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Abstract

A Net-Zero Energy Residential Test Facility (NZERTF) has been constructed at the National
Institute of Standards and Technology (NIST) in Gaithersburg, Maryland to demonstrate that a
home similar in size, aesthetics, and amenities to those in the surrounding communities can
achieve net-zero energy use over the course of a year while meeting the average electricity and
water use needs of a family of four in the United States. The facility incorporates renewable
energy and energy efficient technologies, including an air-to-air heat pump system, a solar
photovoltaic system, a solar thermal domestic hot water system, and a heat recovery ventilation
system sized to meet American Society of Heating, Refrigeration, and Air-Conditioning
Engineers (ASHRAE) Standard 62.2-2010 ventilation requirements. The largest energy end use
within the home was space conditioning, which included heat loss through the building envelope,
ventilation air supplied by the heat recovery ventilator (HRV), and internal loads. While HRVs
are often described as being able to save energy when compared to ventilating without heat
recovery, there have been no studies using a full year of measured data that determine the
thermal load and energy impacts of HRV-based ventilation on the central heating and cooling
system. Over the course of a year, continuous operation of the HRV at the NZERTF resulted in
an annual savings of 7 % in heat pump energy use compared with the hypothetical case of
ventilating without heat recovery. The heat pump electrical use varied from an increase of 5 % in
the cooling months to 36 % savings in the heating months compared with ventilation without
heat recovery. The increase in the cooling months occurred when the outdoor temperature was
lower than the indoor temperature, during which the availability of an economizer mode would
have been beneficial. Nevertheless, the fan energy required to operate the selected HRV at the
NZERTF paid for itself in the heat pump energy saved compared with ventilation without heat
recovery.

Keywords: air-to-air heat pump; heat recovery ventilator; net-zero energy buildings; ventilation
energy use



Nomenclature

Cp heat capacity [kJ kg K™]

COP coefficient of performance [W W™]

E electrical energy [Wh or kWh]

E* additional electrical energy needed by
heat pump due to ventilation

h enthalpy [kJ kg™]

m  mass flow rate [kg s™]

p total pressure [Pa]

Pw partial pressure of water vapor

Subscripts

alat  active dehumidification mode latent
energy

all thermal load on the entire house,
including conduction losses,
infiltration, ventilation air, internal
loads, etc.

avg daily average

calc calculated value

da dry air

db dry-bulb

dew dewpoint

exh  exhaust air

HP  heat pump

HRV heat recovery ventilator

IDfan heat pump indoor fan unit

lat latent

lat.nv latent without ventilation

1. Introduction

RH
SHR

_|l—|'

LR

nlat

nv
oa
ODfan
res

ret
sens
sens.nv
stdby
tot

power demand [W]

thermal cooling or heating energy
[Wh or kWh]

relative humidity
sensible heat ratio

time [min or h]
temperature [°C or K]
humidity ratio [kg kg™]

living room

normal latent (excludes active
dehumidification mode)

normal without active

dehumidification, resistive heat, or
standby use

no ventilation case

outdoor air

heat pump outdoor fan unit
auxiliary resistive heat
return

sensible

sensible without ventilation
heat pump standby use
total

Buildings consumed 41 % of all energy used in the United States in 2011, with residential
buildings and commercial buildings accounting for 22 % and 19 % [1], respectively. In addition
to consuming more energy than the transportation or industrial sectors, buildings represent the
fastest growing sector of energy usage [1]. Thus, goals for achieving net-zero energy
performance have been established in the U. S. and around the world. A net-zero energy building

2



(ZEB) is an energy-efficient building where, on a source energy basis, the actual annual
delivered energy is less than or equal to the on-site renewable exported energy [2]. Under the
Energy Independence and Security Act of 2007, U.S., federal buildings are mandated to
eliminate fossil fuel-generated energy consumption by 2030 [3]. For federal buildings to be built
in 2020 and beyond, they must be net-zero by 2030 [4]. The American Institute of Architects set
a goal for all new and renovated buildings to be carbon-neutral by 2030 [5]. The American
Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE) issued a visit to
develop tools by 2020 that enable the building community to produce market-viable net-zero
energy buildings by 2030 [6]. In 2010, the Energy Performance of Buildings Directive stated all
buildings in the European Union to be nearly net-zero by 2020 [7]. Melbourne, Australia has set
a goal to be a carbon neutral city by 2020 [8]. Thus, buildings have been designed, constructed
and monitored throughout the world to demonstrate the feasibility of achieving net-zero energy.
Parker [9] presents a history of low energy homes, including annual performance data from a
dozen very low energy homes in North America. Musall et al. [10] summarizes the research of
the International Energy Agency’s Annex 52 “Towards Net Zero Energy Buildings” and states
that “during the last 20 years more than 200 reputable projects with the claim of a net-zero
energy budget have been realized all over the world.” Rosta et al. [11] report on the construction
and performance of a net-zero energy house in the Desert Southwest region of the United States.
Boleyn [12] reports on a residence in Portland, Oregon that is approaching net-zero in a
relatively cloudy climate. Sherwin et al. [13] present the performance of four near net-zero
energy homes in Florida instrumented to provide data on electrical consumption and generation,
indoor conditions, and outdoor weather. Norton et al. [14] report on the design and performance
of a three-bedroom Habitat for Humanity net-zero energy home near Denver, Colorado that
produced 24 % more energy than it consumed during its first year of operation. Of these six
studies, only four mentioned that ventilation was provided to maintain acceptable indoor air
quality (IAQ) and none of them mentioned the design ventilation rate. Further, the energy use
consequences of ventilation were not discussed in any of these studies.

The studies of net-zero energy buildings cited above report data on energy usage with little or no
discussion of IAQ. ASHRAE has a standard containing minimum ventilation rates to achieve
acceptable 1AQ based on the floor area and number of bedrooms, ASHRAE Standard 62.2 [15].
The Standard does not, however, dictate how the ventilation air has to be delivered. There are
many ways to deliver the air, including exhaust-only systems, supply-only systems, systems that
are integrated with the central heating and cooling system, and heat recovery and energy
recovery ventilators (HRV, ERV). The difference between an HRV and ERV is that HRVs
recover only sensible heat and ERVs recover both heat and moisture.

Lstiburek et al. [16] simulated high-performance houses in six U.S. climate zones and with
various mechanical ventilation systems, including an HRV/ERV and supply-only ventilation. For
all the climates simulated, the use of an HRV/ERV saved on average 3 % (ranging from no
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savings to 7 %) in space conditioning and ventilation fan energy combined compared with a
supply-only ventilation system. Sherman and Walker [17] and Rudd et al. [18] performed
simulation studies on similar houses in six U.S. climate zones. Sherman and Walker [17] found
that the use of an HRV/ERYV saved on average 1 % (ranging from a 4 % energy increase to a 6 %
savings) in space conditioning and ventilation fan energy combined compared with a supply-only
ventilation system. Rudd et al. [18] found that the use of an HRV/ERV saved on average 7 %
(ranging from a 2 % energy increase to an 11 % savings) for a house with a Home Energy Rating
System (HERS) index [19] of 50 compared with a central space conditioning system with
outdoor air intake. Walker and Sherman [20] performed simulation studies on houses in
California climates and modeled an HRV in the “cold climate”. They found that the use of an
HRV saved 5 % compared with a supply-only ventilation system. The HRV was modeled to
operate on a 50 % duty cycle because the minimum flow rate exceeded the minimum
requirements of ASHRAE 62.2. On average, the fan power required to operate the HRV/ERV
studied was 7 % of the energy required by the space conditioning system.

Turner and Walker [21] presented simulation results of using a proposed control system to
determine the optimal time, based on time-of-use pricing and outdoor temperature, to run an
HRV without compromising indoor air quality (IAQ) and occupant health. The control system
also monitors the operation of local exhaust fans and does not activate the HRV when the flow
rates from local exhaust fans meet the required minimum whole-building ventilation rate. The
use of the controller in conjunction with an HRV saved on average 31 % in space conditioning
and ventilation fan energy combined when compared with using an HRV without the proposed
controller.

Dodoo et al. [22] simulated supply-only ventilation and an HRV in an apartment building in
Europe built to conventional building standards and also one built to passive house standards,
which had a building envelope that was twice as tight. They found that in the building built to
conventional building standards, the use of an HRV saved 21 % in space heating only and
ventilation fan energy combined compared with a supply-only ventilation system. In the building
built to the passive house standards, the use of an HRV saved 55 % in space heating only and
ventilation fan energy combined compared with a supply-only ventilation system.

These studies demonstrate the wide range of savings HRVs and ERVs can have on ventilation-
related energy (fan power plus heating and cooling) depending on ventilation rate, building size,
building envelope leakage, and climate. However, they all have been based on simulated data.
This study used actual energy data collected for one year for an air-to-air heat pump and an HRV
in order to determine the impact of ventilation air on the heating and cooling loads of a very low
energy house. The purpose of this manuscript is to examine the energy use consequences of
different options for ventilating a net-zero home. Similar analysis was performed previous by the
authors in Fanney et al. [23], but the analysis in this manuscript provides greater detail.
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2. Test house

The NZERTF is a unique facility that resembles a residence yet is truly a laboratory (Figure 1).
The house is comprised of two stories of living area (252 m?), a full basement (135 m?), and a
conditioned attic (108 m?). The water, lights, and appliance usage utilized by a family of four
were simulated in the NZERTF according to occupancy schedules. Details of these control
schedules can be found in Omar and Bushby [24] and Kneifel [25]. Sensible heat generated by
occupants was simulated in various rooms, but the latent loads generated by occupants were all
located in the kitchen. Details can be found in Fanney et al. [23]. Though natural gas is supplied
to the house, during the first year of operation all of the equipment and appliances were powered
by electricity supplied by either the 10.2 kW (direct current) solar photovoltaic (PV) system or
the main power grid.

The building envelope was constructed using a continuous air barrier system to minimize
infiltration, and ventilation was provided by an HRV. The exterior walls were constructed of
wood studs, a fully-adhered membrane applied to plywood sheathing, two layers of
polyisocyanurate foam board, fiber cement lap siding, and blow-in cellulose insulation. The
calculated U-factor of the exterior above grade walls, including framing members, is 0.13 W/m?-
°C. The windows are double-hung units (rated U-factor of 1.14 W/m?-°C). Five blower door tests
were conducted at various stages of construction (Figure 2). The first three (NZERTF w/o
windows, NZERTF pre-drywall, and NZERTF substantial completion) were conducted by third-
party testing companies [26]. The final tests (#4 and #5) were performed by NIST after the
house was complete. Test #4 was performed with the kitchen and dryer vents sealed. Test #5 was
performed with those vents not sealed, which yielded a leakage rate of 802 m%h at 50 Pa
corresponding to 0.63 h™.

2.1.  Air-to-Air Heat Pump System

The heating and air conditioning system used for the first year of operation in the NZERTF
consisted of an air source heat pump system that incorporates a dedicated dehumidification
cycle. The duct system for the heat pump was designed for less than 124.5 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. Ducts were insulated with either 5 cm of rigid glass fiber board or flexible
glass fiber blanket. All ducts were located within the conditioned space. 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 modulated hot gas valves
on the compressor discharge that send hot refrigerant gas through a third pipe to the indoor
reheat heat exchanger during active dehumidification. In the cooling mode, the thermostat was
set such that the active dehumidification mode of the HP unit was engaged if the relative
humidity (RH) reached 50%. Active dehumidification control consists of two distinct stages:
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stage 1 lowers the indoor blower speed for approximately 15 min or until the RH setpoint is
reached; stage 2 begins after 15 min of stage 1 operation by modulation of the two outdoor unit
hot gas bypass valves to control indoor supply air temperatures to a pre-selected “room neutral”
temperature. A supply air temperature sensor provides the control signal used to proportionally
modulate the flow of hot refrigerant gas to maintain a preset 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 [27], the cooling
capacity is 7.60 kW and the coefficient of performance (COP) is 3.82 W/W. 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 W/W and a heating seasonal performance factor (HSPF
Region 1V) of 2.65 W/W.

The heat pump was operated as a single zone system with a thermostat located in the living room
on the first floor. During heating mode or defrost mode, the indoor unit controller may energize
up to 10 kW of electric resistance heat. The thermostat set points in the cooling and heating
modes were 23.8 °C and 21.1 °C, respectively, without setback. In the cooling mode, the
thermostat was set such that the dehumidification mode of the heat pump unit was activated if
the relative humidity (RH) reached 50 %. Studies of high performance homes with ventilation
showed that they were generally able to condition air below 60 % RH [28]. An RH setpoint of
50 % was thus selected for the NZERTF to provide better thermal comfort. The house was thus
maintained below 50 % RH in the cooling months. But in the heating months, the relative
humidity in the house was allowed to float since the heat pump did not possess humidification
capabilities. The indoor air handler airflow rate as a function of external static pressure drop was
determined in-situ by calibration against an orifice plate flow meter device; more details may be
found in [23]. Thermocouples and dewpoint temperature sensors were placed in the supply and
return ducting near the air handler to calculate the thermodynamic state of the air. Along with the
airflow measurement, this allowed calculation of sensible and latent capacity. Two power meters
were used on the indoor unit; a low range meter measured instantaneous power of the indoor fan
and controls, and a high range meter measured total power to the indoor air handler. This
arrangement allowed measurement of indoor unit power demand for low power fan operations
and high power electric resistance heating demand with a minimum overall uncertainty. Outdoor
unit power demand was also measured by a separate power meter. The instrumentation, data
acquisition system, and measurement uncertainty associated with the heat pump system, as well
as all other electrical/mechanical subsystems within the NZERTF are described in Davis et al.
[29].

Since testing commenced on July 1, 2013 the air-to-air heat pump system has performed without
interruption. When operated in the cooling mode, the unit operated at an integrated COP of 3.19,
whereas in the heating mode the average COP was 2.06.. The amount of time the unit operated in
the dehumidification mode varied from 5% in October to 23 % in July during which the
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dehumidification efficiency varied from 1.10 L/kWh to 1.35 L/kWh. No dehumidification was
needed between January and April. Electrical energy consumed for cooling, heating, and
dedicated dehumidification for the entire year was 1536 kWh, 3783 kWh, and 922 kWh,
respectively.

The resistance heat operated more frequently than anticipated in the heating season due to the
control logic of the thermostat. The thermostat heating configuration allows the user to prescribe
a 1% stage differential temperature, 2" stage differential temperature, 2" stage delay time, and
3" stage heating differential temperature. The differential temperatures are 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. 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 (3" stage). The 2" stage delay time was set to the thermostat’s maximum of
40 min. At the end of these 40 min periods, temperatures in the house exhibited an upward trend
toward the setpoint. It is most likely that the heat pump in 2" stage heating would have been able
to meet the setpoint if the delay time could have been increased above 40 min. Since it could not,
the thermostat energized 3" stage electric heat more often than necessary.

2.2.  Ventilation System

Outdoor air is supplied to the NZERTF through a balanced HRV (Venmar EKO 1.5). The
dedicated duct system associated with the HRV was designed for a nominal airflow rate of
256 m*/h. It supplies ventilation air to all bedrooms and the kitchen, and exhausts air from all
three bathrooms. The outdoor and return ducts were insulated with either 5 cm of rigid glass
fiber board or flexible glass fiber blanket. All ducts were located within the conditioned space.
Heat (but not moisture) exchange between the two airstreams reduces the energy needed to
condition the outdoor ventilation air. An HRV was selected by the architect in lieu of an energy
recovery ventilator in order to avoid reintroducing the moisture from the bathrooms into the
house [26].

According to ASHRAE Standard 62.2-2010 [30], the minimum required amount of outdoor for
the NZERTF is 137 m*h. ASHRAE Standard 62.2 states that this flow may be reduced if the
infiltration were measured to be greater than 0.01 m%s per 100 m® The infiltration was both
measured and modeled and found to be less than this value. The actual outdoor airflow rate
provided by the HRV has been measured on several occasions using a hot wire anemometer
traverse, with an average flow over the year of operation of 171 m*h. The HRV was set to
operate continuously on the lowest fan speed setting, resulting in an airflow of 137 m*h, which
exceeded the ASHRAE Standard 62.2 requirement by approximately 25 %. The HRV could have
been operated on an intermittent schedule while still meeting ASHRAE 62.2, but that was not
done during this year of operation. The sensible effectiveness of the heat exchanger is
determined using dry-bulb temperature measurements and periodic measurements of the HRV
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airflows [29]. The average measured power consumption of the HRV fan was 60 W and the
average sensible effectiveness was 0.72.

2.3. Measurements

Measurements over the first year of NZERTF monitoring were recorded every minute. The
measurements applicable to the calculations in this paper include dry-bulb temperature,
dewpoint, relative humidity, airflow, and electricity use. The instruments, model numbers,
ranges, and total uncertainty of these measurements are listed in Table 1. As noted in the caption
of Figure 5, measurements are missing for August 2 through August 6 because of issues with the
data collection system. Calculations using these measurements and their associated combined
standard uncertainty [31] are presented in Sec. 3.

3. Determining impacts of ventilation on heat pump operation

Over the course of one year (July 2013 through June 2014), the house produced 484 kWh more
electrical energy than it consumed through the use of a 10.2 kW PV system. Figure 3 shows the
energy consumption by end use, and it is clear that heating, ventilation, and air-conditioning
(HVAC) required the largest portion of energy. For the year, HVAC required a total of
6684 kWh of electricity (50 % of the annual energy consumed), of which 513 kWh (4 % of the
annual energy consumed) was required to continuously operate the HRV fan.

However, the electricity necessary to operate the HRV fan is not the only energy use associated
with its operation. The outside air that it supplies, though pre-heated in the winter and pre-cooled
in the summer via the heat exchange core, must still be conditioned by the heat pump. Moisture
introduced from the outdoor ventilation air must also be removed by the heat pump since there is
no moisture removal in the HRV. Thus, an analysis was performed to quantify the energy usage
associated with the heat pump operation due to the thermal loads introduced by the HRV. The
use of the HRV is also compared to the hypothetical situation of meeting the ASHRAE 62.2-
2010 ventilation requirement by mechanically introducing the same quantity of outdoor air
without heat recovery.

3.1. HRV calculation procedure

To determine the energy impacts of operating the HRV at the NZERTF, first the HRV thermal
load was calculated using the measurements made every minute for a year. Calculations were
done in Matlab and LabView every minute and averaged over each hour. Monthly totals are also
presented. Taking the exterior wall as the boundary volume, the sensible (Qsensnrv), total
(QuotHry), and latent (Qanrv) energy supplied by the HRV (or removed in the case of the
sensible loads)were calculated using basic laws of thermodynamics.



If Qsens.vrv > 0, cooling of the air by the heat pump was required. In contrast, if Qsensqrv < 0,
heating of the air by the heat pump was required. If Qstqrv < 0, moisture was removed from the
house.

The dry-bulb temperatures Tgp.0a and Tgpexn Were measured inside the HRV ducts. The enthalpy
of the outdoor air, hy,, Wwas measured on an exterior wall on the same side of the house as the
outdoor unit of the heat pump. The dry-bulb temperature Tgpexn Was measured inside the HRV
exhaust duct. In order to calculate hexn, the dewpoint temperature (or relative humidity) would be
needed. However, these measurements were not made in the HRV exhaust duct or in the
bathrooms from which air is returned from the house to the HRV. Therefore the conditions in the
living room were used in estimating T gew.exh With the following conditions:

Tt < { Tab.exhs Tab.exh < Tdew.Lr 1)
ew.exn =
Taewirs Tab.exh > Tdew.LrR

This means that if Tgyexn < Tgew.Lr, the moisture content in the exhaust air was lower than that in
the living room and Tgew.exh = Tab.exn. ON the other hand, if Typexnh > Tdew.Lr, the moisture content
in the exhaust air was higher than that in the living room and Tgewexh = Tdew.LR- Tdew, LR Was
calculated using the dry-bulb temperature and relative humidity measured in the living room.

For the hypothetical case that ventilation was supplied without heat recovery, the loads were
calculated using dry-bulb and dewpoint measurements at the outdoor unit of the heat pump, and
hret was calculated using dry-bulb and dewpoint measurements in the return duct of the heat
pump. Ideally, Qatnrv Should be equal to Qatvent SiNce there is no moisture transfer in the HRV.
However, they are not equal because Qanrv IS calculated using the conditions in either the
living room or in the exhaust duct, and Qatvent IS calculated using the conditions in return duct of
the heat pump.

Airflow through the HRV was measured monthly using a hot wire traverse. For the months July
2013 to mid-September 2013, the airflow rate was 147 m%h, and for the months mid-September
2013 to June 2014, the airflow rate was 171 m%h. These volumetric flow rates are converted to
mass flow rate, m, by multiplying by the air density. The reason the airflow rate was lower in the
first few months of operation was due to frequent clogging of the HRV filters. Humidifiers in the
kitchen simulated latent loads, and the water supplied to them naturally contained dissolved
solids that were being emitted as particulates into the air along with the water vapor. This
particulate laden air was then returned to the HRV, thus clogging the filters. To resolve this
clogging problem, water deionization filters were installed in the water feed lines of the
humidifiers. Since the water filters were installed, there have been no filter clogging issues in the
HRV. Nevertheless, HRV filters were changed monthly as part of regular maintenance. Because
the airflow rate was not continuously measured, fluctuations in airflow rate and thus thermal
loads were not captured.
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3.2.  Heat pump calculations

Heat pump energy use comparisons required examination of two different ventilation scenarios:
(1) heat pump with HRV (measured), and (2) heat pump with ventilation but without heat
recovery (calculated, subscript “vent” below and in Figure 4). Their energy impact of each case
is the energy compared with a baseline case of operating the heat pump without ventilation
(calculated, subscript “nv” below and in Figure 4). Note that such operation would not be in
compliance with ASHRAE Standard 62.2, presumably compromising 1AQ conditions in the
house. Scenario 1 was the actual operational case studied during the first year of operation;
therefore, measured data were available for this case. Scenario 2 and the no ventilation scenario
were calculated by making assumptions about the measurements.

Note below that “normal” operation of the heat pump is operation without active
dehumidification (subscript “alat”), auxiliary resistive heat (subscript “res”), and standby
(subscript “stdby”). According to the measured data, the heat pump indoor and outdoor units
consume a maximum of approximately 1200 Wh of energy in standby mode per day, when the
system is on but the fan and compressor are not because the setpoint has been met.

It was assumed that the energy use consequences of the HRV operated at the NZERTF for one
year would be the measured heat pump energy use (Scenario 1) minus the heat pump energy use
if no ventilation were provided. First, the “normal” (subscript “n”) energy usage, and sensible
and latent thermal loads for the heat pump without active dehumidification or resistive auxiliary
heat usage are calculated. This calculation procedure is represented in a flow diagram (Figure 4)

En = Etot — Ealat = Eves — Estdby (2)

where Eaar, Eres, and Eggpy are measured quantities. This then gives the coefficient of
performance, COP,, of the heat pump without active dehumidification, resistance heat, and
standby energy:

COP;, = (Qnsens + Qniat) / En (3)

where
Qnsens = Qsensaall = Qres (4)
Qntat = Quatant = Qatat (5)

where Qsensall, Qres, Quatann, and Qaie are measured quantities. This is used to calculate the
average power consumption of the heat pump in normal mode:

CIn.avg = (Qnsens + inat) / (tIDfan —talat - tres) (6)
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where the times during which the indoor fan, dehumidification, and resistance heating were ON
were recorded. The average power consumption of active dehumidification was calculated as:

Qalatavg = Qalat [ talat (7)

To determine the heat pump energy use without ventilation, the measured HRV loads were
removed from the measured total heat pump loads:

Qsens.nv = Qsens.all — Qsens. HRV (8)

Qiatnv = Quatan — Qrarnrv Which equals 0 if Qjatrrv > Qlatan 9)

The assumptions made earlier when calculating the HRV latent load may propagate errors that
result in QuatHrv > Qiatan- IN these cases, the Qv Will be equal to zero. The total latent load on
the heat pump (subscript “all’”) without ventilation is calculated using the sensible heat ratio
(SHR), which is calculated from the measured data. This assumes that the SHR remains the
same, with and without ventilation.

Qiatnv.an [Wh] = (1 = SHR)/SHR X Qsens.nv (10)

Any latent load not met by the normal operation of the heat pump would be met by active
dehumidification:

Qalat.nv = Qlat.nv.all - Qlat.nv Wthh equa|S 0 |f inat.nv > Qlat.nv.all (11)

The total thermal load for the no ventilation case is then:

Qntotnv [Wh] = Qsensnv + Qlatnv (12)

The calculated loads Qniotnv and Qaiatnv are then used to calculate new runtimes for the heat pump
in normal and active dehumidification modes when there is no ventilation. The runtime for
normal heat pump operation without ventilation is:

tinfan.nv = Qntotnv / Onavg (13)
The runtime for active dehumidification is:
tatatnv = Qatatnv / (alat.avg (14)

The standby power for heat pump operation without ventilation is then:

tstaby.nv = 24 — tipfan.nv — taiatnv (15)

If tsaoy.nv IS Negative, it means that auxiliary resistance heat was needed for time tresny. The tresnv
is increased in increments of 10 min, with a fixed capacity of 10 kW. This capacity is then
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subtracted from Qnotny @and runtime tipranny re-calculated. When Equation (15) is satisfied, the
total electrical energy required for each operating mode for Scenario 1 can be calculated as:

Ennv = Qntotnv / COP, (16)

Eatatnv = Qalatnv / COP gt 17)

Estaby.nv = tstaby.nv (0 1Dfan stdby.avg + JODfan.stdby.avg) (18)
Eresnv = tresnv (Qres) (19)

Etotnv = Ennv + Eatatnv + Estdoy.nv + Eresnv (20)

WHhere g ipfan.stdby.avg @Nd Qopfan.stdby.avg are the average power consumption associated with the
standby power of the indoor and outdoor fan units, respectively. Thus, the additional energy use
of operating an HRV (Scenario 1) at the NZERTF would be:

E+scenario 1 = Etot — Etotnv (21)

The energy use consequences of ventilation without heat recovery at the NZERTF for one year
(Scenario 2) was calculated in a similar manner to Scenario 1 except for the following
differences:

Qsens.vent.all = Qsens.nv + Qsens.vent (22)

Qiatvent = Quatnv + Qlatvent (23)

These equations mean that the sensible/normal latent load on the house with ventilation without
heat recovery is the sum of the normal sensible/latent load without ventilation plus the
sensible/latent load of ventilation. For the remainder of the calculation, Equations (13) to (20) are
followed with the subscript “vent” instead of “nv” (Figure 4). The equivalent of E* for Scenario
2 1s:

E ™ scenario 2 [Wh] = Etotvent — Etotav (24)
3.3. Combined uncertainty
The expanded uncertainty of a measurand Y is [31]:
Y=y+U (25)
where y are the variables/measurements used to determine Y and
U = kxuc(y) (26)
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where k is a coverage factor (= 2) and uc(y) is the combined uncertainty of a measurement.
U = 2u. defines an interval having a confidence of approximately 95 %. Davis et al. [29] shows
how the combined uncertainty of the measurands defined in this paper were calculated.

The largest sources of uncertainty were for the HRV airflow and how the conditions in the HRV
exhaust were calculated. The airflow in the HRV was assumed to be constant in this study
because it was not continuously measured. However, even if it had been measured, its
uncertainty would be on the order of 20 %. The large uncertainty in the latent loads was due to
(1) the location where dewpoint temperature was estimated (e.g., the living room) because
dewpoint/RH measurements were lacking in the HRV duct (5 % uncertainty), and (2) the actual
measurement of dewpoint/RH even when measured with a total uncertainty of less than 5 %
produces uncertainties in latent capacity greater than 20 %.

4. Results and Discussion

Figure 5 shows the thermal energy impact of the HRV and ventilation without heat recovery.
Sensible loads are the sum for each month with positive sensible indicating cooling and negative
indicating heating the house. A negative latent load occurred when the moisture content of the
ventilation air was less than that inside the house. During the months dominated by cooling (July
2013, August 2013, September 2013 and June 2014, shaded in Figure 5), a positive sensible load
means the outdoor air being supplied (either with or without heat recovery) cooled the house.
Thus, in August 2013 and June 2014, the use of the HRV was more advantageous than
ventilation without heat recovery because the HRV sensible load was positive. The sensible load
associated with ventilation without heat recovery was negative (i.e., heating the house) in August
2013 and June 2014. In July, the use of the HRV was also more advantageous than ventilation
without heat recovery though both ventilation scenarios resulted in the outdoor air adding heat to
the house. In September 2013, the cooling provided by the HRV was 54 kWh, but the cooling
provided by ventilating without heat recovery could have been 123 kWh (an increase of 56 %).
This situation would result from the times of day when the outdoor temperature was actually less
than the indoor temperature. Thus, the HRV at the NZERTF could have benefited from an
economizer mode, i.e., no heat exchange between the exhaust and outdoor air streams to allow
cooling with outdoor air.

The differences in latent load in the cooling months ranged from 0% (July) to 36 %
(September). Theoretically, the latent loads should be equal between the two ventilation cases
since there was no moisture transfer in the HRV. However, they are not equal because the latent
loads are calculated using dewpoint temperatures measured at two different locations. These
differences in sensible and latent loads in the cooling months resulted in an average of 4 %
increase in heat pump energy use when using the HRV compared with ventilation without heat
recovery.
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During the months dominated by heating (October 2013 to May 2014), a positive sensible load
meant the outdoor air being supplied cooled the house. Thus, smaller sensible loads are better
from an energy perspective. Between October and May, there was an average 60 % reduction in
sensible loads when using the HRV compared with ventilation without heat recovery (Figure 5).
Since the latent load would not impact the heating load of the heat pump, which did not possess
humidification capabilities, the latent load was not plotted in Figure 5. The reduction in sensible
load when using the HRV resulted in an annual 12 % reduction in heat pump energy use
compared with ventilating without heat recovery during the heating months (Figure 6).

The annual heat pump energy required to condition outdoor air supplied by an HRV was 7 %
less than that required if outdoor air were supplied without heat recovery. This annual energy
impact is similar to the studies mentioned in Sec. 1. There were energy savings in colder climates
when using an HRV compared with supply ventilation. In warmer climates, however, the savings
were reduced and under some conditions penalties were incurred.

The 7 % annual heat pump savings do not account for the fan power required to operate the HRV
continuously for one year, which was 513 kWh. Using data provided by the Home Ventilating
Institute (HV1), the power required by a supply fan delivering 171 m® h™* was on average 25 W
[32]. Figure 7 thus shows that the HRV required more fan energy over a year (an increase of
294 kKWh) than the scenario of using the selected supply fan. The annual heat pump energy saved
by using an HRV was 280 kWh less than using the selected supply fan (a 1 % difference). Thus,
the energy “cost” of operating the HRV essentially paid for itself with the heat pump energy
“savings” given the uncertainties reported in Sec. 3.3. The values in Figure 7 were verified using
calibrated EnergyPlus and TRNSYS energy models simulated with and without ventilation, with
and without heat recovery. These findings are also consistent with the available literature. For
instance, Lstiburek et al. [16] simulated high performance homes in six U. S. cities and found
that the total heat pump and ventilation fan energy due to ventilation with and without heat
recovery differed by 0 % to 7 %. Rudd et al. [18]simulated high performance homes in six U. S.
cities and found that the total heat pump and ventilation fan energy due to ventilation with and
without heat recovery differed by 2 % to 11 %. The average savings using a recovery ventilator
in these two studies was 5 %. If the HRV fan in the NZERTF had a higher efficiency, such as the
most efficient HRV listed by the HVI of 7.3 m®h™ W [32], the use of an HRV would have
saved 5 % annual energy compared with ventilating without heat recovery.

It should be noted that these findings are climate dependent. In this climate, using the HRV
results in less energy consumption during the heating months and more energy during the
cooling months compared to ventilation without heat recovery. The results of these findings are
also dependent on internal loads, leakage through the building envelope, efficiency of the
equipment, thermostat settings (temperature with no setback), limit of 50 % RH, and ventilation
rate, etc. As discussed in Sec. 2.1, the thermostat had a control logic that unnecessarily energized
the electric resistance heat of the heat pump in the heating months. If the heat pump would have
14



been allowed to run longer in 1% or 2" stage heating, the energy use of the heat pump in heating
mode would have been reduced by 20 %. This would affect how much additional heat pump
energy is attributed to the outdoor air being supplied by the HRV. It should also be noted that
this analysis assumes that 100 % of the thermal loads introduced by either the HRV or
ventilation without heat recovery needs to be conditioned by the heat pump even though the
indoor relative humidity was also limited to 50 %. This study also did not consider the sensible
and latent loads introduced by infiltration alone. Another factor that would affect the results of
this study is the use of an ERV instead of an HRV. The ERV has the potential to reduce the
latent load introduced into the house, especially in the cooling season. The reduction in latent
load may reduce the need for dehumidification by the heat pump, which is when the COP of the
heat pump is lower than in normal operation. If any of these conditions were different, the results
of this study would change.

The annual heat pump energy required to condition outdoor air supplied by an HRV was 13 % of
the total heating and cooling requirements. The energy required to operate the HRV fan was 4 %
of the total energy consumed by the house. It could be concluded that the cost of ventilating the
NZERTF was low considering the two to tenfold increase in indoor contaminants measured in
the house when the HRV was off , which included formaldehyde, d-limonene and hexanal [33].

5. Conclusion

A net-zero energy residential test facility has been constructed on the NIST campus in
Gaithersburg, MD. The facility has demonstrated that a residence similar in size, aesthetics, and
features to those in the surrounding communities can achieve net-zero energy operation. During
the first year of operation the residence generated more electricity using the solar photovoltaic
system than it consumed while meeting the electrical, water usage, and comfort needs of a
typical four member family. The greatest end use of electricity within the residence was space
conditioning. Ventilating the house as operated at the NZERTF using an HRV resulted in 7 %
savings in heat pump energy use on average over the year compared with ventilating without
heat recovery. The monthly impact on the heat pump energy use ranged from 5 % increase in
cooling months to 36 % savings in heating months. However, during this year, the fan power
consumption of an HRV paid for itself in the annual savings in heat pump energy compared with
ventilation without heat recovery. These findings are consistent with the literature, which were
conducted using simulations.
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Figure 4. Flow chart showing process for calculating the energy use consequences of
ventilating with (Scenario 1) and without heat recovery (Scenario 2)

Note: Quantities inside dashed boxes are measured quantities. The subscript “nv” should be replaced with “vent” with performing
the calculations for Scenario 2.
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Figure 5. Additional thermal energy introduced to house compared with no ventilation case

"Missing data for August 2, 2013 through August 6, 2013. Shaded portions of graph are for cooling months.

2Sensible loads are the sum for the month with positive sensible indicating cooling and negative indicating heating the house;
some days the HRV or mechanical ventilation reduced the heating or cooling loads, and some days the HRV or mechanical
ventilation increased them

3Ideally, Qy1rv Should be equal to Q¢ vent SiNCe there is no moisture transfer in the HRV. However, they are not equal because
QiatHrv IS calculated using the conditions in either the living room or in the exhaust duct, and Q .ven: iS Calculated using the
conditions in return duct of the heat pump. A negative latent load occurred when moisture was removed from the house. Latent
loads are not shown for the heating months since they would not impact the heating load of the heat pump, which did not possess
humidification capabilities.

4As discussed in Sec. 3.3, the combined uncertainty of the thermal loads can range from 25 % to 300 % depending on the
conditions of air (warm/humid, cool/dry). Sec. 3.3 discussed the assumptions that led to this uncertainty.
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Figure 6. Monthly energy use impact of ventilation (with and without heat recovery)

Ypositive change in heat pump energy use means that for the particular method of supplying ventilation (with or without heat
recovery), the heat pump energy use increased compared with the no ventilation case. Negative values mean that the heat pump
energy use was reduced compared with the no ventilation case.

2Percentages are the difference in heat pump energy between using an HRV and ventilating without heat recovery. Positive
percentages indicate that the HRV required more heat pump energy than ventilation without heat recovery.

3Shaded portions of graph are for cooling months.
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List of Tables
Table 1. Equipment used to conduct measurements for determining energy impact of HRV

Total Uncertainty at

Instrument Model Range the 95 %
Confidence Level
Dry bulb temperature Type-T 13°C 1030 °C +0.2°C
Sensors thermocouple
Michell
Humidity sensors V\I/rll\;t:;grge;t; 0 %RH to 100 %RH +3 %RH
HX
Transducer voltage National
measurement Instruments, 0to 10 VDC +5 mVvDC
cDAQ-9205
National o o
ther;gzgjples Instruments, -10°C1055°C +0.6 °C
cDAQ-9214
Barometric pressure NA 20 to 30 in Hg +1 % of reading
: N 0 to 300 VAC,
Indoornt](;ttilrpower Ohlovsi;?_)glrzonlcs 100 Amps, +100 W
20 000 W
Outdoor unit power  Ohio Semitronics 0 to 300 VAC, +20 W
meter W-110X5 20 Amps,4000 W -
Supply air dry-bulb  General Eastern -28.8°Cto49 °C 105 °C
temperature sensor Humi-DP-XR-D e
Supply air dewpoint ~ General Eastern -28.8°Cto49 °C +1.0°C
temperature sensor Humi-DP-XR-D T
Return air dry-bulb Vaisala -40°Cto 60 °C +0.2°C
temperature sensor HMT330-3 e
Return air dewpoint Vaisala -20 °C t0 100 °C .
temperature seelsor HMT330-3 *1.5 % of reading
Outdoor air dry-bulb Vaisala -40°Cto 60 °C +0.2°C
temperature sensor HMT330-3 O
Outdoor air dewpoint Vaisala -20 °C t0 100 °C .
temperature ser?sor HMT330-3 *1.5 % of reading
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