 3.3. The isentropic efficiency seems quite low,
but it has to be considered that this is a small compressor with a relatively low capacity.

For the complete heat pump cycle a test matrix with about 100 different operating conditions
was established. One of the objectives was to obtain enough data for different operating
conditions of the individual components in order to validate a simulation model of the heat
pump system.

Heating mode:

In the heating mode water is heated via gas cooler 1 from the temperature Ty to Ty, Gas
cooler 2 is bypassed (see Fig. 16 a). As the water outlet temperature T, is relatively low, the
heat pump cycle is mostly operated with sub-critical pressures in the heating mode. In the
shown example the water outlet temperature T, is about 30°C and the high pressure is
about 69 bar (compare the data in the upper left corner of Fig. 16 b). The water inlet tem-
perature into the gas cooler, which in this system is dependent on the temperature at the
bottom of the storage tank, is assumed with 20°C in this example.
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Fig. 16: Process in heating mode (left) and corresponding process in the T-h diagram (right)
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Fig. 17: Test of the DHW-only mode (left) and the combined SH/DHW mode (right)

In practise the water inlet temperature can vary in a range of the return temperature of the
floor heating system to the return temperature of the DHW heat exchanger. As can be seen
in Fig. 16 and also in the following figures, the temperature difference between the heat
source and the evaporation temperature (T, and Ty) is with about 15 K relatively high. This
is due to the used evaporator, which is under-dimensioned for this application. An evaporator
with a larger heat transfer area would help to decrease the temperature difference and
therefore to increase the COP of the cycle at a given brine temperature. Another possibility
for improvement is the brine mass flow rate, which was limited to about 500 kg/h in the test
rig. A higher flow rate would help to increase the evaporation temperature (see chap. 4.4.1).

DHW mode:

In the DHW mode the water flows through the two gas coolers in series (compare Fig. 17
left). In gas cooler 1 it is pre-heated from the temperature Ty, to Ty, and re-heated in gas
cooler 2 to the temperature T3, which is typically about 55-60 °C. In this mode the heat
pump cycle is generally operated at super-critical pressures. Fig. 17 left shows a heat pump
process of an exemplary measurement in the DHW mode.

Combined heating and DHW mode:

In the combined heating and DHW mode water is pre-heated in gas cooler 1 to the required
temperature for the floor heating system. A part of the water mass flow is re-heated in gas
cooler 2 to a temperature of 55-60 °C (see Fig. 17 right). Thus, both the heating of water for
the floor heating system and for DHW preparation is accomplished simultaneously. The si-
multaneous operation has the advantage that water for DHW can be prepared at lower high-
pressures compared to the DHW mode (compare Fig. 17 left and right), which results in a
higher COP.

Combined cooling and DHW mode

In this mode the evaporator of the heat pump is used to cool the building via the floor heating
system. This is done through a bypass system and the heat exchanger HX..,1 (compare Fig.
12). At the same time water for the DHW preparation is heated via gas cooler 1 and gas
cooler 2. The heat pump process in this mode will therefore be similar to the DHW mode, but
with a tendency to higher evaporation temperatures. As both the hot and the cold side of the
heat pump are used, relatively high COP values are possible (compare chap. 4.4.3.2).
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4.4 System evaluations with the prototype heat pump

In order to analyse the performance of the integrated heat pump in a system in the course of
a whole year, dynamic system simulations in the simulation environment TRNSYS (SEL,
2005) were carried out. The whole system consisting of the heat pump and its control, a
buffer storage tank, a hydronic floor heating system, a brine ground collector and the build-
ing were set up in a simulation.

4.4.1 Heat pump model

In addition to the model used for the refrigerant cycle analysis a second, more detailed
model was developed within the software KULI (2009). This model enables a quick analysis
of different operating conditions of the heat pump cycle. The main characteristics of the heat
pump model are a modular structure with different component models to build up a system.
The measured performance map of the used compressor as described in chap. 4.3.4 is used
as an input for the model. A tube-in-tube heat exchanger model calculates the heat transfer
coefficients and the pressure losses based on the geometrical data of the heat exchangers
and the local properties and flow conditions of the refrigerant, water or brine. The model pro-
vides the possibility to run a large number of simulations in quite a short time, so the neces-
sary number of measurements is reduced. By using the model performance maps of the
heat pump cycle for the different operation modes in the relevant range of operating condi-
tions can be generated, which are further on used to run yearly simulations in TRNSYS
(SEL, 2005). In order to obtain reliable results, the measured data from the laboratory proto-
type was used to adapt and validate the model. The parameters of each heat exchanger
were adapted in a way to fit the measured data as close as possible. Fig. 37 left shows a
comparison of 77 cycle measurements and simulation results of the COP of the heat pump.
Most of the simulation results are in a range of +5% of the measured results. The original
geometric data of the heat exchangers had to be adapted only slightly to achieve this degree
of agreement. Exemplarily a comparison of a measured and a simulated process is shown in
the p-h diagram in Fig. 18 right.
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Fig. 18: Comparison of simulated and measured COP (left) and cycle simulation (right)

Furthermore, the model can be used to quickly determine the optimum high pressure level
for the respective operation conditions without the necessity of extensive measurements.

The performance maps of the heat pump for the different operation modes were integrated
in @ TRNSYS model. This model enables a considerably faster simulation compared to the
detailed steady state model. For each operation mode a performance map with a number of
independent parameters was established, which shall cover all different operating conditions
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that can occur during a year. For example for the DHW mode a performance map depend-
ent on the water inlet temperature T4, the brine inlet temperature T, and the compressor
speed n and a constant water outlet temperature T,; of 55 °C was generated. Fig. 19 shows
the set of parameters used for each operation mode. For each combination of these pa-
rameters simulations with the detailed model were performed. Additionally, simulations with
different high pressures were done for each operation point.

Operation mode [ Parameter® | Unit Values 70

DHw Tha ' 10,1520, 25, 30, 35,40
Tha °'C 55
To E 5,0,5,10,15 e R B TR B
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Space heating Tha °C 10,15,20,25, 30,35 gsu B T T T AP PR
Tha e 20,25 30,35, 40 —
Tt '@ -5,0,5,10,15 £
n min! 2500, 3125, 3750,4375,5000 | £ 45

SH & DHW Tha ST 10,15, 20, 25 30, 35 o ' '
T, i 20,25 30,35, 40 %I abs. m?an dewaﬁonl 08%
Thg i 55 E 30 4o
Tot *C 5,0,5,10,15 “
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Ton G 14,18, 20 22 24 10k
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Fig. 19: Operation points for the heat pump performance map (left) and validation (right)

The simulations were evaluated for the optimum high pressure of each operation point. The
results were used to generate equations for each operation mode, that enable a calculation
of the thermal capacity of the gas coolers (total capacity O, and capacity of gas cooler 1
Osc1 ), of the evaporator O, and the electricity consumption of the compressor F,, = de-
pendent on the respective parameters. The generation of these equations was done via a
linear regression in the software EES (Klein, 2007). As an example the form of the resulting

polynomial for O, for the DHW mode is shown in eq. 2.

Yy - * * 2 *7 3 * * 2
Ou=ayta*T, +a,*T," +a,*T," +a,*T,, +a;* T},

3 2 3 2
+a*T," +a, *n+a;*n” +a,*n +a,,+1,,*t,, +a, *t, *t,
% * %* 2 *7 2% x7T 2% 2
Vntan *T, *n +a TR +as YT,

w2 % * 2% .2 kT ok T k2
ta * T, *n+a, *T," *n" +ag*T, *n+a,,*T,, *n

+ay, *7T,

1

ta, *Tblz *n+a, *Tblz *n’

eq. 2
With the generated equations the results of the detailed simulations can be reproduced ac-
curately for all operation modes. Fig. 19 right shows a comparison of the values calculated
with the polynomial and the simulated data. The accuracy is better than +2% in most cases.
During the analysis it turned out that the evaporator of the laboratory prototype is under-
dimensioned. In a simulation the effect of a larger evaporator (100% larger heat transfer
area) and a higher brine mass flow was analysed. The results show, that the COP of the cy-
cle can be improved significantly by these measures. For the simulations of the heat pump
cycle that were used for the generation of the performance maps described above a doubled
heat transfer area and a brine flow rate of 1000 kg/h were assumed accordingly.
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4.4.2 Boundary conditions

4.4.2.1 Reference building

As a boundary condition for the dynamic simulation of the system a low energy building with
a living space area of 140 m? (ground floor area 10mx7m) is used, based on a building
model used as a reference building in IEA SHC Task 32 “Advanced storage concepts for so-
lar and low energy buildings” (see Fig. 20). This model was slightly modified, e.g. the wall
constructions were changed to achieve a higher heat demand of the building than in the
original version (40 instead of 30 kWh/(m?a)). A detailed description of the building and the
used assumptions concerning the user behaviour is given in Heimrath and Haller (2007).

window area window quotient total area
[ [%] [r?]

T O] 0] [0 m] == =

East 10 4.7 0.4

5 f st West 10 2.7 405
—

£ | | | | | | D] Dj North 3 5.0 50.0

\ Total 43 24 181

Fig. 20: Reference building used for the simulations (left) and window areas (right)
The wall constructions used in this work are given in Tab. 2.

Tab. 2: Wall constructions used for the system simulations

: ; ; - Walue
as=zermnbly lzyrer layer thickness density conduct . capacity constriction
[m] [Egim*] [ indm K ] [EdRgK] [ i "K ]
external wall plasterinside oo1s 1200 o &0 100
“lert brick 0210 1380 0.roo 100 0,200
EP5 [IRE] 17 0040 oo
plaster o utside 0003 1800 0.roo 100
H 0408
grownd floor waod oo1s GO0 0150 2450
plaster floor (oo rheating) oovo 2000 1400 100 0485
XPS [IRE] 38 ooay 145 ’
Concrete 0300 2000 1330 108
E 0565
roof ceiling gup=sumbo ard oozs aoo o211 100
plnaod oois 00 ooz 250 0427
rockiu ool 0260 =11} 0036 103 ;
phymacd 0015 200 00g1 250
b 035
intermediste caing  vood 0.0 GO0 n.is0 T80
plaster Azar (Aoor haating) 0,055 2000 1400 100
EF= 0.04 17 0040 nro 0.E07
concrete 0.2 2000 1330 102
plaster inside 0,006 1200 0700 100
b 035
inteinal wall plaster inside 0.01 1200 ) 100
brick: 0zo0 GA0 0230 pAaz 0932
plaster insided 0.01 1200 0B00 100
5 02z0

4.4.2.2 Climate, heat source, heat emission and DHW demand

An average climate of the city of Graz was used for the simulations (design outdoor tem-
perature Top=-12 °C, heating degree days HGTy12: 3500 Kd/a) (Meteonorm, 2005). These
assumptions result in a heat load of the building of 6.1 kW (Top=-12 °C, T\p=20 °C) and a
heating demand of 40 kWh/m?a.

A brine ground collector is used as the heat source of the heat pump. The collector was di-
mensioned according to Vaillant (2002), resulting in the data provided in Fig. 21 bottom. The
seasonal evolution of the undisturbed ground temperature is calculated with the TRNSYS
Type 501, which is based on a model developed by Kasuda et al. (1965).
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Description Value Unit

floor heating area 100 me
1200 A

outer pipe diarmeter 15 mim
pipe spacing 15 cm

1000 4
total pipe length BE0 il

% o number of heating loops g
E thickness of plaster cover 45 [l
% o0 - Description Value Unit
=] Total collector area 150 r®
400 outer pipe diameter 32 mirm
pipe spacing 07 m
200 total pipe length 220 m
number of brine loops 2z
i depth 15 il

1] 4 45 72 ah 120 144 168
time h]

Fig. 21: DHW profile (left) and design of the floor heating (top) and ground collector (bottom)

The calculation of the dynamic evolution of the temperatures in the earth layers adjacent to
the ground collector is done under consideration of the heat transfer processes and the
thermal capacities in the ground. The assumed thermal properties of the ground are: density
1800 kg/m3, thermal conductivity 2.5 W/mK, thermal capacity 1.26 kJ/(kgK). The brine mass
flow through the collector is set to 1000 kg/h. The electricity consumption of the brine pump
is assumed to be 75 W at this flow rate.

The hydronic floor heating system is integrated as a so-called “active layer” into the plaster
floor of the ground floor plate and the intermediate ceiling, with an area of 50 m? both on the
ground floor and the 1* floor. The dimensioning of the floor heating system was done ac-
cording to Gabotherm (2006) with a flow/return temperature at the design ambient tempera-
ture (-12 °C) of 32/28 °C. The most important data of the floor heating system is shown in
Fig. 21 top.

For the domestic hot water energy need a statistically generated demand profile that consid-
ers the evolution of the demand over the year, different weekdays, during the day and also
times of absence (e.g. holidays) is used. Different studies, ranging from telephone surveys
to detailed measurements, were used as a basis (Jordan and Vajen, 2001). The profile con-
sists of a dataset, in which a DHW flow rate is assigned to each time step (step size three
minutes) of the simulated year. A DHW need of 200 I/d (4 persons with 50 I/(d-person)) with
a DHW temperature of 45°C is used in the simulations. As an example Fig. 21 shows the
evolution of the DHW need for one week of the generated DHW profile. For the evolution of
the cold water temperature in the course of the year a time-dependent sine-function accord-
ing to Heimrath and Haller (2007) is used.

4.4.2.3 Shading, system and room temperature control

An overheating due to solar gains through the windows shall be reduced by the usage of an
external blind shading (Heimrath and Haller, 2007). The control of the shading is done de-
pending on the incident solar irradiation on the horizontal and on the room temperature. The
following points must be fulfilled to activate the shading (off-values for hysteresis in paren-
thesis).

o Total global irradiation on the horizontal is above 300 (200) W/m?
e Room temperature must be above 23.8 (22.8) °C
e 24 hours average of the ambient temperature must be above 12 °C

The control of the room temperature is done both in the heating and in the cooling case via a
hysteresis control by switching the heat pump (see Fig. 22) on and off. In the heating case
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the pump is switched on, when the temperature falls below Tsno (21 °C in the base case)
and is switched off, when the temperature reaches Tetnni (22 °C in the base case). The flow
rate through the floor heating system is 900 kg/h when the pump is switched on. The control
of the flow temperature into the heating system is done depending on the ambient tempera-
ture according to a heating curve (radiator exponent 1.1, design flow/return temperature
32/28 °C at Tomp,=-12 °C) and the mixing valve HM (see Fig. 22). In the cooling case the
pump is switched on when the temperature T cni (25 °C in the base case) is exceeded and
is switched off when the temperature T 0 is reached (24 °C in the base case). The mass
flow rate through the floor heating system is assumed to be the same as in the heating op-
eration. The mixing valve HM sets the flow temperature to constantly 20 °C independently on
the ambient temperature.

— { Controller %

Comp

HM

room amb

HPu

Fig. 22: Sketch of sensors and actors for the system control

The control of the system (heat pump and heating system) is done via a controller, which is
integrated into the heat pump model in the simulation. The controller provides the functions
of selection of the operation mode, room temperature control and control of the flow tem-
perature dependent on the ambient temperature and charging of the buffer storage. Fig. 22
shows a sketch of the control system configuration. The charging of the buffer storage and
the selection of the operation mode is done according to the temperatures measured in the
buffer store at the locations Tsrtq, Tst2 and Tsr3. Operation modes are determined according
to Fig. 23 left.

The decision which mode shall be used for the current time step is made according to the
mode in the last time step and the temperatures in the buffer storage. Fig. 23 shows an
overview of the used control logic. The variable “heating_season” provides the information if
the current time step is within the heating season or not. This decision is made depending on
the 24-hours-average of the ambient temperature, which has to be lower than 12 °C in order
to fulfil the heating criterion.

The charging of the buffer store is done via a hysteresis control. For example mode 1 (DHW
preparation) is started when Tgr falls below T st1a (S€€ Fig. 22). The charging is stopped
when Tees11p IS €XCEeded.

Mode 4 (cooling and DHW preparation) is only started, when the room temperature T,yom €X-
ceeds the value Tgcni, @s the heat pump can only be operated when a cooling demand is
available (no de-coupling of the heat pump from the floor heating system via the buffer stor-
age as in the heating mode). In mode 5 the heat pump is off, cooling is done solely via the
ground collector.

As the heat pump is hydraulically de-coupled from the heating system via the buffer storage,
and the charging of the buffer is done only because of the temperatures in the storage, no
information about the current heat load is available to the control. Despite of that the heat
pump shall be operated with a compressor speed as low as possible for efficiency reasons.
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In mode 2 and 3 the control of the compressor speed is done depending on the ambient
temperature. The used dependency is shown in Fig. 23. In the DHW mode the compressor
is always operated with the minimum speed of 2500 min™", as the DHW draw-offs are —
unlike the heating load — not continuous and the available storage volume is large enough to
cover large draw-offs (see Fig. 21).
In mode 4 (cooling & DHW) also the minimum compressor speed is used, as the thermal
power of the evaporator should normally be higher than the necessary cooling load of the
building with the relatively high brine inlet temperatures into the heat pump in this mode.

heating I ) 3 P w = . 0. heat pump is off ]
— mode_prev _S _S _sf _room mode ; ) Eéeai)‘?_lr;“oﬂ of domestic hot water
0 0 <Tsetstla >Tset,chi 4 3... heating & preparation of domestic hot water
0 0 »Tset stla =Tset c hi 5 4. cooling & preparation of domestic hot water
0 0 <Tset,stla <Tsetclo 1 5... passive cooling (the heat pump is off, the buffer storage is not charged)
u] 1 =Tgetstlb <Tset clo a
0 1 «Tset,sth =Tset c hi 4
0 1 STeetstlh >Tset,clo 5 5500
u] 4 =Tset,stlb =Tset clo 5
i 4 <Tsetstlb <Tsel clo 1 __ 5000 ~
0 4 =Tsetstlh «Tset clo u] g
u] 5 =Tset,stla «Tset clo a s 4500 4
u] 5 <Tset,stla =Tset clo 41 =
o] 5 <Tset,stla <Tset clo 1 3 4000 4
1 0 <Tset,stla »Tset st2 1 2.
1 u] <Tsetstla «Tset,st2 3 =
v v o 4
1 0 =Tget,stla <Tsat o2 2 o 3300
1 1 =Tset,stlh o g
1 1 <Tset a2 3 £ 3000 1
1 2 <Tset,zstla >Tset =3 1 3
1 2 <Tset,stla <Tset =t3 3 2800
1 2 =Tgetstla =Tset st a : : : : : : : :
1 3 <Tset,st1h =>Tset =3 1 2000 M I i HE
1 3 =Tget,astlb =Tset st3 2
1 3 =Taetstlh =Teet o3 u] 20 15 0 -5 0 5 1015 20 25
ambienttermperatre ['C]
Fig. 23: Operation mode control and compressor control
Description Value Unit Comment
Heat pump
compressor speed
heating mode - mir!  |[compareFigure 4.5
cooling mode 2500 mir’!
The Ttow st °C |water outlet temperatur at gas cooler 2
Buffer storage
volume 0.7 mé
relative helghts of the connedtions
Pipin ] 5
Mg 07 4
Moz 1 -
Fng Ngey-0.05 E
i 015 -
Pl 1 -
e 0 -
relative felghts of the temp. sensors _
ety (1+hgem )2 &
) Pgee-0.1 =
Nas 0.2 - z
switch points for the charging of the buffer storace _
Teetatia 43 I
Teststib a4 “C
Teut otz Thow 41 <
Teerats Thowh ‘C
Cooling mode
T4 000l 20 {2 flow termperature into fioor heating system
A HX o 3000 Wik [heat ransfer value of Hix .,
Tt pi 25 °C upper switch point for raom temperatur cortrol
Teetido 24 L loweer switth point for room temperatur control
Heating mode
Tiow T Tams) ‘C flow termperatur floor heating system (dependant on Tam)
Testhhi 22 °C upper switch point for room ternperatur control
Tathio 21 °C lower switch point for room temperatur control

Fig. 24: Assumptions for the control of components for the base case
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Fig. 25: Heat balance of losses and gains (left) as well as in- and output (right)
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Fig. 26: Heat energy for the different operation modes (left) and electricity (right)
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Fig. 27: Performance factors for the different operation modes (left) and seasonal (right)
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Fig. 28: Ambient and ground temperatures (left) and indoor temperatures (right)
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4.4.3 Results of the system simulations

Three seasonal performance factors (SPF) are evalutated. For SPF the heat rejected from
the two gas coolers and the evaporator heat in the active cooling mode (mode 4) is divided
by the compressors electricity consumption. SPF, additionally includes the brine pump elec-
tricity. In SPF; the delivered energy for floor heating Qpeat, for DHW Qpnw and for active and
passive cooling Qcooract aNd Qeooipass @re considered, while storage losses - unlike in SPFy; -
are not considered as delivered energy.

4.4.3.1 Base case without cooling

In this case it is assumed that the building is neither cooled actively (heat pump) nor pas-
sively (ground). Fig. 25 shows the annual heat balance of the building. With the used as-
sumptions and the average climate of Graz the heat demand of the building is
40 kWh/(m?a). Due to the relatively large windows the solar gains amount to 55 kWh/(m?a).
The annual heat balance of the buffer store is depicted in Fig. 25. The heat input is provided
from the gas coolers GC4 and GC,, whereby approximately 20% are supplied by GC,. The
heat losses of the storage amount to 750 kWh (=8%) of the annual heat input. Fig. 26 shows
the monthly and annually heat provided by the heat pump in the different operation modes.
About the same amounts of heat are provided in the different modes over the year. An over-
view of the results for the performance factors of the heat pump are shown in Fig. 27. On the
left the monthly performance factors in the different operation modes in the course of the
year are depicted. On the right the SPF-values are shown. As expected the performance in
the simultaneous heating & DHW mode (mode3) are not much lower than in the heating
mode (mode2). The differences in the individual months are on one hand due the heat
source (see Fig. 28 left) and in the heating (and simultaneous) mode due to the dependency
of the necessary flow temperature for the floor heating system on the ambient temperature.
The room air temperatures on the ground floor and the first floor of the building (hourly aver-
age values) are shown in Fig. 28 right. The upper and lower limits indicated by the red and
blue line in the figure represent the comfort limits for the operative temperature according to
DIN 1946-2 (1994). The temperatures required for the heating case can be maintained for
almost the whole year except for a few hours, where the heating capacity of the heat pump
is a bit too low. Without cooling the room temperatures exceed the range for more than
150 h during the summer months due to the large windows and despite the used shading.

4.4.3.2 Base case with cooling

The annual heat balance of the building with cooling function of the heat pump (mode 4 und
5, see Fig. 23) is shown in Fig. 29 left. The cooling demand of the building is =8 kWh/(m?a).
The annual heat balance of the buffer store (see Fig. 29 right) is almost the same as in the
case with no cooling. The operative temperatures on the ground floor and the first floor are
shown in Fig. 32 right. With the cooling function in operation the limits are not exceeded. Fig.
30 shows the heat provided by the heat pump in the different operation modes at the differ-
ent months and annually. During the winter months the values for the modes 1 to 3 are quite
similar to the case without cooling. During the summer both active and passive cooling is
performed, whereby the main part of the cooling load is covered by passive cooling with the
ground collector. The value of 590 kWh for mode 4 also includes the heat provided for DHW
in this mode. The fraction of the cooling energy for the floor heating system in this mode
amounts to 250 kWh. An overview of the results of the SPF is shown in Fig. 31. The values
for mode 4 are relatively high due to the simultaneous use of the hot and the cold side of the
heat pump. In the passive cooling mode the values are even higher (values were divided by
10 for the diagram), as here the heat pump is off and only the brine pump is accounted for
as operating power. In total the SPFs are higher compared to the case with no cooling, due
to the cooling demand which is considered as additional useful energy, which can be seen
by comparing SPF, to SPF;. Fig. 32 left shows the ground temperature in the depth of the
ground collector, the brine outlet temperature of the collector for the operation modes where
heat is extracted (mode 1-3) and for the passive cooling mode.
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Fig. 29: Heat balance of losses and gains (left) as well as in- and output (right)
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Fig. 30: Heat energy for the different operation modes (left) and electricity (right)
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Fig. 31: Performance factors for the different operation modes (left) and seasonal (right)
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39



140 : 10000
120_;_"_"_"_"_"_"_"_"_4 ____________________________ 5000
8000 +--
wertilation Fo0o
6000
5000
4000
------- 3000
2000
1000

external gains

heat [Kihim?a]
heat [k

gains losses input output

Fig. 33: Heat balance of losses and gains (left) as well as in- and output (right)
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4.4.3.3 Base case with cooling Graz 2003

In order to analyze the performance of the system under warmer climatic conditions, a simu-
lation with a climate data set of the very hot summer 2003 in Graz was performed.

The resulting annual heat balance of the building is shown in Fig. 33 left. The cooling de-
mand is 17 kWh/(m?a) and the heating demand 36 kWh/(m?a). The annual heat balance of
the buffer store is shown in Fig. 33 right.

Fig. 36 right shows the air temperatures in the rooms on the ground floor and the first floor.
On the left the temperatures with no cooling of the building are shown. The temperatures are
too high for more than 1600 hours during the summer due to the large window areas and
despite of the used shading. On the right of Fig. 36 the temperatures with an activated cool-
ing function of the heat pump are shown. Here the temperatures can be kept within the com-
fort limits.

Fig. 34 shows the heat provided by the heat pump in the different modes of operation at in-
dividual months and annually. During the summer both active and passive cooling is per-
formed, whereby the main part of the cooling load is covered passively by the ground collec-
tor. The value of 1165 kWh for mode 4 shown in the figure also includes the heat provided
for DHW in this mode. The fraction of the cooling energy provided to the floor heating sys-
tem in this mode amounts to 500 kWh. This means that about 80% of the total cooling de-
mand is covered by passive cooling.

An overview of the results for the performance factors of the heat pump are shown in Fig.
35. With this climate data set the resulting SPFs are higher than with the average climate of
Graz. This has the following reasons:

e The used climate is warmer than the average climate of Graz (HDD,y1» 3270 instead of
3500, annual average of ambient temperature 10.6 °C instead of 8.4 °C). Therefore, also
the heat source temperatures are slightly higher.

e The cooling demand is much higher, which increases the SPF, as the COP in the cooling
modes is relatively high.

Due to the relatively high amount of cooling energy provided passively the SPF; is 3.85.

4.5 Conclusions and outlook

The analysed system is a promising possibility for the future heat supply of low energy build-
ings. In order to increase the attractiveness of the system, it would be desirable to increase
the efficiency of the refrigerant cycle or the seasonal performance factor, respectively.
Especially the efficiency of hermetic compressors with low capacities, as they are used for
heat pumps for low energy buildings, is relatively low. The isentropic efficiency of the com-
pressor directly affects the COP of the heat pump cycle and is therefore very important. Re-
search focused on the improvement of small compressors should be aimed for.

Also the use of an ejector for the recovery of expansion work could improve the efficiency of
the heat pump cycle. Investigations for the refrigerant R744 show a potential for the im-
provement of the COP of 10-20% (Mauthner, 2008).

Optimisations are also still possible concerning the system integration of the heat pump. For
example it could be considered to only use the buffer storage for the preparation of DHW,
while the heating system is directly connected to the gas cooler of the heat pump. It could be
analyzed, whether the system efficiency can be improved by thus reducing the storage
losses and by avoiding a heat input from the DHW section of the tank into the space heating
section.

The costs of the system at the moment cannot be estimated due to a lack of data concerning
the costs of the components of the refrigerant cycle. However, it is assumed that — given a
sufficient number of produced units — the price of the system could settle on the level of con-
ventional systems.
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5 INTEGRATED HEAT PUMP FOR NET ZERO ENERGY HOUSES

5.1 Motivation

The project of the United States is dedicated to the development of a highly-integrated heat
pump (IHP) for Net Zero Energy House (NZEH) application as a co-operation of the space
conditioning program of US governmental Department of Energy (DOE) and the Oak Ridge
National Laboratory (ORNL). A motivation for the technology development is the strategic
goal of the DOE to have market available net zero energy technology by the year 2020. In so
far, the development is intended for future implementation and not for today's markets.

In a detailed scoping study by Baxter (2005) considering various system layout options, the
IHP proved to be the most promising system for NZEH, covering the functionality for all buil-
ding services of space heating (SH), water heating (DHW), ventilation (V), space cooling
(SC), humidification (H) and dehumidification (DH). An integrated concept incorporating a
heat pump has the advantage of simultaneous production of different building need, e.g. si-
multaneous SC and DHW in summer operation, while in stand-alone systems, the heat may
be wasted. Thereby, higher investment costs of more energy-efficient components like vari-
able speed controlled fans are justified, since they are used for multiple functions.

5.2 System concept

The integrated heat pump concept can be realised as air-source and ground-source heat
pump. Fig. 40 left shows the basic layout of the air-source and Fig. 40 right of the ground-
source |HP. Both layouts are similar, but for the air-source system the ground coil loop in-
cluding the pump and the heat exchanger are replaced by an outdoor refrigerant-to-air heat
exchanger and a variable speed fan.
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Fig. 37: Air-source IHP (left) and ground-source IHP (right) in dedicated dehumidification
and water heating mode (Murphy et al., 2007a)
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Fig. 38 left shows the principle of the ground source IHP. Three loops are interacting, one
refrigerant, one DHW and one ground heat exchanger. Electrical energy consuming compo-
nents are one variable speed compressor (C), one variable speed indoor blower (FI) and two
pumps — one single speed pump (PI) for the DHW loop and one multiple-speed pump (PO)
for the ground heat exchanger loop (GC). Four internal heat exchangers (HX) are included to
meet the space conditioning and water heating loads: One refrigerant-to-air (fan coil,
HXRAI), one water-to-air (tempering, HXWA), and two refrigerant-to-water (domestic hot wa-
ter interface, HXRW!I, and ground coil interface, HXRWO).
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HXWA

Fig. 38: Ground-source IHP principle shown in simultaneous space cooling/DHW mode

Further components shown are the reversing valve (RV) a refrigerant expansion valve (EV)
and depicted as separate indoor (EVI) and outdoor (EVO) expansion valves, which could
also be replaced by a single, bi-directional EV. Outdoor ventilation air is drawn through a
duct with flow control damper (see Fig. 37), mixed with recirculating indoor air and distributed
to the space via the blower, Fl. The heat exchanger HXWA (see Fig. 38) uses hot water that
is generated by heat recovery in the space cooling and dehumidification modes and stored in
the hot water tank (WT), to temper the circulating air stream, as needed, in order to meet
space neutral temperature requirements. Modulation of compressor speed and indoor fan
speed can be used to control both supply air humidity and temperature as required. With this
arrangement, water heating and air tempering is accomplished simultaneously. In detail, the
available primary system operating modes corresponding to the loads are:

space cooling (AC)

space cooling with enhanced dehumidification (ACEAD)
space cooling plus water heating (ACWH)

space cooling with enhanced space dehumidification plus water heating (ACEADWH)
space heating (AH)

space heating plus water heating (AHWH)

water heating (WH)

dehumidification (AD)

dehumidification plus water heating (ADWH)

ventilation (AV)

ventilation with ventilation air dehumidification (AVVAD)
ventilation plus water heating (AVWH) and

outdoor coil defrosting (OCD) (only air-source)

Tab. 3 gives the position or operation state, respectively, of the above described single com-
ponents of the system concept depending on the operation mode for the AS-IHP and GS-
IHP (in blue). Detail on the single operation modes and the control of the components are
documented in Murphy et al. (2007a, b). Exemplary, two combined operation modes are de-
scribed in the following.
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Tab. 3: Mode/component matrix of operation of components depending on the mode

Maode Component
air air water water air water
FO Gkl P ; ; § :
C RV {PO) Fl return ventilation Pl) heating | tempering | resistance | resistance
! damper damper ! valve valve element element
AC on cool an on open open
ACEAD on coaol an on open open
ACWH on cool on open open an open {1 bypass ither
ACEADW ;
H on cool on open open on open {1 bypass ither
AH on heat an on open open either
open open : :
AHWH on heat an on aithar Cora on open {1 bypass either either
WH on heat an () closed () closed on open () bypass either
AD on cool an on open open on | () bypass open
ADWH on cool | on() | on open open on open open either
AV on i) on open open
AVVAD on cool an on | () closed open on {1 bypass open
EVIRH on an on open open on open either
(AS-only) P P P
peb on coal on open either
(AS-only) P

Legend: blue — ground-source IHP, black — air-source IHP, () — empty field

5.2.1 Dehumidification and water heating mode

When (1) the space relative humidity exceeds the thermostat humidity set point and (2) the
lower water storage tank temperature is below its set point, both dehumidification and water
heating loads are indicated. In the absence of other indicated loads, as shown in Fig. 37 left,
the reversing valve is situated in the cooling position, the return and ventilation air dampers
are open, and the heat pump system cools the circulated air and removes moisture from it in
proportion to the dehumidification load by varying the compressor, indoor fan, and outdoor
fan speeds. In this case, the air moisture removal rate is enhanced by reducing the indoor
fan speed relative to the compressor speed. Both water circuit valves are open and the water
pump is activated to permit flow through both the refrigerant-to-water HX and the water-to-air
HX in the indoor unit. Heat is rejected to the water from the discharge refrigerant and (a
smaller amount) rejected by the water to the dehumidified air in the indoor unit to provide re-
heat to maintain the thermostat air temperature set point. Water-pump speed may be in-
creased to maximum to provide sufficient water flow for both functions. Refrigerant dis-
charge heat in excess of that which can be absorbed in the refrigerant-to-water HX is re-
jected by natural convection through the outdoor refrigerant-to-air HX. If the dehumidification
load requirement is met before the water heating load requirement, the control system tran-
sitions to the water heating mode. If the water heating load requirement is met before the
dehumidification load requirement, the control system transitions to the dehumidification
mode.

When (1) the lower water storage tank temperature is below its set point and (2) the upper
water storage tank temperature is below its set point, a critical water heating load is indi-
cated. In this situation, the control system activates the upper electrical resistance element
to minimize the chance of running out of hot water.

5.2.2 Space heating (cooling) and DHW

When (1) the space air temperature is below the thermostat heating (cooling) temperature
set point and (2) the lower water storage temperature is below its set point, both space heat-
ing (cooling) and water heating loads are indicated.
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In the absence of other indicated loads the reversing valve is situated in the heating (cooling)
position, the return and ventilation air dampers are open, the water valve to the refrigerant-
to-water HX circuit is open, the water pump is activated, and the heat pump system provides
space heating (cooling) in proportion to the space heating (cooling) load by varying the com-
pressor, indoor fan, and outdoor fan speeds (outdoor fan only activated in heating mode).

In this space cooling and DHW mode, the outdoor fan is not active, so that most of the com-
bined heat removed from the indoor air and energy input to the refrigerant from the com-
pressor is transferred to the circulating water (in the refrigerant-to-water HX). The remainder
of the heat is rejected by natural convection processes in the refrigerant line set and the
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Fig. 39: AS-IHP in combined SH/DHW mode (left) and combined SC/DHW mode (right)

outdoor refrigerant-to-air HX. If the water heating load requirement is met before the space
cooling load requirement, the control system transitions to the space cooling mode.

If the space cooling load requirement is met before the water heating mode requirement, the
control system transitions to the water heating mode. Critical water heating load is handled
as in combined dehumidification and DHW mode.

In space heating/DHW mode the heat rejected from the refrigerant is shared by the space
heating (indoor refrigerant-to-air HX) and water (refrigerant-to-water HX) heating loads. The
distribution of heat between these two loads depends primarily upon the indoor fan speed,
which is controlled to meet the space heating load. As indoor fan speed increases, so does
the proportion of rejected heat supplied to the indoor air. The compressor speed is to be set
as a prescribed function of outdoor ambient in this mode between minimum and maximum
water heating (cooling) speeds with the indoor fan speed providing the control to meet the
space heating load. If the space heating requirement exceeds the capacity of the heat pump,
the electrical resistance air heaters in the indoor unit are activated to provide supplemental
heat, and the water pump is locked out (terminating water heating by the heat pump). In this
circumstance, the lower electric resistance heating element in the storage tank is activated
to provide water heating. If the water heating load requirement is met before the space heat-
ing load requirement, the control system transitions to the space heating mode. If the space
heating load requirement is met before the water heating mode requirement, the control sys-
tem transitions to the water heating mode.

At outdoor temperatures below a specified minimum for space heating operation, the com-
pressor is locked out and both the total air heating load and the total water heating load are
met using their respective electrical resistance heating elements. Critical water load are han-
dled in the same way as in case of dehumidification/DHW operation.
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5.3 Prototype testing

Based on a prototype, lab-testing for different operation modes and test conditions have
been carried out. The test rig is depicted in Fig. 40.
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Fig. 40: Instrumentation location diagram of the test rig (T=temperature; P=pressure;
FE=flowmeter; E=Power; RH=humidity)

Initial steady-state tests were conducted in cooling mode to determine the most suitable in-
door airflow, compressor speed and refrigerant charge at the 35°C ambient design condition.
Following these, four tests were conducted at the four outdoor dry bulb temperature (DBT)
conditions prescribed for rating variable speed cooling systems in the US. An additional test
took place with indoor airflow reduced by 30% to determine the amount of improved dehu-
midification. The SHR decreased by 10%. Tab. 4 shows the results from these tests.

Tab. 4: Steady-state space cooling performance

Outdoor | Outdoor fan | Indoor Indoor | Compressor | Cooling | COP or | SHR
DBT airflow DBT/WB Airflow | Speed capacity | EER

[°C] [m3/s] [°C] [m3/s] | [Hz] (Wi (Wiw]

35.0 0.535 26.7/19.4 0.230 79 4363 3.52 0.743
30.6 0.469 26.7/19.4 0.165 58 3147 4.34 0.749
27.8 0.401 26.7/19.4 0.115 36 2115 5.45 0.739
19.4 0.394 26.7/19.4 0.114 36 2185 6.92 0.727
27.8 0.388 26.7/19.4 0.080 36 1961 4.98 0.665

A number of simultaneous space cooling and water heating tests were conducted, as well.
For these tests, fixed water temperatures into the tank were maintained. The performance of
the IHP in this limited test series illustrates the efficiency advantage of recovering normally
rejected heat to provide water heating, with an overall COP (SC and DHW ) of almost 10.
Test results are shown in Tab. 5. The indoor return air conditions were 26.7 °C dry bulb tem-
perature (DB)/19.4 °C wet bulb temperature (WB).
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Tab. 5: Steady-state space cooling and water heating performance

COP: Space cooling 4.94 5.03 5.05 4.99
COP: Space cooling + water heating 9.45 9.71 9.71 9.62
Water Heating Only COP 4.52 4.68 4.66 4.63
Heat to water [W] 1603 2914 2784 2851
Cooling to space [W] 2071 3124 3013 3072
Sensible heat ratio (SHR) 0.739 0.732 0.775 0.775
Avg. Tank temperature [°C] 28.8 21.7 21.2 22.0
Avg. Compressor power [W] 372.8 569.4 541.3 558.2
Avg. pump power [W] 30.4 28.5 30.6 31.0
Avg. indoor fan power [W] 18.5 26.1 27.3 28.4

Dynamic water heating tests (water heated from starting cold condition to fully heated) were
conducted, too. One of the major design considerations with the IHP (and with all water-
heating heat pumps) is to accomplish water heating using the compressor without exceeding
the compressor discharge pressure maximum imposed by the manufacturer. Example re-
sults of this analysis are shown in Fig. 41 right. The envelopes cover acceptable compressor
discharge and suction pressures for the R22 variable-speed compressor used in the lab test
IHP. The blue envelope covers acceptable conditions for the minimum and maximum com-
pressor speeds - 30 Hz and 100 Hz. The red region contains acceptable compressor condi-
tions in the range 45-90 Hz. It can be seen that compressor discharge and suction pressures
remain within the acceptable operating envelope as the tank heats up. Tests were also run
to examine the dehumidification performance of the IHP. By design, the IHP dehumidifies
the return indoor air then reheats the air by passing hot water from the water tank through
the reheat coil. The design point is that with 49 °C inlet water to the tempering coil, there
would be sufficient reheating of the air leaving the indoor coil to establish space-neutral con-
ditions.
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Fig. 41: Tank water heat-up process (red line) superimposed on compressor discharge/
suction pressure map

The measurements were used to calibrate the parameters of the DOE/ORNL Mark VI Heat
Pump Design Model (Rice and Jackson 2002). The measured refrigerant and indoor air
flows were used with a data reduction program to calculate the delivered capacities of sys-
tem HXs, the heat losses and gains and pressure losses in the connecting lines and to de-
duce the airflows across the outdoor coil at various fan speeds from the condenser energy
balance. The performance map for the lab prototype compressor was adjusted for the ef-
fects of inverter efficiency, and reduced speeds based on the measured power and mass
flow data. This adjusted compressor map was put into the HPDM and initial predictions of
the conducted lab tests. HPDM predictions were compared to the actual lab results and,
through an iterative process, the HPDM predictions were calibrated to the range of space
cooling and water heating tests performed.
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Fig. 42: Target GS-(left) and AS-IHP (right) compressor speed for different operation modes
(Vent. — Ventilation, DDH — Dedicated Dehumidification, RH — relative humidity)

Using the calibrated HPDM, IHP design optimization and control assessments were conduc-
ted to establish target optimized compressor and fan speed control relationships based on
the laboratory R-22 compressor, air-moving, and heat exchanger components. Subsequently
a suitable compressor map for a state-of-the-art R-410A variable-speed rotary compressor
was obtained and put into the calibrated HPDM. Revised target performance ranges were
then established for both the air-source and ground-source IHPs using this preferred HFC
refrigerant R-410A. Fig. 42 show the target compressor speed ranges for load tracking con-
trol for the air-source and ground-source IHPs, respectively.
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Fig. 43: Target AS-IHP performance vs. equivalent ambients in SH and SC modes

In Fig. 43 target performance of the AS-IHP and in Fig. 44 of the GS-IHP are shown for
space heating and cooling for the assumed load tracking behavior. The respective COPs are
shown by the solid lines, and the delivered capacities are given by the dotted lines. The
points where the trend lines change slope are where the minimum and maximum compres-
sor speeds are reached and the system reverts to ambient trends similar to a single-speed
unit, but at minimum and maximum speeds.
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It can be seen from Fig. 43 that the AS-IHP design cooling capacity at 35°C is just over 4.4
kW (1.25 tons). Similarly at the maximum overspeed operation in heating mode, a heating
capacity of about 4.0 kW is reached at about -7°C ambient. Typically a single-speed heat
pump has about the same heating capacity at 8.3°C as the design cooling capacity and then
drops with ambient to a much lower capacity at -7°C, having a similar capacity to the varia-
ble-speed system shown here only at the design speed of 79 Hz (speed ratio of 1.0) at 0°C
ambient. GS-IHP performance in Fig. 43 is given as a function of equivalent ambient tem-
perature entering water temperature (EWT). The design cooling capacity of 4.4 kW is
reached at about 27-28°C EWT. A maximum heating capacity of about 4.2 kW is reached at
about 4-5°C EWT. The relationship between EWT and ambient air temperatures is shown
(for the Atlanta location) in Fig. 41 right. On average, the heating EWT exceeds the ambient
air temperature by about 10°C and is about 6.7°C less than the ambient temperature during
the cooling season.
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Fig. 45: Correlation of the entering water temperature to the outdoor air (Atlanta)
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5.4 System simulation results of the prototype system

A sub-hourly analysis tool was needed to most accurately account for the competing IHP
operating modes, and representative inlet conditions that will be seen simultaneously by the
system heat exchangers (HXs) while heating water. This was accomplished linking the
HPDM with TRNSYS. With the HPDM/TRNSYS combination, annual energy simulations
have been carried out for the typical climates of the USA: Atlanta (mixed-humid), Houston
(hot-humid), Phoenix (hot-dry), San Francisco (marine) and Chicago (cold). The HPDM/
TRNSYS model was used to calculate estimates of annual performance (using 3-minute
time steps) for three systems installed in a 167 m® (1800 ft°) ZEH, the AS-IHP, the GS-IHP
and a baseline system of same functionaliy and complying with DOE minimum requirements.

5.4.1 Baseline system

A standard split-system A/A heat pump with USDOE-minimum required efficiency (SEER 13
and HSPF 7.7") provides space heating and cooling under control of a central thermostat
that senses indoor temperature. It also provides dehumidification (DH) when operating in
cooling mode, but does not separately control the humidity. A standard electric storage water
heater (WH) with USDOE minimum mandated energy factor (EF=0.90) provides domestic
hot water needs. Ventilation meeting the requirements of ASHRAE Standard 62.2-2004
(ASHRAE 2004) is provided using a central exhaust fan. A separate stand-alone dehu-
midifier (DH) is used to meet house dehumidification needs during times when the central
heat pump is not running to provide space cooling. A DH efficiency or energy factor (EF,) of
1.4 I/kWh (0.0014 m3/kWh) was used based on the USDOE proposed minimum requirement
for 2012. A whole-house humidifier (H) accessory was included with the heat pump to main-
tain a minimum 30% relative humidity (RH) during the winter. Hot water from the WH tank
was used for the humidifier supply based on manufacturer specifications for application with
heat pumps. The type humidifier adapted for the analyses consumes no power other than a
negligibly small amount needed to operate the water flow control solenoid valve.

Baseline system control set points used in the TRNSYS simulation were as follows — 21.7°C
11.4°C and 24.4°C £1.4°C for first stage space heating and cooling, respectively; 18.9°C
11.1°C for second stage space heating (electric back up heater); 48.9°CF +2.8°C for WH,;
55% RH +4% for DH; and 34% RH +4% for H.

Event Start time Duration | Fraction of
(h) {min) daily

™ consumption
@ Shower a.m. 6:00 12 0.172
| Return duct |- = Shower 6:15 12 0.172
Shower 6:30 12 0.172
Bypass nirﬂqw . - ‘ Air handler Lavatorv sink 6:00 1 0.014

through humidifier | E:

O | / Lavatory sink 6:15 1 0.014
/ Kitchen sink G:45 2 0.029
' Kitchen sink 7:30 2 0.029
. \ " Clothes wash cycle 9:00 3 0.204
‘“.3_ -1 Ellidihicy Lavatory sink pm. 12:15 1 0.014
Water supply —SSS Kitchen sink 12:30 1 0.014
Lavatory sink 4:45 1 0.014
Todrain ————» ! Lavatory sink 5:15 1 0.014
i 2 Dishwasher (1™ wash) 7:30 1.5 0.048
‘ Dishwasher (2™ wash) 8:00 1.5 0.048
Lavatory sink 9:45 1 0.014
Lavatory sink 10:15 1 0.014
Lavatory sink 10:30 1 0.014

Fig. 46: Integration of humidifier (left) and DHW tapping profile used for the simulation (right)

1 It has to be considered, that the values are in [(BTU/h)/W]. To compare to European seasonal performance factors the values have to be divided
by 3.4134 resulting in an SPF-SH = 2.3 and an SPF-SC = 3.8.
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5.4.2 GS- and AS-IHP

The air-source IHP, illustrated in Fig. 39, uses one variable-speed (VS) modulating com-
pressor, two VS fans, a single-speed pump, and in total of four HXs (two air-to-refrigerant,
one water-to-refrigerant, and one air-to-water) to meet all the HVAC and water heating (WH)
loads. A WH tank (same size as for baseline) is included for hot water storage. The same
humidifier type as used for the baseline system heat pump was included with the IHP as
well. Ventilation (V) air is drawn into the IHP air handler section through a modulating
damper as shown.

The set points for 1% and 2" stage space heating, space cooling, DH, and H as used for the
baseline were also used for the IHPs. For WH, the 1% stage (IHP water heating) set point
was 46.1°C +2.8°C with a 2" stage set point of 41.9°C +1.4°C to control an electric resis-
tance back-up heating element in the upper portion of the WH tank. The 2 stage WH set
point was intentionally set lower than the 1 stage set point to maximize the amount of water
heating supplied by the IHP.

5.4.3 Heat pump model

As first implementation, the HPDM was directly called from TRNSYS. An extensive effort
was undertaken to couple the two codes that the outputs of the TRNSYS from modeling the
time-dependent ZEH indoor space and water heater conditions would become inputs to the
HPDM. In turn, the HPDM output conditions of the indoor air and water leaving the equip-
ment heat exchangers are coupled back to the TRNSYS house and water heater modules to
update their operating states. Initially, this was a direct link with the HPDM called at each
time step in the appropriate mode of operation. Due to long run times, a second approach
was implemented that provided a faster and more robust route.

A map-based approach combined with multi-dimensional interpolation became the basic me-
thod applied to facilitate IHP annual performance analyses using the TRNSYS/HPDM lin-
kage. Using the HPDM, performance arrays are generated to encompass the anticipated full
range of possible operation. While the number of required calls to obtain close interpolations
of IHP performance in all modes was not small, at a few thousand, it is much smaller than
the more than 160000 calls needed to call HPDM directly for each simulation time step of 3
minutes. As importantly, once these runs were completed successfully once, the data array
could be saved and reused by recall at the outset of successive runs for different climates, or
houses, or even control logic strategies. A full set of IHP performance maps is generated at
the outset of the TRNSYS simulation run. These performance maps are set up to save all
output values (presently numbering 30) that might be needed for linkage to the rest of the
TRNSYS equipment and house models.

To specify the heat pump configurations needed for the IHP performance maps five heat
pump input data files are used: for space cooling, space heating, space cooling with heat
recovery water heating, outdoor source water heating, and ventilation air cooling. Eight pa-
rametric input control files, one for each possible mode of IHP operation are used. The pa-
rametrics needed for the performance mapping, in addition to compressor speed, are indoor
temperature, and relative humidity and outdoor temperature (EWT for GS-IHP) for space
cooling modes and outdoor temperature, relative humidity (EWT for GS-IHP) and indoor
temperature for space heating. For the water heating modes, the range of possible inlet wa-
ter temperatures is used in place of outdoor temperature for the combined space cooling
mode. For the outdoor source water heating, the inlet water temperature parametric replaces
that of the indoor air temperature. In the ventilation air cooling mode, only outdoor tempera-
ture and relative humidity are needed.

Full details of the house, controls modeling and the HPDM/TRNSYS linkage approach are
given in Murphy, Rice et al. (2007a) and Murphy, Rice et al. (2007b).
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5.4.4 Annual energy performance
Tab. 6 provides summary results for the baseline HVAC system for a 167 m® ZEH house.

Tab. 6: Annual site HVAC/WH system energy use and peak with Baseline system

Location HP cooling capacity HVAC site energy HVAC hourly peak demand
[kW] use, [kWh] (W/SISA)* [kW]

Atlanta 4.40 7230 8.6/4.6/2.1

Houston 4.40 7380 6.1/4.4/2.2

Phoenix 5.28 6518 6.1/3.9/2.1

San Francisco | 3.52 4968 5.7/5.6/1.6

Chicago 4.40 10773 9.7/6.1/2.4

* W — winter maximum; S — summer maximum; SA — summer mid-afternoon (Tab. 6-Tab. 8)

Tab. 7 and Tab. 8 provide results for the air-source and ground-source IHPs, respectively,
including hourly peak demand in kW for winter and summer (W/S).

Tab. 7: Estimated annual site HVYAC/WH system energy use and peak with air-source IHP

Location HP cooling HVAC site en- HVAC hourly peak de- | Energy savings vs.
capacity [kW] | ergy use [kWh] | mand (W/S/SA)*[kW] baseline HVAC [%]

Atlanta 4.40 3349 2.2/1.5/1.2 53.7

Houston 4.40 3418 1.9/1.1/1.1 53.7

Phoenix 5.28 3361 211.71.7 48.4

S. Francisco | 3.52 1629 1.8/1.6/0.8 67.2

Chicago 4.40 5865 7.3/1.6/1.0 45.6

For the air-source IHP, the simulation results show between 46-67% energy savings vs. the
baseline depending upon location.

For the ground-source IHP, the simulation shows over 50% (52-65%) savings in all locations.
Maximum peaks occurred in the winter and generally during 6-8 am (roughly coincident with
winter utility peak periods). The water use schedule assumed for the analysis included a sig-
nificant draw during that time of day for morning showers making electric back-up element
activity likely (adding to back-up electric space heating in the colder locales). Maximum
summer peaks are somewhat lower and generally occurred during the 6-8 am as well for the
same reason.

Tab. 8: Estimated annual site HVAC/WH system energy use and peak with GS-IHP

Location HP cooling HVAC site HVAC hourly peak de- Energy savings vs.
capacity energy use mand (W/S/SA)* [kW] baseline HVAC [%]
[kW] [kWh]

Atlanta 4.40 3007 2.0/1.1/1.0 58.4

Houston 4.40 3290 1.8/1.1/1.0 55.4

Phoenix 5.28 2909 1.711.211.2 55.4

S. Francisco | 3.52 1699 1.8/1.6/0.6 65.8

Chicago 4.40 5126 6.9/1.7/0.8 52.4

Summer hourly peaks during the noon-7pm time period (roughly coincident with summer
system peak period of most US utilities) were ~1.6-2.4 kW for the baseline system vs. ~0.8-
1.7 kW for the AS-IHP and ~0.6-1.2 kW for the GS-IHP.

Fig. 47, Fig. 48 and Fig. 49 give the percental energy savings for the 5 climatic sites and the
table in Fig. 49 right presents a comparison of the SPF in the different operation modes.
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Tab. 7: AS-IHP and GS-IHP performance vs. baseline system in ZEH

Loads (167-m’ ZEH Equipment
e Ul Baseline AS-IHP GS-IHP
Energy reduc- Energy reduc-
Source kWh E:ﬁ;ﬂ"(l‘;;e’ Emgy(l‘z‘f)e’ tion cggmp.ared E':j;gy“ﬂ;e’ tion cggmp.ared
to baseline to baseline
Atlanta (mixed-humid)
Space Heating 4775 1789 (51) 1251 30.1% 1066 40.4%
Space Cooling 5735 1643 1073 34.7% 996 39.4%
Water Heating 3032 3402 924 (142) 72.8% 855 (144) 74.9%
Dedicated DH 158 208 82 60.4% 73 64.9%
Ventilation fan - 189 20 89.6% 17 90.9%
Totals 13701 7230 3349 53.7% 3007 58.4%
Humidifier water | 499 kg 618 kg 647 kg
Houston (hot-humid)
Space Heating 1766 648 474 26.9% 381 41.1%
Space Cooling 9927 2853 1894 33.6% 1936 32.1%
Water Heating 2505 2816 556 (91) 80.2% 477 (76) 83.1%
Dedicated DH 704 875 482 44.9% 484 44.7%
Ventilation fan - 189 12 93.7% 11 94.3%
Totals 14902 7380 3418 53.7% 3290 55.4%
Humidifier water 75 kg 87 kg 89 kg
Phoenix (hot-dry)
Space Heating 1580 535 336 37.1% 279 47.9%
Space Cooling 9759 3317 2296 30.8% 2038 38.6%
Water Heating 2189 2477 696 (19) 71.9% 560 (1) 77.4%
Dedicated DH - - - na - -
Ventilation fan - 189 33 82.7% 32 83.1%
Totals 13527 6518 3361 48.4% 2909 55.4%
Humidifier water | 170 kg 229 kg 240 kg
San Francisco (marine)
Space Heating 2881 932 607 34.8% 616 33.9%
Space Cooling 88 26 23 12.5% 19 25.3%
Water Heating 3387 3767 957 (100) 74.6% 1025 (203) 72.8%
Dedicated DH 42 54 11 80.3% 10 80.6%
Ventilation fan - 189 32 83.2% 28 85.2%
Totals 6398 4968 1629 67.2% 1699 65.8%
Humidifier water 34 kg 38 kg 29 kg
Chicago (cold)
Space Heating 11425 | 5448 (1415) | 3686 (614) 32.3% 3133 (293) 42.5%
Space Cooling 2550 729 436 40.1% 335 54.0%
Water Heating 3807 4286 1644 (327) 61.6% 1568 (371) 63.4%
Dedicated DH 94 121 83 31.9% 75 38.0%
Ventilation fan - 189 17 91.1% 15 92.2%
Totals 17877 10773 5865 45.6% 5126 52.4%
Humidifier water | 1369 kg 1639 kg 1721 kg
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5.4.5 Economic analysis

Along with the performance analyses above, a preliminary assessment of the system costs
and payback for the IHPs vs. the baseline has been completed as well. Murphy et al.
(2007b) provides full details of the cost estimation.

Tab. 9: Estimated installed costs of baseline HVAC/WH system (2006 US dollars)

City HP cooling HP cost DH WH V cost | H cost | Total cost
capacity [kW] cost cost

Atlanta 4.40 $3'985-4'590 | $415 $503 $305 $200 | $5408-6013

Houston 4.40 $3'985-4'590 | $415 $503 $305 $200 | $5408-6013

Phoenix 5.28 $3'995-4'628 | $415 $503 $305 $200 | $5418-6051

San Francisco 3.52 $3'974-4'578 | $415 $503 $305 $200 | $5397-6001

Chicago 4.40 $3'985-4'590 | $415 $503 $305 $200 | $5408-6013

Tab. 9 provides the baseline system costs and Tab. 10 the estimated cost for the AS IHP
along with its energy cost savings and estimated simple payback of 5-10 years vs. the base-
line.

Tab. 10: Estimated installed costs and payback for air-source IHP (2006 US dollars)

City Electricity |[HP Total cost [$] |Premium over Energy [Simple pay-
price cooling baseline system | cost back over
[$/kWh] capacity [$] savings/ |baseline
[kW] Year [$] [system, [yr]
low high low high low | high
Atlanta 0.0872 4.40 7'582 | 8786 | 2174 | 2'773 338 6.4 8.2
Houston 0.108 4.40 7'582 | 8786 | 2174 | 2'773 428 5.1 6.5
Phoenix 0.0896 5.28 7'596 | 8'862 | 2178 | 2'811 283 7.7 9.9
S. Francisco 0.1196 3.52 7'568 | 8762 | 2171 2'761 399 5.4 6.9
Chicago 0.0844 4.40 7'582 | 8786 | 2174 | 2'773 414 5.2 6.7

For the ground-source IHP a vertical bore ground HX (GHX) configuration was assumed.
Results are given in Tab. 11. Installed cost in 2006 US$ of the GHX (including connection to
the IHP package) was estimated at ~$16.40/m ($5/ft) of bore.

Tab. 11: Estimated installed costs and payback for ground-source IHP (2006 US dollars)

City Electricity HP Total cost [§] |Premium over Energy Simple payback
price cooling baseline system |cost over baseline
[$/kWh] |capacity [$] savings/ |system [yr]
[kW] year [$]
low high low high low high
Atlanta 0.0872 4.40 8'671 | 9748 | 3'263 3735 368 8.9 10.1
Houston 0.108 4.40 8'671 | 9'748 | 3'263 3'735 442 7.4 8.5
Phoenix 0.0896 5.28 9'410 | 10'549 | 3'992 4'498 323 12.3 13.9
S. Francisco| 0.1196 3.52 8'657 | 9'724 | 3'260 3'723 391 8.3 9.5
Chicago 0.0844 4.40 8'511 | 9'688 | 303 3'575 477 6.5 7.5

Tab. 12 gives the estimated bore lengths for a vertical GHX in each of the five cities as de-
rived from long-term sizing runs using the TRNSYS/HPDM model. Sizing was based on limit-
ing the long-term entering water temperature (EWT) to the IHP from the GHX to a maximum
of 35°C during cooling operation in all cities.
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For heating operation, the long-term minimum EWT criteria was 5.6°C (using water as the
GHX fluid) for all cities except Chicago where the minimum EWT criteria was -1.1°C (using a
20% propylene glycol brine solution).

Tab. 12: Estimated total bore lengths and installed costs for vertical GHXs (2006 US dollars)

City Total bore length [m] Installed cost [$]
Atlanta, Houston, San Francisco 110 1800
Phoenix 154 2525
Chicago 100 1640

5.5 Proposed concept design specifications

Based on the research and development done by ORNL to date, design specifications are
provided, along with a recommended control strategy. It should be noted that all R&D con-
ducted thus far for the IHP has been aimed at the ZEH. As the marketplace moves toward
ZEH-type residences, smaller, more efficient space-conditioning and water-heating systems
that can accommodate not only customary loads, but also new active ventilation and dehu-
midification requirements, will be needed. The relatively large number of current two-story
houses with multiple smaller heat pumps might provide a nearer-term market that could in-
duce manufacturers to produce such “futuristic” equipment, especially for “early adopters.” If
these trends intersect with international component cost reduction trends observed in varia-
ble-speed, high-efficiency equipment, and with the increasing cost, capacity, and emissions
pressures associated with the world energy production markets, the residential AS-IHP (Fig.
1) and GS-IHP (Fig. 2), may fill a substantial and valuable niche in the energy-efficiency ar-
senal. However, to achieve penetration in the current housing market, whose houses differ
from the ultimate ZEH goal, modifications to these recommendations to produce a product
optimized for the current market will be needed. These modifications may include elimination
of some functions and substitution of less expensive components to produce a simpler, less-
expensive product for initial market penetration. Work with manufacturing partners towards
this latter goal is underway.

Fig. 50: Conceptual installation of the GS-IHP (left) and AS-IHP in ZEH (right)
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Salient features of both IHP types as embodied in this study include a variable speed rotary
compressor incorporating a brushless direct current permanent magnet motor which pro-
vides all refrigerant compression, a variable speed fan for the indoor section, and a single-
speed pump for water heating operation. The AS-IHP includes a variable speed fan for the
outdoor section as well, while the GS-IHP includes a multiple-speed ground coil circuit pump.
A viable embodiment of the AS-IHP design for a net ZEH application is suggested to be a
split-system air-source heat pump consisting of two main sections as illustrated in Fig. 37
left: an indoor section with compressor and indoor air handler (could be split into two sec-
tions) and an outdoor air handler section. Provision may be made to accommodate addi-
tional operating modes such as an outside air economizer mode, if deemed cost-effective in
meeting performance goals. In the following, design specifications of the single components
are described.

5.5.1 Refrigerant Compressor (C)

The concept requires a high-efficiency, hermetic, variable-speed motor/compressor. A sug-
gested option is a rotary compressor with an electronically commutated, BDC-drive motor
with a permanent magnet rotor. A minimum R-410A compressor-only COP of 3.3 at ARI air-
conditioning rating conditions (ARI 1999) at 60 Hz is recommended. The rated capacity at 60
Hz (3600 rpm) is 2.9 kW to obtain the 4.4 kW design cooling capacity at the 79-Hz design
cooling frequency with R-410A. The suggested variable speed ranges to approach the en-
ergy savings potential in chap. 5.4.4 are at least 2.8 to 1in SC, 2.0 to 1 in DHW and 3.6 to 1
in SH, e.g. a maximum speed range of 28 to 100 Hz was available in a laboratory prototype
with applied speeds of 28 to 79 Hz SC, 45 to 90 Hz in DHW, and 28 to 100 Hz SH. A higher
maximum speed in SH mode up to 118 Hz, a 4.2 to 1 speed range, is recommended to ob-
tain better heating season performance, as shown in the earlier analysis for the prototype R-
410A system.

5.5.2 Indoor Fan (Fl)

The concept requires a high-efficiency, variable-speed motor/fan combination. A suggested
option is a centrifugal fan driven directly by an integral electronically commutated motor with
pulse-width-modulation (PWM) speed control. The suggested variable speed range is at
least 3.5 to 1 with constant airflow control capability.

5.5.3 Outdoor Fan (FO)

The concept requires a high-efficiency, variable-speed motor/fan combination. A suggested
option is a multi-bladed propeller fan driven directly by an integral electronically commutated
motor with PWM speed control. The suggested variable speed range is at least 2.0 to 1.

5.5.4 Refrigerant-to-Water Heat Exchanger (HXRWI)

The suggested arrangement is counterflow, helical, tube-in-tube with a single refrigerant cir-
cuit in the annulus and a single water circuit in a central convoluted water tube. Water-side
pressure drop should be no more than 20 kPa at 12 liters/min water flow. The UA heat trans-
fer rating at maximum water heating speed and 7 liter water flow should be not less than 570
WI/K to give 4.1 kW of water heating at 8.3°C outdoor ambient temperature. The construc-
tion must be double-walled, vented, and approved for potable water use. Suitable provision
must be made for either prevention of water-side fouling or access to surfaces subject to
such fouling for periodic maintenance cleaning.

5.5.5 Water-to-Air Heat Exchanger (HXWA)

The suggested arrangement is a perpendicular (relative to the air flow) coil using copper tub-
ing with aluminium fins. The minimum recommended UA heat transfer rating for this coil is
43 W/K. Suitable provision must be made for either prevention of water-side fouling or ac-
cess to surfaces subject to such fouling for periodic maintenance cleaning.
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5.5.6 Indoor Refrigerant-to-Air Heat Exchanger (HXRAI)

The suggested arrangement is a sloped (relative to the air flow) coil using grooved copper
tubing with enhanced aluminium fins. The minimum recommended UA heat transfer rating
for this coil is 425 W/K at design cooling conditions.

5.5.7 Outdoor Refrigerant-to-Air Heat Exchanger (HXRAO)

The suggested arrangement is a wrap-around coil using copper tubing with enhanced alu-
minium fins. The minimum recommended UA heat transfer rating for this coil is 750 W/K at
design cooling conditions.

5.5.8 Electrical Resistance Water Heating Elements
Both lower and upper electrical resistance water heating elements are recommended to
have 4.5 kW heating capacity at 230 VAC.

5.5.9 Domestic Water Pump (PI)
A single-speed potable water pump rated for 45 kPa pressure lift at 12 litres/min for duties
up to 95°C. 1000 kPa working pressure is suggested.

5.5.10 Hot Water Storage Tank (WT)
An insulated potable hot water storage tank with a minimum capacity of ~180 litres is rec-
ommended.

5.5.11 Other components

One or two expansion valves (EVO and EVI) are required for refrigerant flow/expansion con-
trol. A reversing valve (RV) is required to shift refrigerant flow direction between cooling and
heating mode functions. Two water flow control valves are required to direct water flow either
through or around the water heating heat exchanger (HXRWI) and the water-to-air temper-
ing coil (HXWA). The implementation is by means of a two-position bypass valve for the
HXRWI (either full through flow or full bypass flow) and a variable position valve for the
HXWA (continuous range from full through flow to full bypass flow) to permit control of the
temperature of the air exiting this device.

5.5.12 Components GS-IHP

Most of the components for the GS-IHP are identical as those for the AS-IHP except the
outdoor heat exchanger and fan are replaced with a second water/refrigerant heat ex-
changer (HXRWO) and a multiple speed water/antifreeze circulation pump, respectively. A
single equipment package containing all components and to be located in an indoor me-
chanical room is suggested as illustrated in Fig. 37 right.

4.11.4.1 Ground Coil Interface Refrigerant-to-Water Heat Exchanger (HXRWO)

A tube-in-tube helical heat exchanger is used, consisting of an inner single-wall fluted tube
surrounded by an outer smooth tube. Water (or an antifreeze/water mixture) flows inside the
inner wall of the fluted tube while refrigerant passes through the annulus formed. The ar-
rangement is counter-flow for modes in which the device acts as a refrigerant condenser
(e.g. SC mode) and co-flow when it acts as a refrigerant evaporator (e.g. SH mode). The
minimum recommended UA heat transfer rating for this coil is 750 W/K at design cooling
conditions.

4.11.4.2 Ground Coil Loop Pump (PO)

A multiple-speed (2-3 discrete speeds) or variable-speed circulator pump suitable for opera-
tion with water or water/antifreeze solution is required. Suggested design specifications for
maximum speed operation are 80 kPa pressure lift at 15 litres/min.
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5.6 Conclusions and Outlook

Following conclusions and recommendations of a further in-depth analysis are highlighted
(Murphy et al. (2007a) and Murphy et al. (2007b))

5.6.1 Conclusions

1. The GS-IHP system (using R410A) is estimated to achieve >50% energy savings vs. the
baseline system used in the study in all locations including Chicago. These predicted sav-
ings are obtained with active humidity control applied throughout the year.

2. For a scenario of a $1000 system tax credit combined with a favorable time-of-use + de-
mand utility rate structure, simple payback of the IHP systems vs. the baseline system in
the ZEH fall to about 1.5 to 3 years for the AS-IHP and 2.5-5 years for the GS-IHP, re-
spectively.

3. Using a Solid Water Sorbent-enhanced horizontal ground heat exchanger requiring no
additional trenching beyond that required for water supply or sewer piping, the estimated
first cost of the GS-IHP is reduced to about the same as that for the AS-IHP and base
scenario simple paybacks are about 4 to 8 years.

4. Desuperheating operation with the GS-IHP and AS-IHP was found not to be beneficial
compared to the currently employed alternative water heating approaches. Elimination of
the desuperheater allows use of a single-speed water pump reducing the cost, simplifies
the controls and results in much lower pump run time.

5. A new approach was developed for the domestic hot water loop of the IHP that reduces
the maximum condensing temperatures when simultaneously tempering indoor air and
water heating, uses lower temperature water to accomplish indoor air tempering, and
simplifies the water tank connections.

6. Modification to the IHP control logic in winter to assign priority to water heating (over
space heating) significantly improved overall IHP efficiency and energy savings.

5.6.2 Recommendations

1. Implementation and analysis of split condenser operation in the winter heating mode is
needed to assess the benefits of simultaneous space heating and water heating opera-
tion. The same analysis capability can be used as needed to look further at possible dual
condenser operation in cooling mode to reduce condensing temperatures under low
speed cooling operation where compressor head pressure capabilities are more limited.

2. Consideration should be given to obtaining further water heating by cooling the compres-
sor with water leaving the indoor water-to-refrigerant heat exchanger. This would boost
the water temperatures returning to the DHW tank with compressor shell heat loss with-
out raising condensing temperatures and could provide a beneficial means to cool the
compressor motor under the elevated head pressures seen with full condensing water
heating.

5.6.3 Field monitoring

Field monitoring of the ground-source heat pump will start in summer 2010 in at least 2 re-
search houses. Field tests of the air-source heat pump will follow, starting in the end of 2010.
Field test are carried out by the Zero Energy Building Research Alliance (ZEBRAlliance)
which besides the ORNL comprises also a local utility, an architecture office and local home
builders (TVA and Schaad).

Besides the evaluation of the field operation of the IHP types other technologies will be
tested in the research houses such as different variants of thermal insulation, a interior utility
wall which includes all the supply and return lines for water air and electricity as well as a
foundation ground heat exchanger.

Fig. 51 gives an overview of the intended field monitoring and the test houses. More details
on the test houses and the field test are given on a System Concept sheet.
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6 PROPANE W-W HEAT PUMP FOR PASSIVE HOUSE

6.1 Motivation

Natural refrigerant have considerable reduced global warming potential. Therefore, a heat
pump prototype using the refrigerant propane (R290) has been developed at the NTNU in
co-operation with SINTEF Energy Research. Design goals of the development were

e Functions space heating and DHW

e DHW temperature of 60°C due to legionella protection

¢ Monovalent operation for the space heating and DHW demand of the passive house
e Natural refrigerant

¢ minimum condensation temperature for all operation modes

A prototype water-to-water propane heat pump system for combined space heating and hot
water heating (integrated heat pump system) with a nominal heating capacity of approx. 2.9
kW has been designed and tested in the laboratory at the Norwegian University of Science
and Technology (NTNU) in Trondheim, Norway (Zijdemans, 2007). The heat pump system is
installed in a low-energy/passive house in Flekkefjord, Southern Norway, and lake water is
used as heat source.

6.2 Description of the prototype

The prototype heat pump system was designed to cover the entire space heating demand,
ventilation loss and domestic hot water (DHW) demand, and to meet the maximum tempera-
ture requirement for hot water heating (60-65 °C) for a low-energy/passive house in Flekkef-
jord (Southern Norway). Fig. 52 depicts the layout. No auxiliary heating is required during
normal operation.
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Fig. 52: Layout of the prototype water to water heat pump with propane refrigerant
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The heat pump is connected to a high-temperature (HT) DHW storage tank and a low-
temperature (LT) accumulator tank by means of two water loops with pumps and non-return
valves. The LT accumulator tank is connected to the space heating system. According to
EN378 an indirect system design is required for DHW (HT) tank since propane (flammable
working fluid) is used as the working fluid. Both tanks have integrated heat exchanger coils
in stainless steel (OD/ID 18/15 mm, L 26 m).

The main components for the integrated heat pump unit are:

e Evaporator — SWEP brazed PHE B15-10, 0.36 m2, height/width 6.5

« Condenser — SWEP brazed PHE B15-10, 0.36 m’ height/width 6.5

o Desuperheater — SWEP brazed PHE B8-10, 0.23 m2, height/width 4.3

« Suction gas heat exchanger — SWEP brazed PHE, B5-10, 0,12 m® height/width 2.6

« Compressor — Danfoss SC15CNX, single-stage, hermetic piston, 2900 rpm, 15.28 cm®

« Expansion valve — Danfoss TUA R22, thermostatic with internal pressure equalization

The heat pump unit is equipped with a suction gas (internal) heat exchanger which increases
the discharge gas temperature from the compressor and with that increases the superheat
and the average temperature during heat rejection without increasing the condensation tem-
perature/pressure. This is favourable for a heat pump which supplies heat to a low-energy or
passive house where the high-temperature DHW demand typically constitutes 50 to 80% of
the total annual heating demand of the house.

Fig. 53 shows, as an example, the temperature changes for the working fluid in the heat
pump unit at 0/50 °C evaporation/condensation temperature, 30 K compressor superheating,
2 K pressure loss in the evaporator/condenser and 65% isentropic efficiency for the com-
pressor (Zijdemans, 2007).

Due to the application of the suction gas heat exchanger, the heat quantity rejected in the
desuperheater at 75 °C average temperature is about 40% of the condenser capacity at
50 °C. The lower the evaporation temperature and the higher the condensation temperature,
the larger is the superheat.
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Fig. 53: Sample temperatures of the propane heat pump cycle
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6.3 Results of prototype component testing

Propane (R290, C;Hs) is being used as working fluid since it is a natural fluid with negligible
GWP and excellent thermophysical properties. All necessary components for the heat pump
unit are available in the required capacity range from leading manufacturers. Since propane
is a highly flammable fluid (AIT2 470°C, LEL/UELS3 2.1/9.5%) and the total charge for the pro-
totype unit is about 250 g (i.e. > 150 g), the heat pump system has been designed as fol-
lows:

« Indirect, closed system design for the heat pump unit with indirect closed water loops
for heat rejection to the high-temperature DHW storage tank and the floor heating sys-
tem

« Installation of the heat pump unit in a gas-tight cabinet (IP 20) which is vented to the
ambient and equipped with a leak detector (type NC) — visual alarm

« Only soldered joints for the heat pump unit inside the cabinet, no flare couplings
o Ex-proof low-pressure and high-pressure controllers (IP 44)
« Gas-tight cabinet for the electrical equipment (IP 20)

Fig. 54 shows the heat pump (left), the cabinet for the electrical equipment (middle) and the
two storages (right).

Fig. 54: Prototype heat pump, cabinet for the electrical equipment and storage tanks

6.3.1 Operating Modes — Operational Strategy

The prototype water-to-water propane heat pump system is designed to operate in three
main operating modes (ref. principle sketch, Fig. 52):

« Domestic hot water (DHW) heating only
« Space heating only
« Combined mode — space heating and domestic hot water (DHW) heating

2 AIT - Auto Ignition Temperature
3 LEL - Lower Explosion Limit, UEL — Upper Explosion Limit
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The compressor and the circulation pumps for the HT and LT water loops are controlled by a
programmable digital control unit (PLS). Temperature sensors are placed about 300 mm
above the bottom in the HT and LT storage tanks. Tab. 13 shows the main control strategies

in "hot water mode", "space heating mode" and "combined mode":

Tab. 13: Main control strategies in the different heating modes for the prototype heat pump

system.
Heating mode Compres- HP LT Operation — description
sor opera- | pump | pump
tion

Domestic hot wa- On On Off When the water temperature in the HT sto-

ter (DHW) mode — rage tank drops below e.g. 50 °C, the com-

no space heating pressor and the circulation pump in the HT

demand water loop start. The compressor and the
pump are stopped when the temperature
reaches the set-point, e.g. 60 °C. Both the
condenser and the desuperheater are active
during operation in the hot water mode. Dur-
ing tapping of domestic hot water (DHW)
from the 300 litre HT storage tank, the cold
city water (5 to 10 °C in Norway) is circulated
through the heat exchanger coil in the 300
litre LT storage tank and preheated to about
30 °C, before it is reheated by the heat ex-
changer coil in the HT tank

Space heating On Off On When the water temperature in the LT sto-

mode — no DHW rage tank drops below e.g. 30 °C, the com-

heating demand pressor and the circulation pump in the LT
water loop start. The compressor and the
pump are stopped when the temperature
reaches the set-point, e.g. 35°C. Only the
condenser is active during operation in the
space heating mode since the HT pump is
switched off.

Combined heat- On On On The compressor and the pumps for the LT

ing mode — both and HT circuits are switched on. Both the

space heating and condenser and the desuperheater are opera-

DHW heating de- tive. As in DHW mode, the DHW is preheated

mand in the LT tank by condenser heat.

No heating de- Off Off Off The entire heat pump unit is switched off

mand

In order to control/limit the maximum discharge temperature from the compressor, the suc-
tion gas heat exchanger is equipped with a by-pass and a magnetic valve. When the ex-
haust gas temperature exceeds the maximum allowable temperature level (approx. 100 °C),
the magnetic valve opens.

Since the supply water for the floor heating system is circulated from the top of the low-
temperature (LT) storage tank, the supply temperature will always be in the required range,
even during periods when there is a considerable hot water demand, i.e. at large city water
flow rates (5-10 °C) through the heat exchanger coil in the LT storage tank.
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6.3.2 Instrumentation

The prototype heat pump system has been instrumented as follows (ref. principle sketch,
Fig. 52)

e Heat flow meters (Kundo/G20 volume flow meter + temperature Pt1000 sensors) for
the space heating system (LT tank), preheating of DHW (LT tank) and reheating of
DHW (HT tank)

« Electric power/energy meters for the compressor only and for compressor and pumps

o Temperature sensors (Pt100) for the heat source, heat pump unit (miscellaneous) and
ambient air

6.3.3 Laboratory Testing

The prototype heat pump system has been tested in the laboratory at the Norwegian Univer-
sity of Science and Technology (NTNU). The test in space heating mode was carried out in
accordance with the requirements in the European standard EN 14511, “Air conditioners,
Liquid Chilling Packages and Heat Pumps with Electrically Driven Compressors for Space
Heating and cooling”.

Tab. 14 shows the main results from the laboratory test. Due to limitations in the test rig, the
lowest water temperature for the heat source was 8.1 °C and not 5.0 °C as stated by
EN 14511 (Zijdemans, 2007).

Tab. 14: Test results of the prototype unit testing according to EN 14511 (Zijdemans, 2007).

Heat source Heat sink Heating coP
Inlet [°C] Outlet [°C] Inlet [°C] Outlet[°c] | Sapacity [W] [l
8.1 5.2 30.1 34.8 2281 4.2
8.1 53 35.7 40.0 2091 3.9
8.2 56 41.0 45.1 2018 36
10.3 7.2 30.2 35.0 2330 4.4
10.2 7.2 355 40.0 2197 4.1
10.1 7.2 40.6 45.2 2202 3.8
15.1 11.6 296 34.9 2578 4.8
15.2 11.7 34.9 40.0 2479 4.4
15.0 11.8 40.1 45.1 2406 4.1

The calculated Carnot efficiency, nc* for the prototype heat pump unit ranged from approx.
0.30-0.40 and 0.45-0.50 when including and excluding the heat exchanger losses, respec-
tively.

Since the performance of the condenser, desuperheater, suction gas heat exchanger and
compressor were in the same order of magnitude as the simulated values, it was concluded
that the main reasons for the relatively low COP and low Carnot efficiency were the poor per-
formance of the evaporator and unstable superheat control for the expansion valve.

4 (COP = COP¢ nc) where COP is the real Coefficient of Performance of the heat pump, COP¢ is the Coefficient of Performance for a reversed
Carnot Cycle (reference heat pump cycle) and nc is the Carnot efficiency
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e The average heat transfer coefficient (U-value) of the evaporator was only 50% of the
calculated value, and this is most likely caused by a low average liquid-to-vapour ve-
locity. By using a plate heat exchanger with a smaller cross sectional area and larger
thermal length (larger height-to-width ratio), the heat transfer efficiency would have
been improved.

e The superheat for the evaporator ranged from about 5 to 16 K, and the instability was
due to bad thermal contact between the sensor bulb and the tube wall. By using
thermal pasta between the tube and the sensor, and valve is now operating satisfac-
torily (Zijdemans, 2007).

6.4 Heat pump field testing in a low energy house

The prototype water-to-water propane heat pump system has been installed in a pilot house,
which has a total floor area 172 m?. The residence meets the German passive house stan-
dard with regard to air-tightness and U-values for the floor, walls and roof. However, since
the windows have a higher U-value than required by the passive house standard, the house
can be characterized as a combined low-energy/passive house. Fig. 55 shows a photo and a
drawing of the house (Zijdemans, 2007).

9000

&
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23.9 m¥ 13.2%

L 16500 L

Fig. 55: The 172 m’ low-energy pilot house in Flekkefijord, Norway (Zjjdemans, 2007).
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The heat source for the prototype heat pump system is lake water with a temperature that
normally fluctuates between 5 and 15 °C during the year (direct heat source system).

The calculated thermal power and energy demands for the low-energy/passive house are
listed in Tab. 15 (ZijJdemans, 2007):

Tab. 15: Calculated thermal power and heating demands for the 172 m? pilot house.

Heating demand Power (W) Heat (kWhlyear) Specific (kWhImzyear)
Space heating 2,400 3,800 20
Hot water heating 500 2,650 15
Total 2,900 6,450 35

The calculated (estimated) total specific energy demand for the house is about 89
kWh/(mPyear).

Fig. 56 shows the calculated (estimated) net heating demand duration curve for the pilot
house, i.e. the thermal power demand for space heating and hot water heating during the
entire year. The areas under the curves for “Space heating” and “Total demand” represent
the total annual space heating demand and the total annual heating demand for space heat-
ing and hot water heating, respectively (Zijdemans, 2007).
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Fig. 56: Estimated heating demand duration curve for the pilot house (Zijdemans, 2007).

The supply water temperature (set-point) for the floor heating system is controlled by a
three-way valve. The heat supply to the different rooms is controlled by solenoid valves
(on/off) which are controlled by room thermostats.

6.4.1 Field Testing — Measurements and Discussion

The prototype water-to-water propane (R290) heat pump system was installed in the pilot
house July 2007, and has been monitored from September 2007 to April 2010 (2.5 years).
The measurements have been carried out and prepared by Peter Leendert Zijdemans and
David Zijdemans.
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Fig. 67: Measured monthly Seasonal Performance Factor (SPF) for the prototype heat
pump (HP) unit, heat source temperature (°C) and running hours for the heat pump
(hours/24 hours) (Zijdemans, 2010).
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Fig. 68: Measured monthly Seasonal Performance Factor (SPF) and average SPF during
the entire measuring period for the prototype heat pump (HP) unit, excl. and incl. in-
put energy to the pumps (Zijdemans, 2010).

70



Fig. 57 shows the measured monthly Seasonal Performance Factor (SPF) for the prototype
heat pump unit, the heat source temperature and running hours while Fig. 58 shows the
measured monthly SPF and average SPF during the measuring period excl. and incl. energy
input to the pumps. Fig. 59 shows accumulated values for the measured space heating and
DHW heating demand (Zijdemans, 2010).
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Fig. 59: Measured space heating and DHW heating demand, accumulated values (Zijde-
mans, 2010).

"SPF — HP unit" refers to the measured Seasonal Performance Factor (SPF) for the heat
pump unit including only the driving energy for the compressor, while "SPF — total" refers to
the measured SPF for the heat pump system including the total energy input to the com-
pressor and pumps. The heat loss from the LT and HT storage tanks has been included in
the calculations of the SPF.

e During February and March 2009 the filter for the lake water inlet was gradually clogged,
which resulted in a drop in the water flow rate and finally freezing of the drain pipe (i.e.
heat pump halt).

e The average SPF during the entire measuring period for the heat pump unit including
only the drive energy to the compressor ("SPF average — HP unit") is 3.7, while the av-
erage SPF including the total energy input to the compressor and pumps ("SPF average
— total") is 3.1, These SPF values correspond to about 70% energy saving compared
to an electric heating system.

e During summer and Christmas the hot water demand is considerably higher than rest of
the year due to visitors, which leads to a higher SPF for the heat pump system. In these
periods the SPF-total range from about 3.8 to 4.2, i.e. approx. 74-76% energy saving
compared to an electric heating system.

e The specific heating demand for space heating and hot water heating in the passive
house including all energy input as well as heat loss from the hot water tank is approx.
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52 kWh/(m?y). The heat pump installation reduces the total specific energy use for heat-
ing purposes to about 17 kWh/(m?y).

During the entire measuring period the DHW heating demand constitutes about 37% of
the total heating demand. This is rather low for a passive house, but the main explana-
tion is that the residence is a relatively large single-family house (172 m?) with only two
residents.

The heat exchanger coil in the LT storage tank covers about 60-70% of the total DHW
heating demand, whereas the remaining 30-40% is covered by the heat exchanger in
the HT storage tank

Lake water represents an excellent heat source, and the temperature ranges from about
1.5°C to 13 °C. The lowest temperature is measured during November to April (1.5-
4.0 °C).

The peak load system (electric heaters) has never been used, which clearly demon-
strates that the heat pump system was correctly designed for this passive house.

72



7 BUILDING INTEGRATED PV/THERMAL

7.1 Motivation

A building integrated solar PV/Thermal (BIPV/T) system is the core of two NZEH Pilot hous-
es in the Eastern Canadian province Québec in the frame of a nationwide EQuilibrium™
housing design competition of the governmental institution Canadian Mortgage and Housing
Corporation. The EQuilibrium™ Initiative aims at an evaluation of innovative housing con-
cepts with net zero energy consumption throughout Canada for future sustainable buildings.
Besides the energy concept, criteria of occupant health and comfort, resource conservation,
in particular water, and reduced environmental impacts as well as affordability and repeata-
bility of the concept all over Canada were criteria. Of 70 projects 12 were chosen to be rea-
lised and extensively monitored to prove the operational behaviour and evaluate energy per-
formance.

Within IEA HPP Annex 32 two of the winning house concepts located in the Eastern Cana-
dian province Québec were considered in the frame of the Canadian national project, the
EcoTerra™ Home in Eastman of the building company Alouette Homes and the Alstonvale
Net Zero Energy house in Hudson of Sevag Pogharian Design. Both buildings have similar
design features:

The building envelope is optimised for solar passive design featuring a high-quality thermal
insulation of a large south-oriented high-quality window area. The inside of the house pro-
vides a high thermal mass in order to store solar energy. Both system concepts incorporate
a BIPV/T system on the roof of the building in combination with heat pumps.

7.2 Building and system concept of the EcoTerra™ Home

This chapter gives the building and system design of the EcoTerra™ home based on infor-
mation from Noguchi et al. (2008).

The building is a two-storey detached home of a 234 m? floor heating area, has two bed-
rooms both located on the first floor, while the semi-private spaces including the kitchen, din-
ing room, living room and sunspace family room are on the ground floor. Moreover, a base-
ment that serves as a multifunctional space, machine room and garage is located on the
north side of the house. By attachment to the fagcade it acts as a buffer space and reduces
the heat loss.

Fig. 60: South view of the EcoTerra™ Home with BIPV/T and family room with concrete
floor covered with ceramic tiles
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The window areas of 20.9 m? south-, 5.2 m? east, 6.7 m? west and 0.7 m? north orientation,
respectively, consist of high-quality glazing with triple-layer, low-e coating and argon filling.
Large window areas allow the use of daylighting and are an aspect of the occupant’s health
and comfort. Indoor air temperatures and air quality is increased by the thorough wall insula-
tion and air-tight construction of a natural air exchange lower than 1 h™" at 50 Pa. Moreover,
a mechanical balanced ventilation system prevents outdoor pollutants while indoor pollutants
are continuously exhausted reducing the ventilation losses by up to 75% with a ventilation
heat recovery. Ceramic tiles instead of carpets further contribute to less indoor air pollution
and to store solar energy gains in the floor. In summer, overhangs and motorised blinds help
to prevent an overheating. Trees of the rural setting add further shading of the houses and
reduce wind exposure in wintertime.

The core of the building technology is the 3 kW, building integrated solar PV/thermal
(BIPVIT) system, the heat pump and the thermal storage. BIPV/T compared to stand-alone
PV or solar thermal systems has the advantage of simultaneous production of heat and elec-
tricity. 22 unisolar amorphous silicon 136 W laminates placed on the 55 m?® south-facing
metal rooftop.

By a roof top ventilation outdoor air is drawn behind the PV-laminate and heats-up while
cooling the PV system to achieve a better electric efficiency. The heated air serves various
functions inside the houses, primarly for clothes drying whenever the exiting air temperature
is above 15°C. If temperature is below this limit, an air-to-water heat exchanger serves to
preheat the DHW or the air is ventilated through a hollow floor slab to store the heat in the
concrete.

The EcoTerra house is heated or cooled by a two-stage geothermal heat pump (nominal
COP at BO/W35 of 4.3). In addition to space heating through a ducted forced air system, the
heat pump assists water heating with a desuperheater. Fig. 61 depicts the system concept of
the EcoTerra™" house.

A further component of the building technology is a waste water heat recovery integrated in
the drain. Therein, a heat exchanger coil is placed around the waste water pipe.
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Fig. 61: System concept of the EcoTerra™ Home in Eastman
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7.3 Simulation and field monitoring of the EcoTerra house

7.3.1 Energy balance

Space heating represents the main part of annual energy consumption, since average tem-
peratures at the construction site Eastman are estimated to -10.4°C in January, 4.6°C in
April, 19.4°C in July and 7.1°C in October. The energy needs of the EcoTerra house was
evaluated with HOT2000, a low-rise residential energy analysis and design software deve-
loped by Natural Resources Canada (NRCan) (2008).

The annual gross space heating need of the house was estimated to 21795 kWh without the
contributions of passive solar gains and active renewable energies. With consideration of
achievable passive solar gains of 9592 kWh/a and internal gains of 3491 kWh/a, the esti-
mated net annual space heating need is reduced to 8712 kWh/a. The DHW energy need
was approximated to 3353 kWh/a based on a DHW use of 150 I/d at 55°C.

The annual electrical energy required for interior lighting, appliances and use electrical
equipment (e.g. exterior lighting and dryer) was estimated to 3974 kWh/a and 617 kWh for
mechanical ventilation. Thus, the total annual energy need of the house before the applica-
tion of renewable energy technologies has been assessed to 16656 kWh/a.

The annual electricity generation potential of the solar PV system has been evaluated to ap-
proximately 3420 kWh for a slope of 30.3° by use of NRCan’s RETScreen (2006) clean en-
ergy project analysis tool, which, however, does not take into account the cooling effect of
the air flow behind the PV laminates. The BIPV/T system is an on-grid application accompa-
nied with an inverter for the AC/DC conversion. The system allows for redirection of the lo-
cally generated electricity surpluses to the grid. The PV thermal heat recovery system of the
EcoTerra house is estimated to provide 700 kWh/a of 900 kWh/a energy need for clothes
drying. From November to March, the hollow core concrete thermal mass in the basement is
heated by the warm air from the BIPV/T system. The BIPV/T system is therefore expected to
reduce the space heating need by approximately 3800 kWh/a in the heating season. For the
other 7 months, the BIPV/T is estimated to supply approximately 1400 kWh/a of the annual
DHW needs. The hollow floor slab can be utilized for natural cooling with outdoor night air in
summer. Fig. 62 gives an overview of the energy balance of the EcoTerra home and a com-
parison to other standards.
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With consideration of the above-mentioned renewable energy technologies combined with
the passive solar techniques applied to the EcoTerra house, the annual net space energy
consumption could be as low as 1130kWh. The electricity used for DHW could be reduced
from 3353 kWh/a to 553 kWh/a by the heat pump desuperheater, BIPV/thermal system and
a heat recovery of 21% of the drain-water, but depending on actual water consumption and
control strategies the value may become higher. Moreover, in some cases, the savings from
different technologies are not expected to be additive; the heat recovery from BIPV/T can
preheat water. If the storage volume is adequate, it can be heated further with the desuper-
heater. The energy consumption of indoor lighting, appliances and exterior use of electrical
equipment was decreased from 3974 kWh/a to 3274 kWh/a with the reduced clothes dryer
annual energy need. When subtracting the PV electricity generation of 3420 kWh/a from the
sum of these figures, the annual energy consumption of the EcoTerra house can be re-
estimated at 2155 kWh/a. However, if the energy systems are not properly controlled in an
integrated manner, this consumption could possibly reach 4000 kWh/a or more.

7.3.2 Field monitoring results

Fig. 63 right shows the diurnal air temperature of March 17, 2008 at different positions (see
Fig. 63 left) of the BIPV/T at different volume flow rates. The outlet air (position 6) is heated
up to about 40 °C.

Building
integrated PV _ B
b 400

350

30.0

250 1

Temperature (C)

20.0

15.0

10.0

R 1220 CFM!

0.0
. Mar/17/08 9:00  Mar/17/08 10:30 Mar/17/08 12:00 Mar/17/08 13:30 Mar/17/08 15:00 Mar/17/08 16:30
Airinlet 3 3 .

Time

Fig. 63: Diurnal temperatures of the air in BIPV/T on March 17, 2008 with different flows

Fig. 64 shows the energy balance of the PV system. While in February 2008, mainly energy
was received from the grid, in May, generated electricity is fed back to the grid during 8
hours of the day, which creates a surplus of generated electricity over the electricity con-
sumption of the houses during that day.
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Fig. 64: Electricity contribution to consumption of grid connected PV in Feb. and May 2008
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7.4 Building and system concept Alstonvale NZEH

The Alstonvale Net Zero Energy house (ANZEH) is the second winning EQuilibrium™ house
concept located in Hudson, Québec. Information is based on Candanedo et al. (2008) and
Candanedo and Anthienitis (2009).

The building has a floor area of 230 m® and a volume of 630 m°. The building design is ori-
ented to use as much passwe solar gains as possible. Therefore well-insulated walls of an
U value of 0.18 W/(m K), ceiling with U values of 0.08 W/(m K) and floor insulation of U-
values of 0.22 W/(m’K) as well as 50m? triple-layer argon-filled low-e window area, which
constitutes a glazing fraction of 43% of the south fagade, are applied. Further window areas
are east and west facing, while no windows are integrated in the north fagade. Increased
thermal mass as capacity for passive thermal storage dampening the temperature fluctua-
tions is provided by 15-cm thick concrete slab floors and a large interior masonry wall.

The ANZEH has a solar chimney connected to the indoor space. This chimney has an east-
facing controllable damper, which remains closed during the winter; during the summer, it
enhances natural convection, thus removing hot air from the house interior. Other features
include the use of energy-efficient appliances and a design that enhances daylighting com-
plemented with low consumption compact fluorescent lamps. Properly-sized overhangs pre-
vent excessive solar heat gains during the summer. Motorised theatre curtains, located be-
hind the main south-facing windows, contribute to controlling solar heat gains, while improv-
ing comfort and adding to the aesthetic value. Fig. 60 shows a drawing of the house with the
BI-PV/T system on the roof and the state of the built house in Sept. 2009.

F/g 65 Design concept and south-oriented view of the Alstonvale Net Zero Energy House

As in the EcoTerra house the BIPV/T located on the roof constitutes the main energy supply
system of the house. However, the energy concept is different, as shown in Fig. 61, since
the heated air of the PV/T system is used as heat source for an air-to-water heat pump.

In order to boost the heating of the outlet air temperature of the 8.4 kW, PV/T-system a
glazed area is located above the PV panels. Of the 8.4 kW, of the solar PV panel, 5.5 kW,
are dedicated to cover the energy need of the house, while=1.5 kW are installed for balan c-
ing the local transportation need of the building users assuming an electrically driven car,
see details in 7.5.1. Moreover, the concept comprises a local food production on the estate
in order to get to a net zero energy lifestyle comprising housing, transportation and food.

In a ducting behind the outlet of the PV/T the heated air is led to an air-to-water heat ex-
changer for direct charging of a 4000 | thermal energy storage (TES) or as heat source for 2
heat pumps. This design required a HX that operates in a wide range of flow and heat trans-
fer rates. The liquid side using a water-glycole mixture needed flow rates between 0.57 I/s
and 1.13 I/s; the air flow rates would be between 1700 m®h and over 3400 m*h, where the
heat transfer rates would vary from 5 kW to more than 20 kW. Thus, a heat exchanger with
much larger heat transfer areas as commonly used in residential applications is required.
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Fig. 66: Building and system concept of the Alstonvale Net Zero Energy home in Hudson
(Pogharian et al., 2008)

It was chosen to 8-rows of coils, with 16 passes in total, with dimension of 0.914 m by 1.27
m and a total face area of 1.16 m®. Due to a small rated pressure drop on the air side vary-
ing between 15 and 42 Pa a bypass duct is not needed. Due to space limitations of the
basement mechanical room, the HX will be located in the garage, where also room for
smooth duct transitions is available.

For capacity control reasons two heat pumps are integrated. The chosen heat pumps have
to deliver the required peak heating load (about 12-13 kW). They also have to operate at
part load under varying flow rates and temperatures, with a good COP preferably above 5. It
is important to have the lower temperature limit of operation at the source side as low as
possible (preferably near or below 0 °C), in order to extend the range of the HP operating
conditions, as this will reduce the need for the operation of the back-up system. After evalu-
ating the products available on the local market, it was decided to work with 2 single-stage
HPs of a nominal output of 10.6 kW, each operating in parallel under a wide range of condi-
tions. The configuration with two heat pumps offers, for instance, to work with very low flow
rates and temperatures by operating only one heat pump and still deliver about 7 kW to the
storage.

As back-up system for the case of missing solar irradiation, a ground loop is included as
second heat source, since this only required small changes in the piping (the addition of a 3-
way valve and a pump), and extended the usefulness of the heat pumps by giving them an
additional function. The wide range of temperatures that can be handled by the selected
heat pumps facilitates the implementation of this dual-source system.

The chosen storage volume of 4000 | should allow approximately one day of heat storage for
a 6 kW heating load (close to the average) at a tank maximum temperature of 55 °C. After
circulating through the heat pump(s), the water will be deposited at the top of the tank. This
tank will have horizontal baffles and a vertical division to favour and maintain the thermal
stratification in the tank, which has been estimated between 5 to 8 °C. Water from the tank
could not be circulated directly through the air-to-water HX piping, since a water-glycol mix-
ture is necessary to prevent freezing and bursting of pipes. A coil was added for this heat
exchange. A plate heat exchanger allows heat transfer between the radiant floor heating
system and the tank.

The tank also has one additional coil permitting heat transfer between the buffer storage and
the 400 | DHW tank. Two evacuated tube solar collectors (AP-20), each with about 3 m? of
gross area and 20 tubes, are used for domestic hot water heating. Furthermore, a waste wa-
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ter heat recovery called “Power-pipe” is integrated to preheat the DHW. DHW is produced
instantaneously using heated water from the DHW tank. Additionally, heat dissipater to re-
lease the excess heat, mainly in the summer months, is installed. In addition, a motorized
canopy, which can be extended over the edge of the awnings to improve the shading of the
windows in summer, will be used to cover the solar collector.

7.5 Simulations of the ANZEH energy system

7.5.1 Energy balance

The annual energy consumption and generation is estimated using the programs RET-
Screen (2006), Mathcad and Matlab. Expected energy consumption of the building technol-
ogy and appliances as well as generated energy are given in Fig. 67. For aesthetical reason
and snow downtime, the PV system in the final design has been increased to 48 panels, and
therefore, a surplus of about 1000 kWh of produced electricity is estimated. On the other
hand, more PV panels means less heat production due to the reduced glazed area above
the PV system, but with a low-e coating of the glazing, this can be partly compensated.

Annual Energy consumption kWh
Heat pumps 2500
Fan and pumps 500
Dornestic hot water 50
ventilation 500
Lighting 350
Domestic appliances 3000
Electric plug in vehicle 1600
Total 9000
Energy generated by the PV 10000
Surplus generation 1000

Fig. 67: Estimated energy consumption and generation and final PV/T configuration

As mentioned above, 1.5 kWp of PV panels has been included to supply much of the power
needed for a plug-in hybrid-electric vehicle. The consumption per charge of a hybrid-electric
has been estimated to be 9 kWh, allowing the user to drive for 40 km according to Moore
(2005). Assuming that 3.5 charges are required per week, about 1600 kWh are needed per
year. A calculation carried out in RETScreen (2006) for Montréal conditions shows that
1.5 kWp on a south-facing 45° roof generates approximately 1840 kWh of electricity per
year. The integration of car and house offers synergies: the electric drive vehicle (EDV) may
be charged by the PV/T system or base load generation. In turn, the EDV may act as an en-
ergy storage resource for the house by powering the home’s critical circuits in the event of
emergencies. Just as a single EDV can act as an energy storage resource for a single
house, conceivably thousands of EDVs can act, collectively, as a significant energy storage
resource for the entire electric grid. The ANZEH will explore this concept, known as vehicle-
to-grid (V2G).

7.5.2 Simulation of control strategies

In order to optimise the system performance the control strategy is essential for the coordi-

nation of the ANZEH systems. Therefore, conventional rule based control has been com-

pared to predictive control strategies in Candanedo et al. (2008), which take into account the

forecast of the solar irradiation of the next day to determine the control parameter, in the

case described below, the set point of the storage temperature. The two control strategies

compared are

(A) keeping the tank fully charged (i.e., the minimum temperature at the bottom was kept at
=49 °C, which is the maximum tabulated temperature of the heat pumps sink side) by
using the BIPV/T air; and

(B) keeping the tank at a temperature which is a function of the solar radiation expected for
the next day (the tank temperature set point could be either 35, 40, 45 or =49 °C).
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Strategy (A) guarantees that heat is always available. (B), however, should save electrical
energy since unnecessary charging the tank is avoid and the COP of the heat pumps will be
higher for lower sink side (storage tank) temperatures. The available heat in the BIPV/T air
depends only on the air temperature, since the air flow rate was kept constant at 755 I/s for
the study. Both control strategies follow the pattern:

e When BIPV/T air temperature is greater or equal to 46°C (near the technical operational
limit of the heat pumps), the HX is used directly;

o Between 10 and 46 °C, both GSWO036 heat pumps are used simultaneously.

e Between 3 and 10 °C, since there is less heat available, only one GSW3036 heat pump
is turned on (a different criterion could be established for deciding between the operation
of either one or two heat pumps);and,

o If the BIPV/T air temperature is below 3°C, no heat is provided to the thermal storage
reservoir unless the temperature at the bottom of the tank is below 30 °C (i.e. the tank is
discharged).

e If this occurs, the backup system (i.e., one heat pump with the ground source loop) is
turned on.

The expected solar radiation for any given day is also used, in both control strategies, as an
input of a simple anticipatory control scheme for controlling the position of the
blinds/curtains. Regulating solar heat gains helps to control indoor temperature fluctuations
of the house in order to avoid overheating. If despite these measures, the operative tem-
perature of the house still exceeds 25°C (a possible problem during the shoulder seasons)
fresh-air supply is increased. The operative temperature set point was kept at 21°C, with a
tolerance of 2 K; no mechanical cooling was used. For these simulations, no linkage was
made between the DHW and the reservoir, although in practice it will exist. A typical mete-
orological year (TMY2 file) for Montréal was used.

Tab. 16: Comparison of control strategies for the ANZEH building technology

Oct Nov Dec Jan Feb Mar Apr
A B A B A B A B A B A B A B
Heat from ground loop 0 0 486 547 1580 | 1796 | 1546 1796 M4 | N 84 301 1 41
Heat directly from PV/T HX 0 0 0 0 16 0 0 0 0 0 0 0 0 2
Heat from PV/T (1HP) 124 73 432 KX} 326 300 218 197 232 | en 209 192 279 242
Heat from PY/T (2 HPs) 158 127 634 596 850 654 928 631 1221 | 815 309 607 450 344
pplied fo reserve 282 200 1552 1474 2772 | 2750 | 2682 2624 | 1797 [ 1707 ) 1192 1100 730 629
at supp 14 235 1420 1421 2729 | 2730 | 2565 2583 | 1659 | 1661 ]| 1036 1039 572 571
% PVIT 100 100 66 63 40 35 50 32 78 87 a2 73 100 93
HPs elecirical consumption 89 M 361 M4 544 547 443 Ra7 443 399 227 255 227 156

As a simplification, these simulations do not include the interaction with the solar collector for
DHW. Table 1 shows simulation results for the heating season for both control strategies.
Savings are obtained by controlling the charge status of the tank (Strategy B). Concerning
the control above described Strategy B is not optimal and there is room for improvement. In
addition, the ground loop source is used more often with this strategy. It is desirable to in-
crease the usage of the heat exchanger for the direct recovery of heat, and to incorporate
the solar radiation available at the current day in the calculation of the reservoir temperature
set point. Other predictive control strategies have been explored and reported in Candanedo
et al. (2009).

7.6 Conclusions

The Canadian contribution comprises two winning housing concepts realised within the
EQuilibrium initiative as P&D for innovative sustainable housing in Canada, the EcoTerra™
Home and the Alstonvale Net Zero Energy house (ANZEH), both located in the Québec
province in Eastern Canada.

Besides a high-quality building envelope applying a thorough thermal insulation of the
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envelope, large south-oriented triple glazed window areas with low-e coating and sufficient
thermal mass by inside concrete wall and floor construction elements, both houses incorpo-
rate a roof integrated PV/T system as core component for the design of the building technol-
ogy. The EcoTerra house makes direct use of the heat for the PV/T for clothes drying, DHW
preheating and storing the heat in a hollow floor slab, while the ANZEH uses the heat, de-
pending on the temperature, as heat source of two heat pumps. A ground loop, the main
heat source for the EcoTerra house, only serves as back-up in the ANZEH.

Both houses are or will be extensively field-monitored. First results of the EcoTerra home
have been given, but further results could not be covered in the time frame of IEA HPP An-
nex 32
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8 CONCLUSIONS

Due to changed loads in low energy houses compared with conventional houses, the build-
ing technology should be adapted to the specific need. In recent years, development of inte-
grated system solutions for low energy houses has started, including a heat pump as core
component of the integration.

Benefits of integrated systems in low energy houses were the motivation to continue the de-
velopment of integrated heat pumps solutions for low energy houses in the frame of IEA
HPP Annex 32, mainly focussing on two aspects which are not found very often in available
developments:

e the addition of further functionalities, in particular passive space cooling and dehumidifi-
cation
e the use of natural refrigerants

Dehumidification is a crucial building service in different areas of the world. Therefore, a de-
humidification function has been integrated in a prototype, which thereby can cover all build-
ing needs with one unit. Moreover, dehumidification can be efficiently operated with simulta-
neous DHW generation. Compared to standard minimum requirement technologies, signifi-
cant simulated energy savings in the range of the 50% target for Net Zero energy houses
have been reached. System payback times range between 5-15 years, but can be lowered
depending on the market conditions.

CO, heat pumps can be favourable as heat pumps water heaters. Nevertheless, integrated
solutions with CO, for space heating and DHW show promising results, as well, in particular
with high DHW fractions, which may occur in ultra-low energy houses. However, develop-
ment potentials are seen both on the component level and concerning the system inte-
gration.

It is still difficult to get components for CO, heat pumps, in particular compressors for the
small capacity range. Moreover, small compressors shall be further developed regarding the
performance data, which is essential for a good system performance. Ejector technology
could further enhance the performance.

While most of the prototypes developed in the frame of the IEA HPP Annex 32 are system
prototypes, two Canadian projects in the frame of the EQuilibrium™ Pilot and Demonstration
project extend the prototypes to technology integrated in the building envelope. By including
roof integrated solar PV/Thermal panels in the system concept, the building envelope serves
as energy source for the system technology. Thereby, functionality of the building envelope
is extended, which may add to the complexity, but offers further opportunities for cost sav-
ings by multifunctional building and system components.

Some of the developed prototypes are currently field monitored or field monitoring is in
preparation. However, field results could not be covered in the time frame of the IEA HPP
Annex 32.
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