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Preface

This project was carried out within the Technology Collaboration Programme on Heat
Pumping Technologies (HPT TCP) which is an Implementing agreement 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 over 40
Implementing Agreements.

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 Heat Pumping Technologies Programme.
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.

The IEA 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 advance and
disseminate knowledge about heat pumps, and promote their use wherever
appropriate. Activities of the HPC include the production of a quarterly newsletter and
the 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 IEA Heat Pumping Technologies Programme and
for inquiries on heat pump issues in general contact the Heat Pump Centre at the
following address:

IEA Heat Pump Centre

Box 857

SE-501 15 BORAS

Sweden

Phone: +46 10 16 55 12
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Abstract

Since the mid of the 1990ties low energy buildings with a significantly reduced energy
consumption down to ultra-low energy standard (typical space heating energy need of 15
kwh/(m?a)) have been realised. Based on the political strategies for the building sector in terms
of meeting the climate protection targets, the building concepts are currently extended to derive
a nearly zero energy balance, which requires on the one hand an energy-efficient building
envelope and on the other hand energy-efficient building system technologies amended by an
on-site renewable energy production.

IEA HPT Annex 40 is to investigate heat pumps for the application in nearly zero energy
buildings. Due to the unique features of the heat pump, the application in nearly zero energy
buildings can be particularly beneficial. Besides the high performance of the heat pump in
combination with adapted systems of low supply temperatures, which can be installed in
buildings with high performance building envelopes due to the low space heating loads, also
the integration options of heat pumps with other building technologies can be an advantage of
the heat pump application in these buildings.

In the Task 3 of the IEA HPT Annex 40 technology development of heat pumps adapted to the
application in nearly or net zero energy buildings have been performed. These developments
are related to different aspects.

e Performance improvements of the different operation modes which can be covered by the
heat pump, e.g. space heating, space cooling, domestic hot water (DHW) and dehumidi-
fication

e Multifunctional operation of heat pumps for different building services, also in simultaneous
operation mode, e.g. combined space cooling and DHW production

¢ Integration options of the heat pump with other building system technology, e.g. solar
components, which are installed in the building envelope and which could be used as heat
source and heat sink.

¢ Design and commissioning of test houses and platforms which enable the test of nZEB
technology under reproducible conditions

Due to these developments, the heat pump application in nZEB can be even better performing
than in the application in normal low energy buildings. On the other hand, it can be easier to
reach the nZEB balance by application of adapted heat pumps with better performance, since
less energy has be generated on-site to reach the balance.

This report on Task 3 covers the technology developments performed under IEA HPT Annex
40. It is partly linked also to lab-testing and field testing of components as well as to simulation
work done for the prototypes and has therefore also a connection to the field testing performed
in Task 4 of the Annex and the case studies by simulations in Task 2.

The results presented in this report relate to the

e Development of integrated heat pump (IHP) variants at Oak Ridge National Laboratory
(ORNL) in the USA

¢ Integration of heat pumps and solar components as solar assisted heat pumps at CANMET
Energy of Natural Resources Canada and in Switzerland

e Development of high performance dehumidification units for air-conditioning, e.g. in office
buildings in Japan

e Commission and monitoring at the net Zero Energy Residential Testing Facility (NZERTF)
at the campus of the National Institute of Standards and Technologies (NIST)
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1 Solar assisted heat pumps in Canada

1.1 Solar assisted heat pump with ice slurry storage

Since 2009, Natural Resources Canada/CanmetENERGY-Varennes has worked to develop a
new solar heat pump concept using ice slurry latent thermal storage (Tamasauskas et al.,
2015). The integration of an ice storage in a solar system has the following three advantages,
which increases the performance of the components:

e Increased energy storage densities
e Stable heat pump source temperatures
e Improved solar collector efficiencies

1.1.1 Solar heat pump concept

The investigated solar heat pump concept using an ice slurry storage has two distinct solar
loops in order to operate in its most energy-efficient configuration. The principle concept of the
system is shown in Fig. 1.

In one loop, the Solar Loop A, the collectors operate in series with the ice storage tank, offering
improved solar collector efficiencies due to cold operation temperatures of the collector,
increased thermal gains and extended collector utilisation periods in winter months, when solar
radiation and ambient temperatures are lower. In this operation mode, the collector is used to
regenerate the ice slurry storage, which is used as source of the heat pump.

In the other Solar Loop B, the collectors operate in series with the warm water tank, which can
reduce the heat pump operation at higher temperature level, when ambient conditions allow
the collectors to directly meet building thermal demands.

The system is able to switch between the two loops throughout the day as appropriate. Flow
rates for the two solar loop circulation pumps are identical and set proportional to the total
collector area.

In heating mode, the warm water storage is charged by the heat pump, which used water from
the ice storage as heat source. The heating system is supplied by water from the top of the
storage. DHW is preheated by a vertical coil inside the storage. Back-up heating is provided
by direct electrical heating.

In cooling mode, the heat pump is operated during he night (10 PM to 6 AM) to generate ice
in the storage, which serves as cold storage. Condenser heat is either rejected to the warm
water storage depending on capacity or to an air-cooled remote outdoor air condenser. During
daytime the DHW needs are met by charging the hot water storage with solar energy.

I Solar Collectors
Il Ice Tank

Loop A: Solar+ HP
—_—

1T HP Evaporator/ Ice Generato

I
I
# Refrigerant Flow (R507)

Loop B: Solar Only
--------- -

; DHW

Heat Pump/ T N n Valve
Ice Generator Warm To/From Airn Air Out
— Water Home T — v _r’
Ice Tank Tank Heating T T ! T
u y Vi oy T
g v
Solar Loop A T . T L TP
P | Topp |W0TTY !
—o—+ o L y
Solar Loop B Fva Vb T

Fig. 1: Principle system configuration of the solar assisted heat pump (left) and simplified diagram of
ice slurry test bench (right)
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1.1.2 Test bench

A test bench has been developed at the NRCan/CanmetENERGY facility near Montreal in
order to examine the potential of this system in reducing heating related energy use. Besides
the approval of the concept, the test bench served different other purposes, among these the
test of the Solar loop A, validation of simulations models, development of operational strategies
and in-depth system analysis.

A simplified diagram of the developed test bench is provided in Fig. 1 (right), indicating all
major equipment and measurement points. The test bench has been modified in sight of the
concept, so it contains only one solar loop (Solar Loop A) and uses a water-air heat pump
instead of a water-water heat pump. As working fluid, a propylene glycol mixture was used.
The test bench consists of several main components responsible for the supply, storage, and
delivery of thermal energy.

e Four glazed flat plate solar collectors of total gross area of 11.9 m2. Freezing risk is
prevented by a drain back system.

e Anice tank of a total volume of 5 m* The tank fluid mass is 3,695 kg, and consists of an
initial 4% (by mass) propylene glycol/water solution. The freeze point of the solution is
-1.1 °C (30 °F) when there is no ice, and decreases to approximately -2.0 °C (28.4 °F) at
a 40% ice mass fraction. The tank is not mixed: Ice and fluid are allowed to separate via
gravity into two distinct layers. Fluid returning from the solar loop is reintroduced into the
tank using a distributor, which aims for an even delivery of flow across the top of the tank.

o Heat Pump/Iice Generator: The heat pump used in the test bench consists of an evapo-
rator/ice generator coupled with a compressor and an air-cooled condensing unit.
R-507a is used as the refrigerant. The rated heating capacity is approximately 17.8 kW
(61 MBH) and the COP is 4.0 at design conditions (an inlet evaporator temperature of 0 °C
and an inlet condenser temperature of 25 °C).

1.2 Validation of simulation results

One purpose of the test bench was to build and validate simulation models of the systems.
Modelling was done in TRNSYS v17 (Klein et al., 2010). Both standard and custom compo-
nents have been used for the simulation. The developed test bench energy model was vali-
dated using measured data from the Spring and Autumn of 2014. Special focus was given to
validating the solar and heat pump loops, responsible for the supply and delivery of thermal
energy within the system.

The following figures show comparison for the collector and the heat pump loop for October
23, 2014. Data for this day was selected because (i) it demonstrates the performance of the
system at lower solar radiation values, and (ii) both the solar and heat pump loops were
operated within a short time frame. Similar results were obtained for other days examined.
Validation of the ice storage tank model is contained in Tamasauskas et al. (2012b).
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Fig. 2: Comparison of measured and simulated collector temperatures
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Fig. 2 compares the measured and simulated temperatures of the solar collectors. In general,
both sets of results show good agreement during the day. Larger discrepancies are seen under
no flow conditions, which result from difficulties in fully modelling the fluid drain-back feature
used in the test bench. The close agreement between measured and simulated inlet collector
temperatures during solar loop operations also confirms the ability of the ice tank model to
provide accurate predictions of component performance within the system.
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Fig. 3: Comparison of measured and simulated capacity and power input of the heat pump

Fig. 3 shows the comparison of the measured and simulated heat pump capacity and power
use. Simulated heating capacities are consistently within 10% of those measured. Discrepan-
cies between the two data sets can be attributed to the fact that simulated performance has
been developed based on a provided compressor data sheet, where rating conditions may not
be identical to those seen during actual operation. The simulated and measured power values
show good agreement, with minimal discrepancies between the two data sets.

1.3 System modelling for nZEBs

The overall objective of the research is to develop a system that is capable of delivering
significant energy use reductions in Canadian homes. The developed simulation model is
based on the component models described above, and has been modified in accordance to
the solar loops in the concept. Wherever appropriate, parameters and sizing were kept the
same as in the test bench model. A complete description of system modelling can be found in
Tamasauskas et al. (2015).

Tab. 1: Key housing characteristics

Montreal Toronto Vancouver
Roof RSI 8.93 m?°C/W (R51) | 8.93 m2°C/W (R51) | 8.93 m2°C/W (R51)
Wall RSI 5.46 m2°C/W (R31) | 5.46 m2°C/W (R31) | 4.48 m2°C/W (R25)
Basement Wall RSI 4.95 m2°C/W (R28) | 4.95 m2°C/W (R28) | 4.95 m2°C/W (R28)
Basement Slab RSI 2.58 m?°C/W (R15) | 2.58 m?°C/W (R15) | 1.86 m?°C/W (R11)
Window U-Value 1.35 W/m2°C 1.35 W/m2°C 1.35 W/m2°C
Infiltration 0.75 ACH @ 50Pa | 0.60 ACH @ 50Pa 1.0 ACH @ 50Pa
Annual Heat Demand 39 kWh/m?2 36 kWh/m?2 32 kWh/m?2
Peak Heat Load 31 W/m?2 26 W/m? 22 W/m?2

The investigated system has been initially developed for use in nearly and net-zero energy
buildings.
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In order to assess potential of the system, housing models were developed for three distinct
regions in Canada (Montreal, Toronto, and Vancouver). Tab. 1 summarizes housing charac-
teristics by region.

Further details on the development of each housing model can be found in Kegel et al. (2012).
The system model comprises several main components, including solar collectors, an ice tank,
a warm water tank, and a heat pump. Tab. 2 contains details on the component models. The
heating system considered for all regions are electrical baseboards, the cooling system is a
split system of a rated EER of 3.45, the mechanical ventilation has a heat recovery of 84%
efficiency and the DHW is prepared by and conventional electrically heated tank. The daily
DHW draw has been set to 233 l/day.

Tab. 2: System modelling component details

System Component TRNSYS Type Notes

Flat Plate Solar Type 539 SRCC performance, 27 m?, slope 40°, azimuth 0°,
Collector flow 60 kg/(h-m?)

Heat Pump Type 919 Same as test bench. Rated COP 4.0

Warm Water Tank Type 538 Multi-nodal. Volume 1.5 m3

Ice Tank Type 214 (Custom) | Volume 5.0 m3

Further details regarding system parameters and models can be found in Tamasauskas et al.
(2015).

1.4 System performance in nZEB housing

The proposed system was simulated in TRNSYS for each selected region using a time step of
approximately 5 minutes. Tab. 3 compares the energy use of the base case and solar heat
pump systems for each region.

Tab. 3: Energy use of solar heat pump system by region and SPF

Montreal Toronto Vancouver
Base | Ice Slurry HP | Base | Ice Slurry HP | Base | Ice Slurry HP

Heat + DHW [kWh] 13,042 4,494 12,099 4,211 11,010 4,157
Cool [kWh] 819 1,591 768 1,406 586 1,124
Fans+Pumps [kWh] 1,222 1,370 1,222 1,352 1,222 1,296
Total Mech. [kWh] 15,082 7,455 14,089 6,968 12,818 6,578
SPF Heating & DHW 1 2.69 1 2.65 1 2.47
SPF Cooling 1 2.07 1 2.24 1 2.28
SPF System 1 2.53 1 2.55 1 2.43

An analysis of the results highlights the strong energy savings potential of the solar heat pump
system in all three regions. Total energy savings for the mechanical system (heating, cooling,
DHW and distribution) range from a maximum of 51% in Montreal and Toronto to a minimum
of 49% in Vancouver. A closer examination reveals the true strength of the system lies in
reducing the energy used for heating and DHW, with peak energy savings of up to 66% in
Montreal and Toronto, and 62% in Vancouver. Implementation of the new cooling system
results in an increase in cooling energy use relative to the base case, primarily due to the
energy intensive nature of the ice generation process. Despite this increase, the separation of
cooling use and production has important implications for peak demand reductions, and could
potentially result in utility cost savings compared to the base case in regions where time of use
rates are in effect. The system layout in cooling also allows for preheating of DHW whenever
possible. Future work will further examine the demand shifting aspect of the design, in addition
to reducing cooling energy use through new charging cycles and more advanced controls.

In order to more fully assess system performance, a seasonal performance factor (SPF) was
calculated for each region and mode of operation, which is also contained in system SPFs are
summarized in Tab. 3.
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The solar heat pump system offers a significant improvement in SPF for all three regions in
comparison to a base case of electrical heating and DHW (SPF=1). SPFs in heating mode are
higher for Montreal and Toronto, primarily due to the greater abundance of solar radiation (and
resulting collector gains).

Fig. 4 compares the energy use of the base case and ice-based systems with fully sized
ground-source heat pump systems in Montreal and Toronto. While this comparison is depen-
dent on a number of factors, including solar collector area and storage tank volumes, it is clear
that the proposed concept offers energy savings equal or greater than a typical ground source
system. This is particularly significant, as it suggests there is a strong potential for the system,
especially in areas where it may be difficult to install a vertical ground source system due to
space constraints or soil composition.

® Heat + DHW  ®Cool  EFanssPumps
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Fig. 4: Comparison of measured and simulated heat pump capacity and electrical power input
1.5 Experimental low energy house in Canada

In the province of Québec (Eastern Canada), more than 75% of new houses still adopt elec-
trical baseboards as main heating systems. For houses with 2.5 inhabitants, the annual
average electrical energy consumption is of 26,700 kWh (Statistics Canada, 2013). As
residential energy consumption for heating still constitutes a significant component of the total
energy demand, reducing it presents a major challenge.

The 2006 Equilibrium Initiative lead by Canada Mortgage and Housing Corporation and the
Canadian Solar Building Network brought together the private and public sectors to develop
homes “producing as much energy as they consume on an annual basis”.

1.5.1 System description

The experimental low energy house, known as EcoTerra home, is a rural single-family home
of 234 m? (including a 90 m? basement), two-storey, factory built wood-framed modular
detached home located in Eastman, Québec, designed by the Macintosh School of
Architecture and engineered by the Concordia University research team (Minea et al., 2009;
Doiron et al., 2011). The site’s daily average winter (December to March) and summer (June
to September) temperatures are -8.6 °C and 15.6 °C, respectively. The annual normal (1971-
2000) heating degree days (18 °C basis) is 5,151 Kd, while the total normal cooling degree
days (18 °C basis) is about 100. The average daily irradiance at 30° from horizontal varies
from 2.1 hin November to 5.4 hin July (ASHRAE 2005). Fig. 5 depicts the schematics of the
building technology of the house. Approximately 30% of the south facade area of the house
are glazed with triple-pane, argon-filled, low-emissivity windows. A south facing roof-mounted
57.2 m? building integrated photovoltaic/thermal system (BIPV/T) converts solar energy into
electricity (maximum 2.86 kWej) and heat (maximum 12 kW, at 236 I/s air flow). It consists of
21 UniSolar, amorphous-silicon, 136 W modules fastened to a sloped (30.3°) metal roof.
Outdoor air is drawn under the PV cells by the variable speed fan F1. The PV systemis coupled
to the grid so that any surplus electricity generated is sent via an inverter to the grid.
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The home draws power only as needed and excess power is fed back to the utility grid. The
outdoor air is heated in the process by absorbing a portion of the solar energy that irradiates
on the BIPV/T system.

Depending on the exiting temperature and heating demand, the solar-heated air can be used
for drying clothes by circulating warm air through the clothes dryer, for preheating domestic
hot water via an air-to-water heat exchanger (except in the winter), and for actively heating the
thermal mass of a ventilated concrete slab in the basement. The cold water coming from a well
is first heated by a drain-to-water heat recovery (HR) system, prior entering the preheating
DHW storage tank. The preheated water is stored within a domestic hot water (DHW) tank
where it is further heated by the heat pump’s desuperheater (DSH). A second back-up
electrical DHW tank then rises the hot water temperature up to 60 °C prior to supplying the
consumers. The thermal energy stored is passively released from the top surface of the slab
into the living space. Finally, a heat recovery ventilator (HRV) recovers heat from the outgoing,
stale household air and uses it to preheat the incoming, fresh outdoor air. During the air-
conditioning season, the HRV removes the heat from the incoming air and transfers it to the
intake air.

1.5.2 Energy performance

Power generation

During a sunny day of a typical winter week (ref.: February 11-17), it was possible, generally
around noon, to transfer about 1 kW of excess electrical power to the grid.

House elecfrical power input/output February 11-17, 2008
15 6 Total house input & output electrical power May 5, 2008
5
= 10 - z 4 ]
= From the Hydro-Québec grid = Power from the grid
5 Ta g 3 =
: 2 5o
2 5 __ Z 2
ol 1 &
= 4 h:]
o i =2 l Wosi
@ i) w0
w 0 4 % ,J{“
) L= .
To the Hydro-Québec grid 3 i i i __ Power tothe arid
5 i : i i : . 0 4 8 12 16 20 24
0 24 48 72 96 120 144 168 Time, hours

Time, hours

Fig. 6: Generation from the BIPV/T for a typical winter week in February (left) and in May (right)

During warmer spring days (e.g. May, 5), the electrical power in a sunny summer week (e.qg.
July 7-13), the gross electrical power generated daily by the BIPV/T system exceeded 2.2 kW
(Minea, 2013).
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Ground-source heat pump

During a typical winter week (February 11-17), the ground-source heat pump extracted
6.35 kW thermal power from the ground with COP varying between 4 (maximum) and 3
(minimum) at the beginning and the end of each running cycle respectively.

GSHP -heating mode February 1117, 2008 5 Typical winter week February 11-17, 2008
Heat pump average power input = 2.01 kW Max =4
Ground thermal power extraction = 6.35 KW 4 ﬁ g g g Nt § m
LA iﬁ% 5 %&i % fh& ﬂi

Min =3.0

COP avrg =3.36

Coefficient of performance

0 24 48 72 96 120 144 168

Supplied thermal power =7 8 kW Time, hours

Fig. 7: Performance values of the ground-source heat pump during a typical winter week in February

Heat recovery ventilator

During the same typical cold winter week (February 11-17), the indoor air entered the heat
recovery ventilator at around 22 °C prior to being exhausted. The heat recovered heated the
outdoor fresh air from entering temperatures as low as -15 °C up to 15-20 °C prior to entering

the GSHP. The overall energy efficiency of HRV, based on these measured temperatures,
varied around 85%.
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Fig. 8: Temperature at the ventilation heat recovery for a typical winter week in February

1.5.3 Multi-year behaviour of the ground heat exchanger

Between November 2007 and March 2012, the ground-source heat pump has operated in both
heating and cooling modes. The house has been unoccupied until September 2009, then
occupied by a family of three or, occasionally, four people. The lowest outdoor dry temperature
(-35.1 °C) was recorded on January 16", 2009 during the winter #2 (Tab. 4) (Environment
Canada, http://ec.gc.ca).

Tab. 4: Outdoor weather conditions during five consecutive winters (Minea, 2013)

: Dry temperature [°C] Relative Humidity [%]
Winter (house status) - -

Min Avg. Max Min Avg. Max

#1 2007-2008 (unoccupied) -32.0 -5.8 14.2 26.6 76.3 100

#2 2008-2009 (unoccupied) -35.1 -6.9 19.7 34.0 74.6 100

#3 2009-2010 (unoccupied first 8 months) -28.0 -4.3 18.0 13.0 83.4 100

#1 2010-2011 (occupied) -31.0 -6.0 15.0 20.0 83.6 100
#1 2011-2012 (occupied) -26.0 -3.3 20.0 21.0 79.3 100

During the winter heating mode, the ground-source heat pump has intermittently run according
to the house indoor thermostat setting, i.e. 16 °C during the night and 20 °C at daytime. Tab.

5 shows the average operating parameters of the ground-source heat pump during the
occupied time.
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Tab. 5: Average operating parameters of the ground-source heat pump

Brine entering heat pump Saturated parameters
Winter Temperature | Flow rate Evaporating Condensing
°C kg/s MPa (abs) °C MPa (abs) °C
#3 5.0 0.536 0.770 -1.76 23 374
#4 4.6 0.536 0.756 -1.56 23 37.1
#5 5.4 0.536 0.770 -1.76 2.3 37.0

The house net energy consumptions during the last three winters, when it was partially or
completely occupied as well as the heat pump energy consumption, have slightly decreased
because of a more efficient indoor climate control by the owners.

Tab. 6: Electrical energy consumption during three consecutive winters (Minea, 2013)

Heat Pump vs.
Winter House Heat Pump Housg
kWh kWh/m?2 kWh %
#3 6,398 27.8 2,055 32.1
#4 5,963 25.9 1,856 31.1
#5 4,948 215 1,612 325

Ground thermal behaviour

The geothermal system provided hea-
Heat extraction Heatextraction ting jn the winter and cooling in the sum-
6442 kWh 8015 kWh
mer. The energy transferred to the
ground in summer was stored and par-
tially available to be extracted in the
winter. During the years when the house
has been unoccupied (2008), partially
occupied (2009) or fully occupied (2010
Hoat refect Heat relect and 2011), the heat pump has extracted
rejection eat rejection .

1425 kWh 497 KWh from the ground 14 to 20 times more
Heat extraction Heatextracton  Neat energy in the heating modes than it
10473 %8k has rejected in the cooling modes

(Minea, 2013).

At the beginning of the last heating cycle
of each heating season, the brine en-
tered the heat pump evaporator at tem-
peratures of only 2 °C lower compared

Heat rejection Heat reecton to the brine temperatures entering 'Fhe

514 kWh 689 kWh heat pump at the beginning of each first
heating cycle.

During the cooling dominated summer seasons, the ground has completely recovered its
thermal capacity, since at the beginning of next heating season, the brine entered the heat
pump at the same temperature, i.e. around 8.3 °C. Looking over the entire 5-year period, at
the beginning of the first heating cycle (November 9, 2007), the brine entered the heat pump
at 7.5 °C, and, approximately four years later (October 1, 2011), it entered the heat pump at a
slightly higher temperature (about 8.8 °C).
On the other hand, at the end of the last heating cycle of the winter #1 (May 31, 2008), the
brine entered the heat pump at 4.5 °C, while at the end of the last heating cycle of the winter
#4 (April 26, 2011), i.e. approximately three years later, it entered the heat pump at 5 °C.
These experimental results prove that the ground has completely recovered its initial thermal
capacity after three and four years of operation, respectively. During these periods, the ground
has not been excessively cooled down and thus, no freezing phenomenon occurred. This
performance validates the correct design of the vertical closed-loop heat exchanger that,
among other factors, accounted for summer ground thermal storage and actual groundwater
movement.
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1.5.4 Outlook of House Multi-Year Energy Consumption

In the eastern Canada cold climate, the average annual consumption of conventional houses
with electrical heating baseboards ranges around 26,700 kWh/a (NRCAN, 2010). As could be
seen in Tab. 7 and Fig. 9, the annual net electrical energy consumption (i.e. the electrical
energy supplied by the grid minus the electrical energy produced by the photovoltaic system)
of the occupied low-energy house between 2010 and 2014 was in average 58% lower
compared to the average consumption of conventional houses.

Tab. 7: House net annual electrical energy consumptions

vear House status Annual net elt_ectrical energy Er_1ergy consumption
consumption (kWh/a) reduction vs 26,700 kWh/a (%)

2010 Occupied 11,077 58.5

2011 Occupied 11,993 55.0

2012 Occupied 11,015 58.7

2013 Occupied 10,950 59.0

2014 Occupied 11,110 58.4

It can be also noted that the house net annual specific electrical energy consumption (vs. the
total area) of the occupied house varied from 51.2 kWh/m2 in 2011 to 47.5 kWh/mz2 in 2014, of
which the ground-source heat pump (compressor, fan and brine circulating pump) as the main
heating and cooling device, consumed about 20% each year. The house specific energy
consumptions were between 29 and 31% lower compared to the target for heating and cooling
of a low energy house located in the Canadian cold climate.

14000
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12000 - :

| Unoccupied
house
8000 o

10000

6000
4000
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0 i "'.:ﬁ .
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Fig. 9: House net annual electrical energy consumption
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2 nZEB technology developments in Japan

In the frame of Task 3 technology evaluations were accomplished within the Japanese Annex
40 projects.

2.1 Experimental evaluation study of HVAC system

The energy requirements for air-conditioning correspond to approximately 40% of the total
energy consumption of commercial buildings. To achieve a net Zero Energy Building (ZEB),
the reduction of energy consumption for air-conditioning is essential. To reduce the consump-
tion of energy for air-conditioning, the temperature and humidity individual control (THIC)
system is a very effective means. The THIC system consists of a humidity controllable outer
air processing unit (heat pump (HP) desiccant) and a sensible capacity enhanced variable
refrigerant flow (VRF) which has been installed for a demonstration test.

2.1.1 Composition of the THIC System

The THIC system consisted of the humidity controllable outer-air processing unit (HP
desiccant), and sensible capacity enhanced VRF. These two mechanisms are appropriately
operated by the controller to simultaneously maintain the comfort of the room and save energy.
The direct expansion VRF system consumes less energy for heat transfer compared to the
central type air conditioner. Moreover, the VRF can avoid heat loss from the connection piping
in cooling operation. So, the VRF system is more suitable for significantly reducing energy
consumption.

Controller
Humid ity Controllable Outer A ir Processing Unit (HP Dessicant)

-
.

p——— ; 'L . 'L : Used for
u u Humid ity Control

Sensible Capacity Enhanced VRF

I 3 : = e L—1 = - R —-) L 1
Outer Unit |
e
I ' _ I 3 I _ I : I e I Used for
i X £ O 0 2| Temperature Control
I "l Y Inner Unit Inner Unit InnerUnit Inner Unit
‘-‘
L

N N S S S S S G B S G S B S S -
Fig. 10: Composition of the Temperature and Humidity Individual Control (THIC) system

2.1.2 Features of HP Desiccant

To achieve a drastic reduction of energy consumption, an efficient humidity control mechanism
is needed. In the THIC system, the humidity controllable outer-air processing unit (HP desic-
cant) is adopted.

The most important feature of HP desiccant is using the Hybrid Desica Element (HDE), which
is a heat exchanger, covered with desiccant material as shown in Figure 2.2. By using HDE,
the heat needed for desorption can be supplied directly on to the desiccant materials, and so
the required temperature for desorption becomes as low as 40 °C to 50 °C.

By lowering the required temperature for desorption, a heat pump can be used for the
desorption process. A heat pump can transfer the heat from the adsorption process to the
desorption process, and that drastically improves the efficiency of HP desiccant.
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In HP desiccant, two HDEs are operated in batch processing (alternately adsorbing and
desorbing the desiccant material).

The HP desiccant with especially high efficiency is used for the THIC system. The optimization
of the heat exchanger path arrangement equalizes temperature of the HDE’s surface, and
improves efficiency.

Hybrid DESICA Element(HDE) NS SSUSRe

to one heat exchanger

In case of
desiccant wheel
ll”"m“' Adsorption
! A rotor
it r
(@) ’ 2 4 4
A
HDE FIN Normal Cross-fin
Heated Coil

Fig. 11: Hybrid DESICA element
Features of the sensible capacity enhanced VRF

To raise the efficiency of the heat pump, one of the most suitable ways is to reduce the
pressure difference between the condensing temperature and the evaporative temperature. In
the case of the cooling operation, when the air-conditioning load is low, the evaporative
temperature can be raised. Inthe case that the ambient air temperature is low, the condensing
temperature can be lowered.

However, the improvement of efficiency by the reduction of the pressure difference has not
been common in the conventional VRF.

One of the reasons that prohibit the reduction of pressure difference is the necessity of the
dehumidifying capacity. In the case that the cooling load is small, VRF can be operated with
the higher evaporative temperature to fulfill the sensible heat load. But, that makes the latent
heat capacity of VRF low at the same time as shown in Fig. 12, and that may make the room
air too damp.
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Fig. 12: Evaporative Temperature’s Effect to the VRF system
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In the THIC system, the latent heat load is treated by HP desiccant. So, the VRF can be
operated at higher evaporative temperatures according to the sensible heat load.

The other reason is the limitation of the compressors’ operation. A new scroll compressor was
developed which is far more tolerant for the operation with the small pressure difference
operation, which makes it possible to drastically reduce the pressure difference.

In this way, the sensible capacity enhanced VRF for the THIC system can be operated in
smaller pressure difference, and that improves the efficiency under the condition of lower
ambient temperature and smaller sensible heat load drastically as shown in Fig. 13.
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Fig. 13: Comparison of VRF Efficiency

2.1.3 Result of Demonstration Test

The test site was an office in Nagoya University. One room separated into two was used for
the comparison of the conventional system and the THIC system as shown in Fig. 14.

THIC system Conventional system
| | " ‘
__.1%; ‘Mf -
% sl ]
B e e g R | e o et X B
| | a |
1819 |Indoor unit x3 | lln oor unit x 226.9m
. HP Desiccantx2 |} Humidifiable HRV x2 Occupant:22

Occupant: 12

Fig. 14: Outline of Field Test Site

For the eastern area of the office, a combined system of conventional VRF and humidifiable
ventilation heat recovery (HRV) was installed as a conventional system. For the western area,
a combined system of HP desiccant and sensible capacity enhanced VRF was installed as a
THIC system. It was not possible to make the size of both areas even. So, the evaluation
hereafter is according to the value divided by the area size.
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2.1.4 Result of the Summer Test

The summer test was carried out from June to September. To evaluate the comfort level and
energy saving, the temperature & humidity of the room and the energy consumption were
measured.

Inner Room Condition

Fig. 15 shows the comparison of the inner room conditions of conventional and THIC systems,
respectively.

When the set temperature is 28 °C, the conventional system cannot provide adequate dehu-
midification capacity. On the contrary, the THIC system can control the inner room condition
around the edge of the target condition.
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Fig. 15: Inner Air Condition (Set temperature is 28 °C)

In Japan, it was common to set the target temperature to 26 °C. But, after the March 11, 2011
disaster, it became common to set it to 28 °C to correspond with the lack of electricity.
However, this result shows that the conventional air conditioning system, without humidity
control function, cannot maintain a comfortable air condition in humid summers like in Japan,
if the set temperature is 28 °C.

Energy Consumption

Fig. 16 shows the comparison of the integrated energy consumption of the test period.

OVentilation Fan

Conventional
System BHP Desiccant Compressor
OVentilation Standby Power
Requirement
THIC Olnner Unit of VRF
System
B Outer Unit of VRF
0.00 0.05 0.10 0.15 0.20 0.25 BVRF Standby Power
Average Dayly Energy Consumption (kWh/m2 - day) Requirement

Set Temperature is 28 °C
Fig. 16: Daily Energy Consumption

The energy conservation effect of the THIC system in summer goes up to almost 50%.
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2.1.5 Result of the Winter Test

The winter test is carried out from December to February, also by measuring the temperature

and the humidity of the room and energy consumption.

Inner Room Condition

Fig. 17 shows the comparison of the inner room conditions of the conventional and THIC

systems, respectively.

Different from the results of the summer test, under the effect of humidifiable HRV, both the

conventional and THIC system can control the inner air to the target condition.
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Fig. 17: Inner air condition (Set temperature is 20 °C)
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Fig. 18 shows the comparison of the integrated energy consumption of the test period.
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Fig. 18: Average Daily Energy Consumption
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The energy conservation effect of the THIC system in summer goes up to almost 30%.

2.2

As the sensible capacity enhanced VRF is characterized by its high efficiency at low load
factors and low ambient temperature conditions like spring and autumn, the difference between
the conventional system and the THIC system is assumed to be higher in annual operation.
The efficiency of the THIC system in an annual operation was evaluated by simulation. The
simulation model was established using the data of the demonstration test. The evaluation was

Annual evaluation using simulation

conducted on the assumption that the system is installed in a highly insulated building.

The annual effect for energy conservation of the THIC system is calculated by this simulation.

The calculation condition is shown in Tab. 8.
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Tab. 8: Condition of simulation comparison

In R Heat Set Indoor Air
System Building f =oom Hea HVAC System Condition
Generation - :
Cooling | Heating
Conventional Conventional VRF 26 °C, 22 °C,
Highly + Humidifiable HRV 50% 40%
) - -
Insulated 10 W/m Sensible Capacity 28 °C 20 °C
THIC Enhanced VRF + ' '
. 60% 40%
HPDesiccant

As a result, about 74% of the energy consumption can be reduced.

12,000 5
5
£
'E‘ 10000 | a Stanc.:lby Power E
o Requirement 5
e @ HRV ©
Z 8000 : &
= l HP Desiccant 2
s w
o
5 6000 || @ VRF Indoor Unit
3
g B VRF Outer Unit| _
G 4000 =
g e
2 3 £ soo0
w2000 S E 500
S
EE 400
0 z;'—' 200
Conventional THIC w 0
System System 1 2345&0&8910" 12

THIG System

Fig. 19: Evaluation of the total energy savings by simulation

Fig. 19 shows that the energy consumption of the spring and autumn is drastically reduced.

2.2.1 Conclusion

The THIC system consists of a humidity controllable outer-air processing unit (heat pump
desiccant) and a sensible capacity enhanced VRF. Demonstration test results showed that the
THIC system can reduce energy consumption by approximately 50% in midsummer, and 30%
in midwinter. The data also made it possible to develop a simulation to calculate the THIC
system’s energy consumption. The simulation showed that the THIC system can reduce the
energy consumption by 74% in the case that the system is installed in highly insulated buildings
and operated throughout the year.

The developed THIC system can maintain a comfortable inner air condition and drastically
reduce the energy consumption at the same time.

This excellent result is derived from the 3 points shown below:

¢ The reduction of air-conditioning loads by individual control of temperature and humidity

e The development of the HP desiccant for efficient humidity control

e The development of the sensible capacity enhanced VRF for efficient temperature control,
especially in spring or autumn.

By the installation of this THIC system, the ZEB will be realized comparatively easy in the case
of two or three storey buildings. Moreover, it will also achieve a great amount of energy savings
in high-rise buildings as well.
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2.3 Heat Recovery Heat Pump for Multi-Purpose Use

The multi-function heat-recovery heat pump allows space cooling, space heating, hot water
supply and chilled water storage. In summer, this heat pump can realize electricity peak shift
utilising chilled water, which is produced and stored in night-time. Furthermore, it produces hot
water utilising waste heat from the space cooling operation for space heating or DHW purpose.
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Fig. 20: Layout of the heat recovery heat pump for multi-purpose use

Cold storage operation

In summer season, chilled water storage operation at night-time allows to save chilled water
with a temperature of 5 °C with night time cheap electricity price.
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Fig. 21: Operation modes for cooling — night-time storage of cold (left) and daytime use of stored
cooling energy (middle) - and heat recovery for DHW operation (right)
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Eco cool operation

The at night-time stored chilled water increase cooling capacity without additional electricity.
As a result, the stored chilled water allows decreasing electricity consumption at daytime
cooling operation by 40%. The blue line in Fig. 22 (left) of daily electricity profile indicates
electricity consumption through the day at eco cooling operation where the decrease of
electricity consumption decrease compared to general operation can be seen.

Heat recovery operation

In summer, the waste heat of cooling operation is utilised as heat source for producing hot
water with a temperature of 50 °C. Since waste heat is effectively used, no electricity is
dedicated to use for producing hot water.
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Fig. 22: Peak shaving by cold storage and typical installation in Japan
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2.4 Development of Performance Evaluation Technology

Performance of solar thermal system has been tested under the outdoor weather condition
both for a collector itself and for the total system. In order to perform the test under stable
conditions, an environmental chamber was built. The purpose of this study is to develop and
verify the procedure and the technical method for testing the performance of solar thermal
systems at indoor environmental chamber.

2.4.1 Outline of Indoor Test System

For the indoor environmental chamber, an artificial solar simulator has been built. The solar
simulator consists of 24 lamps with a maximum intensity of 2000 W/mz2 at collector surface with
a distance of 5 m from the lamps.

The lamps can be controlled continuously for three different ranges of intensity:

e 500-1000 W/m2

e 300-499 W/m?

e 200-299 W/m2

For the environmental chamber, also a brine-chiller, air-handling unit and a humidifier were
installed. The temperature of the chamber is controlled at 20-30 °C with 50-80%rH in summer
and 10-25 °C with 30-80%rH in winter.

2.4.2 Field Test Setup

The heat collection performance of the solar collectors has been measured under the actual
solar irradiation condition at Soka-city, Saitama-prefecture. Field measurement data is compa-
red to the results of indoor test to verify the validation of indoor test.

2.4.3 Indoor Testing

Collector Performance Test

This test is conducted for evaluating the performance of the collector itself based on JIS A4112.
The inlet temperature of the heating medium to the solar collector is controlled by a
temperature control unit, which includes a buffer tank and a pump. The inlet temperature can
be controlled from -10 to 80 °C. A fan unit is located at the side of solar collector and wind
velocity on the surface of the collector is controlled in the range of 2-4 m/s.

Collector System Test

This test is conducted to evaluate the performance of the solar collector system which consists
of two or more collectors and a thermal storage tank. The solar simulator installed for the indoor
test has a capacity to cover only one collector. Therefore, in this test the second or more
collectors are simulated by an electric heater, of which the output is determined by substituting
the medium inlet temperature and flow rate of the second collector and the solar irradiation
intensity on the surface of the first collector to collector performance curve tested by collector
performance test.

Standard DHW load test

This test is conducted to evaluate the performance of DHW systems under the standard solar
irradiation and domestic hot water (DHW) load condition. The output of the artificial solar simu-
lator is automatically controlled according to the programmed solar irradiation profile, which
simulates the solar irradiation profile on clear sky day. In this test the modified M1 mode is
used as standard DHW load profile. The modified M1 mode is a detailed DHW load profile
during one day based on the field measurements at a real residence. This mode assumed a
family of four and total hot water consumption is 450 liter per day.
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2.4.4 Results of Indoor Test

Collector Performance Test

The collector was set to an angle of 15°. The ambient temperature was fixed at 20 °C. The
mean flow rate is 2.4 kg/min, because the standard flow rate of solar collector is 1-1.2
kg/min/m2. Some collectors use an ethylene-glycol solution as heat collection medium. How-
ever, in this test water is used as heat transfer medium to shorten time to set-up tests of several
types of collectors. Tab. 9 shows the specification of the different collectors.

Tab. 9: Specification of collectors

Manufacture A B C D
Type Flat plate Vacuum tube Flat plate Flat plate
Collector gross area 2.09 mz 2.28 m? 2.09 mz 2 mz2
- b0 0.711 0.561 0.6975 0.776
Coefficient
bl 4.609 0.837 4.795 5.440
08 0.8 0.8 R 0.8
07 % Manufacturer A o, Manufacturer B 07 la Manufacturer C o7 .- Manufacturer D
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Fig. 23: Results of collector performance test

Fig. 23 shows the results of the indoor performance tests of the collector itself. Type A, C and
D are flat plate collectors, while type B is a vacuum tube collector. Solid lines show the results
of indoor test and dotted lines is performance which were submitted by manufactures. Results
of performance test of these collectors shows good agreement with performance of manufac-
turer test. However, for the vacuum collector (Type B), there is disagreement between the two
tests.
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Fig. 24: Inlet and outlet temperature of collector system test (left), collector efficiency of first and second
unit of collector system test (right)

Fig. 24 (left) shows the medium inlet temperature to the first unit of the collector and outlet
temperature of electric heater which simulates second unit of the collectors. The control of the
heater was carried out well according to change of the inlet temperature. Fig. 24 (right) shows
collector efficiency of first and second unit (simulated by heater). From Fig. 24, it can be seen
that the collector efficiency of first and second unit show good agreement. However, the
efficiency of first unit is slightly lower than that of collector performance test.
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2.4.5 Conclusion

The tests have been carried out in an environmental chamber. In this chamber an artificial
solar simulator and an HVAC system to control the temperature and humidity of the chamber
is installed. In this chamber three kinds of test have been conducted: a collector performance
test, a collector system test and a standard DHW load test.

More tests of the collector systems will be conducted to establish the collector performance
test and collector system test with reasonable accuracy. Especially, there is some difference
between the indoor test and manufacturer data for vacuum tube collector. From these results,
there are many suggestions about the items that should be investigated, for example the
definition of the effective surface area of vacuum tube collector, spectrum distribution of artifi-
cial solar simulator, and so on. In addition, standard DHW load tests will be conducted.

The aim of the study is the establishment of solar thermal system test with reasonable accuracy
and reproducibility. It results in wider spread of solar thermal systems and it will play an as
important role as photovoltaic systems.
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3 Multifunctional heat pump system in Switzerland

3.1 Background of the project

Thermal insulations of new buildings in Switzerland are defined by U-values of about
0.2 W/(m2K) adapted to the rather cold climate conditions. However, the internal loads are
getting higher due to the increasing use of electric equipment. Thus, in summer operation an
increasing risk of an overheating of the buildings exists, especially in office buildings.
Therefore, several free-cooling applications have established to keep the energy use for
cooling on a low level. By direct usage of the ambient air or the ground for heat dissipation,
free cooling creates a possibility to cover the cooling needs by just using energy for the
circulation pumps. However, each free-cooling method also has its particular limitations.
Cooling based on a night-time radiation and convection of an activated building envelope sur-
face has not been used often as passive cooling option, yet, although there are potentials in
moderate climate conditions with moderate night-time outdoor temperatures. The operation
gets even more beneficial with the option to use the same surface also for heating purposes
like space heating in winter or DHW production in summer. Nevertheless, the properties of the
surface may be different for the space heating and space cooling operation, since in space
heating mode, losses to the ambiance shall be reduced as far as possible, while high losses
to the ambiance are favourable in the space cooling mode.

Therefore, the objective of the project AKTIVA is the investigation of the properties of an outer
surface for space heating and cooling mode, which could be represented as solar absorbers
or collectors, as well as the integration into a system.

3.2 Lab-test results of unglazed absorber

Lab testing has been performed at the Energy Research Lab (ERL) of the Institute of Energy
in Building of the University of Applied Sciences Northwestern Switzerland in Muttenz. Fig. 25
shows the installed absorbers on the roof of the lab.

Three unglazed solar absorbers with different degree of selective coating with long-wave
emission coefficients of the infrared radiation of gr=0.15 (selective coating), er =0.3 (faint
selective) and gr = 0.9 (non-selective) have been installed on the roof of the ERL. Tests have
been performed at different weather conditions and with different inclination angles.

- —
= ¥ ——"

Fig. 26 shows the test results on Sept. 23-24, 2013 at constant absorber inlet temperature of
25 °C, which had good solar irradiation conditions during the day followed by a clear sky in the
beginning of the night. As expected the selective absorber reaches the highest capacity for
space heating operation during daytime of about 600 W/m?,,s at maximum due to reduced
radiation losses by the selective coating. The non-selective absorber only reaches about
500 W/m?Zas, thus for the space heating operation, the selective absorber has advantages of
higher heating capacity values.
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Fig. 26: Measurement results at good solar irradiation at daytime and clear sky at night-time of the
three absorbers with different degree of selective coating

In clear nights, though, the (fictive) sky temperature, which has been recalculated by longwave
radiation measurements with a pyrgeometer, is significantly lower than the ambient air tempe-
rature, in the first night-time hours by about 15 K. Therefore, even if the absorber temperature
is in the range of the ambient temperature, the absorber can reject heat by radiation to the
night sky depending on the emissivity of the surface.

In the space cooling operation, the favourable property of the absorber is hence a high emis-
sion coefficient of the non-selective characteristic, which is opposite to the space heating
mode. The good radiative characteristics to the night sky of the non-selective absorber results
in a cooling capacity of -200 W/mZ2,s, while the capacity of selective absorber is below this
value at a cooling capacity of -100 W/m?Zaps.

However, at about 2 a.m., clouds come up, which is illustrated in Fig. 26 by the instantaneous
rise of the sky temperature to almost the level of the ambient air temperature. Consequently,
the cooling capacity of the three absorber are approaching each other and the selectivity is of
minor importance, since the radiation exchange with the sky is now limited by the reflexion of
the clouds, expressed by a higher sky temperature. The decrease of the cooling capacity of
the three collectors is most prevalent for the non-selective collector, while the more selective
collectors are hardly affected by the rising sky temperature.

3.3 Component modelling and system integration

Based on the modelling of the dynamic collector test according to EN 12975 (2011) a model
of the solar absorber has been implemented in Matlab-Simulink and has been validated using
the measurements of the test rig. The model considers the influence of direct and diffuse
irradiation as well as convection and radiation due to the ambient and sky temperature.

3.3.1 Validation of the simulation model

In order to compare the measured values with the simulated values, several measurement
series were used. The measured values were read into the simulation to simulate the collector
model with the same inlet and boundary conditions as in the measurement. For the validation
the outlet temperatures of the absorber were compared to the test rig measurements. Absorber
parameters were taken of standard test results which were existent for the solar absorber.
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Fig. 27: Comparison of measured outlet temperature of absorber 2 (¢=0.3) to simulated values

As seen in Fig. 27 the outlet temperature of the absorber simulation corresponds well to the
measured data. Furthermore, the dynamics of the simulated absorber fits well to the real
operation. The simulation of the other absorbers (¢ = 0.15 and € = 0.9, not included as figures)
shows a good agreement of the simulation with the measured values, too. Summarising the
absorber model is valid to be used for the system simulations.

3.3.2 System integration

After validation, the absorber model was integrated into a system model to determine key
figures of the system. Fig. 28 shows the principle of the system integration of the absorber
model into a system in order to demonstrate the different operation modes. The system is built-
up of a heat pump, a storage tank as well as building zones that are assumed to be equipped
with thermally-activated building systems (TABS) which are used as emission system for the
space heating and cooling mode.

Therefore, all the chosen components of the system integration can be used for multifunctional
operation both in space heating and space cooling. With the integration it is possible to realize
following operation modes:

Space heating operation in wintertime with the absorber as heat source

Direct space heating operation with the absorber at favourable solar irradiation
Simultaneous operation of the heat pump for heating and cooling

Cooling operation in summer with heat pump for additional cooling

Free-cooling operation in summer by night-time heat rejection with the absorber

By the TABS the flow temperature can be limited to a maximum of 29 °C during heating mode.
With sufficient solar radiation and therefore high temperatures at the absorber outlet, the solar
heat can be directly circulated through the thermally activated building systems by a heat
exchanger. The storage serves as source storage and is used as heat source of the heat pump
during winter operation.

During summer operation, the absorber area can be directly linked to the thermally-activated
building systems. In this operation the building structure can be recooled by the TABS during
night-time in order to have enough capacity of the concrete to remove the space cooling load
of the office zones of the next day.
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Fig. 28: Principle of system integration of multifunctional components

As alternative, it is also possible to additionally integrate the source storage as storage for the
cooling energy in summer operation. By the additional storage it is possible to enhance the
free-cooling fractions at favourable night-time conditions when the recooling of the TABS are
already terminated before the end of the night.

In adverse night-time weather conditions and thereby limited ambient potential for the recooling
of the TABS during summer operation, the heat pump can be operated as back-up chiller to
provide additional cooling energy.

3.4 Simulation results

Both the space heating and the space cooling operation were investigated by system simula-
tions. Simulations have been performed for two room zones in north and south orientation with
single office use according to the Swiss standard SIA 2024 (2006) for the weather data of
Zurich Meteoschweiz average year according to the Swiss standard SIA 2028 (2010). As
extreme weather for the space cooling mode a warm summer of Lugano warm year in southern
Switzerland according to SIA 2028, which already has Mediterranean climate has been used.
The room zones are equipped with TABS in the middle of the 30 cm concrete ceiling and a
pipe distance of 0.2 m.

The design of the absorber is 0.33 m2as/M?era, Where the index “abs” denotes the absorber
aperture area and the index ERA denotes the energy reference area. This corresponds to a
three-storey office building with entirely covered roof area by the absorber. The tested
absorber types can be directly used as roof material. The storage design corresponds to
5 I/mZERA.

Simulations have been performed for different surface properties of the absorber. For the
evaluation of the different properties simulations for extreme combinations of the emission
coefficient of 0.1 (selective) and 0.9 (non-selective) and the inclination angles of 5° (flat roof)
and 90° (facade integration) have been accomplished.

3.4.1 Heating operation

Fig. 29 shows the system integration in space heating operation by the heat pump with the
absorber as only heat source. The heating operation in winter was evaluated from October to
March.

At higher solar irradiation, also a direct solar heating is considered. Direct solar heating is
activated, if the storage temperatures are higher than the necessary flow temperatures for the
thermally activated building systems. Fig. 30 shows the overall seasonal performance factor
with and without direct solar heating. Without direct solar heating seasonal performance factors
are in the range between 3.94 at adverse properties of the absorber for the heating mode, and
4.35 for favourable properties (high inclination, selective coating).
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Fig. 29: Principle of system integration in space heating mode with the heat pump and absorber heat
source

These values are in the range of ground-coupled heat pumps. Recalculated to the heat source
fraction, a degree of coverage of the solar energy is in the range of 75-80%.

With the direct solar heating option, the SPF increases up to about 5 at favourable absorber
properties for the space heating model, which makes up a difference of 0.7 to the SPF without
direct solar heating.

Since the direct solar heating option has a higher dependence on temperature levels than the
required supply temperature for the TABS, it is clear that good properties of the absorber are
needed to reach these required higher temperatures. Thus, the difference decreases with
adverse properties of the absorber to 0.25. Thus, it depends on absorber properties, if the
extra hydronic expense for a direct solar heating option seems justified.

6.0
B with direct solar heating ™ without direct solar heating

5.04
4.44

I 4.20

0.9

o o (=]

Seasonal performance factor [-]
o

5.0 4.4

. 4.35

4,18
411 3.94

4,
3.
2.
1.
0.0

5°-0.1 5°-0.9 90°-0.1 90° -

Combination inclination angle - Emission coefficient

Fig. 30: Overall seasonal performance factor with and without direct solar heating
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3.4.2 Discussion of simulation results for space heating operation

From the performed simulations the following statements can be made for the space heating
operation:

e Absorbers designed for cooling operation can serve as only heat source for locations in
the Swiss middleland during normal winters with ambient temperatures down to -10 °C.

e The seasonal performance factors of the heat pump without solar direct heating reaches
values around SPF» = 4 depending on the absorber properties. With good absorber
properties higher values as an SPF,= 4 are possible.

¢ Due to the use of the absorber near the ambient temperature, the heat losses to the
ambiance are lower than at higher temperatures of the absorber, so the incidence angle
has a similar influence as the selectivity if the absorber is used as heat source.

e A further increase of the seasonal performance factor is possible with higher shares of
direct solar heating.

¢ Since direct solar heating depends on the temperature level, a selective absorber has
advantages and reaches higher direct solar fractions.

o The specific absorber yields increase at increasing heating load, since with a rising heating
load the absorber tends to work on lower temperature levels, which reduces the heat
losses to the ambiance. However, direct solar fractions decrease, since temperature high
enough for the direct solar operation are less often reached.

3.4.3 Cooling operation

Fig. 31 show the integration for the free-cooling mode with integrated cold storage. As for the
direct solar space heating operation, the integration of the source storage of 5 I/m2x, as cold
storage has been evaluated separately.
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Fig. 31: Principle of system integration in space cooling mode for free-cooling operation with the
absorber and integrated source storage as cold storage

The storage can be charged, if cooling loads of the room zone are lower than the free-cooling
potential by night-time cooling. The degree of coverage in free cooling operation for the
different absorber properties is depicted in Fig. 32 with and without storage integration. In
moderate summer climate of Zurich Meteoschweiz, high degree of coverage of above 90% for
good absorber properties, i.e. high emission coefficient of the non-selective absorber and low
inclination for better view factor to the sky.

For rather adverse properties, still above 80% of the cooling needs can be covered by free-
cooling. For these properties, the inclination angle is no longer of importance, since the
radiative fraction is low due to the low emission coefficient of 0.1. In general, the properties are
of minor importance in moderate climate, since the convective fraction of the heat rejection is
still high due to relatively low ambient nighttime temperatures. In Zurich Meteoschweiz, for
instance, 85% of the night-time hours are below 15 °C.
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Fig. 32: Comparison of the degree of coverage in cooling mode with and without integration of a
storage for Zurich Meteoschweiz normal year and Lugano warm year

Regarding the storage integration, the increase of the degree of coverage is limited to about
3% with good properties, and about 5% for rather adverse properties in moderate climate.

As comparison, additionally the extreme summer climate of Lugano warm year is included in
the Fig. 32, as well. The degree of coverage notably decreases to about 60% with good
absorber properties and to about 35% with rather adverse. Thus, the radiative fraction is more
important than in moderate summer climate, since the potential for convective heat rejection
is limited. Due to the more restricted potential for free cooling in warm summer nights, the
storage integrations yields a higher increase of the degree of coverage, since nights with
adverse weather conditions can be supplied by buffered cooling energy from the storage.
Thus, the increase of degree of coverage with integrated storage is in the range of 10%.

3.4.4 Discussion of simulation results for cooling operation

From the performed simulations the following statement can be made for the space cooling
operation:

e Atcooling operation, buildings with one to two stories with an activated roof area can reach
covering parts up to over 90% at moderate ambient conditions during a normal summer
at the Swiss middleland.

e The selectivity of the area is not critical at moderate ambient conditions because of
convection potential. Due to a higher operating temperature of the surface, the missing
emission of highly selective absorbers are compensated through a higher fraction by
convection, so the absorbers still reach a good cooling power. The higher additional
cooling part reduces the performance factor.

e A brief designing or warm ambient temperatures interfere a heat dissipation through
convection, so the emission as well as the emissivity are the crucial values. In this case,
only non-selective absorbers with good emissivity reach high coverage ratios.
Furthermore, the coverage ratios increase notable due to lower additional cooling.

e An integration of a storage can increase the coverage ratio at free-cooling operation. The
rise is the higher, the lower the degree of coverage without storage respectively the less
favourable the ambient conditions.
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3.5 Conclusions

Based on test rig measurements of absorbers with different surface properties a simulation
model of the absorber has been developed and validated. The model has been integrated in
a system configuration suitable for multifunctional operation in space heating and cooling mode
in order to evaluate the key characteristics of degree of coverage and seasonal performance
factors for the operation modes.

In space heating operation for buildings up to three storeys, i.e. an absorber size of 0.33
mZas/M?era, Seasonal performance factors of the heat pump operation with the only source
energy of the solar absorber reaches values in the range of 4 without direct solar heating,
which corresponds to typical values of ground-source heat pumps. With direct solar heating
SPF of up to 5 are reached in the simulation. Selective properties are of minor importance for
the absorber operation as heat source, since the absorber operation temperature is close to
the ambient air temperature, and thus, losses to the ambiance are low. However, in order to
increase direct solar heating, which may significantly improve the SPF of the space heating
operation, selective properties are essential in order to reach the necessary temperature level.
In space cooling operation, high degrees of coverage in the range of 80% to above 90% are
reached. In moderate climate also the non-selective properties are not so predominant, since
there is still potential for heat rejection by convection. In extreme summer climate, though, with
higher night-time temperatures, the radiation fractions and thereby the impact of the non-
selective properties are more important.

Summarising, both in space heating and space cooling operation high performance values are
achieved with the absorber as only heat source and sink, respectively. However, based on the
prevailing load situation, optimization potentials exist regarding the properties of the absorber.
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4 Integrated heat pump developments at ORNL

The U.S. Department of Energy’s (DOE) Building Technologies Office (DOE-BTO) has a long
term target to maximize the energy efficiency of the US building stock by year 2030.
Maximizing building energy efficiency is an essential facilitating step to enable market uptake
of NZEBs including net zero energy homes (NZEH). To achieve the vision of a building stock
with maximized energy efficiency, a deep reduction of the energy used by the energy service
equipment of -50% or more compared to today’s best common practice is required. One promi-
sing approach to achieve this is to produce a single piece of equipment that provides multiple
services. ORNL developed a general concept design for such an appliance, called the inte-
grated heat pump (IHP) (Murphy et al. 2007a, b).

4.1 Integrated heat pump development

The energy service needs of an NZEB include space heating and cooling (SH/SC), water
heating (WH), ventilation (V), and possibly dedicated dehumidification (DH) and humidification
(H) as well, depending on the requirements of the specific location. These requirements differ
in significant ways from those for non-NZEB. In some locations such as the Gulf Coast area,
additional to SH/SC and WH loads, DH will almost certainly be required during the shoulder
and cooling seasons.
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Fig. 33: Concept of the ground-source (left, dedicated dehumidification and water heating mode
depicted) and air-source integrated heat pump (IHP) (right, dedicated space cooling and water
heating mode)

As noted above, one promising approach to efficiently meeting these needs is with an IHP — a
single system based on variable-capacity or variable-speed (VS) heat pumping technology.
The energy benefits of an IHP stem from the ability to utilise otherwise wasted energy; for
example, heat rejected by the SC operation can be used for WH. Significant energy savings
are possible from the higher efficiency operation of the components, the load matching
capability of the VS equipment (providing heat exchanger unloading benefits), outdoor-source
heat pump water heating, and waste heat recovery in the combined SC and WH mode.

With the greater energy savings the cost of the more energy-efficient components required for
the IHP can be recovered more quickly than if they were applied to individual pieces of
equipment to meet each individual energy service need. An IHP can be designed to use either
outdoor air or geothermal resources as the environmental energy source/sink. The principle of
the ground-source and air-source integrated heat pump development is depicted in Fig. 33.
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4.2 IHP Variants and Developments

There are two primary versions of the IHP, a geothermal or ground-source (GS-IHP) and air-
source (AS-IHP).The principles shown in Fig. 33 have been evaluated with lab-test results of
real components, which were implemented in components models in TRNSYS system
simulation software and annual performance simulations were accomplish for five different
climatic locations across the USA. Results confirmed substantial energy saving potentials with
the IHP fulfilling the target to increase energy efficiency by more than 50% vs. standard
technology of minimum efficiency requirements. Saving potentials were evaluated to

o 52%-65% for the ground-source integrated heat pump
o 47%-67% for the air-source integrated heat pump

Details on the investigations are contained in Appendix A.1.

In the following, ORNL activities have focused on development of four different embodiments
of the IHP. One is an electric GS-IHP and the other three are AS-IHPs (two electrically-driven
and one natural gas engine driven).

4.3 Ground source integrated heat pump (GS-IHP)

The GS-IHP system uses a variable-speed
(VS) compressor, VS indoor blower (for
SH/SC distribution), and VS pumps for
ground heat exchanger (GHX) fluid circula-
tion, and for hot water circulation. A 190 | WH
tank is included. The prototype system deve-
lopment is a 7 kW nominal design. The tes-
ting residence is a well insulated 240 m?2
house, located in a range of climate zones.
In early 2008 the industrial partner Climate
Master, Inc (CM) and ORNL began a series
of GS-IHP system design iterations resulting
in two generations of GS-IHP for lab and field
testing. ORNL used the detailed lab measure-
ments of refrigerant and source/sink condi-
tions to calibrate the heat pump design model
(HPDM) (Rice (1991); Rice et al. (2005))
. . . which was incorported into the TRNSYS si-
Fig. 34: GS-IHP conceptual installation mulation model for estimation of annual per-
formance and energy savings potential. The
process is documented by Rice et al. (2013) and Baxter et al. (2013) and shortly summarized
in this subsection.
The HPDM was calibrated in each of the four operating modes: SH, SC, SC + WH, and dedi-
cated WH using the publicly available optimization program GenOpt (Wetter, 2009). Results
of the HPDM are in good agreement with the lab-testing results, namely in a range of 5% of
the capacity, in the range of 2% for the compressor power and in the range of 4% for the COP.
Further modelling steps were undertaken to model as well a baseline system in order to com-
pare the results to the state-of-the-art and the modelling of the ground-source heat exchanger
(GHX).
For the comparison a baseline system was defined, corresponding to standard equipment with
minimum efficiency requirement.
With the modelled systems of the ground-source heat exchanger and the IHP system simu-
lations for the 7 kW prototype were performed for five climate zones, resulting in energy saving
potentials between 40-60% depending on operation mode and climate zone. Details on the
modelling and simulations results are including in Appendix A.2. Based on the simulations, a
field test was performed.
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4.3.1 Field tests of GS-IHP

The home was split into four zones, upstairs, downstairs living space, master bedroom, and
basement, which were all controlled to same set points of 21.7 °C for heating and 24.4 °C for
cooling. Fig. 35 shows the test site for GS-IHP (left) and GHX layout (right).
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Fig. 35: GS-IHP test site (left) and GHX layout (right)

The GHX had a total of 796 m of high density polyethylene (HDPE) pipe placed around the
foundation of two of the basement walls in addition to two utility trenches and a rain garden in
the backyard.

During the cooling season, the unit can operate in three of the four modes: SC, SC+WH, or
WH. If there are coincident space cooling and water heating demands, the unit will run in the
SC+WH mode. If there is only a demand for water heating, the unit will run in WH mode. During
the heating season, the unit only operates in two of the four modes: SH and WH. There is no
combined space heating and water heating mode, so the unit gives water heating priority
unless the indoor space temperature falls by a pre-set number of degrees below the heating
set point.

The 1%t generation prototype was monitored for the 2011 year (January through December)
with details summarized in Baxter et al. (2013). Several technical issues were encountered
during the year that resulted in frequent interruption of GS-IHP operation. While this limited the
extent of the collected performance data, what was available provided valuable information to
CM, enabling them to develop a much improved 2" generation prototype.

Tab. 10: Projected 2" generation GS-IHP prototype energy savings vs. baseline for House 2 in 2012

Operation GS-IHP Ba_seline Percent Savi_ngs
mode Equipment Over Baseline
COP 6.77 3.38
Space Cooling Delivered [kWh] 5202 5202
Consumed [kWh] 768 1539 50.1 %
COP 5.19 2.68
Space Heating Delivered [kWh] 8765 8765
Consumed [kWh] 1690 3265 48.2 %
Resistance heat 29 127
COP 3.79 0.89
Water Heating Delivered [kWh] 2313 2313
Consumed [kWh] 610 2605 76.6 %
Resistance heat 0 2605
Total Consumed [kWh] 3177 7519 57.8 %

The 2" generation prototype was installed at the test site on May 7, 2012 with the help of CM
personnel. Monitoring of the 2" generation system took place from June 2012 through January
2013. Tab. 1 give performance data of the 2" generation prototype for the different operation
modes compared to the baseline system. Since an entire year’s worth of data was not able to
be collected during the project, approximations were made for months where data was not
available, so that the annual performance could be estimated.
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The first step in this process was to fit a sinusoidal wave to the daily average outdoor air
temperature (OAT) and daily average entering water temperature (EWT) data. These wave-
forms were then used to generate average monthly OATs and EWTs for the months without
data. The load in each mode was then estimated by plotting the monthly delivered output in
[kWh] against the average OAT for the month. A linear fit was applied and, along with the
estimated OAT, a delivered load was estimated for months without data. Similarly, the COPs
for each mode were estimated by plotting the existing data against the average EWT for each
month. Details are given in Appendix A.2.

4.4  Electric air-source integrated heat pump

For the electric driven AS-IHP, two different system prototypes have been developed. One of
them is a single compressor or combined system, and the other is a two-box system.

4.4.1 Single compressor or combined system

A nominal 10.6 kW design cooling size was
selected for development. ORNL and manu-
facturer team members engaged in an itera-
tive process of prototype analyses/design, lab
testing, and re-design based on lab results.
Three generations of prototypes were deve-
loped leading to field testing. The design uses
VS compressor, blower, and fan. Dual elec-
tronic expansion valves (EEVs) are used to
provide a wide range of refrigerant flow con-
trol. A double-walled concentric tube heat ex-
changer (HX) was used for WH operation with
tube-and-fin HXs for the indoor and outdoor
coils for the first prototype design. Subsequent
Fig. 36: AS-IHP conceptual design prototypes used compact HX designs for all
three HXs.
Expected WH modes of operation included dedicated WH using the outdoor coil as the heat
source and combined space cooling (SC) and WH, both of which employed the full condensing
(FC) output for WH. Another WH mode used desuperheating (DS) during SC or SH operation.
A pump capable of at least two-speed operation was required to meet both FC and DS water
flow requirements.
One technical challenge for the AS-IHP system development was refrigerant charge manage-
ment. This challenge is greater for air-source systems than for ground-source units, because
outdoor air coils have much larger internal volume than water-to-refrigerant HXs of similar
capacity. To deal with this issue, the manufacturer developed a proprietary design to manage
charge between operating modes.
Another design challenge is in WH operation. VS compressors typically can operate at maxi-
mum condensing temperatures only above a certain speed, with limits on condensing
temperature dropping linearly below this speed. This constraint limits the minimum compressor
speed for dedicated WH. In addition, to reach maximum output water temperatures above
about 50 °C (122 °F) while staying within the compressor operating envelope, higher speeds
with output capacity of 10.5 kW (3 tons) or more are required. As such, a pump capable of
providing ~1.14 m3/h (5 gal/m) or higher flow is required. Operation in DS-only mode can also
provide temperatures above 50°C (122°F).
Following a similar process as that used for the GS-IHP system analyses, results of the
prototype lab tests were used to calibrate the variable-speed research version of the
DOE/ORNL heat pump design model (HPDM).
In turn, system performance maps generated by the HPDM were used in the TRNSYS/HPDM
(T/H) simulation model for estimation of annual performance and energy savings potential. The
process is documented in Rice et al. (2014a) and summarized in this subsection.
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ORNL used the detailed lab measurements over a wide range of refrigerant, outdoor and
indoor air temperature, and entering DHW temperature conditions to calibrate the HPDM in
each of the operating modes utilising the GenOpt program (Wetter, 2009).

Once this process was completed, we used the HPDM to generate performance maps (i.e.,
tables) of capacities, powers, and mass flow rates for each mode as a function of all relevant
independent variables, e.g., compressor speed, indoor and outdoor temperature and RH, and
entering water temperature (EWT) from the DHW loop. The DS operation was modeled in
TRNSYS as a fixed HX effectiveness based on the laboratory test data.

Annual performance analyses were conducted with the T/H model using the same house, cli-
mate locations, control set points, and daily DHW use profile and quantity as for the GS-IHP
analyses described earlier. For winter operation, thermostat control priority was given to SH
with WH limited to DS (and back-up electric elements as needed) until the SH heating load
was satisfied. This approach provides better control of the indoor space temperature in the
winter season than with WH priority control. Dedicated WH (using the outdoor coil as a source)
is limited to operation above a specified cut-off ambient, when no SH call is active, and in
shoulder months when the ambient is below a specified cut-off. In SC mode, DS WH operation
is used first when a WH call is active, until a prescribed water draw is reached, when the unit
will switch to combined SC+WH operation with FC output.

Simulation results for the 2" prototype configuration are shown in Tab. 11 for each location.

Tab. 11: Energy use and savings predictions for AS-IHP Lab Prototype 2 Design

Operation ASIHP | Baseline Equipment Percent Savings Over Baseline
Space Cooling 905 1566 42.2 %
Space Heating Con- 1359 2314 41.2 %

- sumption
Water Heating [KWh 987 3293 70.0 %
Ventilation Atlanta 189 189
Total 3440 7361 53.3 %
Space Cooling 1480 2498 40.7 %
Space Heating Con- 598 1062 43.6 %
- sumption
Water Heating [KWh] 664 2728 75.7 %
Ventilation eUsien 189 189
Total 2931 6476 54.7 %
Space Cooling 2320 3395 31.7%
Space Heating CO?; 308 724 45.0 %
Water Heating S“[L”V%‘])” 665 2392 722 %
Ventilation Phoenix 189 189
Total 3572 6700 46.7 %
Space Cooling Con- 11 21 44.8 %
Space Heating | Sumption 703 1304 46.1 %
Water Heating | KW 1123 3676 69.4 %
Ventilation San 189 189
Total cisco 2030 5189 60.9 %
Space Cooling 340 623 455 %
Space Heating | COn- 3974 6287 36.8 %
- sumption
Water Heating [KWh] 1545 4110 62.4 %
Ventilation Chicago 189 189
Total 6048 11209 46.0 %

The entries in red show the portion of the total energy use for that mode that was from
resistance heat. Total HYAC/WH energy savings relative to the all-electric baseline unit
averaged 52%, ranging from 46-47% in the cold and hot locations to >60% in the mild marine
climate. The predicted average space conditioning savings are 42% with average WH savings
of 70%.
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4.4.2 Field test of AS-IHP

Cooling season summary

Before the field testing started work was done to set up the test house occupancy simulation.
The water draw schedule used at the site is based on the latest Building America water draw
generator http://www1.eere.energy.qov/buildings/residential/ba_analysis spreadsheets.html.
Latent, sensible and various building loads are based on the Building America House
Simulation Protocols (Hendron and Engbrecht, 2010).

Fig. 37: Field test site in Knoxville, TN

Occupancy simulation is accomplished via scheduled operation of small space heaters (to
simulate sensible heat), and humidifiers (to simulate latent heat). DHW loads (dishwasher,
clothes washer, showers, sinks, etc.) are simulated by operating solenoid controlled water
valves according to the programmed schedule. Temperature control set points of 49.0 °C
(120 °F) for WH and 24.4 °C (76 °F) for space cooling were implemented in the system controls
prior to starting data monitoring in May.

Fig. 37 shows pictures of the field test site. The primary operating modes experienced during
this period were SC only (Dedicated SC), SC + desuperheater (DS) WH (SC+DS) and SC +
FC WH (SC+WH)

Fig. 38 illustrates the SC and WH monthly average COPs for each mode and average for the
entire month for May through September 2014. The average monthly SC COP has ranged
from about 5.0 to 5.35 each month, while the monthly WH COP has ranged from 3.23-4.75
(ignoring electric element power usage). There was a small amount of backup WH electric
element energy consumption during the summer, but this was due to control system issues
(e.g. control computer failing to reboot properly, etc.). No element usage would be expected in
the summer period under the hot water use profile in effect at the test house.

Tab. 12: Cooling seasonal average COPs

Mode Energy delivered [kWh] Energy use [kWh] Average COP
SC 7416 1444 5.14
WH (no element) 1014 231 4.39
Total/average 8430 1675 5.03

Heating season

Heating season field monitoring began in October 2014 and continued through May 2015.
Temperature control set points of 49 °C (120°F) for water heating and 21.7 °C (71 °F) for space
heating were implemented in the system controls prior to starting data monitoring in October.
System performance data are currently under analysis and review by the manufacturing
partner and by ORNL and are not available for reporting at this point. A full annual performance
report is expected by late Fall 2015.
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Fig. 38: Field test results of the AS-IHP Prototype 2 in Knoxville in cooling season

4.4.3 Two-box air-source integrated heat pump (AS-IHP) system

ORNL has been engaged in a 2" AS-IHP system development effort with another manufac-
turer partner (Lennox Industries). This embodiment of the concept is a two-unit or “two-box”
system based on a central high-efficiency ASHP coupled with a prototype water heating/
dehumidification (WH-DH) module (see Fig. 39 (left)).

Heat Pump
Outdoor Unit

Fig. 39: Concept of the two-box AS-IHP (left) and prototypes of the WH-LH moaule (rignt)

The WH-DH module can be integrated with the ASHP unit by a parallel secondary duct loop
around the central air handler, receiving a portion of the central return air, when the secondary
(WH-DH) blower is operating and returning this air to the supply air stream. It also has an
optional connection to an outdoor air intake to provide a means for conditioning and circulating
ventilation air through the central duct system. A dedicated space DH cycle addresses humidity
control and integration of heat pump WH is expedient, since the small vapour compression
components can perform double-duty. This integrated yet independent operation of the WH-
DH unit provides dehumidification of the central return and ventilation air as well as a central
heat source for the WH mode.
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The independent operation is especially useful in the shoulder months which often require
dedicated DH, along with WH, but little or no SC or SH.

Another significant advantage is that this IHP approach can be relatively easily applied to
retrofit/upgrade applications as well as new constructions, utilising standard electric water
heaters and a wide range of multi-capacity and variable speed ASHPs.

In retrofit applications, even if the tank is remote from the heat pump indoor section, the WH-
DH unit can be located at the WH tank and the system will still retain most or all of the IHP
advantages. Details of the development are given in Rice et al. (2014b) and summarised here.

WH-DH module field test prototype design summary

The design of the WH-DH module is based on US Patent 8,689,574 B2 (US Patent Office
2014). Fig. 39 (right) shows a computer aided design (CAD) drawing of the system concept.
Performance goals for the WH-DH unit are to meet or exceed US EnergyStar performance
levels (http://www.energystar.gov/) for WH and DH modes of operation.

For the DH mode, the Energy Factor (EFq) requirement for EnergyStar rating is >1.85 I/kWh
for units with water removal capacity of < 35.5 I/d (< 75 pints/d or < 9.375 gal/d). For WH, an
EF = 2.0 (W/W) is required for EnergyStar designation. The remaining design goal was to
provide water heating capacity of ~2 kW, about twice that for existing EnergyStar HPWH
products.

Tab. 13: Energy Use and Savings Predictions for AS-IHP with Prototype 1 WH-DH Unit Configuration.
Values in bracket and italic refer to resistance heat.

Operation ASIHP Ba_selme Reduction from Base
Equipment
Space Cooling 1059 1741 39.2%
Space Heating Con- 1965 (31) 2311 (18) 15.0%
Water Heating sumption 1553 (488) 3380 (3380) 541 %
Dehumidification | [kKWh] 299 319 6.2 %
Ventilation Fan | Atlanta 202 189 -6.9 %
Total 5079 7941 36.0 %
Space Cooling 1975 3035 34.9 %
Space Heating Con- 906 (3) 995 (0) 9.0 %
Water Heating | sumption | 1169 (246) 2813 (2813) 58.5 %
Dehumidification | [kWh] 1035 1154 10.3 %
Ventilation Fan | Houston 179 189 5.6 %
Total 5264 8187 35.7 %
Space Cooling 402 740 45.6 %
Space Heating Con- 4915 (669) 6214 (916) 20.9 %
Water Heating | sumption | 2122 (906) 4218 (4218) 49.7 %
Dehumidification | [kKWh] 154 154 0.0 %
Ventilation Fan | Chicago 169 189 10.5 %
Total 7762 11514 32.6 %

Two generations of lab prototypes were assembled by Lennox and tested at ORNL and at
Lennox facilities. The initial prototype used an R-410A rotary compressor with a cooling
capacity of ~2 kW (~7000 Btu/h) and 2.8 cooling COP (9.5 Wh/Btu EER) ratings.

Separate condensers were used for each operating mode -- a 3.5 kW (1-ton) fluted tube-in-
tube double-walled water-to-refrigerant heat exchanger (HX) and a three-row fin-and-tube air-
to-refrigerant HX, in combination with a common two-row fin-and-tube evaporator. The 1%
generation module was tested extensively at ORNL in FY2013 in both the WH and DH modes.

Cooling season summary

Before the field testing started work was done to set up the test house occupancy simulation.
The water draw schedule used at the site is based on the latest Building America water draw
generator http://wwwl.eere.energy.gov/buildings/residential/ba_analysis spreadsheets.html.
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Latent, sensible and various building loads are based on the Building America House
Simulation Protocols (Hendron and Engbrecht, 2010).

A 2" generation WH-DH prototype was then built and tested by Lennox in 2014. It used the
same compressor and DH mode condenser as the first unit. A brazed-plate water-to-refrigerant
HX replaced the tube-in-tube design to provide a lighter weight, more compact and easily
insulated design. Larger air duct inlet and outlet duct collars were implemented to reduce the
static pressure drop in the unit and improve its airflow capability.

DH mode tests of the 2" generation prototype have shown about a 7% improved DH EF
relative to that for the first prototype - ~2.15 I/lkWh vs. ~2 I’/kwWh. We believe this was due to the
improved evaporator refrigerant flow distribution and more uniform airflow over the evaporator
and condenser from the larger inlet/outlet ducts. WH mode test results showed an EF of ~2.05,
thus slightly exceeding the WH performance goal for the project.

Two-box AS-IHP field test system plans.

The field test design is generally based
on the prototype 2 architecture imple-
menting its operating mode efficiency
improvements. Fig. 40 provides a CAD

schematic of the general layout of the
Cenmanar éb field test prototype WH-DH design.

P A field test of two-box system began in
July 2015 in the test house pictured in
Fig. 37. An artist’s concept of the sys-
tem arrangement is given in Fig. 40.
The ASHP for the field test system will

i " be a new VS ASHP product recently
-

lauched by Lennox with nominal 10.5
s KW (~3-ton) cooling design capacity.
These ASHPs have rated seasonal
cooling and heating COPs > 5.8 (> 20
Fig. 40: Two-box AS-IHP field test system arrangement SEER) and > 2.9 (> 10 HSPF),
respectively. This is at least 8-10%
higher than the rated performance of the two-speed ASHP used for the annual performance
analyses summarized in Tab. 13 above. Given the higher efficiencies of the VS ASHP and the
current WH-DH prototype, we are reasonably confident that the field test system should reach
or exceed the 40% annual energy savings project target (average over a range of U.S.
climates).
The Lennox VS ASHP can be coupled to a Solar photovoltaic (PV) system (Lennox
SunSource®, Lennox 2013a, b). Rice et al. (2014b) investigated how many 275 W, DC solar
modules would be needed to offset the annual electrical AS-IHP system energy requirement
for each city included in Tab. 13. Annual generation output of the PV modules was estimated
with the method reported by Dobos (2013). For Atlanta and Houston 13 modules and 15
modules, respectively, should be adequate to supply the annual electric power needs of the
AS-IHP system. For Chicago, the maximum of 16 solar modules would still leave a shortfall of
2157 kWh. At the time this report is being put together, the rated power of the PV modules has
increased to 300 W,. Use of this PV option is currently not included in the field test plans.

4.4.4 Gas engine driven AS-IHP

Gas Engine-Driven Heat Pumps (GHP) can be an attractive economic choice in parts of the
US where the typical engine fuels such as natural gas, propane or liquefied petroleum gas
(LPG), can be less expensive than electricity (Mahderekal et al., 2012). Compared to conven-
tional fuel-fired furnace heating systems they are projected to reduce fuel consumption for
space heating by 35% and for water heating by 80% (Vineyard, 2014). They also significantly
reduce summer cooling electric peak demand compared to electric air-conditioning (AC)
systems. A GHP can be a more attractive climate control system than conventional single-
speed electric heat pumps for a number of reasons, e.g.:
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¢ Variable speed (VS) operation: Typically, the GHP can cycle at minimum speed and modu-
late between a minimum and maximum speed to match the required load. As a result, the
part load efficiency of such a system will be high. Its seasonal operational cost and cycling
losses will be lower than those of a single speed system with an on—off control system.

e Engine heat recovery: The engine’s waste heat can be recovered to significantly augment
SH capacity in winter and to provide DHW heating year-round. Thus, the system’s effi-
ciency will be increased.

e As noted already, GHPs rely on natural gas or LPG fuels as the primary energy source. In
many regions of the US, these fuels are less costly than electricity for a typical overall HP
COP and efficiency of the engine leading to energy cost savings for the building owner.

¢ By including a generator with the engine, a GHP can produce its own power to run the
electric auxiliaries (fans, pumps, etc.). This resource can also be used to generate extra
power to charge a battery and provide backup power for essential building needs
(refrigerator, lights, etc.) in the event of an electric grid outage. The battery can be used to
start the engine, so the GHP could effectively operate independently of the electric grid, if
necessary (Intellichoice Energy, 2014).

ORNL and partners Southwest Gas Corp (SWG, a gas utility company) and Intellichoice
Energy (engineering consultancy company), and Marathon Engine Systems (engine and
system manufacturer) have been collaborating toward development of a multi-function (or IHP
type) gas engine driven heat pump (Vineyard, 2014). The system design was based on the
needs of the SWG market located in the southwest US (Las Vegas, Phoenix, Tucson).

OUTDOOR COIL Sk Eratre Corlma Lns

o

Engire Coolent to Refrigerant
Hest Exchanger ‘-\ }
m '

Fig. 41: Gas-engine AS-IHP schematic: space cooling mode operation shown, blue lines signify to
refrigerant and black lines engine coolant flow

This area is a part of the hot-dry climate zone of the US and characterized by very long, very
hot summers, but also experiences very cold winters in parts of the area due to elevation. Fig.
41 is a schematic of the system. The engine coolant to refrigerant heat exchanger component
(approximately in the centre of the schematic) is used during winter SH operation to boost the
compressor suction pressure and augment SH capacity. DHW heating is provided by heat
recovery from the engine coolant via the heat exchanger component in the centre right-hand
side of the schematic.
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Initial, Alpha, prototype

Similarly, as for the electric IHP system projects, the gas engine IHP team worked through a
number of iterations of prototype design, fabrication and lab testing as well as field testing.

ge—y __ap - . =

Fig. 42: Development steps of the Gas-engine AS-IHP: Alpha (1st generation) prototype — lab test set
up (left), Alpha prototype at field test site in Las Vegas area (middle) and Beta prototype field
test unit (right).

Fig. 42 left is a photo of the first generation, or Alpha, prototype as set up for testing at ORNL.
Summary cooling and heating lab test results are given in Fig. 43.

Cooling laboratory performance at 90 °F
ambient conditions

2.5
m Gas COP without water heating m Gas COP with water heating

2.0

o 15

o

©10
0.5 I
0.0

1273 1661 2409 2828 3210
Engine speed [rpm]
Performance target | Test results

Cooling capacity @ 35°C, kW 12.3-182 14 .4
Cooling COP (gas) @ 35°C 13 1.28
Heating capacity, kW @ 8.3°C 14.7-22.0 211
Heating COP (gas) @ 6.3°C 15 1.45
DHW supply, m*/d 0.225 =0.225
DHW supply temperature, °C 60 ~60
Ancillary electric loads, kW 0.75-1.0 ~0.95

Fig. 43: Alpha 1 Cooling COP with and without WH vs. Engine speed (based on gas consumption)
(upper diagram) and Alpha prototype lab test summary results vs. project goals; engine rpm
~2400 (lower table)

In December 2012, 20 of the Alpha protoypes were installed in occupied homes in the SWG
service area. They were monitored through June 2014 (Vineyard, 2014; SWG, 2014).

Fig. 42 middle shows a photo of one of the systems in Las Vegas. Summary energy cost
results for the 2012 test year (for eight systems in the Las Vegas area) are presented in Fig.
44,
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Site # | 2012 baseline | 2013 Alpha prototype | Savings, % | | ltem _ Cost for 1000 units

energy costs energy costs Controls (engine/system) 51,000

7 T3 083 2677 BT Recuperator 5 600
2 53,061 52,660 131 Compressor o
3 52,356 52,065 12.2 Radiator/fan 5 450
4 $1,269 51,442 8.0 Drive assembly $ 250
5 53,163 §2.760 127 Outdoor coil 5 o800
5] 3,237 §2.819 129 Cabinet 1,300
7 3,379 §2 798 17.2 Alternator/generator 5 500
3 §3,680 53375 K Refrigerant circuit, w/parts 51,100
MOTE — savings expecied 1o be greater in colder [ocales Engine 52,300
with greater winter gas usage for space heating. Total §9,000

Fig. 44: Alpha 1 Cooling COP with and without WH vs. Engine speed (based on gas consumption)
(left) and Alpha prototype lab test summary results vs. project goals; engine rpm ~2400 (right)

Fig. 45 presents results of a survey of homeowners who hosted the Alpha prototype field test
systems. In terms of system operation and indoor comfort, most responses were either
favourable or very favourable. By a small majority, most residents also felt that the DHW
performance was improved compared to the baseline gas WH systems they replaced.

System/Unit operation
meets your expectations

System/Unit operation is
not intrusive

‘ Strongly Agree Strongly Agree
Agree Agree .
37% Location Years for Years for
=, = Neutral SO%ENY = Neutral 41AC COP | 53 AC COP
M Disagree . m Disagree ) [14 SEER) [18 SEER)
m Strongly Disagree u Strongly Disagree Elko, NV 39 a7
Las Vegas, NV 7.3 8.9
Comfort level provided is Noticeable difference Phoenix, AZ 75 11.7
the same or better (improvement) in water heating New York, NY 3.6 3.9
Strongly Agree 14 Bk Chl?ago: IL 40 41
Lo Agree Y A 1 National average 5.3 ] 5.8 .
Assumes target system cost for 1,000 units of $9,000 is met
62% = Neutral ® Neutral
M Disagree 29% M Disagree

u Strongly Disagree ® Strongly Disagree

Fig. 45: Alpha prototype homeowner survey results (left: Vineyard, 2014) and simple payback! vs.
baseline gas furnace, gas water heater, and electric AC (cooling seasonal COPs of 4.1 and 5.3)

(right)

Beta prototype

Based on the Alpha prototype performance results, the team proceeded to development of a
next, Beta, generation system. In July 2014 the Beta prototypes were installed at the Las
Vegas area field test sites (see photo of one unit in Fig. 42 right). The major differences
between the Beta and Alpha prototypes were that the outdoor coil size increased on the Beta
and the fan motor size went from a 0.56 kW electric to 0.25 kW electric motor. The engine
operating speeds were also changed. The Alpha | prototype low speed was 1800 rpm and the
high speed was 3400 rpm.

For the Beta prototype the low speed was increased to 2350 rpm while the high speed setting
stayed the same. During peak cooling or heating demands during the 2013 test period, the
Alpha unit could not maintain indoor temperature on low speed. For cooling months the indoor
temperature would rise and the engine RPM would increase to 3400 RPM. This generally
resulted in longer run times when compared to the Beta unit operation in the 2014 summer.
For instance during the particularly hot week of July 21, 2014 with site average temperatures
ranging from 38.3 to 45.0 °C (and peak temperatures from 46.1 to 55 °C), most of the Beta
units generally operated at 2350 RPM (low speed) for over 80% of the time (SWG, 2014).

Tab. 14 indicates the Beta units in the 2014 summer ran 35% less time on average than did
the Alpha units during the same time period in 2013. In addition to the Beta operating hours
being lower than Alpha hours, the overall fuel use by the Beta units averaged ~20% less than
that of the Alpha units.
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Tab. 14: Beta vs. Alpha propane (LPG) prototype field test unit performance

Beta unit Alphaunit | Beta unit propane usage AT
Month runtime, runtime, propan€ usage
hours (2014) | hours (2013) Liters Liters/h Liters Liters/h
August 202 353 328.5 1.62 454.6 1.29
September 222 211 355.5 1.60 271.7 1.29
October 52 218 81.9 1.58 280.7 1.29
November 49 25 74.8 1.52 32.2 1.29
Total or avg. 525 807 840.7 1.60 1039.2 1.29

While the Alphas had lower fuel use/h (due to the lower speed operation), the Beta units ran
less time to achieve the same comfort level results.

A customer/homeowner survey was also conducted for the Beta prototypes. Overall results
indicated the installation, service, and operation of the Beta units met customer expectations.
However, a noise issue came up with the Beta units that had not been apparent at the Alpha
unit field test sites. Beta unit cabinet enhancements and improvements in the field installation
process made a significant improvement in the overall unit vibration and sound pressure levels
as compared to the Alpha prototypes.

However, the overall noise reduction made it possible for some of the field test site home-
owners to now hear a low level sound wave frequency (less than 90 Hz). The same engine
parts were used in both the Alpha and the Beta units. Detailed sound analyses revealed that
there are three sources of noise: combustion noise, combustion induced mechanical noise and
mechanical noise. The induced and mechanical noise concerns have been addressed
effectively. Engine combustion (exhaust) noise has also been reduced sufficiently by the
current muffler design (Mahderekal, 2015).

Beta prototype with power generation capability

Low cost (~$500) DC generators, rated for 2400 Watts, were installed on the prototype for
internal (to the unit) and external electric power supply. Fig. 46 right shows the generator
installation. A DC to AC transformer was included to convert the 24 Volt DC generator output
to the 120 Volt AC output needed by the unit fans and external electric loads.

m  Engine rpm™1000

4
s Cooling capacity, tons
"
15 = Internal power generation, kW
2
5 " " . External power generation, kW
1
& H l] L Gas COP (excluding external |\
R kW generation) 3
1 2 1 4 ]

-l A TARS
Fig. 46: Lab test results for prototype with low-cost generator (left) at 35 °C (95 °F) — x-axis indicates
test number engine rpm ~2400 and Beta prototype with AC generator (right)

|

Short term (three day long) testing was performed in order to investigate the performance of
the unit with low cost power generation. The ambient temperature was set at 35 °C and indoor
temperature was set to 26.7 °C with relative humidity of 51%. Fig. 46 summarizes the
performance of the system at different conditions.

The internal power generator consistently produced about 1.5 kW for the indoor and outdoor
fans. At 1600 rpm and zero external power extraction, the cooling capacity was 18.2 kW
(5.2 tons). With extraction of 0.4 kW for external loads, however, the cooling capacity fell to
10.6 kW (3 tons). Further increases in external electric load at 1600 rpm resulted in engine
stall.
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At 2200 rpm the system could produce much more external power, but at lower efficiency. Up
to 1.6 kW of external power could be produced without significant loss of cooling capacity. This
is enough power to run essential household appliances during emergency grid power loss. The
tests revealed that the natural gas to electricity generation efficiency of the unit is between 12-
20% (not including hot water production). This suggests that, for most efficient overall
operation, grid electricity should be used for the indoor and outdoor fans whenever available
and only switch to the generators when grid power is lost.

Due to the low electric generation efficiency with the initial DC generators, it was decided to
modify the design and use a single 5000 Watt AC generator as shown in Fig. 46 right. A
control/operation strategy to use grid electricity for the unit indoor and outdoor fans whenever
available was adopted. During grid outage situations, the unit controller will increase the engine
speed and keep it constant and turn on the AC generator. The generator will produce approxi-
mately 1.6 kW AC power for indoor and outdoor fans and other electricity needs of the heat
pump system. It will also produce approximately 1-2 kW of additional electric power for emer-
gency external needs such as lighting, refrigerator, etc.

It is expected that average electricity demand from the generator will be in the range of 2-3 kW
(40 to 60% of rated output) in which the 5 kW generator efficiency is fairly high (~70%).
Laboratory test performance results for the latest Beta prototype are summarized in Tab. 15.
Field testing of this version began in June 2015 and a final report is expected after the
2015/2016 heating season.

Tab. 15: Beta prototype cooling mode lab test results

System COP
OD | Engine s WH Fuel | OD ID Gas COP (with fan power
temp Capacity | Capacity | use Fan Fan from grid)
ra | P pewy kw] | kWl | (w] | (w] [ wio wi wio wi
WH WH WH WH
35.0 1400 5.8 2.0 3.4 442 885 1.69 2.29 1.22 1.65
35.0 1800 8.8 3.7 5.0 442 885 1.77 2.51 1.40 1.99
35.0 2200 10.9 0.0 6.8 442 885 1.61 1.61 1.34 1.34
35.0 3100 14.6 9.1 | 11.7 442 885 1.25 2.02 1.12 1.82
35.0 3400 16.3 105 | 133 442 885 1.23 2.02 1.11 1.83
40.6 3400 13.3 111 | 141 442 885 0.95 1.74 0.86 1.59
40.6 3000 13.7 0.0 115 442 885 1.19 1.19 1.07 1.07
40.6 2800 121 8.8 | 10.1 442 885 1.20 2.07 1.06 1.83
40.6 2200 11.0 7.3 6.7 442 885 1.64 2.73 1.37 2.28
46.1 2200 7.0 6.6 7.5 442 885 0.94 1.83 0.80 1.55
46.1 2800 9.8 11.2 | 115 442 885 0.85 1.82 0.76 1.64
46.1 3400 13.3 125 | 15.6 442 885 0.85 1.66 0.79 1.53
51.7 3039 10.0 10.1 | 14.7 442 885 0.68 1.37 0.63 1.26
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5 Net Zero Energy Residential Test Facility at NIST

In 2009, the National Institute of Standards and Technology (NIST) received American
Recovery and Reinvestment Act funding for the construction of a Net Zero Energy Residential
Test Facility (NZERTF) on the NIST Campus in Gaithersburg, Maryland. The facility was to be
constructed as a typical residence for a family of four that could achieve net zero site energy
use on an annual basis. Net zero energy use was to be accomplished through the combination
of low energy loads due to a high performance enclosure, efficient mechanical systems, and
low energy fixtures and appliances in combination with site-generated energy using roof-
mounted solar panels. Following the demonstration of net zero site energy use, the facility is
to be used by NIST’s Energy and Environment Division as a research laboratory to test and
measure residential energy technologies, indoor environmental quality, materials, and other
aspects of sustainable performance in a realistic context. Fig. 47 shows the NZERTF.

Fig. 47: Net Zero Residential Testing Facility (NZERTF) on the NIST campus

5.1 Building characteristics

The NZERTF is a unique building, built like a residence, yet it is truly a laboratory. Among the
NZERTF’s unique features is access to three separate ground source heat exchangers, a
radiant basement floor heating system, a solar thermal hot water system with variable solar
collector area and storage capacity, a 10.2 kW, (DC) photovoltaic system, a heat recovery
ventilation system, and various means of interfacing the smart grid with smart appliances. The
facility also incorporates three different means of distributing conditioned air throughout the
house — a sealed sheet-metal duct air distribution system; a high-velocity ducted air distribution
system; and provisions to incorporate a mini-split heat pump system. The NZERTF uses a
smart meter to measure the energy imported and exported to the electric grid. Fig. 48 left
shows the floor plan of the first floor and garage and Fig. 48 right of the second floor.
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Fig. 48: Floor plan of the Net Zero Energy Residential Testing Facility (NZERTF), first floor and garage
(left) and second floor (right)
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5.2 Technical concept

The heating and air-conditioning system used for the first year in NZERTF consisted of an air-
source heat pump system that incorporates a dedicated dehumidification cycle. The air
distribution duct system was designed for less than 125 Pa external static pressure drop at the
air handler with supply and return duct airflow rates of 2039°m?h with all registers fully open.
The dedicated dehumidification cycle is provided by control algorithms that manage a hot gas
bypass arrangement along with an additional indoor air heat exchanger that reheats the
dehumidified air. The outdoor unit incorporates a two-speed scroll compressor with two modu-
lated hot gas valves on the compressor discharge that send hot gas through a third pipe to the
indoor reheat heat exchanger during active dehumidification. A supply air temperature sensor
provides the control signal used to proportionally modulate the flow of hot refrigerant gas to
maintain a pre-set supply temperature during dedicated dehumidification. The indoor air
handler unit contains a variable speed indoor fan. At the Air-Conditioning, Heating, and
Refrigeration Institute (AHRI) rating conditions (AHRI, 2008), the cooling capacity is 7.60 kW
and the A-Test EER (COP) is 3.82. In the heating mode at AHRI rating conditions, the unit has
a heating capacity of 7.80 kW. The unit has a seasonal energy efficiency ratio (SEER) of 4.63
and a heating seasonal performance factor (HSPF Region 1V) of 2.65.

Meating Mode Txv|

[ﬂ Cooling Two-Phase Temperature

Temperature and Pressure

Coriolis Mass Flow Meter

. Temperature

Q:] Modulating Hot Gas (HG) Reheat Valve

Fig. 49: Building Technology for the first operation year of the NZERTF: schematic (left), indoor unit
(middle) and outdoor unit (right above) with reheat piping (right below)

5.2.1 Thermal and electric load profiles

In order to have reproducible use pattern for the equipment testing, artificial thermal load to
emulate occupancy have been used in the NZERTF. Despite the very energy-efficient design
of the HVAC systems, lighting and appliances, life-style of the occupants has been assumed
similar to families living in a conventional house. Therefore, user profiles according to the U.S.
Department of Energy Building America program were implemented, see Fig. 50 left. Based
on survey data reported in Hendron and Engbrecht (2010), it was decided that the virtual family
will consist of 2 adults, 1 child in middle school age (14) and 1 child in elementary school age
(8). For every weekday, a daily schedule has been made based on working routine and school
attendance of each family member, see Fig. 50, which is given in Appendix A.3.
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Fig. 50: Building America profile (left) and NZERTF occupancy profile for Saturdays (right)
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Sensible and latent loads

Emulating human occupancy, like in NZERTF, requires accounting for the sensible and latent
loads generated by the presence and activities of the occupants themselves. So, the sensible
loads have been simulated by resistive heaters placed in the bedrooms, kitchen and living
room areas. Each heater represents a member of the family of 70 W. The emulation of the
latent heat of each person has been done according to Monteith (1972), respecting the
occupants schedule and emulating a cooking schedule depending on the presence of the
family by an ultrasonic humidifier shown in Fig. 51 left. The total daily moisture generation of
each person is shown in Tab. 16.

Tab. 16: Total daily moisture generated by cooking events and the NZERTF occupants

Davs Daily Moisture from Daily Moisture from T(g:(lﬂ]{)izﬂ};_hg:]“;re
y Cooking (liters/gallons) | People (liters/gallons) Qi ters/ggallonsl;
Sunday 0.99/0.26 5.83/1.54 6.83 / 1.80
Monday 0.74/0.20 3.87/1.02 4.61/1.22
Tuesday 0.74/0.20 4.0/1.06 4.74/1.25
Wednesday 0.7470.20 3.87/1.02 4.61/1.22
Thursday 0.74/0.20 4.0/1.06 474/1.25
Friday 0.74/0.20 3.87/1.02 4.61/1.22
Saturday 0.99/0.26 5.63/1.49 6.22/1.75

* The numbers are calculations used for target set-points and do not reflect the measurement accuracy

Fig. 51: Latent load generators (left) and sensible load generators (right) of the occupancy emulation
installed in the NZERTF

Plug loads

All plug loads are automated according to a schedule. The mechanism to control all plug loads,
except the cycle-based loads, have a start-time and an end-time. In time-based control, the
data acquisition/controller unit start a load based on its start-time and turns it off when the end-
time is reached, which ressembles a criteria-based controller, which, however, terminates with
a reached criterion. For safety purposes, a timeout criterion is also applied to these loads,
which terminates their use, if a certain elapsed time is reached. Plug loads, which are difficult
or unsafe to automate, are emulated with resistive loads. All plug loads, including standby, that
are rated less than 200 W are emulated with resistant heating boxes, and plug loads larger
than 200 W are emulated with heating elements connected to a relay-box as depicted in Fig.
52.

ST s

Soutee

Fig. 52: The heating elements for plug loads with larger than 200 W power requirement and their relay-
boxes (left) and a relay-box, wiring diagram, and a toaster plugged into it (right)
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5.3 Data acquisition

Sensors were installed throughout the facility to monitor the ambient conditions as well as the
performance of each particular subsystem in the house. Fig. 53 left shows a schematic that
describes the sensor system in the facility. The data acquisition system is installed in the
garage to separate its heat load from the house, and three PVC conduits installed between the
garage and the main house carry signal wire between the two locations. Two of the conduits
terminate in the basement of the house, while the third terminates in the floor in the closet of
Bedroom 2. Electrically-shielded flexible conduit installed within the walls during construction
carry the signal extension wires to each room of the house. These extension wires carry four
pairs of conductors to each location; some contain Type T thermocouple wires while others
contain wire for other analogue signals. Thermocouple and analogue signal plug panels are
installed in the walls of each room of the facility as shown in Fig. 53 right, and wires are routed
to devices within the room through chases to minimize tripping hazards.
Separate instrumentation systems were installed to measure the performance of the PV
system, the wind speed and direction on the roof, and the electrical usage within the house.
These systems used RS-232 or RS-485 serial connections to communicate their data to the
main data acquisition system.
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Fig. 53: General schematic of the whole house monitoring system (left) and typical room plug panel
(right)

5.4 NZERTF electrical systems

The facility is equipped with two distinct electrical systems. One system consists of the circuits
that would typically be in a home (“house circuits”) while the second set of circuits is used to
power any instrumentation that would not typically be in a home (e.g., air sampling pumps used
for short-term monitoring of indoor air quality). Each main circuit panel has a maximum current
rating of 200 A, and each circuit within the panels is monitored. Receptacles using instrumen-
tation power can be distinguished from the normal house circuits by the label “RP BB” on their
faces.

The primary purpose of the electrical monitoring system is to determine whether the NZERTF
ultimately produces more electricity than it consumes. It is also used to measure the electrical
consumption of the various subsystems within the house and to control some occupant-driven
loads, such as lights and the virtual occupants’ sensible heat.

The NZERTF’s electrical monitoring system measures electrical power and energy from two
perspectives; the electricity imported into (or exported from) the house and the electricity as it
is distributed throughout the house. These perspectives, of course, are interrelated. Namely,
the electrical energy imported/exported depends on the relative quantities of the electricity
generated by the photovoltaic system and the electricity consumed by the loads within the
house.
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Fig. 54: NZERTF electrical monitoring system schematic

Physically, the electrical wiring for the site is divided into branches for House Power,
Instrumentation Power, and Garage Power. Circuits on the House Power branch (electrical
panels RP-B and RP-BA in the basement) are those that are typically found within a residence,
such as appliances, lights, water heaters, TVs, etc. These are the circuits that will determine
whether the house operates in a net-zero fashion.

The Garage Power branch (RP-G) feeds the equipment in the garage, such as the data
acquisition equipment and the garage’s heating and cooling system. The Instrumentation
Power branch (panel RP-BB in the basement) is a subset of the Garage Power branch that is
sent inside the house to power any instrumentation necessary to monitor the performance of
the house or simulate activities of occupants. An electrical panel situated in the garage serves
as the main distribution panel, with a single circuit from that panel feeding a separate electrical
panel in the basement of the house (RP-BB). While this electricity is not counted against the
net-zero energy tally for the house, the thermal load of the equipment powered on this branch
must still be considered. While most of the equipment in the garage is powered by Garage
Power, there are several receptacles in the garage that are fed from House Power. These are
intended to provide electricity for a (future) vehicle charging station.

Tab. 17 demonstrate the expanded uncertainty of the daily energy totals for the generation,
consumption, and imported electricity, and the exported electricity on a typical day, March 15,
2014. The latter value was calculated using a summation of the individual circuits as measured
by the BCPM, the main line CTs on the BCPM, and the smart meter. As expected, the
uncertainty for the summation of the BCPM circuits is considerably larger than the main line
CTs and the smart meter. The agreement for the energy totals between the main line CTs and
the smart meter is excellent, and the energy totals using the summation of circuits also
matches the other two methods within the uncertainty bounds.

Tab. 17: NZERTF total energy and expanded uncertainty (k=2) of the generation (PV), consumption,
imported electricity, and exported electricity for March 15, 2014

BCPM - Individual Circuits BCPM - Main CT Smart Meter
Gen. Cons. Imp. Exp. Cons. Imp. Exp. Cons. Imp. Exp.
Energy (kWh) 53.3 38.9 23.9 38.3 39.6 246 383 39.7 24.6 38.1
Uncert. (kwh) | 0.54 0.75 0.53 0.76 0.44 0.29 0.39 0.40 0.25 0.38
Uncert. (%) 1.0 1.9 2.2 2.0 1.1 1.2 1.0 1.0 1.0 1.0




5.5 Payback period

The costs of NZERTF are with $656,398 about 33% higher than the costs of a conventional
building (ca. $493,712). The annual energy cost savings is estimated to be $4,526. With the
simple buy back approach, the buyback time will be 36 years. With a 30-year-fixed-rate
mortgage (most common financing option for a new home purchase) it will take another 29
years after the 30 year mortgage for the savings to offset the costs (calculated with a 20 %
down payment).

5.5.1 Life-cycle cost analysis

If the home is financed with a 30-year fixed-rate mortgage with a 20% down payment at
4.375 %, the additional monthly mortgage payment is $650 or $7,800 annually. This means,
the extra annual mortgage costs are 72% higher than the energy cost savings of $4,526.

The life-cycle cost methodology, as defined in ASTM Standard Practice E917 (2010),
considers all costs related to the house over the selected study period, whether it is
construction costs, operating costs, or resale value at the end of the study period. In order to
simplify the analysis, initially assume that the homeowner remains in their home or assumes
there is no home price appreciation, the higher performing building design will not fetch a
higher resale price relative to the Maryland code-compliant design (no resale value), and the
maintenance, repair, and replacement costs are comparable between the two building designs.
Fig. 55 shows the life-cycle cost analysis for 8 study periods from 1 year to 100 years. For a
study period 5 years or less, the homeowner realises net savings in present value life-cycle
costs, because the upfront financial incentives are enough to offset the higher down payment
and future monthly costs (mortgage payments and energy bill) for the first 5 years. However,
by the end of year 6 the homeowner realises net costs, which continue to increase until the
mortgage is paid in full after 30 years. At which time the energy cost savings lowers present
value net costs until net cost savings is realised in about Year 85. Based on these results, it is
better for the homeowner to buy the net zero energy home if the homeowner expects to move
sometime in the first 5 years, but is not cost-effective for any longer study periods. In the worst
case (30 years study period), the additional present value costs are equivalent to a mark-up of
7.0 % relative to the Maryland code compliant design to get a net zero energy, LEED platinum
certified, high-performance house. Fig. 55 shows the net costs to a homeowner exclusively the
resale value of the home.
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Fig. 55: Net costs to homeowner by study period (no resale value)

Also possible is to take the resale value into account. Fig. 56 shows the cost analysis inclu-
sively the resale value across 8 study periods from 1 year to 100 years. Once the residual
value has been included in the life-cycle cost analysis, the net zero energy home becomes
more cost-effective over all of the study periods relative to the life-cycle costs without residual
value shown in Fig. 55. The homeowner realizes present value net cost savings for both
residual value approaches for a 1l-year, 5-year, 10-year, and 20-year study period, which
includes 56 % of all home ownerships. Using the market approach, the homeowner realises
present value costs of $775 over a 25 year study period while the LCC residual value approach
leads to net cost savings of $11, 230.
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The homeowner realises net present value costs for Year 30, Year 40, and Year 50, because
the decrease in the discounted value of the residual value is greater than the present value of
the energy cost savings.

Although, it is important to note that the net present value costs for either approach across
those 3 study periods range from $879 to $9,411, which is equivalentto a 0.2 % to 1.9 % mark-
up of the cost of the Maryland code-compliant home ($493,712). So, in the worst case
scenario, the homeowner is paying the equivalent of a 2 % mark-up for a net zero energy,
LEED platinum certified, high-performance home.
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Fig. 56: Net costs to homeowner by study period (including resale value)
5.6 Experiences with the NZERTF

5.6.1 Whole house energy performance summary

The ASHP system was used to provide the space heating/cooling during the first demon-
stration year. The ground-coupled heat exchangers, high-velocity air distribution system, and
basement radiant floor heating system were not utilised. The house was operated as a single
zone with constant thermostat set points of 23.8 °C and 21.1 °C during the cooling and heating
seasons, respectively. Only two of the four solar thermal collectors in conjunction with the 303 |
storage tank were utilised for water heating. The lights, appliances, plug loads, and sensible
and latent loads associated with the virtual occupants were operated in accordance with the
previously defined schedules. Selected results are presented in units of energy [kwWh] and
energy per unit floor area [KWh/m?] of the conditioned space, 387 m?, which includes the living
area (252 m?) and the basement (135 m?).
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Fig. 57: Electrical energy balance for the first year (Year 1, left) and the second year (Year 2, right)
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Fig. 57 left shows the daily and cumulative net electricity use for the first year of operation. A
positive value indicates that the house produced more energy than it consumed and represents
the quantity of energy exported to the grid.

A negative value indicates that the house imported energy from the grid to meet the energy
usage over the 24-hour period. For the 12 months (July 2013-June 2014) the house produced
484 kwWh more electrical energy than it consumed.

The energy consumption by end use is tabulated in Tab. A 12 in the Appendix A.5 and
displayed graphically in the stacked bar chart in Fig. 58.
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Fig. 58: Energy consumption by end use for the first year of operation

The top five energy end uses for the twelve month interval are:

1) space conditioning (6685 kWh; 17.3 kWh/m?),

2) plug loads (2440 kWh),

3) appliances (1868 kwWh),

4) energy associated with producing hot water (sum of heat pump water heater and the solar
thermal circulating pumps) (1432 kwh), and

5) lighting (435 kWh).

The space conditioning energy consumption includes 514 kWh of energy consumed by the
heat recovery ventilation (HRV).

The energy usage by each individual appliance is shown in Fig. 59, with the clothes dryer
consuming the greatest amount in this category.

The solar photovoltaic (PV) system and associated inverters experienced no malfunctions over
the yearlong period converting 16.8 % of the incident solar irradiance into AC electrical energy.
As expected, the conversion efficiency of the PV array increases as the average cell tempera-
ture decreases, Tab. A 13 in the Appendix A.5. The conversion efficiencies for December,
January, February, and March were lower than expected as a result of the 8, 8, 12, and 10
days, respectively, when all or part of the solar array was covered with snow and/or ice for all
or part of the daylight period. For all of the winter snow events, the reference cell plane of the
array irradiance detector cleared well in advance of the PV array. The monthly conversion
efficiencies, from direct to alternating current, of the PV system inverters all exceeded 94.5 %.
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Fig. 59: Energy consumption by appliances

The solar thermal hot water system provided 54% of the energy required to meet the domestic
hot water load over the twelve month interval. The solar thermal collectors were totally or
partially covered with snow and/or ice during the same time intervals as the photovoltaic array.
The two circulating pumps consumed 320 kWh/a.

The solar hot water system malfunctioned for a total of 11 days in late August and early
September as a result of an electrical fault in the glycol-circulating pump. The auxiliary heat
pump water heater unit malfunctioned for 9 days in November and operated exclusively in the
electric resistive mode as a result of a control wire becoming dislodged. Of the total energy
consumed by the heat pump water heater unit, 975 kWh (88%) was consumed by the heat
pump and controls and 137 kWh (12%) by the auxiliary resistive heating element.

5.6.2 Heat pump energy performance summary

When operated in the cooling mode, the unit operated with a seasonal COP (total thermal
load/total electricity consumed) of 3.19 compared to the rated value of 3.82. There are two
primary reasons that the measured seasonal cooling COP was less than the rated seasonal
cooling COP. The seasonal cooling standby energy was 5.2% of the total heat pump energy
consumed and is not taken into account in the rating procedure used to determine rated
seasonal cooling COP. The second contributor is the fact that when the heat pump operated
in the dedicated dehumidification mode, the COP is significantly less than when operating in
its normal mode, as seen in Tab. A 14 in the Appendix A.5. For example, in August 2013 the
heat pump operated in the dedicated dehumidification mode approximately 41% of the time
during which the measured COP was 0.89. The current rating procedure does not address the
degradation in performance that may occur when a heat pump unit operates in a dedicated
dehumidification mode during a portion of the cooling season.

In the heating mode, the measured seasonal COP was 2.06 compared to the rated seasonal
COP value of 2.65. The seasonal heating standby energy was 3.5% and is not considered in
the rating procedure used to determine seasonal heating efficiency.
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The resistive heat is energized whenever the heat pump unit is in the defrost mode. The
testing/rating procedure does not include the impact of resistive heat during the defrost cycle.
The thermostat heating configuration allows the user to prescribe a 1% stage differential, 2"
stage differential, 2" stage delay time, and 3' stage differential. The differential temperature
is relative to the current set point temperature and the delay time is the maximum amount of
time a given stage is allowed to operate before energizing the next higher stage. The cooling
and heating mode differentials and delays were selected to maintain comfortable conditions
throughout the year and minimize the use of resistive heat during the heating season. In the
heating mode, 40 minutes was the maximum time the thermostat would permit the heat pump’s
compressor to operate in its high speed mode before energising the electric resistance heat.
This type of control logic appears to be effective in the cooling mode, but produced
unnecessary usage of electric resistance heat in the heating mode.

During the seven months that cooling was required, the sensible to total load ratio varied from
0.58 to 0.78. Currently most high efficiency heat pump systems operate with a sensible to total
load ratio of greater than 80 %. The higher latent loads associated with low energy homes will
benefit from new technologies and control strategies that better address moisture removal. In
the NZERTF enhanced moisture removal was made possible through the use of a heat pump
that incorporated a dedicated dehumidification mode.

An analysis was performed to quantify the energy usage associated with the heat pump
operation due to additional thermal loads introduced by the heat recovery ventilation (HRV).
The HRV has two energy impacts, the fan energy and the increase or decrease in the thermal
load resulting from introducing outdoor air into the house. For example, when the outdoor air
temperature is lower than the indoor air temperature additional energy will be required to heat
the home during the heating season compared to an identical home without an outdoor air
ventilation system. During the cooling season, the introduction of outdoor air may increase or
decrease the sensible and latent loads, dependent on the outdoor air temperature and
moisture content relative to the indoor temperature and relative humidity. Nevertheless, the
heat recovery capabilities of the HRV resulted in the provision of reliable ventilation rates with
the fan energy required being largely compensated by the energy recovered. During the one-
year period, the HRV consumed a total of 514 kWh in fan energy, as shown in Tab. A 12 in the
Appendix A.5. Itis assumed the fan power required for the balanced ventilation system without
an HRV would be equivalent to the ventilation system utilising a HRV. Tab. A 15 in the
Appendix A.5 captures the energy impact of the HRV and ventilating to the same degree using
a balanced ventilation system without a HRV. The Appendix A.5 give further details on the
operation of the building technologies.

5.6.3 Indoor air quality and comfort

Charcoal test kits were deployed to measure indoor radon concentrations in the house
following the EPA Protocols for Radon and Radon Decay Product Measurements in Homes
(EPA, 1993). These measurements were made in the basement, first floor, and second floor.
The average of all samples is below the EPA action level of 4 pCi/L (EPA, 1993).

The building materials for the NZERTF were specified to have low emissions of volatile organic
compounds (VOCSs), including a prohibition on products with any added formaldehyde. Indoor
air samples have been collected to measure the levels of approximately two dozen individual
VOCs and formaldehyde in order to determine the impact of the building material specifi-
cations. These samples are collected monthly and will be used to determine if the VOC emis-
sion rates for the house change over time. Measurements reported in Poppendieck et al.
(2014) show that the use of medium density fiberboard and particleboard with no-added
formaldehyde resins for cabinetry and other finished products effectively controlled the
formaldehyde emissions and kept concentrations below levels in typical new homes.
Monitoring of seasonal indoor VOC concentrations in Poppendieck et al. (2014) suggests that
building envelope components may be a source for some VOCs, especially aldehydes and
alkanes.

Indoor dry bulb temperature, globe temperature, and relative humidity sensors are installed in
the kitchen (on top of the counter), living room, master bedroom, bedroom 2, and bedroom 3
and readings are used to calculate thermal comfort parameters.
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Indoor dry-bulb temperature only is also measured in the attic, basement, bathrooms, office,
dining room, and the entryway, but thermal comfort performance is not determined for these
spaces. All measurements are recorded every 1 min.

In order to evaluate thermal comfort in selected rooms, the indoor dry-bulb temperature (Tin),
globe temperature (Tgobe), and relative humidity (RH) are measured.

The globe temperature accounts for radiative heat transfer with interior building surfaces, as
this is a primary determinant of thermal comfort. The globe temperature measurements require
a correction based on the room air speed. The air speed was measured in selected rooms with
a hot wire anemometer with the ventilation heat recovery and central air handling unit fan ON
to determine this correction. It was assumed that the air speed would remain essentially
constant given that the house is unoccupied and access to the house by researchers and
visitors is limited. In the rooms where thermal comfort is to be evaluated, the air speed was
consistently less than 0.1 m/s. The operative temperature was calculated using Equation 4.5
(Markus and Morris, 1980)

Tglobe =T+ fg (Tmrt - Tin) (45)

where fy is a factor based on globe size and air velocity, and Tmq is the mean radiant
temperature. Given that the air velocity was < 0.1 m/s and the globe size is 40 mm, fy from
Markus and Morris (1980) is 0.48.

Equation 4.5 is used to calculate Tm« from the measured Tgone. Since these equations are valid
for conditions when air movement is less than 0.1 m/s, they are valid both when the air handler
fan is running and when it is off.

To evaluate the thermal comfort conditions, the operative temperature (Top) is calculated as
follows. From ASHRAE Fundamentals (ASHRAE, 2013), T is the average of Tin and Tm« When
the air velocity is < 0.4 m/s and Top < 50 °C.

Top = Tin + (Tglobe - Tin) / (2fg) (46)

Temperature and humidity measurements are used to evaluate thermal comfort using two
parameters: the predicted mean vote (PMV) and the predicted percentage of dissatisfied
(PPD) (ASHRAE, 2010). Values of PMV between -0.5 and +0.5 and PPD < 10% are con-
sidered “comfortable.” In the summer, the occupants are assumed to be clothed between 0.36
clo (walking shorts, T-shirt) and 0.57 clo (short-sleeve shirt, trousers), where “clo” is the
clothing insulation level. In the winter, the occupants are assumed to be clothed between 0.61
clo (long-sleeve shirt, trousers) and 1.14 clo (suit jacket, vest, long-sleeve shirt, trousers). It
was assumed that the activity level of the occupants ranged between 0.7 met (sleeping) and
1.7 met (walking around), where “met” is the metabolic rate (ASHRAE, 2010). Fig. 60 show
the results as average monthly values of the two comfort measures.
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Fig. 60: Thermal comfort evaluation as PMV (left) and PPD (right)

59/84



5.6.4 Conclusions

During the first year of operation the residence generated 13,523 kWh of electricity using the
10.2 kW, solar photovoltaic system. The house consumed 13,039 kWh (33.7 kWh/(m?a)) of
electrical site energy while meeting the electrical and comfort needs of a typical U.S. four
member family, resulting in a net energy export of 484 kWh.

The solar photovoltaic system converted 16.8% of the incident solar radiation into useful AC
electrical energy. The solar thermal hot water system provided 54% of the energy required to
meet the domestic hot water load.

The greatest end use of electricity within the residence was for space conditioning, followed
by plug loads, and appliances. Ventilating the house to exceed the ASHRAE Standard 62.2-
2010 requirement using an heat recovery ventilation (HRV) resulted in 1,965 kWh
(5.1 kWh/(m2a)) of energy consumption: 514 kWh to power the HRV fan and an additional
1,451 kWh (3.7 kWh/(m2a)) of energy being used by the heat pump to meet the additional
sensible and latent loads. This represents 31.8% of the energy consumed by the heat pump,
15.0% of the total energy consumed by the house, and 14.5% of the energy generated by the
photovoltaic system. If the HRV had provided the exact flow rate specified by ASHRAE
Standard 62.2-2010 requirement, 137 m3/h versus the measured flow rate of 171 m3h, and
assuming identical fan power in both cases, it is estimated that the total energy impact of the
HRV would have been 1,676 kWh (4.3 kWh/(m?a)) or 12.8% of the house’s total annual energy
consumption.

Among the lessons learned during this one year study was the significant impact that snow
and/or ice can have on the output of a photovoltaic system attached to an extremely well-
insulated roof. Significant periods of time were needed for the snow/ice cover to melt as a
result of the well-insulated roof assembly. It was also observed that a simple control device,
such as the heat pump’s thermostat, can have a significant impact on the energy needed
during the heating season. Despite these challenges, it was shown that net zero can be
achieved for a home slightly larger than the average size currently being constructed in the
U.S. with all the amenities and features of a modern home.

5.6.5 Further research

The NZERTF has a vast array of features and capabilities that will be utilised in the future.
Over 200 future research and development opportunities suggested by 22 organizations are
summarized in Domich et. al. (2015). Recommended “research and development opportuni-
ties” within this document range from practical tests for assessing the airtightness of building
enclosures to dynamic control of the heating, cooling, and ventilation systems taking full
advantage of emerging “smart grid” capabilities.

The third year of testing will focus more on indoor environmental quality (IEQ); we will measure
temperature and humidity distributions within the space hourly (or more), plus, we will add a
small duct, high velocity (SDHV), variable-speed compressor, variable-speed indoor blower
heat pump system. A 11 kW cooling capacity, variable-speed, SDHV air-source heat pump
has been selected to operate with the existing “big duct” system in a one-day-ON, one-day-
OFF alternating scheme. It is hoped that this type of side-by-side comparison under almost
identical weather conditions and indoor loads will provide the best comparison. We will
measure the instantaneous cooling/heating capacity and COP in addition to the added IEQ
measurements mentioned above.
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6 Conclusions

In Task 3 of the IEA HPT Annex 40, technology developments for heat pumps in nZEB have
been performed. Due to the normally highly efficient building envelopes of nZEB the loads of
the building are different from conventional buildings. While the space heating operation may
decrease, and additional cooling need due to the risk of summerly overheating may arise. On
the other hand, the DHW normally has a larger share of the overall heating needs due to
decreasing heating demands. Based on this load situation, heat pumps have advantages to
supply different building services even in simultaneous operation with efficiency gains.

Therefore, developments performed under the Annex 40 concentrated on two aspects:

¢ On the one hand the ability of heat pumps to provide different building services with the
same generator led to the development of integrated multifunctional heat pumps. Due to
the high integration higher investment in highly efficient components can be justified.
Moreover, the integration of dehumidification by separation of latent and sensible load can
significantly improve the performance.

¢ Onthe other hand, installation of renewable energy on-site offers options to integrate these
components with the heat pump, e.g. a solar thermal system could be operated directly for
the DHW production, but could also serve as heat source for the heat pump. Especially the
integration by a source storage, eventually as ice storage, can be beneficial both for the
collector efficiency and as stable heat source of the heat pump.

In the USA the development of integrated heat pumps (IHP) has already begun in 2005 with a
conceptional analysis. In the frame of the Annex 40 variants of IHP have been developed and
field monitoring has been accomplished. Besides an electric system, which is well suited also
for retrofitting, a gas engine driven system with on-board power generation in a beta-prototype
has been developed. Performance results of the systems confirm the target value of 50%
savings vs. the baseline systems.

In Canada and Switzerland, the integration of solar collectors as heat source for the heat pump
has been investigated. Both components and systems, respectively, have been investigated
by lab-testing which gave the data basis to model and validate the components. As next step
the models have been implemented in a system simulation environment and saving potentials
were evaluated, resulting in similar performance values as ground-source heat pumps for the
respective boundary conditions. Thus, the integration of heat pump and solar components may
hold further development potentials for the application in nZEB, where on-site renewable
generation may be installed as a standard system.

Furthermore, in Japan, an optimisation of the air-conditioning operation with VRF systems
could be achieve by separating sensible and latent loads. With a dessicant system which was
optimised for low regeneration temperatures, temperature for the sensible load could be
increased, i.e. pressure difference decreased. The two steps together led to substantial energy
saving, which were evaluated to more than 70% compared to conventional operation, which is
a big step for the air-conditioning especially in regions with high dehumidification load.

Last but not least the Net Zero Energy Residential Testing Facility (NZERTF) at the NIST
campus has been equipped and commissioned in the frame of the Annex 40. The NZERTF
has the capability to provide tunable and reproducible load conditions of a typical nZEB as test
environment of dedicated NZEB technologies. The first two years of operation have shown a
slight positive balance of the test house itself, so the NZEB target could be confirmed. In the
first year, the house was operated with an air-to-air heat pump.

The development show that even though heat pumps are already a very energy-efficient
technology further development potentials by systems integration and the optimisation of
temperature conditions for different applications as well as the integration with other building
technology may still yield further efficiency gains.
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Abbreviations

AHRI ..o, Air-Conditioning, Heating, and Refrigeration Institute
ASHP e Air-Source Heat Pump
BIPV/T e Building Integrated Photovoltaic-Thermal
[ 1 PRI Building Technology Office
CAD e ———— Computer Aided Design
GO Coefficient of Performance
DH e Dehumidification, Dedicated DeHumidification
13 LY Domestic Hot Water
DO . i e Department of Energy
D 1 2P RPPPPRPPPN Desuperheating
L= o PP exempli gratia
EE R . e ——— Energy Efficiency Ratio
B RV e Electronic Expansion Valve
B e e e e e e e e e e e nenne Energy Factor
E R A e Energy reference Area
E R L e e e Energy Research Lab
BV T e Entering water temperature
ettt 8ttt e e et e e nn e Full condensation
Y e e e e e e e e e e e e e e e Fiscal year
GH G e Greenhouse Gases
GHP Gas Engine Driven Heat Pump
(€ o ) PR Ground Heat Exchanger
GO HPP e Ground-Source Heat Pump
GSHPWDS ...t Ground-Source Heat Pump with Desuperheating
[ |3 PP Hybrid Desica Element
[ | U URPPPPPPINS High density polyethylene
L | = PSSP PP PTTRPPPUPPPPPPTPPN Heat Exchanger
| P Heat Pump
[ | 1Y O UUUPUPPPRS Heat Pump Design Model
H P T e e e e Heat Pump Technologies
HPWH e Heat pump water heater
H R e e raa Heat Recovery
HRV oo Heat Recovery Ventilation, Heat Recovery Ventilator
HVAC .. e Heating Ventilation and Air Conditioning
o D G PO SPPPPPIPIR: Heat Exchanger
L A e International Energy Agency
O O PRSP PP TP TPPPPPPPPPPPPR Life Cycle Cost
LEED ... Leadership in Energy and Environmental Design
P G e ————— Liguified Petroleum Gas
IR T et e et e e e e eenee Mean Radiant Temperature
NEST ottt eeeeeees National Institute of Standards and Technology
NRCAN . National Research Council Canada
NZEB ... e nearly Zero Energy Building
NZEB ..o Net Zero Energy Building
NZERTE .o Net Zero Energy Residential Test Facility
N7 Net-Zero Ready
@ LT U PP PPPPPPPTR Outside Air Temperature
O ) L PP UPPPPTRPPPIN Operative Temperature
Y S Predicted Mean Vote
PPD .t annne Predicted Percentage of Dissatisfied
PV e Photovoltaics
o Relative humidity
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S PP Space Cooling

SDHV e ————— small duct, high velocity
SH e e Space Heating
S e Seasonal Performance Factor
3 Solar Thermal
TH TRNSYS-HPDM
T A B S Thermally activated building system
THIC o Temperature and Humidity Individual Control
RV Variable Refrigerant Flow
Y25 J PP PP Variable Speed
MV H e e Water Heating
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A. Appendix

A.1 Simulation results TRNSYS Simulations of ORNL before field testing

Tab. A 1-Tab. A 3 provide summary results of sub-hourly simulations of the annual perfor-
mance of a DOE minimum efficiency (2006 efficiency minimums) baseline HVAC/WH/DH
system, an AS-IHP, and a GS-IHP for the five locations. Tab. A 2 gives the baseline system
results, both for annual energy use and hourly winter and summer maximum peak kW as well
as mid-afternoon summer peak kW demand.

The baseline system included a fixed capacity air-source heat pump (ASHP) with a rated
seasonal cooling COP of 3.8 (SEER of 13 Btu/Wh) and US Region IV seasonal heating COP
of 2.3 (HSPF of 7.73 Btu/Wh), an electric water heater with a rated efficiency or energy factor
(EF) of 0.90, a 19 I/d (5 gal/d) capacity standalone dehumidifier with a rated DH energy factor
(EFq4) 1.4 I/kWh, and ventilation rate per requirements of ASHRAE Standard 62.2 (ASHRAE
2007). Tables 3.3 and 3.4 provide results for the concept AS-IHP and GS-IHP systems, respec-
tively. Control set points were the same for all three systems. For SH/SC, set points were
21.7 °C and 24.4 °C (71 °F and 76 °F), respectively; set point for WH was 49 °C (120 °F); set
point for DH was 55% relative humidity (RH). Each system also included a humidifier set to
maintain a minimum indoor RH of 30%. The assumed daily hot water use was ~245 I/d (~64.5
gal/d), consistent with the Department of Energy (DOE, 2010) daily hot water draw totals for
electric resistance and heat pump water heater (HPWH) Energy Factor (EF) ratings testing.

Tab. A 1: Estimated annual site HYAC/WH system energy use and peak kW for baseline HYAC/WH

system
P cog:Fnagt E:lranarz:ity HVAC/WH site | HVAC/WH hourly peak kW demand
energy use, [kWh] (W/SISA)
[tons]
Atlanta 1.25 7230 8.6/4.6/2.1
Houston 1.25 7380 6.1/4.4/2.2
Phoenix 1.50 6518 6.1/3.9/2.1
San Francisco 1.00 4968 5.7/5.6/1.6
Chicago 1.25 10773 9.7/6.1/2.4

* W — winter morning; S — summer maximum; SA — summer mid-afternoon

Tab. A 2: Estimated annual site HYAC/WH system energy use and peak kW for AS-IHP system

_ Heat pump HVAC/WH site HVAC/WH hourly % energy savings
Location co_ollng energy use, peak kW demand vs. baseline
capacity [tons] [kWh] (WISISA)*

Atlanta 1.25 3349 2.2/1.5/1.2 53.7
Houston 1.25 3418 1.9/1.1/1.1 53.7
Phoenix 1.50 3361 2.1/1.7/1.7 48.4
San Francisco 1.00 1629 1.8/1.6/0.8 67.2
Chicago 1.25 5865 7.3/1.6/1.0 45.6

— winter morning; S — summer maximum; — summer mid-afternoon
* W t S SA d-aft

Tab. A 3: Estimated annual site HYAC/WH system energy use and peak kW for GS-IHP system

Heat pump HVAC/WH site HVAC/WH hourly % eneray savings
Location cooling energy use peak kW demand vs t?gseline 9
capacity [tons] [kWh] (WI/SISA)* '

Atlanta 1.25 3007 2.0/1.1/1.0 58.4
Houston 1.25 3290 1.8/1.1/1.0 55.4
Phoenix 1.50 2909 1.7/1.2/1.2 55.4
San Francisco 1.00 1699 1.8/1.6/0.6 65.8
Chicago 1.25 5126 6.9/1.7/0.8 52.4

— winter morning; S — summer maximum; — summer mid-afternoon
* W t S SA d-aft

71/84



A.2 Development process GS-IHP

In early 2008 an industry partner, ClimateMaster, Inc. (CM), and ORNL began a series of GS-
IHP system design iterations resulting in two generations of GS-IHP prototypes for lab and
field testing. Results of the lab tests performed by CM were used to calibrate the variable-
speed research version of the DOE/ORNL heat pump design model (HPDM) (Rice 1991; Rice
et al, 2005) which was incorported into the TRNSYS simulation model for estimation of annual
performance and energy savings potential. The process is documented by Rice, et al (2013)
and Baxter et al. (2013) and summarized in this subsection.

A nominal 2-ton (7 kW) design cooling capacity was selected for system development leading
to field testing. CM assembled and lab tested two generations of prototype systems in their
laboratory over a wide range of ground-source conditions. ORNL used the detailed lab mea-
surements of refrigerant and source/sink conditions to calibrate the HPDM in each of the four
operating modes: SH, SC, SC + WH, and dedicated WH. The HPDM was linked to a publicly
available optimisation program, GenOpt (Wetter, 2009), to auto-calibrate available heat ex-
changer (HX) adjustment factors as linear or quadratic functions of compressor speed and/or
source/sink temperatures for best match to measured suction and discharge pressures. The
test data were also used to determine compressor map power and mass flow corrections,
compressor shell heat loss factors, line heat gains/losses and suction superheat levels as
similar functions of compressor speed and/or other operating conditions, as well as the indica-
ted active refrigerant charge in each mode. Tab. A 4 summarizes the difference between the
calibrated models and CM's lab test data for the final prototype in capacity, compressor power,
and compressor-only COP.

Tab. A 4: Agreement of Calibrated Models to Prototype 2 GS-IHP Lab Tests

Calibrated Model Results for Prototype 2 GSIHP
. . ; Compressor Compressor
Capacit
Operation Mode CSatlgt)irs??cosn pactty Power Only COP
[%] [%] [%0]

Space Coolin ave. diff. 4.8 1.3 3.5
P g std. dev. 21 1.9 26
Space Heatin ave. diff. 4.8 1.4 3.4
P g std. dev. 12 1 14
. ave. diff. -3.9 -0.9 -3

D WH
edicated std. dev. 3 15 3.4

Baseline equipment modeling

To determine the energy savings potential of the GS-IHP design, two baseline cases were also
defined. First, a minimum efficiency standard, electric-driven equipment set was defined. This
included a 7 kW (2-ton) fixed capacity air-source heat pump with a rated SEER of 13 (cooling
SPF=3.8) and US Region IV HSPF of 7.7 (heating SPF=2.3), represented as a function of
ambient and indoor conditions based on a manufacturer’s published data, and an electric water
heater with a rated efficiency or energy factor (EF) of 0.90. This is essentially the same as the
baseline system used in the IHP concept development (see IHP Background section above)
but without the dehumidifier and humidifier units.

Next a high-efficiency commercially available two-capacity 7 kW (2-ton) ground source heat
pump with desuperheater (GSHPwDS) was modeled in HPDM, which was calibrated based
on manufacturer’s lab data as was done for the GS-IHP case. The two-capacity GSHP has a
rated full load cooling COP of 5.4 (EER of 18.5 Btu/Wh) and a rated full load heating 4.0 COP
per ISO standard 13256-1 (1998). Part load ratings are 7.6 COP cooling (26 EER) and 4.6
COP heating. Full- and part-load GSHP cooling capacities are 7.80 and 6.25 kW (26.6 and
21.3 MBtu/h) with full- and part-load heating capacities of 5.80 and 4.84 kW (19.8 and 16.5
MBtu/h).
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The desuperheater function was modeled in TRNSYS as a fixed HX effectiveness based on
the manufacturer’s test data, pump operation logic, and recommended control settings for the
domestic hot water (DHW) tank element thermostats for a 49°C (120°F) set point. The ground
and DHW loop pumps were typical single-speed induction-motor designs used by the manu-
facturer.

GHX modeling

The GHX configuration for both the GS-IHP and GSHPwDS was modeled in TRNSYS as two
vertical bore loops connected in parallel. Soil properties were assumed or measured for the 5
U.S. locations. Ten-year sizing runs were made at multiple bore lengths for each system and
used to determine the required length to stay within the minimum (winter) and maximum
(summer) 10-year design daily average entering water temperatures (EWTS). (As the minimum
and maximum EWTs are approaching asymptotic values at 10 years of operation, 20-year
values would be only slightly higher.)

Tab. A 5 shows the assumed soil characteristics and grout types for the 5 U.S. locations, the
loop fluid, the minimum and maximum design temperatures, and the required bore lengths and
specifications.

Tab. A 5: TRNSYS 10-year bore sizing results for GSHPwDS and GS-IHP units in reference house in
5 different U.S. locations

Bore Bore
Soil Characteristics, Loop | Min 10-yr | Max 10-yr| Grout | Length/ [Grout| Length/
Assumed* or Measured" Fluid EWT EWT Type | Unit Cap. | Type | Unit Cap.
GSHPwDS GSIHP
k diffusivity
Location Btu/hr-ft-F ft*/day °F [°C] °F [°C] GSHP ft/ton GSIHP| (ft/ton)
[W/m-°C] [mm?/s] [m/kW] [m/kW]
Atlanta 1.2[2.1] 0.90 [0.97] Water | 42[5.6] 95 [35] Std 313[27.1] | Enh | 294 [25.5]
Houston 1.2[2.1] 0.90 [0.97] Water | 42[5.6] 95 [35] Std 294 [25.5] | Enh | 220[19.1]
Phoenix 0.8"[1.4" | 1.65M[1.77" | water | 42[5.6] | 95[35] Std | 572[49.6] | Enh | 449[38.9]
San Francisco 1.41[2.4] 1.02[1.10] Water | 42[5.6] 95 [35] Std 268[23.2] | Enh | 310[26.9]
Chicago 1.41[2.4] 1.02[1.10] |20% PG| 30[-1.1] 95 [35] Std 233[20.2] | Enh | 299 [25.9]
*per soil property data on GEOKISS site (http://www.geokiss.com/res-design/GSHPDesignRec2.pdf)
Bore Specifications:
Number of Bores = 2
Bore Diameter = 4.5"[11.4cm], Borehole Separation = 15[4.57m], Nominal HDPE Pipe Size = 0.75"[1.9cm]
Grout Conductivity Assumptions:
Standard grout, 0.4 Btu/hr-ft-°F [0.69 W/m-°C]
Enhanced grout, 0.9 Btu/hr-ft-°F [1.56 W/m-°C]

Standard grout was assumed for the conventional 2-capacity GSHPwDS and enhanced grout
for the GS-IHP. Enhanced grout was found to more than pay for its higher cost by reducing the
required bore length, which was especially beneficial in balanced and cold climates due to the
added heat extraction from the ground loop in the winter and shoulder months to meet the
domestic hot water (DHW) load. In Atlanta, the required bore length for the GS-IHP with the
enhanced grout was 33% less than for standard grout; however, the annual energy use for the
GS-IHP was found to be nearly the same regardless of grout used since both cases stayed
similarly within the minimum and maximum loop design temperatures. Had standard grout
been used for the GS-IHP Atlanta case, however, 25% more bore depth was predicted to be
required than for the 2-capacity GSHPwDS case.

The relative bore depth requirements between the GS-IHP and two-capacity GSHPwDS given
in Tab. A 5 show a 6% shorter bore for the GS-IHP in Atlanta, 22 and 25% less depth needed
in Phoenix and Houston, and 16 and 28% longer bores needed in San Francisco and Chicago.
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System control set points

For SH/SC, indoor set points were 21.7 °C and 24.4 °C (71 °F and 76 °F), respectively; the set
point for WH was 49 °C (120 °F). The system’s DHW controls for heat pump WH operation for
the analysis were set to operate until the lower tank temperature was 49 °C (120°F) and the
upper electric element was set to minimize electric element use while maintaining the upper
tank delivery temperature above 41 °C (105 °F). The assumed daily water use schedule shown
in Fig. A 1 includes discrete tempered (@ 41 °C) and untempered (@ 49 °C) hot water draws
totaling ~245 I/d (~64.5 gal/d).

14

12

—a— Untempered Flow
10

—s— Tempered F low (105F)

Vister Dran (gallons)
Temperature (°C)

h 5 —— AT Estimate

i N ml

2 4 & 8 W 12 14 18 18 2 B 24 1 2 3 4 5% 6 7 8 9 10 11 12
Hour of Day Month

Fig. A 1: Assumed daily hot water draw schedule from DHW tank (left) and OAT and EWT measured
Data and estimates (2012-2013) (right)

Performance simulation results

Predicted total annual energy savings for the GS-IHP prototype 2 design are shown in Tab. A
8 based on TRNSYS analyses in five Building America locations. The predicted energy savings
range from 57.2% to 61%. Average savings are 58.7% over the 5 climates.

Electric resistance energy use for space and water heating is predicted to be essentially
eliminated in all but the northern climate case, where it was reduced by 97.4%. Water heating
savings relative to resistance units range from 68 to 79%.

GS-IHP field performance observations

Both the 1%t and 2" generation prototype IHPs were field tested in a research house in Oak
Ridge, TN with simulated occupancy loads (Munk et al., 2014). Fig. A 2 left is a photo of the
house along with thermal envelope. Fig. A 2 right shows the GHX layout (a horizontal trench
GHX, part of which was located in existing foundation and utility trenches).
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The home was split into four zones, upstairs, downstairs living space, master bedroom, and
basement, which were all controlled to same set points of 21.7°C for heating and 24.4°C for
cooling. The GHX had a total of 796 m of high density polyethylene (HDPE) pipe placed around
the foundation of two of the basement walls in addition to two utility trenches and a rain garden
in the backyard.

Tab. A 6 shows the four operating modes of the prototypes. During the cooling season, the
unit can operate in three of the four modes: SC, SC+WH, or WH. If there are coincident space
cooling and water heating demands, the unit will run in the SC+WH mode. If there is only a
demand for water heating, the unit will run in WH mode. During the heating season, the unit
only operates in two of the four modes: SH and WH. There is no combined space heating and
water heating mode, so the unit gives water heating priority unless the indoor space
temperature falls by a preset number of degrees below the heating set point.

Tab. A 6: Prototype GS-IHP Operating Modes

Mode Heat Source Heat Sink
Space Cooling Indoor Air Ground Loop
Space Heating Ground Loop Indoor Air
Space Cooling plus Water Heating Indoor Air Domestic Hot Water
Dedicated Water Heating Ground Loop Domestic Hot Water

The 1%t generation prototype was monitored for the 2011 year (January through December)
with details summarized in Baxter et al (2013). Several technical issues were encountered
during the year that resulted in frequent interruption of GS-IHP operation.

While this limited the extent of the collected performance data, what was available provided
invaluable information to CM, enabling them to develop a much improved 2™ generation
prototype.

The 2" generation prototype was installed at the test site on May 7, 2012 with the help of CM
personnel. Monitoring of the 2" generation system took place from June 2012 through January
2013. Since an entire year’s worth of data was not able to be collected during the project,
approximations were made for months where data was not available, so that the annual
performance could be estimated. The first step in this process was to fit a sinusoidal wave to
the daily average outdoor air temperature (OAT) and daily average entering water temperature
(EWT) data. These waveforms were then used to generate average monthly OATs and EWTs
for the months without data, Fig. A 1 right. The load in each mode was then estimated by
plotting the monthly delivered output in kWh against the average OAT for the month. A linear
fit was applied and, along with the estimated OAT, a delivered load was estimated for months
without data. Similarly, the COPs for each mode were estimated by plotting the existing data
against the average EWT for each month.

Tab. A 7: 1st generation GS-IHP vs. Baseline Equipment; Estimated Annual Performance Comparison

Operation GS-IHP Baseline Percent Savings
mode Equipment Over Baseline
COP 4.9 3.7
Space Cooling | Delivered [kKWh] 8432 8432
Consumed [kWh] 1707 2298 25.7%
COP 4.1 2.4
Space Heating | Delivered [kWh] 10524 10524
Consumed [kWh] 2539 4337 41.5%
COP 3.8 1
Water Heating | Delivered [kWh] 2733 2733
Consumed [kWh] 726 2733 73.4%
Total Consumed [kWh] 4972 9368 46.9%

The estimated annual energy use of the GS-IHP was then compared to that of a baseline
system at the same site.
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The baseline consisted of an ASHP with a rated seasonal cooling COP of 3.8 (SEER of 13
Btu/Wh) and rated seasonal heating COP (in US Region lll) of 2.4 (HSPF of 8.3 Btu/Wh), as
rated per AHRI 210/240 (AHRI 2008), coupled with an electric resistance water heater.

The ASHP rated cooling performance was degraded by 4.7% based on manufacturer’s
performance data to account for site return air temperatures that were lower than those used
to determine the ratings. Results are shown in Tab. A 7.

The space cooling performance for the GSHP is similar to the performance seen from high
end ASHPs that have been tested in this climate. However, the water heating COP of 3.8 and
space heating COP of 4.1 are very high relative to standalone heat pump water heaters
(HPWH) and ASHPs, respectively. Since the tank losses from the DHW storage tank were not
accounted for in the GS-IHP field measured performance, they were also omitted from the
baseline equipment efficiency for the performance comparison in Tab. A 7 (baseline WH
energy factor (EF) of 1.0).

Tab. A 8: Energy Use and Savings for Prototype 2 Relative to Minimum Efficiency Equipment Suite in
Residential 7kW Cooling Application

. Savings from SIS
Operation ASHP | GSHP w DS Base VS GSIHP from
Base

Space Cooling 1608 1177 26.8 % 754 53.1%
Space Heating CO":_' 2388 1660 30.5 % 1155 51.6 %
Water Heating S”[L"Vsr:‘])” 3293 2672 18.8 % 848 | 743 %
Ventilation Atlanta 189 189 189

Total 7479 5699 23.8% 2946 60.6 %
Space Cooling 2548 2154 15.5 % 1542 39.5 %
Space Heating Cor;_' 1102 754 31.6 % 495 55.1 %
Water Heating SLEansrlm(]m 2813 2030 27.8 % 619 | 78.0 %
Ventilation S 189 189 189

Total 6653 5128 22.9 % 2845 57.2 %
Space Cooling 3450 2756 20.1% 1921 44.3 %
Space Heating CO?_‘ 762 542 28.9 % 306 59.9 %
Water Heating S”[L"Vsr:?” 2470 1731 29.9 % 510 | 79.4 %
Ventilation Phoenix 189 189 189

Total 6871 5218 24.1 % 2926 57.4 %
Space Cooling e 23 4 83.9 % 10 57.0 %
Space Heating | sumption 1366 1142 16.4 % 813 40.5 %
Water Heating [KWh] 3766 3405 9.6 % 1070 71.6 %
Ventilation Sah 189 189 189

Total Francisco ™37 4741 11.3 % 2082 61.0 %
Space Cooling 651 333 48.8 % 251 61.5 %
Space Heating CO?_‘ 6448 4052 372% 3139 51.3 %
Water Heating S“[L"Vsr']‘]’” 4140 3309 20.1% 1309 | 684 %
Ventilation Chicago 189 189 189

Total 11429 7884 31.0 % 4888 57.2 %

The table shows that the largest percentage and absolute savings come from water heating,
at 73.4% and 2007 kWh respectively. The energy savings in the space heating mode come in
a close second at 1798 kWh due to both the high efficiency and high heating load (higher than
normal for the test site location).

The total annual savings when compared to the Baseline equipment is predicted at about 47%,
which is very close to the 50% targeted savings for the project. One should note that the actual
daily hot water use at the test site was only ~185 I/day vs. the ~245 I/day used for the prototype
2 simulations summarised in Tab. A 8. Had the DHW usage at the test site been at the higher
level, the annual savings would have been about 50%.
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The HPDM was calibrated against lab data for the 2" generation unit and used to develop
performance maps and these, in turn, were input to the TRNSYS/HPDM (T/H) annual
performance simulator along with the site weather data for the 2012 heating and cooling
seasons, the site hot water usage averaging ~185 I/d (~49 gal/d), average GHX loop EWTs
and water mains temperatures during heat pump operation, and test house specifications to
estimate annual performance compared to a baseline minimum efficiency equipment suite (the
same baseline suite as described in the Background section minus the dehumidifier and
humidifier). The GHX loop EWTs and water mains temperatures for 2012 are shown Fig. A 3.

Water Main Temps During HP O peration for 2012 Season, OVF House Equipmeant EWT for 2012 season, OVF House

a0 a0 'y
*
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r&l

R = 5.7BS0E-01

Water Mairs Temps mturs ()

20

Y1 181 32 41 52 61 W2 &1 91 11 uf1 11

11 131 32 41 5/2 &1 72 81 8f1 1M1 11 121

Date Date

Fig. A 3: Average return ground loop temperatures (left) and average water mains temperatures (right)
during heat pump operation for 2012 season, ZEBRAIliance house 2 in Oak Ridge, TN

Results of the T/H simulations follow in Tab. A 9 and Tab. A 10. Tab. A 9 shows the projected
energy savings for the 2" generation prototype where predicted total HYAC/WH savings are
57.8%. Space conditioning savings approach 50% while water heating savings exceed 76%
compared with the baseline electric resistance water heater (WH tank losses were accounted
for in the simulation).

Tab. A 9: Projected 2" generation GS-IHP prototype energy savings vs. baseline systems for House 2
in 2012 season

Operation GS-IHP Ba_seline Percent Savi_ngs
mode Equipment Over Baseline
COP 6.77 3.38
Space Cooling | Delivered [kWh] 5202 5202
Consumed [kWh] 768 1539 50.1%
COP 5.19 2.68
Space Heating | Delivered [kWh] 8765 8765
Consumed [kWh] 1690 3265 48.2%
COP 3.79 0.89
Water Heating | Delivered [kKWh] 2313 2313
Consumed [kWh] 610 2605 76.6%
Total Consumed [kWh] 3177 7519 57.8%

Tab. A 10 shows the predicted seasonal COPs (performance factors). Converting the seasonal
performance numbers to US SEER and HSPF indices, the GS-IHP had a predicted SEER of
23.1 Btu/Wh and HSPF of 17.7 Btu/Wh.

Tab. A 10: Projected 2" generation seasonal COPs

Predicted Seasonal COPs, OVF House, 2012 Season

SC COP SH COP WH COP
Baseline ASHP 3.38 2.68 0.89
2nd Gen. GSIHP 6.77 5.19 3.79
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GS-IHP product development status and preliminary payback analyses

A new product based on the beta unit design was announced by CM in 2012 — the Trilogy® 40
Q-Mode™ (http://www.climatemaster.com/residential/geothermal-heat-pumps/trilogy/). The
unit was formally introduced in a March 2012 press release and was available for order begin-
ning in December 2012. It is available in two nominal SC capacity sizes: 7kW (2 ton) and 14
kW (4 ton).

Preliminary payback analyses for the GS-IHP system concept were reported in Murphy et al
(2007b). These analyses were based on the assumption of large quantity production and
mature market competition. The simple payback for the GS-IHP vs. the baseline system
ranged from 7 to 14 years. These estimates are subject to significant uncertainties primarily
related to the GHX installation costs, which can vary widely depending on local site geologic
characteristics.
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A.3 Load profile of the Net Zero Residential Testing Facility
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Fig. A 4: Load profile NZERTF for Mondays and Wednesdays
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Fig. A 5: Load profile NZERTF for Tuesdays and Thursdays

1

£
g 0.75
=
S
S os
° "
g A s Fri Oce-LR-WD
£ 025 - e Fri Occ-BR-WD
: \
0
O 0 000 0 Q0 0 Q0 Q0 Q9O Q0 Qo O
S MO MO MO MO MO MO mo m
S - M F O~ OO N MO e N
- - Ll Ll - Ll - ~ ~
Time (h)

Fig. A 6: Load profile NZERTF for Fridays
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A4

Tab. A 11: Instrumentation installed on ASHP

Instrumentation Net Zero Energy Residential Testing Facility

Total Uncertainty at a

2

Instrument Model Range 95 % Confidence Level
Transducer voltage National Instruments,
measurement cDAQ-9205 0to10VDC £5mvDC

National Instruments, o o o
T-type thermocouples CcDAQ-9214 -10°Cto55°C +0.6 °C
Barometric pressure NA 67.0 to 101.5 kPa *1 % of reading
High pressure transducer ?linGe?adyne PX309- 6895 kPa +0.25 % of reading
Low pressure transducer gorgeGQIadyne PX309- 3447 kPa +0.25 % of reading
Alr pressure differential Ashcroft CX8MB 0to 187 Pa +0.8 % of reading

(ESPY)

Indoor blower and controls

Ohio Semitronics W-

0 to 300 VAC, 5 Amps,

power meter 002X5 1000 W W
Indoor total power meter 005h€;(|)£ Semitronics W- %8 i\(ﬁp\sf,pécdooo W +100 W
Outdoor unit power meter ﬂg;gemitronics W- 23‘2\3;285\2@8:0 W 120 W
tSeli\Fw)gole)r/aatlgrg rs)gnbslgrb ﬁﬁ;f{%gﬁgg -28.8°Ct049°C +0.5 °C
I T
Return air dry-bulh Vaisala HMT330-3  -40 °C to 60 °C £02°C

temperature sensor

Return air dewpoint
temperature sensor

Vaisala HMT330-3

-20 °Cto 100 °C

+1.5 % of reading

Outdoor air dry-bulb
temperature sensor

Vaisala HMT330-3

-40°Cto 60 °C

0.2 °C

Outdoor air dewpoint
temperature sensor

Vaisala HMT330-3

-20 °C to 100 °C

+1.5 % of reading

Coriolis refrigerant mass
flow meter

Micromotion Coriolis
Elite Sensor,
CMF025

0 to 2180 kg h'!

+0.15 % of reading

1- External Static Pressure
2- Identification is not intended to imply recommendation or endorsement by the National

Institute of Standards and Technology, nor is it intended to imply that the entities, materials, or

equipment are necessarily the best available for the purpose.
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A.5 Detailed results of the NZERTF in the first year of operation

Tab. A 12: Monthly NZERTF thermal loads and energy consumption [kWh] by end use

MonthMear Juli13 AugMd | Sept3 @ OctM3 Movi13d | DecM3 Jani14 Feb/14 | Marf14 Apritd 1 Mayf14 © Juni14 Annual
Heating Load 0.0 0.0 0.0 56.4 =304 1351.0 | 21565 | 16347 | 14235 2527 0o 0.0 77057
Cooling Load 21229 1392 1 937.2 306.4 1.7 0.0 0.0 0.0 0.0 66.3 ¢ 603.0 1558.7 69897
DHW Load 2524 217.8 2382 268.5 2832 3259 3431 3300 3405 30030 27649 2806 34275
Heat Fump Heafing 0.0 0.0 0.0 336 355.4 5815 1 12848 7831 B650.4 113.2 0.0 o] 37831
Heat Pump Coaoling 700.8 431.0 3454 1423 157 0.0 0.0 0.0 0.0 136 4777 511.3 23878
Heat Pump Water Heater 533 70.8 57.0 825 129.8 186.3 1428 125.0 1207 727 562 461 1112.2
Solar System Circulators BT 271 31.4 242 220 18.2 204 19.8 226 200 343 348 319.6
Lighting YR 3148 36.1 ara 383 36.6 36.9 324 36.2 381 305 356 4354

Plug Loads 2025 1671 1907 2102 20845 210.2 214.0 183.8 216.7 2063 2082 2025 24395

Heat Recovery Ventilator 42 4 356 423 44 4 437 443 46.4 387 453 428 45 4 431 514.4

Refrigerator 36.2 30.3 36.0 354 323 34.0 344 311 347 342 354 387 410.2

Dish Washer 78 6.4 78 78 8.8 8.6 8.6 7.8 29 8.0 7.4 74 05.3
Cooktop 19.2 16.4 187 19.2 19.6 18.7 19.3 17.8 209 19.2 201 19.4 230.4

Cwven 30.0 27.0 3T 30.0 337 318 30.0 293 358 N7 337 1.7 376.6

Clothes Washer 52 4.6 6.2 6.2 6.1 6.3 6.2 56 6.4 6.0 6.1 6.0 70.8
Clothes Dryer 476 308 459 443 46.8 46.9 457 41.2 508 441 442 44.0 541.8
Microwave 12.3 10.4 12.3 12.5 12.2 124 12.6 11.4 12.7 12.2 a2 111 1413

Total PV AC Energy 14927 1162.4 | 13597 094 4 8302 481.1 800.9 7203 085.2 14251 ¢ 16000 | 16333 : 135234
Taotal Energy Consumed 12627 9683 88849 T47.9 1025.0 11937 ¢ 18914 | 13245 | 12694 6892 7337 10445 | 13035.2
Met Energy Export 2301 184.2 510.8 246.5 -185.8 -7126 ¢ -10006 @ -585.3 -304.2 7359 B66.3 5888 4841
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Tab. A 13: Monthly photovoltaic system performance

Month Jul3 | Aug/13 | Sep/13 | Oct13 | NovM3 | Dec®13 | Jan¥14 | Feb314 | Mar¥14 | Aprd | May14 | Jun/i14
Average Daily Incident Solar
Enetgy on Aay® (KWh) 2924 | 2701 | 2830 | 1903 | 160.0 | 108.0 | 1497 | 1833 | 2073 | 2718 | 3091 | 3250
Average Daily %ﬂ%ﬁg'a‘mn OnNATAY® | Egpap | 51760 | 54240 | 36430 | 3067.0 | 20600 | 28680 @ 35130 | 39720 | 52000 | 59240 | 62250
Average Ambient Temperature (C) 257 | 238 | 197 | 150 | 638 43 19 11 41 127 | 187 | 236
Average Cell Temperature During
Energy Generation (C) 386 | 367 | 351 | 265 | 150 | 111 72 108 | 151 | 242 | 328 | 376
Average Daily Delivered DC Energy (kWh) | 514 | 478 | 408 | 344 | 300 | 163 | 274 | 278 | 335 | 500 | G661 | 582
Array Efficiency (%) 176 | 177 | 176 | 181 | 188 | 150 . 183 | 152 | 162 | 187 | 181 . 178
Average Daily Delivered AC Energy (kWh) | 493 | 457 | 477 | 328 | 286 | 154 | 260 | 267 | 318 | 486 | 537 | 557
Inverter Efficiency (%) 959 | 956 | 958 | 955 | 953 | 945 | 951 954 | 952 | 955 | 957 | 957

*For & days in December, § days in January, 12 days in February, and 10 days in March the P array was fully or partially covered with snow_ If these days had been excluded the array efficiencies

would have been 192 %, 19.7 %, 19.5 %, and 19.2 %, respectively, for December, January, February, and March.
® The Average Daily Incident Solar Enargy on Array was determined using the framad area of an individual module (1.63 m?) multiplied by the number of modules (32).

Tab. A 14: Monthly ASHP performance

Maonth Jul13 Augd13 | Sepl13 Oct/13 MNov/13 Dec/13 Jan/14 Feb/14 Mar/14 Apri1d May/14 | Jun/14

Thermal Load® 0.0 0.0 0.0 6.4 83271 7 13570 ¢ 27560 16347 7 14235 1 2527 0.0 00

Heating Mode (kWh) 21229 © 13921 9372 | 3064 17 0.0 0.0 0.0 0.0 56.8 £03.0 1558.7
Cooling Mode (KWh)

Heat Pump Energy Usage 0.0 0.0 0.0 336 35964 B81.5 112548 7531 6504 | 1132 0.0 0.0
Heating Mode (kWh) 7008 481.0 3455 1423 1657 0.0 0.0 0.0 0.0 136 177.7 511.3
Cooling Mode (KWh)

Resistive Heat (kWh) 0.0 0.0 0.0 13.6 103.0 117.0 5476 196.4 169.4 10.2 0.0 0.0
Avg. Outdoor Temp (°C) 266 246 207 155 71 45 -15 1.0 4.1 131 19.7 245
Avg. Indoor Temp (°C) 236 235 235 224 21.0 21.0 209 2049 210 212 229 233
Degree Heating Days 0.0 0.0 307 2188 | 6100 7735 11073 8733 7926 ¢ 301.0 459 D
Degree Cooling Days 9249 632.5 580.5 325.0 391 0.0 0.0 228 ¢ 1963 5421 7854
614
Heating Run Time (hr) 0.0 0.0 0.0 14.9 181.5 3141 ¢ 4609 370.7 3051 102 0.0 0.0
Cooling Run Time® (hr) 492 1 3472 256.3 81.2 175 0.0 0.0 0.0 0.0 526 1338 3956
Dehumidification Mode (hr) 164.9 143.8 70.0 38.0 175 0.1 0.0 0.0 0.0 0.0 13.8 133.2
Dehumidification (MkWh) 1.35 1.30 1.20 1.10 0.29 0.70 - - - - 1.04 1.23
Coefficient of Performance
Heating Mode (-) 0.00 0.00 0.00 1.68 210 232 1.72 217 219 223 0.00 0.00
Cooling Mode (-) 3.03 2.589 2.71 215 0.1 0.00 0.00 0.00 0.00 4.90 3.39 3.05
COP1 (Dehumidification)d 0.93 0.585 0.91 0.76 0.20 0.48 - - - - 0.71 0.84

*Mizsing data Aug 2 through Aug & 2013
*Heat pump thermal load includes electric resistance heat.

“Cooling run time includes the time the unit operated in the dehumidification mode.
"Dehumidification COP equals the average of the daily dehumidification COP values (total latent energy divided by elecirical energy during acfive dehumidification)
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Tab. A 15: Monthly heat recovery ventilator performance

MonthMYear L Juli3 | Augi13t | Sept13 | Oct/13 i Nov13 | Dec/13 | Janf14 | Febi14 | Mari14 | Apri14 | May/14 | Jun/14

Energy Consumption (KWh} | 424 | 356 | 423 | 444 | 437 | 443 | 464 387 | 453 | 428 | 454 | 431 |

"~ Average Ambient Temperature (\C) | 26 | 24 | 20 | 15 | 7 42 """" I 13 1 o | 24

* Average Outdoor Air Tempto HRV (°C) | 26 | 24 | 0 | 16 | s & 1. a4 8 13 18| u

 Average Indoor Tempto HRV (°C) | 24 | 24 | 24 | 2 | 2 | 2 12121 """""" 2 | 23 4

' Average HRV Exhaust Temperature (‘C) % | 24 | 2 | 18 | 13| 2 o 1 | 2 | 6 | 21 | 24

T HRV Effectiveness () | | 062 061 071 075 | 076 074| 073 074 | 075 G 75 075 074

"~ Average Flow Rate (m3hr) | 174 | 102 | 1 éﬁ"':""iﬁl """""" 1 éé"'g""i{':é"“g """ E{ié'":'""2'65'.""""'iij%"":""'1'53'5""?""&'{':31 """"" 193
Sensible Load" Infroduced by HRV{kWh) -13?? 49 | 544 | 1068 2{:45§ 245 | 3143 2454 | 2435 | 1220 622 48

."'"Léié;{t"L'cié?:ii'iﬁi}&iaﬁEé}j'Eiv_.'rﬁéi}'{'i{inlr}ij"Ji"'fli'i'}"?"é'a'é'.é"? """ 40123513341%{:1{:&3?{1?532?502342331

Additional Heat Fump Electrical Energy 1 : | | | | | ! [ i i |
Used to Meet HRW Ventilation Load 5129.55 1916 | -5.4 | =307 Poo321 g 1542 | 4171 | 201.1 | 1895 g -15.95 -77.0 | 165.0

Sensible Load Introduced by Balanced | } | q _—— - b
Ventilation System, No HRV (kKWh) 81.1 : 10.1 5 1225 | 2362 5 4910 | 5918 5 763.0 | 5936 5 5913 | 20830 : 133 4 5 21.1

1l
1 i | i | ] | i | i | | |
bt e R e o e R e s B et s e e [EET LT e R R |

Latent Load Introduced by Balanced
Yentilation System, Mo HREY (KAWR)

il | | il | |
| | | | i | i |

L

.................................................................................. T s s e I S o S T S

Additional Heat Pump Electrical Energy : : : : i : i : i : i
Used fo Meet Balanced Ventilation | 201.7 | 167.2 @ -136 | 1.7 | 586 | 1986 | 5385 | 2201 | 2323 | 299 | -645 1541
System (Mo HRV) Load (KWh) ' ' ' i ' ' ' ' [ ' !

I solicel L il o, sklalot’ SN RS | R S R S A S A b S A ;
i Difference in Heat Pump Energy — No | ; | | ; | ; ! :
¢ HRV vs HRV \entilation relative to HRY |+ -40 | -50 | -18 @ 184 | 6.4 | 75 | 96 | 38 | 66 | 359 700 21
| Ventilation (%) - | | : | | | | | [ : !
*Missing data for Aug-2 through Aug-8, 2013
*Zansible koads are the sum for the menth with positive sansible indicating cooling and negative indicating heating the house,
Some days the HRW or the mechanical ventilstion system helped the cocling or hesting system and some days the HRW or mechanical system worked agsinst the heating or cooling system.
“Latert lcads should be equal but differ due to using living room relative humidity and temperature for the exhaust air when doing caloulstions for mechanical ventilation.
HREY calculations where done with fving room relative humidity and the temperafure measured st the HRV for the exhaust air. A negative latent load ocowrred when moisture was removed from the house
"Hesat pumnp electrical is the reduction or increase in the ensrgy consumed by the hest purnp as the result of introducing outdear air ufilizing the HRW
"Heat pump elecirical is the reduction or increase in the energy consumed by the heat pump as the result of introducing the same quantity of cutdoor air as the HRW case but with no hest recoveny
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