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With the United States being the world’s second largest consumer of primary energy, research into
areas of significant consumption can provide large impacts in terms of the global energy
consumption. Buildings account for 41% of U.S. total energy consumption with the residential
sector making up a majority. Household appliances account for the second largest site energy
consumption at 27%, after the HVAC system for the U.S. residential sector. Federal appliance
standards have been instrumental in improving efficiencies but have been increasing aggressively
to where it is unknown what suitable technologies can support this rate of increase. Thermally
integrating residential appliances by leveraging waste heat recovery goes outside standards and
has not been adequately explored by connecting all residential appliances. Limited studies exist
focused only on single appliances connected to waste heat recovery or being thermally integrated.
Preliminary modeling on waste heat availability from five major appliances, namely refrigerator-
freezer, clothes dryer, clothes washer, dishwasher, and cooking oven was conducted. Conservative
estimates predict the total amount of heat recovery to be around 2,000 kWh/year; clothes dryer -
137 kWhlyear, clothes washer - 60 kWh/year, 1,500 kWh/year- refrigerator-freezer, 27 kWh/year
— dishwasher, and 178 kWh/year — cooking oven. The cooking oven presents technical challenges
coupled with safety concerns. The clothes dryer and refrigerator-freezer can deliver useful water
temperatures and reduce compressor power consumption, up to 20%. The dishwasher has better
opportunity as a heat sink to offset the internal heater, 0.17 kWh of electricity/cycle for heating
wash water. The clothes washer drains large volumes of water available for heat recovery and can
offset the impact of using high temperature washes with improved wash performance.

Modelica appliance models have been developed for four of these five appliances. The Modelica
models capture individual use and the predictions of the RF and DW were compared against
available experimental data. The individual models have been connected to a simple storage tank

model to simulate the integrated appliance system. An integrated appliance prototype was designed
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and fabricated for the collection of experimental data. Comparisons made between the
experimental data and the integrated appliance simulation results adjusted the modeling approach
and improved agreement with collected data. After tuning, ideal modifications to each appliance
are made and reflected in a new integrated model. A parametric study is conducted on ideal
improved, thermally capable appliances under a 1-week schedule for two different tank sizes. For
300L and 150 L tank sizes, the appliance total energy for the week is roughly 30.5 kwWh compared
to a baseline appliance system with no thermal resource sharing at 33.8 kWh. At an electricity cost
of $0.15/kWh, the cost savings for the integrated system is a little over $0.40/week. Furthermore,
the savings is completely diminished when considering the required auxiliary power to support the
exchange of heat between each appliance and storage tank. The impact of tank size should be
explored further to identify a critical tank size where the system savings is no longer available.
Accounting for all the domestic hot water needs of the home would generate an improved picture
where integrated appliances have technical feasibility.
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1. INTRODUCTION

The North American and European continents have historically dominated global energy
consumption due to the concentration of advanced technologies utilizing energy dense resources
such as fossil fuels. Having access to highly capable means provided a fertile backdrop for
numerous improvements to quality of life. Widespread electrification enabled greater access to
advanced technologies while growing the demand for fossil fuels to generate the electricity. Other
developments producing quicker methods of travel such as the railroad or internal-combustion-
engine have also contributed to this existing demand of fossil fuels. The growing demand on a
limited resource required these regions to explore new areas of the globe to continue their support
for these societal improvements. With the rise of computers and the ease information is spread
globally, other regions without these rapid advancements are quickly developing their own

countries.
1.1 Motivation

Globalization has spurred not only the spread of advanced technology to developing nations, but
has also accelerated the rate of adoption. As a result global energy demands are outpacing the
population growth as developing nations advance the standard of living to larger percentages of
the population. The annual growth rate of global energy and population in 1990-2000 was 1.3%
and 1.4% respectively while during the next 10 years, in 2000-2010, this increased to 2.8% and
decreased to 1.0% respectively (Buildings Energy Data Book, 2011). More specifically the regions
with a significant annual growth of energy were China, India, and Africa at 11.1%, 5.9% and 4.9%
respectively. In terms of global population, these regions and countries account for 20%, 18.1%
and 14.9% respectively of the total, combining for more than half of the entire population of the
Earth. From this high rate of energy growth from the fastest growing population sectors, the U.S.
has fallen to second place behind China as the largest consumer of energy in the world, with less
than a quarter of the population. The US consumed 103.2 EJ (97.8) quads of primary energy in
2010 or 19% of global consumption (Buildings Energy Data Book, 2011). Reducing the energy
consumption of the US provides an effective mechanism to achieve significant reductions to the

world total energy consumption. The U.S. Department of Energy breaks down the energy picture
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across four sectors: transportation, commercial, residential and industrial. The building sector,
which combines both commercial and residential, is the largest consumer at 41% of the U.S. total
compared to 29% from transportation and 30% from industry, Figure 1. In broader terms, U.S.
buildings, on their own, account for 7% of global primary energy consumption. The dominate
energy source was fossil fuels at 75%, while nuclear generation and renewables provided 16% and

9% respectively (Buildings Energy Data Book, 2011).
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Figure 1: Global Breakdown of World Energy Consumption (Buildings Energy Data Book,
2011)

A further look into the energy consumption of the building sector indicates 41 EJ (39 quads) of
primary energy provided only 21 EJ (20 quads) of site energy for an energy loss of 49%. A large
source of these losses occurs from site electricity usage. From the production of electricity at the
power plant, to the transmission and distribution through the grid, conversion and resistive losses
stack-up and compound the inefficiencies present. The impact results in larger than necessary,
primary energy consumption to support end-use electricity. Therefore, exploring methods to
reduce site electricity will magnify any impact on annual building energy consumption by
demanding less primary energy for electricity generation. Addressing residential energy
consumption for the building sector is of greater relative importance due to residential buildings

accounting for a slightly larger consumption than the commercial buildings, 22% versus 19%.
1.2 Scope

The largest percentage of residential, site energy usage is from the heating, air conditioning, and
ventilation (HVAC) system, 54%. The next significant percentage is from the household

appliances; water heater, refrigerator, wet cleaning (dishwasher, clothes washer and dryer) and
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cooking equipment at 27% (Table 2.1.5 Buildings Energy Data Book, 2011). A complete

breakdown of each end use percentage of total site energy consumption is presented in Figure 2.
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Figure 2: Residential Site Energy Consumption by End Use (Buildings Energy Data Book, 2011)
Countless studies have been conducted to reduce building HVAC energy by exploring various
improvements on the HVAC equipment to upgrading building materials obtaining reductions in
the thermal demand of the home. For household appliances, the research has mainly been focused
only on the appliance itself with some study on benefits from connection to resources available
outside the appliance. Legislation is mentioned as a great mechanism to drive energy reductions
in household appliances (Bansal et al., 2011). Federal standards have resulted in significant
reductions in appliance energy consumption by forcing the industry to explore and adopt new
technology. As one example, the average annual electricity use of U.S. household refrigerators in
1980 of about 1,300 kWh drops to about 950 kWh in 1990 and then is under 700 kWh by 1992
due to the introduction of new energy efficiency standards in 1990 and 1993 (Meyers et al., 2003).
In spite of legislation demanding appliances to complete the same function with fewer resources,
manufacturers have been able to increase the capacity of appliances in the same timeframe. A plot
in Figure 3 identifies this effect. The years when new RF standards were applied relative to their
annual energy consumption are shaded and compared to the upward trend in the average volume
of RF cavities (Bansal et al., 2011). Under a new standard, the RF annual usage decreases and
quickly levels off establishing a new baseline. The similar trend is observed in Figure 4 for CWs



23

when plotting the energy consumption per cycle (Bansal et al., 2011). The standards have become
more aggressive and started targeting additional appliances. In the U.S., the following efficiency
standards were set in 2010 (Bansal et al., 2011):

e RFs—reduce energy use by up to 30% by January 2014

e CWs - VA save 26% energy and 16% water by 2015, increasing to 37% energy and water
savings by 2018; HA reduce energy use by 43% and water use by 52% by 2015

e CDs — increase efficiency by 5% in 2015

e DWs —save 14% energy and 23% water by January 2013
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Figure 3: Historic Trend of Refrigerator-Freezer Annual Consumption and Unit Size (Bansal et
al., 2011)
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While regulation in general provides benefits to consumers, they can create tunnel vision for
manufacturers by limiting their scope in adhering to the standards and only considering
improvements within the scope of one appliance. This perspective is referenced in literature,
“appliances are optimized to meet standards and not actual use, especially when it comes to
energy” (Bansal et al., 2011). The authors point to three experimental studies where the best

performance of the appliances tested was at the same conditions as their respective standard.

New savings are realized when one considers waste heat streams available from each appliance
that is not covered by the standards. The RF rejects internal heat from the cavity to adjacent air
behind or beneath the unit. CWs and DWs can drain hot or warm water after each wash and rinse
cycle. CDs vent moisture removed from wet clothing as hot, moist air via ductwork to the outside
of the building. At the end of a baking cycle, a CO slowly dissipates high temperature thermal
energy built-up in the cavity to the ambient air. Identifying the amount of heat available and their
associated temperatures from these different waste streams can predict the amount of reuse

possible through heat recovery.
1.3 Approach

Early work on waste heat recovery of residential appliances used an RF condenser to preheat
supply water to the water heater (Bansal et al., 2011). One study looked at DWs for waste heat
recovery but reported a 13 year payback period (Bansal et al., 2011). Water recycling of the CW
is one potential means of waste heat recovery. COs vent hot air with the potential for heat recovery
(Bansal et al., 2011). One example is the CD exhaust has been used to preheat incoming cold air.
A review on technological status of five major residential appliances; RFs, DWs, CWs, CDs and
COs identify overall energy use can be reduced by more than, 50%, 17%, 43%, 50%, and 45%,
respectively, through several strategies including waste heat recovery and legislative

improvements (Bansal et al., 2011).

One barrier to the adoption of new, highly efficient appliances is third-party decision makers,
developers, who purchase the equipment but do not pay the utility bills (Bansal et al., 2011).
Creating a packaged, integrated appliance system for installation in new construction could appeal

to developers with lower labor costs for installation and smaller dead volume in the building layout.
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Having all appliances connect to a single, cold water supply, the installation is easier and thus
becomes attractive to the installer. Additionally, the standard expectation of homes providing
access to all five major appliances makes an integrated approach intuitive. The development of
new appliances should be within a connected system instead of individual components operating
independently.

To develop an understanding of the waste energy profile of household appliances, their standard
operation and typical usage characteristics had to be captured. First, the total number appliances
installed in the U.S. are identified. If available, a distinction is made between the different
technologies available driving the appliance. For example, CDs heated by gas combustion or
electric resistors. Next, the energy usage per appliance is reported as an annual or per cycle energy
consumption. Sources listing appliances with only cycle energy consumption usage are combined
with their respective usage rates to estimate annual energy consumption. Published or
manufacturer data provides typical operational parameters of the appliance; volume and
temperature of water being drained by the CW and DW, temperature and humidity of exhaust air

by the CD, vapor compression cycle of a household RF, and the metal cavity mass of the CO.

A great point mentioned on implementing waste heat recovery for all appliances is the requirement
of energy storage due to the intermittent nature of each appliance operation (Bansal et al., 2011).
The authors indicate energy storage would need to be optimized for a range of temperatures;
cooling, preheating, and reheating. While projections on energy savings utilizing waste heat
recovery are up to 25%, more research is needed: an energy storage system supporting a range of
temperatures across all appliances, and investigating the physical approach to extract or deliver
heat to each appliance; a combination of HXs, piping, pumps and sensors interfacing with the
energy storage system (Bansal et al., 2011). As a reference, the approach that is proposed can be
seen in Figure 5. While the amount of sensors would be reduced in a commercial application, the

amount of added components to each appliance is realized.
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Figure 5: Schematic of Proposed Integrated Appliance Test Stand
1.4 Objectives

To properly investigate thermally integrated appliances and provide useful recommendations,
objectives are outlined. The first objective focused on conducting a theoretical and comprehensive
analysis assessing the impact of thermal resource sharing between residential appliances through
EES and Modelica models. Sub-models are created for each major appliance capturing its
operation when running under the standard, standalone mode. Each appliance model can be
compared to readily available experimental data collected by the manufacturer for quick

verification.

The second objective used the conclusions obtained from this analysis as inputs to design and build
a prototype system for an experimental investigation. The previously built Modelica models for
each appliance are combined to create an integrated appliance model capturing the physical
connections. The experimental data collected under a basic testing procedure is applied to the
modeling simulation results to fine tune model inputs and validate results showing improved
agreement. Simulations run on validated models estimate any energy savings from thermal

integration and scope the requirements to achieve them.
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The work culminates in a parametric study on the validated, integrated model by exploring the
impact on appliance energy savings with variation in the thermal network temperature and the
storage tank. Considerations can be made from multi-family or single-family housing units having
different usage levels that are dependent on the respective consumer trends or behaviors from those
sectors. The level of energy and operating costs reduced is identified for the respective different

input factors to further map the system capabilities.
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2. APPLIANCE BACKGROUND

The major residential appliances are identified as the clothes washer and dryer, cooking oven,
dishwasher, and domestic refrigerator/freezer. From this list, each appliance is investigated
thoroughly to identify a number of characteristics or features that define the scope of the appliance;
the total number of units installed in the U.S., the frequency of use, and the different technologies
driving the appliance function.

Residential lighting, appliances, and miscellaneous electric loads have grown to become
significant fraction of total household energy (Eastment et al., 2006). These end uses are all heavily
dependent on occupant behavior and product choices (Eastment et al., 2006).

An NREL study created a reasonable method to calculate energy savings for DWs, CWs, and CDs
when comparing models with different efficiencies (Eastment et al., 2006). The specifications
required are available on Energy-Guide labels, ENERGY-STAR® website, California Energy
Commission’s Appliance website and manufacturer’s literature. The approach enables feedback
on the impact of efficient appliances on the whole-building energy consumption. For example, the
influence on the annual DW energy consumption from different DHW set-points or main water
temperatures can be captured, and then savings by available DW models are compared using their

associated efficiency ratings.

The introduction of microprocessors in appliances provides remote control to shift the demand
during peak loads (Bansal et al., 2011). PCMs introduced into RFs allow load shifting to be safely

used with minimal impact on the cavity temperatures.
2.1 Refrigerator-Freezers

Out of 113.6 million American homes, 113.4 are listed as using a refrigerator with 87 million
having only one while 26 million have two or more (Table HC3.1 RECS, 2009). Two
configurations are the most common: top-mount freezer accounts for 49% of all refrigerators while

the side-by-side accounts for 34%. With RFs offering different configurations the fundamental
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technologies still stands, a vapor compression cycle operates to maintain a cavity temperature by

rejecting the heat to the ambient air.
2.1.1 Electrical Consumption

In 2008 the median volume and annual electricity consumption for the top-mount freezer and side-
by-side were 510 liter (18 ft%), 454 kwh and 710 liter (25ft%), 580 kWh respectively (Refrigerator
Market Profile, 2009). A higher annual consumption of 660 kWh is projected when under certain
test conditions specified by the Department of Energy (Table 2.1.16 Buildings Energy Data Book,
2011). The refrigerator size for this larger value is not mentioned and the test standard version is
unknown, both of which would impact this estimated annual energy consumption. The current
EPA Energy Star program requires a 10% reduction from the 2014 federal minimum standards
(ENERGY STAR V.5, 2013). As an example, the maximum annual energy consumption under
the current standards; a top-mount freezer with no icemaker and a rated capacity of 510 liter (18
ft%), can use 403 kWh for the federal standard and 363 kwWh for Energy Star. For the other common
configuration, a side-by-side with an icemaker and a rated capacity of about 710 liter (25 ft3), must
have a maximum annual consumption of 705 kWh for the federal standard and 634 kWh for Energy
Star. Comparing the median values from 2008 to the 2014 federal standard, a reduction of 11% is
reported for the top-mount freezer, while for the side-by-side, an increase of almost 10% is found.
One potential reason for the allowable increase for the side-by-side is having an icemaker puts the
refrigerator into a different category for the federal standard, and thus provides a higher annual

consumption to handle ice making.
2.1.2 Efficiency Ratings

National Appliance Energy Conservation Act in 1987 mandated the Department of Energy to

develop and maintain standards on RFs and freezers (Radermacher et al., 1996).
2.1.3 Cycle Characteristics

Experimental data collected by the manufacturer during a standard DOE test run was obtained for
a 750 liter (26.5 ft3) rated volume, side-by-side refrigerator with ice maker. Referencing an older
Energy Star version, the refrigerator was certified with a 552 kWh annual energy usage falling
under the federal standard of 737 kwWh (references Model WRL767SIA*0* EnergyGuide Label)
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How was this model selected to represent the experimental data?

Have two sets of data, SN33 with transducers, for GSS26C4XXW03. And a second data set, MM
Data with System Specs.xlsx, that is from a similar unit with same compressor. See emails “Fw:
SxS Test Data” from 02/11/2014 and “More Refrigeration Data” from 02/11/2014 for more details.
Also, a compressor map for EGX70HLC was sent in an email, “Fw: Compressor Map” from
02/14/2014. Compare to the fit made on the other compressor used for the unit modified for TIRA
testing.

The data was processed using EES to determine the heat transfer rates and COP of the refrigeration
cycle (Klein et al., 2002). Many cycles of the compressor turning on and off are captured during
the 48 hour test. The RF is also goes through a defrost cycle after about 18-19 compressor cycles.
A calrod heater rated at 160W is run off a timer, lasting 10-30 minutes using 0.027 to 0.08 kWh.
The ambient and refrigerated cavity conditions are relatively constant during the testing span and
only one cycle is needed to understand the operation of the refrigerator. The ambient and freezer
compartment (location of the evaporator) temperatures measured were 32.2°C (90°F) and -16.6°C
(2.1°F) respectively. Air flow rates of 85 m?/hr. (50 CFM) and 68 m*/hr. (40 CFM) were assumed
for the evaporator and condenser. Air side measurements were used to obtain an estimated heat
transfer rate for each heat exchanger. The temperature difference across the evaporator was 3.9°C
(7°F) providing about 148 Watts of cooling. For the condenser, the temperature difference was
5.6°C (10°F) requiring 256 Watts of heat rejection to the ambient. The measured power
consumption of the entire refrigerator was 103 watts and the rated compressor displacement was
5.56 cm? (0.34 in®). Cooling and heating COPs were calculated to be 1.44 and 2.49 respectively.
Using the ambient and freezer compartment temperatures for heat sink and source reservoir
temperatures, a Carnot COP provides the ideal cycle efficiency for cooling and heating. Dividing
the measured cooling and heating COPs by the Carnot COP generates a 2" law efficiency
temperature. The data shows a cooling second law efficiency of 27% and a heating second law
efficiency of 40%. A refrigerator with the performance characteristics from the experimental data,
552 kWh per year, is referenced for the waste heat analysis. The number of units in the U.S is
roughly 38.6 million from 34% of all refrigerators are side-by-side. The total annual energy

consumption is therefore 0.077 EJ (0.073 quads) for all side-by-side refrigerators.
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2.1.4 Controls

The overall control steps assumed for a basic RF are laid out in a flow chart seen on the left in
Figure 6. Once the unit is plugged into a power source, it immediately starts monitoring the cavity
temperature and compares it against the programmed thermostat temperature. This can be adjusted
in some units by the end-user via a dial or programmed input. The HX fans are powered on before
the compressor is activated. The diagram also indicates in the sequence when the pump driving
the cooling loop would be activated. Once the compressor is ON, the controller checks both the
cavity temperature and the defrost condition. If the cavity temperature reaches an OFF threshold,
the unit is cycled OFF and continues to monitor the temperature until it reaches the ON threshold
again, repeating the cycle. If the compressor is ON and the defrost condition becomes active, the
RF goes into the defrost mode. A basic approach relies on a timer during which a calrod heater
connected to the evaporator is powered ON diffusing heat and melting the accumulated frost. The
duration is often a fixed value dependent on a frost rate as a function of compressor runtime. The
right flow chart of Figure 6 shows a basic example of a timer based de frost controller energizing

the calrod heater until a time threshold is reached.
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T_RF < T_req Tum ON Fans/Pumps l
Cond/Evap Fan OFF
Y Tum ON Compressor d P
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Figure 6: Overall Basic RF Temperature Control Flow Chart (Left) and Basic Defrost Timer
Control Flow Chart (Right)

Calrod Heater ON
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2.1.5 Energy Saving Methods

The refrigerant used, methods to improve the refrigeration cycle efficiency (charge optimization,
new compressors, Lorenz-Meutzner), decreasing the cabinet heat load (vacuum insulated panels),
reducing parasitic electrical loads (high-efficiency fan motors), and reducing on/off cycling losses
(preventing refrigerant migration, defrost) are summarized (Radermacher et al., 1996).

The combination of improved insulation levels, compressor efficiencies, and system optimization,
led to energy savings of 25%, 33% and 42% respectively in a chest freezer in Europe (Bansal et
al., 2011).

Refrigerant Migration

A 4% reduction in the RF power consumption and increased cooling capacity was measured when

preventing refrigerant migration during compressor off-cycle (Radermacher et al., 1996).
Replacement Refrigerants

During an investigation for a replacement refrigerant for CFCs R11/R22, an HFC, R134a showed
lower efficiencies by 4-10% (Radermacher et al., 1996). Hydrocarbons or ammonia due to their
zero ozone depletion potential (ODP)are mentioned as an alternative replacement to HFC134a
(Radermacher et al., 1996). R152a was also considered to replace R12 having a very low global
warming potential (GWP) value compared to other replacement candidates but its flammability
was a major drawback (Radermacher et al., 1996). Hydrocarbons such as, propane-R290, have
superior transport properties while having comparable thermodynamic properties to CFC12 and
22 (Radermacher et al., 1996). The paper reports of isobutane, R600a, being using in Europe for
domestic RFs and freezers with no automatic defrost (Radermacher et al., 1996). Isobutane used
extensively in residential refrigerators outside the U.S., especially in Europe (Bansal et al., 2011).
The paper lists drop-in improvements of R290 or R600a having up to 2% improvement
(Radermacher et al., 1996). HFC-134a has GWP of 1430 of CO2 (Bansal et al., 2011). Legislation
is being considered to phase out HFCs while they are already scheduled for phase out in Japan and
Europe (Bansal et al., 2011). HFOs, R-1234yf or R-1234ze, have been identified by refrigerant

manufacturers as replacements for HFCs (Bansal et al., 2011). Offer up to 5% efficiency
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improvement with simple cycle modifications (Bansal et al., 2011). Further research is needed to
improve HX and compressor efficiencies (Bansal et al., 2011). The U.S. RF market is driven by
safety and liability and also has large units using 150-300g of charge (Radermacher et al., 1996).
Worldwide, RF sizes are considerably smaller and have lower risks when paired with
hydrocarbons (Radermacher et al., 1996). U.S. RFs rely on electric defrost providing another

safety risk if hydrocarbons are used.

Correlations on the optimum refrigerant charge based on the capacity of the evaporator and
condenser were suggested (Radermacher et al., 1996)-79. Another study explored the impact of
the RF ambient temperature on the required charge level (Radermacher et al., 1996)-80. Assuming
lower ambient temperatures required lower charge amounts, a water cooled condenser could
provide additional environmental benefits from the low temperature heat sink with lower charge
amounts. Due to safety regulations limiting the charge of hydrocarbons used in domestic systems,
water cooled condensers could enable larger capacity RFs to use low GWP, natural, hydrocarbon

refrigerants.
Compressor

Typical fixed speed compressors cycle often because they operate at 50% of their rated capacity,
sized to satisfy a maximum load (Bansal et al., 2011). Cycling leads to losses and impacts overall
RF performance. Linear compressors use very efficient linear electric motors, have improved
valving and are oil-free, providing benefits over existing reciprocating compressors (Radermacher
etal., 1996). Recent advances on oil-free linear compressors have improved the overall RF energy
efficiency by 30% (Bansal et al., 2011).

Cabinet

Vacuum insulated panels, VIPS, were in production over 20 years ago but at that time cost were
high (Radermacher et al., 1996). In the mid-1990s, an experimental study on VIPs established an
energy savings up to 20.4% depending on the area covered of the RF while recent studies show up
to a 25% savings (Bansal et al., 2011).
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Fans

Introducing high efficiency fans requiring only 2-5 watts from a current level of 10-15 watts
(Radermacher et al., 1996). Fans within RFs are still reported to 12 W for the evaporator, and 9 W
for the condenser while electronically commutated motors, ECMs, only need 2-5 W (Bansal et al.,
2011). While readily available, the market penetration of RFs is 50% of evaporators fans and 20%
of condenser fans (Bansal et al., 2011). 10% of overall RF energy use can be attributed to the fans
(Bansal et al., 2011).

Defrost Control

RFs have been tested using variable defrost control systems relying on a prediction based off daily
energy consumption (Radermacher et al., 1996). While this in practice works well, there is
significant opportunity on improving the efficiency of adaptive defrosting with a frost detection
sensor (Bansal et al., 2011). Defrost RFs commonly use electrical heater on the evaporator
operated by a timer (Radermacher et al., 1996). A further improvement on the energy penalty from
defrosting is to cycle the heater on and off and thus minimize the total temperature rise in the

cabinet to reduce the post defrost cooling demand (Bansal et al., 2011).
Different Cycle Configurations

Different approaches on cooling the two RF cavities separately with energy savings from 20% to
40% were reported but introduced more components; a second compressor, a second evaporator,
adding to the cost (Radermacher et al., 1996).

Control valve supplying refrigerant to one of two evaporators, with separate capillary tubes report
an energy savings over a single-stage RF (Radermacher et al., 1996).

18% improvement on two evaporators in series with cooling controlled to either RF cavity by

activating the respective fan (Radermacher et al., 1996).
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Alternative Refrigeration Technologies

Absorption, thermoelectric and Stirling cycles have all been investigated as alternative
refrigeration systems (Radermacher et al., 1996). A later review of RF research found eight
alternative refrigeration technologies investigated; absorption, adsorption, magnetic, Malone
cycle, Stirling/Pulse tube, thermoacoustic, thermoelectric, and thermo-tunneling (Bansal et al.,
2011). Only two refrigeration technologies, thermoelectric and magnetic, are mentioned having
promise for energy or environmental benefits but require significant breakthroughs to become cost

competitive with vapor-compression (Bansal et al., 2011).
2.2 Dishwasher

The market penetration of dishwashers in U.S. households is not as high as other appliances. About
59% or 67.4 million households use a dishwasher (Table HC3.1 RECS, 2009). 65% of U.S.
households use DWs accounting for 3.2% of the 2005 residential primary energy consumption
(Bansal et al., 2011). Water savings are obtained over traditional hand washing by recirculating
same volume of water to remove soils. A calrod heater provides energy input to water to indirectly

heat the dishware and cabinet.
2.2.1 Usage Frequency

The largest number of dishwashing cycles per year is listed at 365 or one per day (Table 2.1.16
Buildings Energy Data Book, 2011). The current Energy Star rating for dishwashers reduced the
average, annual number of cycles from 264 to 215 (ENERGY STAR V.6, 2015). From the housing
survey, 104 cycles per year covers 67% of all households using dishwashers while higher usage
rates, 208 cycles per year only covers 35% (Table HC3.1 RECS, 2009). For a conservative
estimate, 215 cycles per year is selected for dishwasher usage covering 35% or 23.7 million
households. From the Building America Performance Analysis Procedures, the number of DW
cycles per year is dependent on the number of bedrooms in the home, Nur, and the capacity of place

settings shown in Equation 1(Eastment et al., 2006).

Npy = 215 * [1/2 + (Nbr)] % 8 (CYCles) (1)

6 place setting capacity yr
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2.2.2 Electrical Consumption

To capture the energy impact associated by DWs, three types are categorized based off the water
connection and the use of an internal heater; only hot water connection with no internal heating,
only hot water connection with internal heating, only cold water connection with internal heating
(Eastment et al., 2006).

The energy usage of a dishwasher is heavily weighted by the required heating energy to maintain
the water temperature at a high temperature of around 50°C (122°F). One study on dishwasher
energy usage reports 88% of a dishwasher cycle energy input of 1.05 kWh is used for heating the
inlet water, the dishes and cookware, and the physical cabinet of the appliance (Persson, 2007).
Another source that does not include the energy required for water heating lists an annual energy
consumption of 120 kWh or by including the associated 365 cycles per year, the energy usage per
cycle is 0.33 kWh (Table 2.1.16 Buildings Energy Data Book, 2011). When considering Energy
Star requirements, a standard size dishwasher cannot use more than 270 kWh per year or 1.26 kWh
per cycle with 215 cycles per year (ENERGY STAR V.6, 2015). And for a compact dishwasher
(less than 8 place settings) the annual energy usage must be less than 203 kWh or 0.94 kWh per
cycle. A standard size, Energy Star dishwasher with 215 cycles a year, is selected by referencing
an annual energy consumption of 270 kwh. With 23.7 million households, the total annual energy

consumption of a standard, Energy Star dishwasher is 0.023 EJ (0.022 quad).
2.2.3 Water Consumption

The amount of water used by the dishwasher per cycle is listed in one study at 10.2 liter (2.7 gal)
per cycle (Persson, 2007). The current Energy Star requirements for a standard size limits water
usage to 13.2 liter (3.5 gal) per cycle and for a compact dishwasher, limits usage to 11.7 liter (3.1
gal) per cycle (ENERGY STAR V.6, 2015). Minor losses of water volume to the ambient through
evaporation and being trapped in the dishwasher on cookware or in the sump for the pump are all
neglected. The water usage of a standard, Energy Star dishwasher is used for the volume of waste
water available. With a working water temperature around 50°C (122°F) being maintained by the
internal electric heater, assuming some but minimal losses, result in an estimated drain temperature
of 40°C (104°F).
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2.2.4 Cycle Characteristics

A study was conducted on the DW electric heater developing a mathematical model capturing the
variation associated with power input, geometry, and operating strategy (McDonald et al., 1989).
During a DW drying cycle the calrod heater is exposed to air, becoming red-hot, reaching
temperatures near 1300°F (980°C) (McDonald et al., 1989). As a result the resistance increases
with temperature and reduces the power output of the heater as Equation 2 identifies. Parameters
for heaters used by one U.S. DW manufacturer are, 0.135 in nominal diameter, power outputs of
600-800 Watts, and heat fluxes from 14-28 W/in? (McDonald et al., 1989). European DW versions
have higher nominal power due to higher supply voltages but with longer lengths, the surface areas

are also larger resulting in comparable heat fluxes, 19-39 W/in? (McDonald et al., 1989).

. EZ E2
Welec = T T (2)

R Ro[1+a(T-T,)]
The water sump temperature and power consumption during a sample DW cycle with a soil sensor
is shown in Figure 7. Two different power levels are easily recognized in the graph; one during
the water heating periods of the cycle, ~800 W, the second during the drying portion when exposed
to air, ~500 W. The control of the electric element pulses the power supply to maintain a safe
element temperature and prevent any localized temperature extremes deformations or damaging
the DW tub or cabinet.
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Figure 7: Example DW Sensing Wash Cycle with Sump Temperature and Power Consumption
(Whirlpool Corp. 2017)

The thermal capacity for one heater was obtained by closely matching experimental data,

temperature versus time, and in this study, the best match was found with 145 W-s/K (McDonald
et al., 1989) The authors report for an 800 Watt heater, 619 Watts or 77%, is transferred by

radiation and remaining 181 Watts, or 23% by convection (McDonald et al., 1989). Three curve-

fits provide the heater temperature, convection heat flux, and fraction of heat flux transferred by

radiation, all dependent on the surface heat flux (McDonald et al., 1989). Within the sample cycle

shown, Figure 7, 0.8 kWh of electricity is consumed where; ~0.17 kWh heated the wash water
volume from 85°F (29°C) to 105°F (40.5°C), ~0.43 kWh heated the rinse water volume from
98°F(37°C) to 140°F (60°C), and ~0.18 kWh for drying the dishware (Whirlpool Corp. 2017). The

DOE energy efficiency rating requires accounting for the energy delivered to the DW in the hot

water volume, which is not included in the 0.8 kWh cycle total.
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The temperature rise in the DW water during the wash and rinse steps can be used to estimate a
lumped thermal capacity of the system including the dishware. By taking the total amount of
energy delivered during a heating step and dividing by the change in the system or DW water sump
temperature, a lumped thermal capacity is found. For a different set of experimental data, ten
heating cycles are identified and ten values of thermal capacity are calculated. Figure 8 is plot of

the calculated thermal capacity versus the starting temperature of the water sump.
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Figure 8: Calculated Thermal Capacity of Entire DW during Water Heating Cycles as a Function
of the Starting Water Temperature

2.2.5 Controls

A sample DW cycle, Figure 7, was referenced to build a sequence of operations the appliance
controller follows. A step was identified by having a unique function for a fixed duration within
the cycle. The experimental cycle data obtained from the manufacturer was found to have 8 unique
steps possible within one DW cycle, see Figure 9. Depending on the region in the world where the
DW is used, some of the steps listed are not used. For example, European DWSs do not use a heated

dry function and therefore would skip this step in the cycle.

The prewash step draws the initial volume of DHW for the cycle, circulating around the appliance
using one spray arm at a time. An optical sensor checks the turbidity of the water in the sump to
decide if a new batch of water is needed before proceeding into the main wash. If the amount of

soils removed during the prewash is high, the sump is drained to reduce the rate of soil redepositing
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on the dishware during the main wash. Next the electric element is energized to heat the water in
the sump to the required wash temperature, 40.5°C (105°F). The wash performance is improved
at higher temperatures. After reaching the set-point, the DW uses the mechanical action of the
spray arms for the main wash by pumping the water. A diverter oscillates the pump outlet to
operate one spray arm at a time on each rack. Water reductions required by federal standards have
reduced the volume allowed over the whole cycle and not enough volume of water is available to
run both spray arms at the same time. The main wash terminates after a timer expires and proceeds
into a pre-rinse step. The main wash water is drained and a smaller volume of DHW is drawn to
lightly rinse the dishware, removing any soils redeposited from the main wash. Depending on the
DW technology for the specific model, this may occur more than once before the rinse step is
entered. The electric element is again energized during the rinse step but this time a water sump
temperature of 60°C (140°F) is the set-point. One purpose of the high rinse temperature is to raise
all the dishware to a high temperature which improves the drying performance by starting the
system at elevated temperatures. The rinse water is drained and the DW controller enters the drying
steps. A short timed delay to let any water drip off the dishes. The electric element is used one last
time to accelerate the drying process and runs for a fixed time interval. The last step holds to air
dry the dishware by letting the residual heat remove any remaining moisture.
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Figure 9: Overall DW Control Flow Chart
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2.2.6 Energy Saving Methods

An energy savings of 20% over a residual heat drying system is reported from a DW assisted by
sorption (Bansal et al., 2011)-45. The Super Efficient Home Appliances Initiative promotes a DW
using a maximum 295 kWh/year and 16L/cycle of water (Bansal et al., 2011). A couple
recommended areas of improvement are adaptive control sensing the soil level, improving the food
filter to reduce redepositing, using ECM motors, higher levels of cabinet insulation, and an

improved dry cycle (Bansal et al., 2011).
Sense Soil Level

Depending on the level of soil on the dishware, a soil sensor coupled with filtered recirculation
can help reduce unnecessary purges of wash water. A prewash will circulate water to remove any
locations with large soil levels and accumulate in the DW sump. Here an optical sensor checks the
turbidity of the water and determines if a new batch of water is needed to reduce the rate of soil
redepositing before proceeding to the main wash. The DW is able to reduce the volume of water

used per cycle by adjusting to the type of load.
Reuse Waste Water

As explained previously, Federal standards on DWs regulate both the amount of energy used
(including energy required to heat DHW volume) and the volume of water consumption. One
approach investigated storing the previous cycle final rinse for the next cycle prewash. Here the
DW can reduce the total volume of DHW needed per cycle and thus reduce the associated energy
and water penalty. The approach is effective when assuming fairly clean water produced at the
final rinse can provide useful cleaning during the highest expected soiled wash step. The concern
for redepositing of soils from the previous final rinse is not significant due to the already high
expected presence of soils on the dishes. The estimated energy savings from this approach is not

quantified.
Alternative Heating Sources

Two different approaches were applied to reduce the electricity consumption by offsetting some

or all of the internal resistor heating energy (Persson, 2007). The first explored varying the hot
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water supply temperature. By increasing the DHW temperature from 49C (120F) to 65C (149F),
the amount of electricity can be reduced by 19%, 0.8 kWh to 0.65 kWh with the entire cycle still
using about 1.2 kWh of energy in total. The other approach applied an external water loop as a
heat source to the internal water and dishware through a custom designed and built HX. Above
loop temperatures of 70C (158F), the amount of electricity used plateaus to about 0.1 kWh while
around a loop temperature of 50C (122F), about 0.6 kWh of electricity is predicted. Both
conditions use similar amounts of total energy, combined electrical and thermal, for the entire

cycle.
2.3 Clothes Washer

More than 80% of U.S. households have clothes washers, consuming 3.7% of total residential
primary energy (Bansal et al., 2011).The total number of U.S. households having a clothes washer
is 93.2 million homes, slightly higher than the number of households with clothes dryers (Table
HC3.1 RECS, 2009). In general CWs are first broken down into two designs dependent on the
orientation of the drum, vertical axis, VA, top loading, or horizontal axis, HA, front loading
(Bansal et al., 2011). The dominate CW orientation is regionally dependent. In Australasia,
Canada, the U.S. (81% of all CW), and Latin America the VAs are popular while in Europe and
the Middle East, HA dominate the market (Bansal et al., 2011). Another approach classified CWs
into four types based off the water connections and use of an internal, electric heater; both hot and
cold water connections with no internal heating, both hot and cold water connections with no
internal heating but with thermostatically controlled valves, both hot and cold water connections
with internal heating, and lastly, having only a cold water connection with internal heating
(Eastment et al., 2006).

2.3.1 Usage Frequency

Many sources were found for the number of wash cycles per year. The smallest value reported was
289 for North American in a worldwide study of washing machine usage which is close to the
number of dying cycles assumed (Pakula et al., 2010). The largest value mentioned, 1.21 loads per
day or 442 cycles per year, was obtained from a two-month, field demonstration in Bern, Kansas
comparing vertical and horizontal washing machines (Tomlinson et al., 1998). One value was

found in two reports, 392 cycles per year, from the Texas Water Development Board and the DOE
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(7.2 Residential Clothes Washer, 2013) (Table 2.1.16 Buildings Energy Data Book, 2011). A final
source provided a breakdown of the number homes for a range of loads per week (Table HC3.1
RECS, 2009). Converting the weekly total to a yearly value, 43.9 million households use the
washing machine at least 260 to 468 cycles per year versus 84.9 million homes using it at least
104 to 208 cycles per year. To be conservative on estimating the waste energy source, assuming
an annual number of 289 wash cycles covers at least 43.9 million households and is larger than the

annual number of drying cycles assumed.

From the Building America Performance Analysis Procedures, the number of CW cycles per year
is dependent on the number of bedrooms in the home, Neor, and the test load weight, TLW, as shown
in Equation 3 (Eastment et al., 2006).

Now =392+ |12+ ()] * (o) (57°) @

2.3.2 Electrical Consumption

The energy consumption per cycle of clothes washers is sometimes reported with the energy
required for generating the hot water used during the wash cycle in spite of the energy being spent
externally to the appliance. Low average wash temperatures for North American result in low
energy consumption levels due to reduced energy required for heating water, 0.43 kWh per cycle
(Pakula et al., 2010). Annual energy consumption at this level with 289 cycles is 124 kWh. On the
same magnitude, 110 kWh is reported when excluding energy required to heat water used by the
appliance (Table 2.1.16 Buildings Energy Data Book, 2011). If the water heating energy is
included, a top loader had an average, measured energy consumption of 2.26 kWh per cycle and a
front loader had 0.96 kWh per cycle (Tomlinson et al., 1998). Following the same procedure with
289 cycles per year, the annual energy consumption is 653 kWh for top loading washers and 277
kWh for front loading. Considering only top loading washers covering 76 million households, the
total annual energy usage when including water heating energy (653 kWh/yr) is 0.18 EJ (0.17
quad) or excluding water heating energy (110 kWh/yr) is 0.03 EJ (0.028 quad).
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2.3.3 Water Consumption

The waste stream of clothes washers is the elevated temperature water at the drain of the appliance.
To accurately determine the amount of energy available, the volume of water drained and the
associated temperature is required. The type of washing machine greatly impacts the volume of
waste water leaving due to the different methods employed to agitate the clothing. Top loading
washers require larger volumes of water to achieve the desirable cleaning performance compared
to front loading machines. With a significant number of CW in the U.S. being top loaders, a value
of 144 liter (38 gal) per cycle is provided from one study (Pakula et al., 2010). The extensive field
demonstration is able to identify average water usage per cycle for top loaders at 157 liter (41.5
gal) covering a range of 68 liter (18 gal) to 227 liter (60 gal), and for front loaders at 98 liter (25.8
gal) covering a range of 64 liter (17 gal) to 140 liter (37 gal) (Tomlinson et al., 1998). One report
lists top loaders at 155 liter (41 gal) per cycle and high-efficient CW between 42 liter (11 gal) and
95 liter (25 gal) per cycle (7.2 Residential Clothes Washer, 2013). A water usage of 155 liter (41
gal) per cycle from top load washers is assumed due to the large percentage, 81%, of all U.S.

washing machines used.
2.3.4 Efficiency Ratings

The remaining moisture content, RMC, of the clothes at the end of a wash cycle reduces the amount
of water supplied to the appliance from making it down the drain. The type of clothes, load size,
and maximum spin speed of the washer all impact the RMC. Front load washers operate at much
higher spin speeds and result in lower RMC values than their top load counterparts. Comparing
the total volume of water remaining in the clothes to the total volume of water used during the
entire cycle results in a small percentage, 2-5%, of total volume left in the clothes. Thus the impact

of the RMC on the energy available in the waste stream will not be accounted for.

A water factor rating is for CWs captures how water efficient the appliance is relative to the amount
of clothes the tub can hold. The value is calculated by dividing the volume of water needed to wash
a full load in gallons by the capacity. A standard CW has a 13.3 gallon/ft3 rating while a tier 3,
high efficiency CW has a 4.0 gallon/ft3.
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2.3.5 Cycle Characteristics

The other piece of information needed on the waste stream is the temperature of the water being
drained. Two separate steps occur during the entire washing machine cycle, a wash and then a
rinse step. 48% of households report selecting warm water, wash cycle and 46% select a cold water
wash (Table HC3.1 RECS, 2009). For rinsing, a large majority, 80% of households, report
selecting cold water rinse. Similar trends are presented in another study with 58% to 67% of all
washing machine cycles using a warm water wash, cold water rinse (Tomlinson et al., 1998). While
for a hot water wash, and cold water rinse, the same study showed higher percentages of all
washing machine cycles, 17% to 25%. To associate the relative terms: cold, warm, and hot water
with temperatures, typical housing water supply temperatures and experimental data from the
manufacturer were referenced. Cold water typically is around ground temperatures and is assumed
to be 12.8°C (55°F). Hot water supply temperature depends on the water heater set-point used by
the homeowner and is assumed to be 49°C (120°F). Appliance testing data from the manufacturer
identified warm water used during the wash step at a temperature of 36°C (97°F). The variation of
the CW wash and rinse settings as a percentage of all loads is shown in Figure 10. Three different
sets of data are plotted. Two are from a study replacing VA with HA CWs and the third references
DOE test standards for the time period.
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Figure 10: Profile of CW Wash and Rinse Temperature Settings from a VA and HA Study
Compared to the Department of Energy Test Procedure (Tomlinson et al., 1998)
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2.3.6 Controls

A sequence of operation is built for the CW around wash and rinse steps in one cycle. Similar steps
are labeled with the same controller. The flow chart outlining the overall control strategy fora CW
is listed in Figure 11. One CW cycle goes through two fill steps, two drain steps, two spin steps,
and a wash or rinse step corresponding to control on the drum for agitating.
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Figure 11: Overall CW Control Flow Chart

2.3.7 Energy Saving Methods

Various efforts have been made to improve the energy efficiency of CWSs. The focus primarily is
around water usage, both the volume and temperature level. Advancements have improved load
detection and wash performance enabling the machine to clean with less volume. Using detergents
rated for colder water temperatures and external heat sources have reduced CW energy
consumption attributed to elevated temperatures. One indirect benefit of increasing the water

extraction efficiency of CWs is through reductions in the CD per cycle energy consumption.
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Water Temperature

Majority of CW energy consumption is attributed to the hot water required for the cycle versus the
electric motor (Bansal et al., 2011). The quickest savings is to improve the wash performance at
lower temperatures. In Europe, research into more efficient detergents has generated signification
reductions of CW energy consumption (Bansal et al., 2011).

One study investigated the impact of varying the supply, hot water temperature on the CW
electricity consumption. The energy used for the cycle is identified as a combination between
electrical and thermal, fluctuating depending on the wash temperature setting and supply, hot water
temperature (Persson, 2007). If 60C water is delivered to the CW for a 40C wash temperature,
0.173 kWh of electrical energy is used with 0.783 kWh of thermal energy from the hot water for
a cycle. In contrast, by supplying 15C water and thus simulating a cold water supply connection,
the use of the internal heater raises the electrical consumption to about 0.52 kWh, accounting for
the entire cycle energy use. Hot water fed CWs have the possibility to make use of heat normally
wasted and reduce the amount of electricity used per cycle. The benefit becomes mitigated when

the wash setting uses only cold water and amplified for very hot wash settings.
Water Extraction

HA CWs are more efficient than their VA counterparts. Less water and detergent is used, wash
performance is higher, and they allow faster spin speeds leading to reduced CD energy
consumption (Bansal et al., 2011). Speeds of 1200 RPM are common with new models in Europe
reaching speeds of 1800 RPM and in some units, 2000 RPM (Bansal et al., 2011). VA
advancements have begun to reach efficiency levels comparable to levels attained with HAs. Using
up to 18 gal (68 L) per cycle, improved wash performance, and have higher speed spin cycles

resulting in energy cost savings up to 50% (Bansal et al., 2011).
Microprocessor Introduction

Introduction of microprocessors on CWSs have led to 20% reduction of motor electricity and hot

water use through detection methods on load size and wash temperature (Bansal et al., 2011).
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Wash Performance

While additional testing is needed, bubble-action cleaning combining air bubbles and swirling
water are reported to leave clothes 20% cleaner and may achieve up to 30% savings in water use,

hot water, and detergent (Bansal et al., 2011).
Alternative Heating Sources

Prior work considered explored technologies requiring expensive deviations from the existing
appliance. The advancements considered were, heat from another source outside the appliance,
heat pump driven internally to the appliance, and even the combination of several appliances. To
consider an easier and hence cheaper alternative, the authors experimentally investigate using an
HX to extract heat from the ambient to preheat the cold water supply into the appliance. An internal
heater energizes after a set-timer and cycles ON-OFF maintaining a wash water temperature. The
final temperature before heating is the objective parameter to determine energy savings by the
heater. The design maximum water temperature of the cycle is 95°C (203°F). Slow water flow
rates through the HX produce low HTC due to the laminar flow (1E-2 kg/s). Traditionally, air-side
HTCs are the dominate resistance in air-to-liquid HXs. This results in the relatively modest
increase in water temperature given higher air-side flow rates (5.6E-2 m%/s to 17E-2 m®/s). To
address this modest increase, an additional pump is added to provide higher water flow rates (8.5E-
2 kg/s). Also a different type of fin, a slit-fin, is explored to address the limiting factor on the air-
side HTC. The highest predicted energy savings came with the slit-fin HX having the highest water

and air flow rates, ~6% of the total baseline energy usage. (Park, J.S. et al. 2009 ).
Miscellaneous

Other areas mentioned on future research into energy saving advancements for CWs are
component upgrades (increased thermal insulation, reduced thermal mass, high efficiency direct-
drive motors), lower water consumption (spray rinse, recirculation), and improved wash

performance (drum redesign, plastic particle cleaning, ultrasonic washing) (Bansal et al., 2011).
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2.4 Clothes Dryer

Over 80% of U.S. households have CDs that account for 4.2% of the total, residential primary
energy consumption (Bansal et al., 2011). CDs can be separated into air-vented or condensing
units (Bansal et al., 2011). Most CDs in the U.S. are vented by which removed moisture from wet
clothes is ducted out of the appliance and blown outside the home. Alternatively, vent-less CDs
actively condense removed moisture out of the exhaust airstream using a heat exchanger allowing
cooled exhaust be vented directly inside the home. Vented CDs can use the two available heating
technologies, electric or combustion driven (Eastment et al., 2006). Within electric CDs, different
fundamental technologies exist generating the heat source, conventional electric element or heat
pump (vent-less). The number of U.S. households that use a dryer at home is 90.2 million, out of
114 million households, with 80% (71.8 million) having electrically heated ones versus 20% using
natural gas (17.5 million) or propane/LPG (1.0 million) (Table HC3.1 RECS, 2009). Only
electrically heated clothes dryers are considered due to the small percentage of combustion heated

dryers.
2.4.1 Usage Frequency

Due to the function of some appliances, they can influence the usage frequency of other, related
appliances. Here the clothes washer usage rate has a direct factor on the rate of use of the clothes
dryer. 74.4 million households report the dryer is used every time clothes are washed which
provides some insight to the correlation between clothes dryer and washer usage (Table HC3.1
RECS, 2009). Other considerations such as clothes type or time of year can reduce dryer usage
when air drying is desired. One approach to estimate annual frequency of dryer use is to assume
some percentage of the total annual washer use, where 100% or 1.00 reflects every load washed
produces a dryer cycle. Any percentage below 100 considers some washed loads to be air dried
versus mechanically dried by the appliance. From the Building America Performance Analysis
Procedures, the number of CD cycles per year is dependent on the number of CW cycles per year,
Ncw, and the dryer use factor, DUF, which is assumed to be 0.84 from DOE test procedures

(Eastment et al., 2006). The approach is shown in Equation 4.

Nep = New * DUF (2552) @)
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Until the DOE test procedure was adjusted in 2011, the number of drying cycles a year was
assumed to be 416 (ENERGY STAR, 2011). With new data on usage characteristics from housing
surveys, the number of cycles a year was adjusted to 283, or 32% less (Table HC3.1 RECS, 2009).
This number is also lower than the assumed 359 cycles per year by the DOE, (Table 2.1.16
Buildings Energy Data Book, 2011).

2.4.2 Electrical Consumption

The electrical consumption of clothes dryers depends on a number of inputs; some are specified
by user settings on the interface of the appliance and the others depend on the moisture content of
the clothes. Different drying cycles can be run: permanent press, delicates, or auto-termination
using moisture detection. Low, medium or high temperature heat settings can be selected. The
moisture content of the clothes being loaded directly correlates with the required heating energy
to evaporate and remove all the stored water. The type of clothing, the amount of clothes or load
size, and the water extraction efficiency of the washing machine all determine the clothing
moisture content. While all these factors directly impact the amount of heating energy delivered
by the electric resistor, the motor electricity consumption will be relatively constant regardless of
dryer inputs. One source reports an annual electric consumption of 1000 kWh for electric dryers
(Table 2.1.16 Buildings Energy Data Book, 2011). Referencing the previously mentioned 359
cycles per year by the Buildings Energy Data Book, the average power consumption is estimated
at 2.78 kWh per cycle.

2.4.3 Efficiency Ratings

CDs are often rated by their moisture extraction rate, MER, a ratio of the drying energy used
divided by the wet clothing weight at the start of the drying cycle.

2.4.4 Cycle Characteristics

A typical CD can run a range of different cycles depending on the user settings selected. Each type
of cycle can have different fixed settings such as duration or heat level or can be custom run
allowing the user to modify the length or air temperature desired. The unknown load, clothing type
and moisture level, put into the CD for drying combines with the drying settings for the cycle to

output an exhaust airstream profile varying in temperature and relative humidity during the entire
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cycle. With a wide-range of clothing load inputs available and a number of possible combinations
for the cycle controller, experimental data with CD exhaust air conditions presents an example CD
cycle for the waste heat analysis. An electric clothes dryer is first monitored and recorded with no
modifications to develop a baseline operation before running different failure mode tests as a safety
evaluation (Butturini et al., 2004). Two plots identify the baseline operation for measured
temperatures at various locations throughout the dryer starting from the ambient air intake to the
exhaust air (Figure 12), as well as the relative humidity of the ambient, interior cabinet, and exhaust
(Figure 13). The parameters of interest here are the exhaust air temperature and relative humidity
leaving the appliance.

Clothes Dryer Temperatures
High Heat, Wet Towel Load
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=
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Figure 12: Temperature Readings on Several Locations of a CD during a Sample Drying Cycle
(Butturini et al., 2004)
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Figure 13: Relative Humidity Readings on Three Locations of a CD during a Sample Drying
Cycle (Butturini et al., 2004)

A load of wet towels weighing 10.1 kg (22.2 Ibs) is loaded into an electric dryer where 4.5 kg (10
Ibs) is removed during the drying process. The average exhaust velocity was measured to be about
6.8 m/s (1337 ft/min). Assuming a 10 cm (4 in) diameter, round exhaust duct, the volumetric air
flow rate is 200 m?hr (117 CFM). The heating element drew an average of 22.8 amps while the
electric motor drew an average 4.35 amps. The power supply for electric dryers use typically
higher voltages, 220 volts, resulting in a lower amp draw. The baseline test lasted 1 hour. With the
known power consumption, 5.97 kWh of energy is consumed over the entire CD cycle and a MER
value of 0.5914 kWh/kg is calculated. If 283 cycles per year are run with a power consumption of
5.97 kWh per cycle, an annual power consumption of 1,690 kWh is predicted. Applying the
number of homes with an electric dryer, the total annual energy consumption with this example
drying profile is 0.44 EJ (0.416 quads).

2.4.5 Controls

A sequence of operation was developed to capture the major control steps in an electric CD. The

created flow chart can be seen in Figure 14.
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Figure 14: Overall CD Control Flow Chart using Moisture or Timer Condition

2.4.6 Energy Saving Methods

A study compared four different CD types; air vented, closed cycle-condensing, open cycle-
condensing, and closed cycle with heat recovery (Bansal et al., 2011)-9. An energy savings of 14%
and 7% over an air vented CD were reported for the open cycle-condensing and closed cycle with

heat recovery respectively (Bansal et al., 2011).

Cycle Termination

Moisture sensors on some CDs can save up to 15% energy (Bansal et al., 2011).

Component Improvements

CD cabinet insulation can provide an additional 6.9% of energy savings (Bansal et al., 2011).
Heat Pump Dryers

An air heat pump cycle for a CD is predicted up to 40% reduced energy consumption compared to
a conventional CD and does not require any venting to the outside (Bansal et al., 2011). One

drawback is the size of the HX needed for the required capacity would be excessively large. A
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refrigerant HP cycle for a CD offers a 50% energy savings over conventional CDs (Bansal et al.,
2011).

Miscellaneous

Other options available to CDs for energy savings are reverse tumbling, improved drum design,
improved air circulation, exhaust heat recovery, microwave electric heating, and reduced stand-by

power (Bansal et al., 2011).
2.5 Cooking Oven

The 2006 U.S. residential electric cooking consumes 0.72 quads [760 PJ] of primary energy
equivalent to 3.5% of the residential annual primary energy, includes ranges (microwave and
electric resistance), ovens, and cooktops (Bansal et al., 2011). The number of U.S. households that
have a stove is 102.3 million where 60% are heated by electricity and the remaining 40% are
heating by direct combustion (Table HC3.1 RECS, 2009). The cooktop is not considered in the
analysis on the CO.

2.5.1 Usage Frequency

The number of cooking cycles a year depends on the usage per day. Only 3.5% of all households
are using an oven 3 or more times a day, while 31% are using the oven at least once a day. The
largest jump in percentage of households occurs when the oven is only used 2-3 times a week or
104-156 cycles a year. To represent a large percentage of households, an assumption of 104 cycles

a year and covers 72.1 million households.
2.5.2 Electrical Consumption

In the U.S. electric ovens annually consumed an average of 444 kWh (Hager et al., 2013). An
annual usage of combustion driven ovens could not be found in the literature. Therefore only
electrically driven ovens will be considered. With the 104 cycles and 444 kWh per year
assumption, the CO is estimated to use 4.27 kWh per bake.
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2.5.3 Efficiency Ratings

For standard and self-cleaning electric COs, an average cooking efficiency is listed of 12.15% and
13.79% respectively (Hager, T. et al 2013). Compared to electric COs, gas driven models have
lower ratings, 5.92% and 7.13% for standard and self-cleaning respectively. The ratings are similar
to another reported thermal efficiency of electric COs, 12.7% (Bansal et al., 2011).

2.5.4 Sample Cabinet

Waste heat recovery of the cooking oven will utilize only the energy from an elevated temperature,
metal cavity. Self-cleaning ovens offer the consumer a convenience and for waste heat, a bonus
with a higher temperature heat source at the end of the cooking process. To determine the mass of
metal creating the oven cavity, a cavity size must be determined. Referencing the local, building
supply retailers identifies the most common oven size at about 150 liters (5.3 ft3) for a free-
standing range having a self-cleaning feature. The rough cabinet dimensions for the oven cavity
selected are 71 cm by 66 cm by 33 cm (28 inches by 26 inches by 13 inches). Assuming a wall
thickness of 0.635 cm (1/4 inch) and using the calculated surface area of the oven, not including
the door, of 1.6 m2 (17.3 ft2), the total estimated volume of the metal oven cavity is 0.0102 m3
(0.36 ft3 ). Assuming the oven cavity is made from steel with a density of 7,900 kg/m3 (493.5
Ibs/ft3); the resultant mass of the cavity is about 80 kg (178 1bs).

2.5.5 Cycle Characteristics

A cooking temperature of 204°C (400°F) is assumed as the initial temperature of the oven cavity
at the end of a cooking cycle.

The breakdown of the energy input is as follows: 47% absorbed by CO structure, 25% lost through
the walls, and 15% lost from evaporated moisture through the vent (Bansal et al., 2011).

2.5.6 Energy Saving Methods

A high efficiency, low emissivity CO encased the electric heating element in a reflective
compartment to reduce heat losses (Bansal et al., 2011). A thermal efficiency of 23% is obtained
from this approach. Other modifications improved the cavity insulation level or door seals but
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produced modest improvements of 4.9% and 1% respectively for gas COs (Hager, T. et al 2013).

On electric COs, the cooking efficiency is only improved by 0.52% with insulation improvements.
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3. THERMODYNAMIC APPLIANCE MODELICA MODELS

A Modelica model is built for each major appliance identified for thermal integration; CD, CW,
RF, and DW. The CO is omitted due to the challenging requirements for a safe, heat recovery
approach and compounded with a low usage frequency in the home. Each model attempts to
capture the main functions of the appliance that would interact, and thus be impacted by, a thermal
loop for heat trasnfer. A CD exhaust air stream for heat collection having elevated temperatures
and humidity ratios during the drying cycle. A CW drains elevated temperature waste water for
heat recovery at the end of wash or rinse steps when operating under hot or warm water settings.
A RF rejects heat during compressor ON cycles. A DW extracts energy for heating water and

dishware during the wash and rinse steps.

Each model references experimental data that was either provided by the manufacturer or extracted
from published data in the literature. Ideally, by referencing experimental data directly, each

appliance model accurately captures its interaction with a thermal loop.
3.1 TLK-TIL Modelica Thermal Library

The desire to use Modelica as an object-orientated programming language was from having easily
built and modified models from quick development times and good simulation convergence. A
commercial simulation environment, Dymola, was used but other open-source versions are
available, JModelica.org, Modelicac, OpenModelica (Modelica Association). Also many open-
source platforms exist within the Modelica community having pre-built models for common
equipment, dependent on the purpose of the platform. Often any support on these packages for a
specific application is limited and thus can be challenging to implement. Some companies have
developed commercial, advanced libraries with detailed component models, a large selection of
fluid properties, and prebuilt examples combining several lower level models. Additionally,
licensed libraries are often experimentally verified for improved accuracy. A licensed Modelica
library TIL from TLK is a well-developed thermal systems library with component models and
fluid property functions (TIL Suite, 2016). The library covers all common equipment leveraged in

thermal systems; commercial or residential refrigeration, power generation, and building or
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transportation HVAC. Being a commercial product, the libraries are updated and new components

that capture emerging technologies in the field can be added.

For the modeling effort here, the basic components are to be used over expensive or emerging
technologies with the goal of keeping the complexity and cost of the overall system low.

A detailed description of each component used can be found in the Appendix.
3.2 Clothes Dryer

The CD Modelica model is entirely focused on capturing the waste heat recovery approach by
specifying exhaust air conditions that represent a load size, type and selected settings on the
appliance. Accounting for the drying process would increase the complexity of the model and
computational time without significant added value. Experimental results generate curve-fits of
dry bulb and relative humidity during a CD cycle under a prescribed load (weight of clothing) and
heat setting and/or dryness level or moisture detection.

3.2.1 Cycle Controller

When the controller is triggered, a timer input with curve-fits obtained from literature (high heat,
large load) or from experimental data (high heat, small load) provide the dry bulb temperature and
relative humidity percentage over a 60-minute cycle. The process is laid out in Figure 15. The
individual switches have inputs provided within the Modelica script directly and are not captured

in the diagram view with the traditional use of connectors.



59

RH_exhaust
o .
| Wi awmws Jemp_exhaust
: : \ 1. > >
>
" Fan_speed
oo | ] )
H Myl ~
——r— 2 . ' vorn Pump_speed
" [ :A\ - »
S

Figure 15: Clothes Dryer Modelica Controller for High Heat-5 kg load

The fan airflow rate is fixed throughout the 60 minute cycle and specified by the same data source
for the temperature and relative humidity trends. Without detailed experimental data, a figure from
literature was replicated with a discrete number of points to generate a curve fit function as an
input for the relative humidity and dry bulb temperature (Butturini et al., 2004). After completing

the controller, a tester interacts with the inputs and outputs to verify its operation. An example of

booStepON

a controller tester while connected to the heat recovery components is shown in Figure 16.
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Figure 16: Testing the Clothes Dryer Cycle Controller with the Heat Recovery Components
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3.2.2 Exhaust Heat Exchanger

The HX type selected is a cross-flow HX. Two different geometries were considered. Both were
constrained to fit within the cross-section of the existing, 4”, CD exhaust duct. The purpose of the
limitation was to explore the performance of a HX that required minimal modifications to the
existing appliance. The different geometries were obtained by varying the diameter of the water
loop from 1/4” to 3/8” through the HX.

3.2.3 External Model

After verifying the CD controller works as intended, the model is then converted to be externally
connectable. Binary inputs extend the controller start and reset inputs to the outside. The liquid
loop inlet and outlet boundaries are replaced with liquid ports. Similarly the exit boundary for the
exhaust stream is replaced with a gas port. The specific changes and the external model diagram
are shown in Figure 17. At this point, the CD model can be called during a simulation, the sample
drying cycle is executed, and then the model can be reset for the next drying cycle.

> (] ) ‘_l"U' | Q . ll

3

Figure 17: Creating External Connections for Clothes Dryer Model
3.2.4 Dymola Simulation Results

With a HX geometry using 3/8” diameter tubing, the breakdown of the heat transfer rate from the
air stream is shown in Figure 18. The majority of HT occurs via sensible heat over latent heat and

reaches a maximum rate of almost 2 kW and holds steady for most of the cycle.
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Figure 18: Breakdown of Heat Transfer Rate CD Modelica Simulating 3/8” Diameter

The heat recovery HX temperatures for the same geometry are plotted in Figure 19. The air exit
temperatures from the HX are reported to be still high around 42C (113F) and are not suitable for

venting into the laundry room.

perature [C
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Figure 19: HX Air and Water Temperatures of the CD Modelica Simulating Heat Recovery
using 3/8” Diameter

By increasing the HX geometry, an ideal air exhaust steam can be reached from cooling the
airstream enough to safely vent the CD exhaust into the laundry room. The breakdown of the heat

transfer rate from the air stream is shown in Figure 20. The majority of HT now switches to latent
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heat over sensible heat. The HT rate reaches a maximum above 4 kW with almost a 50-50 split

between the two HT modes in the HX.

Heat Transter Rate on Airstream [W)]

Figure 20: Breakdown of Heat Transfer Rate CD Modelica Simulating Ideal HX Surface Area

The heat recovery HX temperatures for the ideal geometry are plotted in Figure 21. The outlet air

temperature is reduced to about 22C (72F).
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Figure 21: HX Air and Water Temperatures of the CD Modelica Simulating Heat Recovery
using Ideal Surface Area
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3.3 Refrigerator-Freezer

To properly capture the impact of waste heat recovery on the RF energy consumption, the entire
vapor compression cycle is to be modeled in Modelica. The working fluid is R-134a to match the
experimental data collected. The Modelica model supports other refrigerants and can be easily
switched via the dropdown list in the SIM component. R-290, propane, and R-600a, isobutane, are

two potential candidates as a drop-in replacement using the same equipment.
3.3.1 Compressor

To model the reciprocating compressor, a simple compressor model assuming a volumetric
efficiency, isentropic efficiency, and compressor displacement is used. The initial assumptions for
the efficiencies were, an 80% volumetric efficiency and a 70% isentropic efficiency. These are
updated depending on the agreement between the predicted power consumption and the measured
power consumption. The rated displacement from the compressor manufacturer is 5.19 cm?® (0.317
in®) per stroke and operates at 60 Hz.

3.3.2 Condenser

For the water cooled condenser, a flat-plate HX Modelica model is programmed with the physical
dimensions of the installed HX used during preliminary experimental evaluation (Small, S. 2017).
The exact values are shown in Figure 22. The model also requires a HTC. A correlation can be
entered or constant value. For the initial phase to reduce model complexity, literature is referenced
for a reasonable constant value capturing the condensation of R-134a in a brazed plate HX (Longo,
G.A. 2008). Refrigerant fluxes in the span of 10 to 40 kg/m?s start in the range of 1,800-2,000
W/m?K and increase up to 2,200-2,600 W/m2K. To cover most fluxes conservatively, a constant
2,000 W/m?K will be assumed. This value can be adjusted depending on the simulation results or
replaced with a physical model to calculate a HTC. During an testing phase to evaluate the
Modelica model, a cooling stream of water is maintained at a fixed inlet temperature of 15°C
(59°F) and flow rate of 0.25 L/min (0.066 GPM). The HX model also supports discretizing into
cells to separate the analysis into several segments along the HX area.
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Figure 22: RF Water-cooled Condenser — Modelica Flat-Plate Model Geometric Inputs
3.3.3 Expansion

The expansion process in a RF uses a capillary tube with a fixed length and runs along the
compressor suction line acting as a suction line HX. To simplify the model, this is represented
with a fixed orifice expansion device and an upstream, suction-line sub-cooler. Adjustments to the
cross-sectional area control the degree of superheat and pressure levels in the condenser and
evaporator. The changes are iterated by observing the response in the simulation output to improve

agreement with the available experimental data.
3.3.4 Evaporator

The evaporator is modeled as a cross-flow, fin-and-tube HX. Dimensions are measured from the
physical HX and entered into a Modelica model representing the type selected. The exact values
are displayed in Figure 23. Refrigeration loop is a single circuit having multiple passes. The HTC
coefficient is assumed to be a constant value initially to reduce model complexity. From the
literature, a study on R-134a evaporation HTCs inside a FPHX report values starting from 1,000-
1,500 W/m?K at a heat flux of 5 kW/m? and increasing up to 3,000 W/m?K at a heat flux of 20
kw/m? (Longo, G.A. et al. 2007). While an initial value of 1,000 W/m?K is assumed, this is to be
updated from literature that matches the HX and refrigerant conditions simulated and from the

agreement between the simulation and experimental data. The airflow rate assumed to be a
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constant 1400 L/min (50 CFM). The freezer cavity has a design temperature of -20°C (-4°F) and

the air inlet temperature is set to this level.
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Figure 23: RF Evaporator — Modelica Fin-and-Tube HX Model Geometric Inputs

A charge port is added on the refrigerant loop of the suction line to control the subcooling level in
the system. An initial value of 254.8 grams (9.1 0z) of R134a is used and adjusted to obtain a level
of 5 K on the outlet of the condenser. Keeping in mind that actual subcooling to the inlet of the

expansion process will be higher due to the suction line HX.
3.3.5 Steady State Simulation Results

Each Modelica component is connected using a graphical interface shown in Figure 24. Starting
with the top right component and working around the schematic in a counterclockwise direction,
the compressor is followed by the water-cooled condenser. A tube model represents the liquid side
of the suction line HX but is not connected thermally to the suction line. The fixed orifice
expansion device provides the pressure drop needed. The evaporator is connected to air side
boundaries referencing the assumed temperature and air flow rate. The charging port component
follows the evaporator and leads into the gas side of the suction line HX before returning to the
compressor inlet. In the same image, several “ph” sensors can be seen and these represent the
refrigerant state points of the cycle for overlay on refrigerant property plots. Additional sensors
report the superheat or subcooling levels and absolute temperature of the refrigerant. Two pressure
state components identify the expected regions of the cycle operating at similar pressures. A

reference for either pressure state is also required to be set within the individual component models.
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Figure 24: Basic RF Modelica Model with No Control

The initial RF model is simulated for 1,000 seconds (16.7 min) to reach a steady-state response
using the previously described conditions. Overlaying the cycle on the property plots of R143a P-
h and T-s is shown in Figure 25 and Figure 26. The plots are generated using a software built by
the same company creating the TIL Library. They allow for saving of plots from Dymola and are
easily updated after running a new simulation. By overlaying the cycle state points on a refrigerant
diagram, the operation of the RF model can be quickly reviewed and determine if any

improvements are necessary.

B 4 A

Figure 25: Ph Diagram of Simulated Basic RF Model
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Figure 26: Ts Diagram of Simulated Basic RF Model

Another feature that was mentioned previously is the ability to discretize the HX model into several
nodes or cells. The plots shown in Figure 27 compare the refrigerant, HX wall, and working fluid
temperatures for each discrete cell within the condenser and evaporator HX models. By comparing
temperatures, a quick assessment is on the impact of the HTCs can be visualized as well as

locations where superheating, subcooling, or 2-phase HT occurs.

Temperature [C]

100

Cell Number [-] Cell Number |-}

Figure 27: Temperature Plot of Condenser and Evaporator HX Nodes from the Basic RF Model

With the fixed boundary conditions applied to generate the basic RF simulation, the condenser and
evaporator steady state capacities were about 250 W and 200W respectively. The compressor
steady state power consumption was around 75 W making the cooling and heating COPs around
2.67 and 3.33 respectively. The preliminary results are promising for recovering heat from the RF

condenser.
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3.3.6 Compressor Capacity Controller

After verifying the overall operation of the basic RF model in steady state, the next step required
making a controller for the compressor to capture the transient, cycling aspect of the RF. In a
standard RF, the compressor control is dependent on the temperature settings for each cavity. The
ON frequency of the compressor cycles increase as higher rates of thermal gain are experienced
due to; rising ambient temperatures, the number of times the RF door is manually opened, or
placing food product in the RF to be cooled to the cavity temperature. Many of these factors are
user influenced and are hard to accurately predict. For simplicity, the RF ambient temperature is
assumed to be constant, resulting in a fixed rate of heat gain over time from the ambient. The
required amount of thermal energy removed to maintain the cavity temperature can also be
assumed to be constant under this scenario. The fixed amount of heat gain for the RF cavities
results in two control decisions; the first waits on a timer until a threshold is passed to turn ON the
compressor and the second turns OFF the compressor after a threshold of energy removed during
the entire ON cycle is surpassed. This approach also captures the impact from RF cycle changes
on the evaporator capacity which directly influences the compressor duty cycle. The OFF time and
ON energy thresholds are both adjusted based off the simulation agreement with experimental data
collected. More details on how the controller is programed can be found in the Appendix.

3.3.7 Transient Simulation Results

A 20,000 second (5.56 hr) simulation is run on the completed RF model while connected to a fixed
volume of water, 18.9 L (5 gal). The goal is to verify the response of the refrigeration cycle to a
heat sink increasing in temperature over time. The RF Modelica model is modified slightly on the
condensing side with a recirculating water loop coupled to the fixed volume as shown in Figure
28 on the blue circuit. The junction on the inlet to the water pump provides a pressure state for the
liquid circuit (blue), in this case set to water. While the ambient heat loss on the storage tank is
neglected in this study, the model can be easily modified. A thermal resistor placed between the
tank temperature node and a boundary temperature represents an insulation layer on the storage

tank and provides a connection to a lower temperature environment.



69

26 19 tegl

®

{ on,

Figure 28: Testing Cooling Loop with Simple Storage Connected to Refrigerator-Freezer
Modelica Model

A plot of the compressor power consumption and suction and discharge pressures during the
simulation is shown in Figure 29. The compressor experiences higher condensing pressures each
ON cycle due to the rising temperature heat sink. The average power consumption also is shown
to increase over time, first drawing only 70-75 Watts and by the last cycle is reaching 100 Watts.
The simulation result is compared to experimental data collected on a RF with a water-cooled
condenser. A sample test run of the RF operation is obtained by rejecting condenser heat to a fixed
volume of water over time (Small, S. 2017). The power consumption is shown to increasing over

time with every compressor ON cycle as shown in Figure 30.
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Figure 29: RF Simulated Compressor Suction/Discharge Pressures (top) and Power consumption
(bottom) when connected to Water Storage Tank
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Figure 30: Sample of Experimental RF Power Consumption while Rejecting Heat to Fixed
Volume of Water (Small, S. 2017)

The simulated evaporator air inlet and outlet temperatures over time are shown in Figure 31 (top)

as well as the cooling capacity (bottom). As the tank is heated, the evaporator capacity is negatively
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impacted due to a higher pressure drop creating a lack of superheat control by the fixed orifice.

Overall the evaporator capacity averages around 180 Watts during the simulation.
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Figure 31: RF Simulated Evaporator Air-side Temperatures (top) and Refrigerant Heat Transfer
(bottom) when connected to single volume water tank

The cooling water temperatures during the ON cycles are shown in Figure 32 (top) compared to
the compressor discharge temperature. The potential maximum water temperature, compressor
discharge, identities the benefit of using a RF condenser as a hot water source. Also plotted in
Figure 32 are the cycle subcooling and superheat levels during the simulation. As the condensing
pressure increases, the superheat into the compressor is lost and two-phase compression occurs.
The corresponding conditions are identified in the discharge temperature dropping near the end of

a compressor ON cycle.
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Figure 32: RF Simulated Cooling Water, Compressor Discharge Temperatures (top) and
Superheat, Subcooling Temperatures (bottom)

3.3.8 Discussion

The RF Modelica model has the functionality to reject heat to water. As the heat sink increases in
temperature, the impact on both the compressor power consumption and evaporator capacity is
reflected in the results. The introduction of pressure drop within the HX models, at least the
evaporator, should be explored due to the real system relying on a single refrigerant circuit.
Explore a more robust fixed orifice opening to ensure adequate superheat to the compressor over
the range of expected operating conditions. Improving the superheat may also require adjustments
on the refrigerant charge in the system. The compressor controller can be improved by expanding
the number of output signals to include ON/OFF control of the condenser and evaporator fan(s)

and heat sink pump along with the compressor.
3.4 Dishwasher

To accurately capture a DW cycle, the Modelica model must follow a sequence of actions seen in

typical operation. Separate, unique steps are defined by characterizing experimental data
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displaying water sump temperature and overall instantaneous power draw over time. The soil
sensing DW cycle shown in Figure 7 is used to generate the flow chart for the DW controller
shown in Figure 9. An overall controller is built to simulate all the steps in a DW cycle. To
properly represent the response of the DW to a cycle controller, the dynamics of the dishware and
other components need to be captured as well. Major parts involved in a DW cycle are a
recirculation and drain pump, volume of recirculating water, cabinet heat loss to the ambient, and

the thermal capacity of the dishware.
3.4.1 Cycle Controller

Of all the unique steps within one DW cycle, several can be duplicated with minor changes to
achieve the same goal. For example, each cycle starts with a pre-wash that only recirculates water
and provides no heating until a timer condition is satisfied. The same function is observed during
the main wash but operates for a different amount of time. Here a controller for the prewash or
main wash step dependent on a timer has the same function but requires different durations. The
same similarity is found in the heated wash and rinse steps where the controller heats the water
sump to a required temperature but to a different level for the respective steps. The draining and
filling steps of the cycle are combined into the same controller due to how the Modelica

components have a constant holding volume of water.

Once a controller is built for each major function identified, an overall DW cycle controller is
built. The sequence of stepping through each controller capturing each major step is established in
this overall cycle controller. A cycle is started by an ON signal then the entered assumptions for
various steps are read and the DW marches through each step of the cycle. Modelica model is to
also allow for an external heat input reducing the amount of heating required by the electric heating
element. The cycle controller is also has as an input, whether to use an external heat loop or not.
A heat loop controller modifies the electric element heater control by overriding the output if
adequate temperature of water is available. Otherwise the electric element is energized following

the pulsing controller and heat is delivered to the water sump.
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Timer Control

The subcomponent to control any timed steps during a cycle accepts two Boolean inputs, has an
internally modifiable timer, and generates an output signals. The Modelica icon of the timer and
the parameter window to enter the duration is shown in Figure 33. Of the two inputs, the first
initiates the controller to start the output while the second input either resets the controller to an
OFF state from the END state or overrides the controller by interrupting the timer and ending the
controller output independently of the timer. Of the two outputs, the first provides a status value
that corresponds to the state of the controller: 0 — controller is off and waiting for a start signal, 1
—the controller is active and waiting for the timer to lapse, and 2 — the controller timer has expired

and the step has been completed.
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Figure 33: DW Modelica Diagram and Parameter Window for the Timer Controller
Heating Control

A second subcomponent controls any heating steps required during the overall dishwashing cycle.
The overall structure is very similar to the timer step controller but instead of a timer setting, it has

a temperature setting.
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Figure 34: DW Modelica Diagram and Parameter Window for the Temperature Controller
Fill and Drain Control

The filling and draining steps of the DW are captured within the same controller. In the model, the
drain pump results in a draw of DHW into the DW at an equal volume. The drain flow rate is set

by quickly charging the assumed volume of water used for a step in the DW cycle.
Heat Loop Control

When the DW is to use the external heat loop, the source temperature must be higher than the
sump temperature for any heating to occur. An input for the source temperature provides the
controller feedback to accept a fluctuating temperature source. If the source is not more than 10C
higher than the sump temperature, the heat loop pump does not turn on and the normal heating

mode is used by energizing the electric element.
Overall Control

With all the controllers finalized to capture every step of the DW cycle, the overall cycle controller
is built. Each controller occurs sequentially representing a step. The available parameters that can

be adjusted on the controller to improve agreement with experimental data is shown in Figure 35.



76

£ dW _Cyde_Ctrl in Simple_Tntegratod D wher op.DW _Aplace 2)x|
General | Add modtiees |
Component Ieon
Nome  |dw_Cyde_cbi
Comeneet | C‘:;, 1
b Model (s )
Path  Seple_integrated Ditwasher. CycleControler W _Cydes bl
Commert.
Parmaters
Mantumoflviate | 30 ¢ Umn  ManSump Fowrste
HPuigFlowkats | 6 ¢ lmn  H Punp Flowrste
C DracPunpPioveate | Dw_voumeltd ¢ mls  Orain Pump Flowate
t StatFETme I afls Stavt 7l Dusstion
" rewashmane [ s Frewash Durabon
WashTemg [T T dser Wash Water Tenpecsturs [K]
WashovershoctTere [ 10 ) Wash Waker DeltaT for averzhoct 1 Kelvin
WashTime [ s Wash Step Duration
DrwriwarshTare [ o8 O W Dur ation
WashRireaTime [ e s Washfunss Duration
DranWadirsstn | ¢ s DranWashRinss Durakion
RraeTemp [T S8 b cegt  Rinse wter Tempersture )
I Rroeovershoctlens | 000 0s b K Rinse Water DekaT for overshoot in Kebvin

l [ o ] o | coxa |
Figure 35: Parametric Inputs for DW Cycle Controller

3.4.2 Modelica Components

To capture all the major parts that interact during a DW cycle, the Modelica model uses TIL
prebuilt component models. The diagram view of the finalized DW Modelica model is shown in
Figure 36. Three simple pump models represent the circulation pump, the drain pump, and the heat
loop pump for external heating. Three tube models represent the DW water interacting with the
electric element, the thermal capacity of the dishware, and ambient heat losses through the cabinet.
A small simple water volume model is connected to account for the mass of water circulating

inside the DW during a cycle.
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Figure 36: DW Modelica Model Diagram for Testing the DW Cycle Controller

3.4.3 External Connection

The boundary conditions replaced in the diagram, Figure 36, are shown in Figure 37 with the
external port connections. The DW external model allows for the sump volume to be modified but
all other cycle properties shown available in Figure 35 are not accessible from the DW appliance

model.
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Figure 37: External DW Modelica Model for Integrated System
3.4.4 Traditional DW Simulation Results

First the DW appliance model is run in the traditional mode and compared to the experimental
data. After some adjustment of the cycle control parameter, better agreement with the data is
possible. The comparison to experimental data for the traditional DW is shown for the water sump
temperature, Figure 38, and for the power consumption, Figure 39. Good agreement is found on
the time required to reach the wash and rinse temperatures. Also the temperature decay during the
main wash from recirculating water with no heat input is captured in the model. The pulsing
controller for the electric element is also represented well. One improvement possible on the heater
controller is to incorporate Equation 2 and modify the power output as a function of the element

temperature.
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Figure 38: Traditional DW Simulated Temperatures Versus Experimental Data
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Figure 39: Traditional DW Simulated Electric Element Power Versus Experimental Data
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Another plot compares the predicted sump temperature versus the sump temperature from
experimental results and identifies a 5% error band to estimate the accuracy of the model
prediction. Overall the model shows fairly good agreement. At lower temperatures the model tends
to under predict while at high temperatures the model starts to slightly over predict the sump
temperature. For the purposes of the initial simulation, this agreement is suitable as a starting point
to explore DW cycle impacts from thermal integration.
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Figure 40: DW Modelica Water Sump Temperature — Simulated versus Experimental

3.4.5 Heat Loop DW Simulation Results

The heat loop feature of the DW is simulated and compared to the traditional experimental data as
shown in the previous graphs. The plots of the sump temperature and power consumption versus
time are viewed in Figure 41 and Figure 42. The heated wash step required more time than the
traditional system due to the lower heating capacity of the hot water loop. The number of electric

element cycles is reduced as desired by leveraging the external heating loop.
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Figure 41: Heat Loop Driven DW Simulated Temperatures Versus Experimental Data
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Figure 42: Heat Loop Driven DW Simulated Electric Element Power Versus Experimental Data
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3.5 Clothes Washer

As identified in the literature and manufacturer data, potential for heat recovery from the clothes
washer is from the waste water during the wash cycle. The limited use of an internal heater for
temperature control does not justify adding components for the supply of external heat. In contrast,
European models are plumbed with a cold water supply instead of a hot water supply and rely
entirely on the use of an internal resistor heater to elevate the temperature to required levels based
on design settings. Here further energy savings could be realized and could justify the added cost

of external connection for a heat loop fed by a central hot water storage tank.
3.5.1 Approach

To represent the CW units today, a pump and a fixed volume tank to capture the drain pump and
wash or rinse water in the drum at an elevated temperature. Connect the outlet of the drain pump
to a second, fixed volume tank, to hold the warm, waste water for heat recovery. A second pump
is connected to this tank for circulating the waste water to one side of a FPHX while on the other
side heat is collected by the thermal loop. The pumps are to be controlled with timers to mimic the
timing of the wash and rinse drains in a standard CW cycle. The heat recovery pumps then operate
in response to the temperature level in both the heat recovery tank and central storage tank. If the
drain water is too cool in temperature, a three-way-valve switches the outlet of the pump for heat

recovery and activates to dump the waste water down the drain since no heat can be collected.
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Figure 43: Sample Approach to CW Modelica Model

An expansion tank represents the drain tank that collects water from the waste line of the appliance.

The tank is filled by changing opening a valve connected to a pressure boundary with a fixed
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temperature. The valve is opened by changing its cross-sectional area and the fixed temperature
can be varied to capture different cycle settings resulting in different temperature levels of waste
water. The volume of water sent to the expansion tank is controlled by the timing of the valve
opening. This can be controlled with a simple PID controller referencing the overall tank volume
and filling level. This variation allows for representation of different CW technologies and

different load sizes which all impact the amount of waste water generated.

The main areas of interest are the duration between the start of the cycle to the first drain at the
end of the wash, and the second duration between the end of wash and end of rinse. The end of
these two steps in the cycle is when the heat source is expected. Therefore the Modelica model
accounts for the delays between each bulk heat generation to characterize the losses that exist and
predict the amount of heat that can be recovered. The volume of water generated is strongly
dependent on the CW technology, VA or HA. A figure referenced in the appliance background
compared the average volume of cold and hot water used for each CW type, Figure 10. This could
be used as a starting point on the amount of elevated temperature waste water that can be expected

to be generated per CW cycle.
3.6 Integrated Appliance System

To capture the interaction of an integrated appliance system,

A simple approach to an integrated appliance system was first modeled by using discrete area HXs
for each appliance, interfacing with a single node storage tank volume, and using fixed water
source temperatures to replicate the expected temperature levels for each appliance. The results
were also published in a conference paper (Caskey et al., 2018).

3.6.1 Approach

A schematic of the simulation interface can be seen in Figure 44Error! Reference source not

found., where appliances are identified with the components representing their operation while
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connected to a storage tank.
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Figure 44: Modelica components representing 4 appliances connected to a central storage tank
for heat recovery

3.6.2 Appliance Schedule

Significant effort has been made by the DOE on developing a benchmark American home for
modeling purposes to support and prove the benefit of using advanced systems in the home
(Wilson et al., 2014). The study provides very specific usage characteristics for all systems in the
home, including appliances. In one study, a weekly appliance schedule is generated from the 2008
version of the Building America Research Benchmark by Hendron, R., (Boudreaux et al., 2012).
From the number of bedrooms and the appliance capacity in the study, an assumed number of
cycles per year are calculated for each appliance. With an annual cycle count, the average number
of cycles in a week is assumed for each appliance when spreading the annual usage evenly over
the 52 weeks in a year. The authors selected six CW cycles, five CD cycles, and 6 DW cycles in a
week. The DW is specified to be run every day at 7:30 pm except Saturdays. The CW and CD are
used twice on Saturday and Sunday mornings, and two CW cycles to one CD cycle on
Wednesdays. During a week simulation, the relative operation of each appliance is shown in Figure

45 with each time step on the grid representing a 24-hour day starting on Monday.
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1-Week Thermally Integrated Appliance Operation Schedule
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Figure 45: Plot of 1-Week Appliance Schedule for Dishwasher, Clothes Washer, and Clothes
Dryer

3.6.3 Simple Storage Tank

gallons), 225 liters (60 gallons), and 454 liters (120 gallons) are shown inError! Reference source n
ot found.. The collection flow rate was fixed for all appliances at 7.6 liter/min (2 GPM). The rate
of temperature rise is higher as expected with the lower volume tank but by the sixth day, the

largest tank starts to reach the temperature level of the smallest tank.

3.6.4 Simulation Results

The water tank temperature as a function of time for varying tank volumes of 114 liters (30
gallons), 225 liters (60 gallons), and 454 liters (120 gallons) are shown in Figure 46Error!
Reference source not found.. The collection flow rate was fixed for all appliances at 7.6 liter/min
(2 GPM). The rate of temperature rise is higher as expected with the lower volume tank but by the
sixth day, the largest tank starts to reach the temperature level of the smallest tank.
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Figure 46: Integrated Appliance Model - Impact of Tank VVolume on Temperature over Time

As the tank heats up, the temperature rise impacts the amount of heat possible to extract from each

appliance. The trends can be seen in Figure 47 for a tank volume of 454 liters (120 gal.).
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Figure 47: Rate of Heat Transfer between each Appliance and 454 L (120 gal.) Storage Tank

The amount of energy delivered or removed by each appliance by the storage tank is shown in

Figure 48.
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Figure 48: Amount of Energy Collected by Each Appliance with 454 L (120 gal.) Storage Tank
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4. EXPERIMENTAL TEST STAND

To determine the accuracy of the model and areas for improvement, a functional prototype was,
designed, fabricated and experimentally tested. The Modelica models provided required capacities
and flow rates for the selection of heat exchangers and pumps. The existing RF and DW are
modified with a connection to a water loop from a central storage tank. The heat recovery
equipment for the CW and CD are attached to the waste heat source of the appliance to avoid any
significant modifications. Heat is recovered a similar water loop connected to the central storage.
The piping connections, pumps, and central storage tank of water is similar in design to a hydronic
HVAC system. A schematic of the built test stand is shown in Figure 49. The instrumentation

locations for each major component are also shown.
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Figure 49: Schematic of Entire Integrated Appliance Test Stand with Instrumentation

4.1 Clothes Dryer

An instrumentation system is designed and built to recover heat from the moist, hot air stream
being vented out of an electric dryer. Steps are made to accurately quantify the amount of heat
recovered and reduce any impact on the drying performance of the dryer. The following sections

outline the methods and equipment used to achieve this objective.
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4.1.1 Overall Approach

A finned heat exchanger is placed in the dryer exhaust duct to extract heat out of the moist, hot air
stream using a water loop. A schematic showing the layout of all components and heat exchanger
is shown in Figure 50. To reduce fouling on the finned surfaces, an extra lint filter is placed
upstream of this heat exchanger. Two sets of a 4-point thermocouple temperature mesh coupled
with a single point RH sensor measure the air stream conditions entering and leaving the heat
exchanger. A hot wire anemometer downstream of a flow straightener measures the air flow rate
of the heat recovery system. The same measurement represents the air flow rate through the dryer
drum by the internal blower which has a strong influence on the drying rate of the clothes. To
minimize the added pressure drop from both heat recovery and measurement approaches, an

auxiliary, variable speed blower is located downstream of all components.
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Figure 50: Clothes Dryer Exhaust Duct Layout on Heat Recovery Approach and Measurements
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4.1.2 Fin-and-Tube Heat Exchanger

A fin-and-tube heat exchanger was selected that could closely fit the existing exhaust duct size, 10
cm (4 in) with minor transitions required. An appropriate unit was found designed for cooling light
reflectors within indoor grow rooms for gardening. The HX housing connects to a 15 cm (6 in)
round duct. An image of the HX with housing is shown in Figure 51. The level of detail available
on the HX capacity from the manufacturer was limited. A rating of 1.31 kW (4,500 BTU/h) was
listed but did not provide an associated flow rate or any airside or water side temperatures.
Minimum recommended values were listed for supporting equipment, an fan airflow rate of 425
m3/h (250 CFM) per 1 kW, and a pump providing 18.9 LPM (5 GPM) at 3.05 m (10 ft) of head.
The housing was removed, as seen in Figure 51, to identify the HX circuit layout and measure the

fin density for the modeling effort.
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Figure 51: Image of Clothes Dryer Fin-and-Tube Heat Exchanger with Geometry Details
4.1.3 Temperature Mesh and Relative Humidity Measurements

A 4-point thermocouple mesh is used to accurately calculate an average inlet temperature for the
entire cross-sectional area. The TC beads are located at the center of each 4-part area making up
the entire cross-section has shown in Figure 52. A relative humidity probe is located as close as
possible to the center of the duct without interfering with the mounting wire holding each

thermocouple.
7

Figure 52: 4-Point Thermocouple Grid and Relative Humidity Probe on Clothes Dryer Duct
Before (Left)/After (Right) Heat Exchanger
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4.1.4 Hot Wire Anemometer

To measure the airflow rate within the duct a hot water anemometer is used. The installation
requires a separation from any components of several duct diameters upstream and downstream as
well as the use of a flow straightener to improve the measurement accuracy. Referencing ASHRAE
Standard 41.2 and manufacturer recommendations, a flow straightener of thickness, 0.45D or 6.86
cm (2.7 in), is located at least 5.25D or 78.7 cm (31 in) upstream, and a clear distance downstream
of 3D or 45.7 cm (18 in) from the auxiliary blower. The flow straightener is a Plascore crate
#19584. Due to these added lengths, the anemometer is located downstream of the HX to minimize
heat losses upstream. Two sampling locations are used by the instrument to provide an average

airflow value. The installation of both within the duct is shown in Figure 53.

Figure 53: Flow Straightener (Left) and Hot Wire Anemometer (Right)
4.1.5 Auxiliary Fan

A second blower is located at the end of the duct to help overcome the additional pressure drop
created by all equipment located in the duct. A variable speed unit rated at 351 CFM with 40 Watts
was selected that fit the duct size used. Six different speed settings are available to best match the
baseline flow rate measured without HX installed.

4.1.6 Insulation

To ensure the most ideal heat recovery process, all components are insulated downstream of the
dryer drum down to the last sensor location. This included insulating the duct within the dryer
cabinet, Figure 54. Versamat insulation is used which is rated for the high temperatures seen within
ducted clothes dryer.
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Figure 54: Insulating Internal Duct of Vented Clothes Dryer (Before-left / After-Right)

The entire external duct is also insulated up to the HX and down to the airflow sensor to ensure all
sensors are impacted minimally by any heat losses due to the large surface area. The final
installation is shown in Figure 55.

Figure 55: Clothes Dryer Duct After Insulation

4.2 Refrigerator-Freezer

An instrumentation system is designed and built to recover heat from the moist, hot air stream
being vented out of an electric dryer. Steps are made to accurately quantify the amount of heat
recovered and reduce any impact on the drying performance of the dryer. The following sections

outline the methods and equipment used to achieve this objective.

The RF has the refrigeration circuit modified by replacing the air cooled condenser with a FPHX

to reject heat to a water loop. Low temperature water is pumped from the central storage tank to
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recover waste heat rejected by the RF during a compressor ON cycle. The amount of heat collected
is calculated by measuring the inlet and outlet temperatures and flow rate of the water loop. The
only conditions measured on the RF are the refrigerant pressures on the suction and discharge sides

of the compressor and the power consumption.
4.2.1 Overall Approach

On a prior project, a bottom-mount freezer, side-by-side refrigerator (KRFC300ESS01) had a
water-cooled, flat-plate HX installed in parallel to the existing air-cooled condenser. The U.S.
energy guide for this model lists the unit having a rated capacity of 566 liters (20 ft®) and an
estimated annual energy usage of 563 kWh. Two normally closed solenoid valves located directly
after the discharge line control which HX is actively being used for heat rejection. An overall
schematic of the refrigerator with instrumentation is shown in Figure 56. With the focus on heat
recovery, only the water-cooled condenser is active during testing. A variable speed pump controls
the water flow rate and can be varied to explore its impact on compressor power draw and return

water temperatures to the buffer tank.
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Figure 56:Schematic of Refrigerator Test Stand with Instrumentation
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4.2.2 Flat-Plate Heat Exchanger

Figure 58: Back of Test Stand Refrigerator after Insulation Installed

4.3 Dishwasher

The DW measures the temperature and amount of DHW used during the entire cycle. The
calculated amount of energy delivered from the DHW along with the measured power
consumption combine for the total DW power consumption. The sump pump normally installed
on the DW is assumed to require replacement and thus will be separately monitored and accounted
to the overall power consumption. The DW machine water loop temperature is measured before
and after the FPHX along with the flow rate to calculate the amount of heat supplied by the water
loop. This is compared for redundancy to the calculated capacity using the inlet and outlet

temperatures on the other side of the FPHX and flow rate.
4.4 Clothes Washer

The CW drains into a fixed volume tank that has a pump connected to an outlet port at the base of
tank. The pump drives the flow of waste water for heat recovery or drainage as shown in the

schematic, Figure 59. Depending on the measured temperature of the CW waste water and the
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central storage temperature, the heat recovery pump will activate and the pump on the tank will
activate. Both pumps enter opposite sides of a FPHX and heat is recovered by a secondary water
loop. The heat transfer on both circuits is measured using four inlet, outlet temperatures and two
flow meters. The hot and cold water volumes and temperatures delivered to the CW are also
recorded to estimate the amount energy provided by the water stream and total waste water volume.
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Figure 59: Schematic of Proposed Drain Tank with Heat Recovery for the Clothes Washer

The model appliance used for the test stand was a front load, horizontal axis unit with a rated
capacity of X (X ft3). The user settings were noted to specify the testing conditions used for each
washing cycle. The normal wash was the preferred option since it is assumed to represent most
cycles selected by consumers. Three different heat settings were available under the normal wash,
cold, warm, and hot. An image of all available options is shown in Figure 60. A medium soil level
and extra spin was always selected for all cycles ran. The higher spin speed was desired to provide
the lowest water level possible to the CD and thus the lowest moisture content available in the

exhaust airstream.
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Figure 60: Test Stand Clothes Washer Cycle Setting Front Panel

4.5 Buffer Tank and Piping Backbone

Due to the interment operation of the appliances a thermal storage tank is required to hold heat
from one appliance heating cycle and deliver heat to another appliance for the next cycle. The
approach is very similar to a HVAC hydronic system using a buffer tank interfacing between a
source and several building zones. With this well-known system, the original layout started with
example hydronic systems and was modified to match any requirements for this specific test stand.
Also to properly verify the amount of heat being exchanged as well as control the management of
the heat, sensor placement and relay operation was introduced on all piping and equipment
connected to each appliance. The process was done iteratively with each step being moved forward
starting at a high level and growing in complexity as the design progressed. Having a known space,
a layout started by locating all piping connections and buffer tank in the center with the appliances
being spread around this center. Appliances consuming water, CW and DW, are to be adjacent to
each other for minimizing added piping lengths. The CD had a long profile due to the space
requirements between equipment on the exhaust duct for accurate measurements. A scaled diagram
shown in Figure 61 identifies the final placement of all components as well as identifying any
existing objects such as a tool chest or supporting columns for the building.
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Figure 61: Test Stand Layout for Appliances, Buffer Tank, and Piping Mounting (BT Wall)

Using the finalized layout, the next step was to design the piping connections and sensor positions
on a wall at the center of the system. The buffer tank was already known at this point due to its
volume capacity and available port locations to charge or discharge. The pulsing, turbine flow
meters, FTB4605, for measuring volumetric flow rate required upstream and downstream
accommodations for accurate readings. All power controls and measurements were to be located
on this central wall as well to simplify the approach and allow for easy replacement of any
equipment or appliance. The appliances themselves only required power monitoring and were not
connected to any relays for computer control. All pumps, solenoid valves, and fan required both
monitoring and control. All electrical connections were made above the plumbing connections to
reduce the risk of water contact with any outlet. The final layout of the wall is shown in Figure 62.
All labels can be referenced with Figure 49. The line colors correspond with the expected
temperature of the water, red for hot, blue for cold, and yellow for warm. Grey indicates required
piping distances around the flow meters. Extra distance is required downstream of the pumps since
the isolation valves could be used to throttle the delivered flow rate for more control since most

pumps selected were fixed speed.
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Figure 62: Piping Wall Layout with Pump, Valve, Flow Meter and Power Supply Locations for
Each Appliance and Buffer Tank (Top-North Side / Bottom-South side)

4.6 Controls and DAQ System (LabVIEW)

All of the data monitoring, recording and component controls are handled within one LabVIEW

program. The structure of the program is a state machine that switches between monitoring

selected channels and writing to the CSV for recording.

4.6.1 Front Panel Control

The LabVIEW front panel provides a live display of all monitored channels and can be seen in

Figure 63. Three slots are available to choose the mode the DAQ is running in parallel capturing

only the flow meter channels associated with the CW, CD, or DW. The minimum sampling time

of the DAQ s restricted by the required 1 second per flow meter channel to obtain an accurate

flow rate.
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Figure 63: Main Front Panel Display with Monitored Channels and Controls for Different Modes

4.7 Cycle Results

The following sections present the experimental data collected from each appliance cycle that best
identifies the parameters to be captured in the models and guide any improvements necessary
before using them within the integrated appliance system. The raw data required postprocessing
using Python and used TIL Media for any fluid property calculations to obtain flow rates or

capacities using the measurement data.
4.7.1 Clothes Dryer

After completing the baseline measurements to establish the natural operation of the vented dyer,

nine drying cycles with the same load size were run with heat recovery.
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Duct Airflow Rate

The impact of fouling within the exhaust duct due to the heat recovery components can be
understood on Figure 64. The first 4 cycles were collected after establishing the baseline operation
without any exhaust duct obstructions. The duct was opened at 3 locations to remove built-up lint

on the HX face, flow straightener, and second lint trap.

Measured Air Flow Rate Across All Cycles (Dotted before cleaning of all surfaces)
300

0 600 1200 1800 2400 3000 3600 4200 4300 5400 6000

------ C1 w2 C3 wre0e C4 e (5 e 5 e (7 s (8 e C9
Figure 64: Clothes Dryer Air Flow Across 9 Drying Cycles, Before and After Cleaning
An adjustment of the auxiliary fan speed was required after this cleaning and is evident in the same

graph on cycle 6. Here the fan speed was changed from a maximum setting of 6/6 to 4/6 to reach

an airflow rate around the baseline measurement of 204 m3/hr (120 ft3/min).
4.7.2 Refrigerator-Freezer

A representative sequence of compressor cycles was used for training the Modelica model. The
sample data sets are shown in Figure 65 and Figure 66. The compressor ON/OFF cycling duration

is the area of focus and specifically the trends during ON cycles are to be captured in the model.
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Refrigerator Water-Cooled Condenser Pressures and Electric Consumption
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Figure 65: Sample Data Set of Refrigerator Test Stand — Total Power Consumption and
Measured Pressures

Refrigerator Water-Cooled Condenser Temperatures and Flow Rates
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Figure 66: Sample Data Set of Refrigerator Test Stand — Inlet and Outlet Water Temperatures
and Volumetric Flow Rate

4.7.3 Dishwasher

Four washing cycles of data were collected for the dishwasher with the last cycle run with an
external heat input. The first three cycles are run using the newly installed circulation pump at full

speed to best reach the baseline flow rate required for the cleaning performance.
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Dishwasher Cycle 3 - 27/08/2018

60 T — - ————— T » — — 1200
B & -."\,‘ 1

50 frr— f f f f ' | 1 = f e B — ey 11000
e | B—— v
4o Ll | HIA10 5N )| — | !  — H ;'_J"',, ! ] ! | ! | ! | -+ 800 _'i(
Pt L AY & | | 7 1 =
7:"; 10 ! ,J‘-"'l“ ! { 4 4 L“-' | '—'-"-_7 - S U i ! ! ! 4 ! ! : +500 f’;
S | 11V7% L ”‘f LU Ol VR ] R iy
Eopp—uuri Nl u = ’L I O . =25 S PR
— | * o
E . a

10 1 ' t 1 1 1 ’ t ’ 1 ' 1 ] 4 1 - +200

|
0 2 ! + + - i UL LAl ISV SIS SENNSSESElinEmees ‘0
1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200 7800 8400 9000 9600 10200 10800 11400 12000
Time from start of DAQ [sec!

e=T _sump ===T_DHW Total DW == Circulation Pump

Figure 67: Test Stand Data of Dishwasher Cycle Operation Temperatures and Power
Consumption — Cycle 3

4.7.4 Clothes Washer

Nine CW cycles of data were collected to explore the impact of the appliance settings on the waste
water temperature and heat recovery process. Due to complications with the drainage strategy not
all cycles run with the same settings could be easily compared for repeatable results. Due to the
low temperature of waste water measured for the normal/warm cycle, hotter wash cycles were
conducted to obtain additional data for comparison, normal/hot and sanitization. With the focus
around the recovery of waste heat from the CW, four temperature points on the inlet/outlet
conditions of the HX, both flow rates on each circuit, as well as the flow rates into the CW were

shown for each cycle.

Normal ~-Warm Wash

The temperature and flow rates measured during a normal, warm wash cycle are shown for the
first 40 minutes in Figure 69. Roughly 6.1 L () of hot water and 12.9 L () of cold water are drawn
for the wash step, and produces a maximum of 19 L () of waste water. The heat recovery is
identified in the graph starting shortly after 15 minutes into the start of the cycle, occurring after

the first drain.
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Clothes Washer Heat Recovery - Cycle 2 Warm Setting
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Figure 68: Clothes Washer Cycle 2 with Normal Warm Wash
Normal — Hot Wash

The temperature and flow rates measured during a normal, hot wash cycle are shown for the first
40 minutes in Figure 69. About 12.5 L () of hot water and 4.4 L () of cold water are drawn for the
wash step and produces a maximum of 16.9 L () of waste water. Heat recovery is also started about
15 minutes from the start of the cycle.

Clothes Washer Heat Recovery - Cycle 5 Hot Setting
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Figure 69: Clothes Washer Cycle 5 with Normal Hot Wash
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Sanitization Wash

The temperature and flow rates measured during a sanitation wash cycle are shown for the first
100 minutes in Figure 70. The cycle produced the highest temperature waste water with 19.5 L
(X gal.) of hot water drawn during the wash step for the 3.45 kg (7.6 Ibs) load. With a
completely different wash setting, the heat recovery process does not start until 45 minutes after
the start of the cycle and generates drain temperatures above 38C (F).

Clothes Washer Heat Recovery - Cycle 9 Sanitization
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Figure 70: Clothes Washer Cycle 9 with Sanitization
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5. VALIDATION OF MODELICA APPLIANCE MODELS

The presented models in Section 3 are updated to more accurately represent the real system and
improve model stability when solved numerically. Only the clothes washer was added from scratch
using the new methods. The specific improvements for each appliance are shown in detail and

results of individual operation are presented to demonstrate the benefits.
5.1 Clothes Dryer

Heat exchanger geometry of the actual test stand unit was loaded using the available geometric
inputs to characterize a fin-tube heat exchanger. The original curve-fits, dry bulb temperature and
relative humidity, were updated with cycle 6 data due to having the most comparable air flow rate
to the baseline. The raw data and corresponding curves with equations are shown in Figure 71. A
spreadsheet program generated a polynomial of minimal degree with reasonable R?, greater than
0.9. The average volumetric water-side and air-side flow rates were also updated to best match

the experimental data.

CD Cycle 6: Curve-Fits For Modelica Cycle Controller
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Figure 71: Curve-Fit for Clothes Dryer Exhaust Dry Bulb Temperature and Relative Humidity
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Compare Predicted Air Side Conditions for CD Cycle & Data
80

726
A4

g

3

%

=
i

i
=

Temperature [C]

BRRSEEN LD

Alr Flow Rate [m3/hr]

o
&

SEROLERO TR

[
<

g

1000 1500 2000 2500 3000 3500
Cycle time {sec]
weee T_db_exhaust =T _svg_meas = T_avg_meas = T_db_HXoutlet ==V _avg_meas = V_flow_simulation

g

Figure 72: Clothes Dryer Experimental Data of Air Temperatures and Flow Rate — Cycle 6

Compare Predicted Water Side Conditions for CD Cycle 6 Data
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Figure 73: Clothes Dryer Experimental Data of Water Temperatures and Flow Rate — Cycle 6
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5.2 Refrigerator-Freezer

The original Modelica approach was updated for the Refrigerator-Freezer. The major changes were
the introduction of an internal tube-and-tube heat exchanger, liquid separator, a simple insulated
cavity model and a new approach on the compressor capacity controller using the Modelica
StateGraph library. The icon view of these updates can be seen in Figure 74.
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Figure 74: Updated Refrigerator-Freezer Approach in Modelica

The new model is tuned to best match the measured power consumption of the refrigerator and
capture the ON/OFF compressor cycling operation. The two main tuning factors are through the
prebuilt capacity controller, total evaporator energy during ON cycles and timer setting during
OFF cycles. An AHRI compressor map is loaded into the compressor subcomponent and scaled
with a factor 0.75 following a reference in literature to account for deviations from the
manufacturer rated suction superheat (Dabiri, A.E., et.al., 1981). The developed map is first
compared to the available experimental data to verify calculated power consumption is in line with
the measured data. A trend of this comparison and the calculated refrigerator mass flow rate is
shown in Figure 75. While the dotted line representing compressor power draw is difficult to see,

there is a clear trend with the total power consumption measured of the RF during testing. The
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on-cycle agreement further confirms the fixed scaling factor is appropriate to obtain an accurate
compressor power draw and refrigerant mass flow rate.

fefrigerator-Freezer Measured Electric Consumpbon Compared to Compressor Map Power and Mass Flow Rate
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Figure 75: Refrigerator-Freezer Measured Total Unit Power Consumption and Calculated
Compressor Power Draw and Refrigerant Mass Flow Rate using AHRI Compressor Map

Using this map within the Modelica refrigerator-freezer provides an accurate representation of the
delivered flow rate by the compressor and associated power draw. The final tuned Modelica
approach is compared to the experimental data. The simulated compressor power and mass flow
rate are shown in Figure 76 for 6-hours, the same duration displayed for the experimental data in
Figure 75. Overall the model is not built to accurately capture the dynamic operation of the RF

and focuses on the ON/OFF operation of the appliance to represent the intermittent behavior.
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flefrigerator-Freezer Simulated Compressor Power and Mass Flow Rate
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Figure 76: Tuned Refrigerator-Freezer Model Simulated Compressor Refrigerant Mass Flow
Rate and Power Draw

The simulated refrigerant flow rate calculated by the compressor map is lower than what is
predicted using the experimental data. One explanation is combined impact of the pressure ratio
and suction superheat differences between the simulation and experimental data set. To explore
this further the measured pressure ratio, total appliance power consumption, and compressor
suction superheat is plotted in Figure 77. During a compressor ON cycle, the power draw decreases
during over the last 10 minutes. This correlates to an increase in suction superheat which directly

reduces the delivered, refrigerant flow rate and results in less work by the compressor.
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Measured Refrigerator Water-Cooled Condenser Pressure Ratio, Evaporation Pressure, and Compressor Suction Superheat
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Figure 77: Measured Refrigerator-Freezer Pressure Ratio, Total Electrical Consumption and
Compressor Suction Superheat

In the simulation the calculated pressure ratio, compressor power draw and suction superheat
temperature is plotted along the same time span in Figure 78. The calculated values are constant
during the compressor operation comparable to the other trends shown. As discussed previously,
suction superheat has a strong influence on the compressor operation and is assumed to be the
main driver of the simulation inaccuracy for the predicted flow rate and power consumption. To
better support the numerical solver, no flow rates should be completely zeroed out. During the
OFF cycle, the compressor model is imposed with a 1% multiplier of the AHRI-calculated mass
flow rate, and a smaller fixed orifice opening to prevent any backward mass flow rates and reduce
the rate of refrigerant migration. The resulting OFF cycle accuracy is impacted by this modeling
approach and provides an inaccurate description of the built system or expected operation when
the compressor is powered off.
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Figure 78: Simulated Refrigerator-Freezer Compressor Pressure Ratio, Electric Consumption and

Suction Superheat Temperature

When calculating the water side heat transfer rate measured on the condenser, the corresponding

inlet and outlet water temperatures measured during compressor ON/OFF cycles is shown in

Figure 79. During one ON cycle, the condenser capacity drops off considerably. The rise in supply

water temperature results in the reduced output with the temperature sink becoming closer to the

condensing temperature. The reduced water-side capacity also trends with the calculated

refrigerant mass flow rate from the adjusted compressor map providing another verification of this

decreasing rate of heat transfer during an ON cycle.

Refngerator-Freezer Measured Water-Cooled Condenser Temperatures and Calculated Capacity
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Figure 79: Refrigerator-Freezer Water-Cooled Condenser, Measured Water Temperatures and

Calculated Heat Transfer Capacity
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The simulation captures the general trend of the measured condenser capacity shown in Figure 80
for a 6-hour span. A quick jump in capacity followed by a quick decay and plateau before the
compress or shuts-off. The contrast with experimental data is the steady decline in measured
capacity that is not captured in the model. Only the compressor start-up condition is picked-up in
the model which identifies the impact of refrigerant migration that collects in the lowest
temperature, or evaporator of the refrigerator. The cyclical operation of the temperatures is

captured in the model with a high, initial peak return temperature that gradually decays before
shutting down.

Refrigerator-Freezer Simulated Condenser Water Temperatures and Heat Exchanger Capacity
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Figure 80: Tuned Refrigerator-Freezer Model Simulated Condenser Water Temperatures and
Heat Exchanger Capacity

5.3 Dishwasher

The original Modelica approach was updated for the dishwasher. The major changes were the
introduction of a fill valve to represent the domestic hot water source, an expansion tank for the

sump volume, and a new approach on the controller using the Modelica StateGraph library. The
overall changes can be seen in Figure 81.
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Figure 81: Updated Dishwasher Modeling Approach with DHW Fill Valve, Sump Volume, and
Cycle Controller

The updated model is run with a simple connection between sump ports to simulate the baseline
operation of the dishwasher. Several runs are conducted to adjust the fixed assumptions of the
cycle controller to best match experimental data from the manufacturer. The final model after
tuning is shown in

Figure 82 by comparing the simulated sump temperature and internal resistor heater power
intervals with the baseline data.
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Figure 82: Tuned Dishwasher Modelica Plot of Sump Temperature and Power Consumption

Discuss trends of above graph to identify improved features in this new modeling approach.
5.4 Clothes Washer

The clothes washer model was the only appliance not addressed during the original development.
The controller leverages the benefits made when updating the dishwasher approach by using the
same controller components, expansion tank for variable liquid volume and DHW fill valve. Based
off the experimental results, three different temperature cycles are captured that charge the
expansion tank representing the waste, wash water. For the weekly simulation, prior data on
consumer cycle behavior is used to define the 6 cycles run in a week. Four warm wash cycles, one
hot wash cycle, and one cold wash cycle represent the amount of hot and cold water consumed
during the wash step in one week. With CW cycles occurring in groupings of two on three different
days during the week, an assumed distribution of cold, warm and hot washes is made. The first
two cycles on Wednesday are warm, followed by a warm then cold on Saturday, and the last pair
on Sunday is warm then hot. The finalized approach with all Modelica components as icons is
shown in Figure 83. To represent the built test stand with a single pump, a 3-way valve directs the

waste water drained by the CW to heat recovery or to the overall waste water drain of the home.
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Figure 83: Detailed Clothes Washer Modelica Approach for Waste-Water Heat Recovery

To validate the Modelica approach, experimental data shown in Figure 70 with the best heat

recovery potential is shown in better detail in Figure 84.

Clothes Washer Heat Recovery - Cycle 9 Sanitization

50 120
46 . - N . v - . . 118 z
i £
42 ‘16 5
§3B [\/\—;\ + N N + . . 114 3
S | ﬂ = 12 cz
5 30 — e — 10 %
8.26 ]] | \ FE— — — =
£ = M = 18
2 22 ,H i—y -l s &
IBJ | ! 1 1 .“ I e 4 £
56 ¥ ot ke et IJ'-"" P T et T e VIR i 3
14 L l 3 7—1 H\!/ I 2 g
0 ! ! 4™ HEHE R ) 7 - P
3300 3600 3900 4200 4500 4800 5100 5400 5700 600
Time [sec]

=== T _TankDrain [C] ===T_Supply [C] =+~ V_dot_w_Waste [LPM] =+=V_dot_DHW [LPM]
=== T _TankReturn [C] == T_Return [C] =+=V_dot w_HR [LPM] =+=V_dot_ColdMain [LPM]

Figure 84: Clothes Washer Cycle 9 Sanitization - Heat Recovery Process

The simulation output, seen in Figure 85, has a lower return temperature to the storage tank due to
a lower storage tank temperature.
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Simulated Clothes Washer Heat Recovery
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Figure 85: Simulated Heat Recovery Process of Clothes Washer Waste Water for Sanitization
Cycle, Water Temperatures and Flow Rates

5.5 Integrated Appliance System

Each final appliance model is connected to a stratified storage tank via liquid tube models on both
supply and return sides to capture piping heat loss. The icon representation of each model and
physical connections is shown in Figure 86. A thermal boundary is also connected to the storage
tank to replicate typical standby heat loss experienced in hot water storage systems.
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Clothes washer runs 6 imes per week with
2 cycles on Wednesday at 7:00 and 17:00,
2 cycles on Saturday at 8:00 and 10.00,

2 cycles on Sunday at 8:00 and 10.00

Dryer runs 5 times per week with
1 cycle on Wednesday at 19:00,

2 cycles on Saturday at 9:45 and 11:25,
2 cycles on Sunday at 9:45 and 11:25

Dishwasher runs 6 times daily
19:30 except for Saturday.

Master shower runs 5 times per day with
20 gallons at 7:00,

5 galions at 8:30,

5 gallons at 12:00,
10 galions at 17:00,
20 galions at 21.00

Figure 86: Modelica Icon View of Integrated Appliances System

During the operation of the refrigerator-freezer, the stratified storage tank is captured in the model.
The measured tank temperatures during several compressor cycles is shown in Figure 87 during a
6-hour span where the tank started at a temperature of 31C ().
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Figure 87: Test Stand Storage Tank Temperatures Compared to Refrigerator Water Supply and
Return Temperatures during several Compressor Cycles
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With a similar initialization, the simulation is run for only the refrigerator-freezer when connected
to the same tank sized used in the test stand. Compressor cycling is observed in Figure 88 with the

thermal charging of the top water layer within the storage tank during a six hour window.

Simulated Storage Tank Temperatures Dunng Rrefrigerator-Freezer Operation - 6 Hours
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Supply and Return Temperatures during Several Compressor Cycles
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6. PARAMETRIC STUDY

After updating the original models to improve agreement with available experimental data, the
integrated appliance system is run through a parametric study to evaluate the energy savings
compared to the original individual operation. First the individual operation is quantified for
appliances that are impacted by the heat recovery process to provide a benchmark for the integrated
system. After this, a final improvement is made to each appliance model before running the
parametric study to identify the impact of an ideal configuration by leveraging experience gained
from the test stand. To explore the impact of tank temperature, transient heat losses, and appliance
cycling operation, two different storage tank sizes are compared using commercially available
sizes that would be suitable for domestic hot water storage in a home. The same one-week
appliance schedule is run with starting the storage tank at domestic hot water temperature. he

identification of available hot water at DHW temperatures
6.1 Baseline Operation

With the improvements made to the built system, the individual operation of the appliances is
quantified to obtain a predicted energy consumption and performance without thermal integration.
The CD is run five times a week using the same cycle settings consuming roughly 4 kWh of
electricity per cycle or 20 kWh per week. The DW uses about 0.56 kWh of electricity per cycle
for all washing and rinsing steps which excludes energy used for drying. Prior data of the RF
operation using the air condenser reported 1 kWh of electricity consumption for a 24-hour period.
Using this reference, the RF should use roughly 7 kWh per week. The CW impact is on the DHW
consumption with using roughly 38.5 L per week requiring 1.25 kWh of energy to heat from 20C
city main temperatures to 49C DHW temperatures.

6.2 Ideal Appliance Modifications

Overall the parameters impacting the heat exchanger operation or geometry are altered using
experience gained during the operation of the test stand. The clothes dryer switched the heat
exchanger to a counter flow from a cross flow. A higher potential outlet water temperature is

possible during the heat recovery process and is considered the ideal approach to generate more
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useful temperatures. On the refrigerator a simple modification is explored by lowering the flow
rate by 40% with the same aim to deliver higher return water temperatures to the storage tank. The
dishwasher and clothes washer are updated with identical heat exchanger replacements, a co-axial
geometry instead of a flat-plate. Significant pressure drop was observed in the experimental system
with a flat-plate HX and required significant pumping power to overcome. Furthermore, the new
HX will improve the its resilience with expected fouling. The internal water of the appliance, both
the dishwasher or clothes washer, will have food or cotton fiber debris resulting in fouling and
partial blockage of flow channels. The holding volume of this co-axial heat exchanger is made
constant relative to holding volume of the physical flat, plate heat exchanger used during testing.
An assumed piping size of the co-axial HX is 1.3 cm (1/2 in) diameter and its length is increased
until the internal volume matches that of the waste-water flat-plate HX. The resulting length is
2.15 m (7 ft) for an internal volume of 0.11 L (0.03 gal.).

6.2.1 Clothes Dryer

A comparison is made between the calculated air-side and water-side capacities of the clothes
dryer and the model prediction for the test stand HX and counter-flow HX. The plot shown in
Figure 89 identifies the amount of heat recovered between the test stand HX and a counter-flow
heat exchanger is very similar. And these predicted capacities are much closer to the calculated
water-side capacities versus the calculated air-side capacities. The power input to the entire dryer
is also visible to provide an indication of how much electricity is used in total compared to the
amount of heat recovered from the dryer duct. For this cycle during the drying region at about
10003 seconds, the total power input is 5,421 Watts, and the amount of predicted heat recovered
by the TIRA HX is 686 Watts versus 805 Watts for the ideal HX. Giving a percent of heat recovery

at 12.6% to 14.8% for each case respectively with a 17.3% increase between the different HX

types.
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Compare Simulated Heat Recovery with Input Power and Calculated Capacitites - CD Cycle 6 Data
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Figure 89: Measurement Versus Simulation of TIRA HX and Ideal HX — Cycle 6

The performance improvement between the two HX is more pronounced when plotting the
individual cell temperatures in Figure 90 that represent a fraction of total HX surface area. The
cross-flow HX from the test stand did not generate high outlet water temperatures relative to the
maximum potential, inlet air temperature. When compared to a counter-flow approach, shown on
the right of the figure, a water outlet temperature is predicted above 42°C (108°F) instead of the
33°C (91°F) observed for the test stand.
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6.2.2 Refrigerator-Freezer

The water side volumetric flow rate is lowered to generate a higher return temperature to the
storage tank. The trade-off between higher return temperatures and increased power consumption
must be considered to quantify the impact on cooling performance. The model has a top-level
parameter to vary this flow rate and is constant during a simulation run. A lower rate of 0.5 LPM
(0.13 GPM) versus the one measured during testing, 0.83 LPM (0.22 GPM) was explored. The
case is considered ideal in the perspective of heat recovery to support another process. A detailed
look at this impact is shown in Figure 91 during the final 6-hours of a 24-hour simulation starting
with a uniform storage tank temperature of 21C (). The condenser heat transfer rate, compressor
power consumption and total energy are compared for both flow rates. While there is some
temporal shift on compressor operation between the typical system and ideal case, overall there is
not a significant impact on energy recovered or compressor power consumption. One minor point
to note is the ideal compressor cycles lead the TIRA configured compressor cycles. The capacity
controller of the compressor has a fixed assumed OFF timer and would not be impacted between
both scenarios. The shift must be due to a slight increase in evaporator capacity resulting in a
shorter ON cycle when using a lower condenser, water side flow rate. With the original purpose
to generate higher return temperatures, the water and refrigerant cell temperatures of the condenser
are plotted in Figure 92 A slight improvement of 2 C (), is seen on the outlet water temperature of
the condenser, 28C () versus ~26C (). The model could be run for 1-week instead of a single 24-

hour period to further explore how warm the storage tank can be driven by the RF compressor.
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Compare RF Simulation - TIRA and Ideal Flow Rates - Condenser Capacity, Compressor Power and Energy
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6.2.3 Dishwasher

Counter-flow, coaxial tube HX that can fit within the existing dimensions of a dishwasher replaced
the flat-plate HX. To further reduce the HX pressure drop occurring at the high flow rates, a
diameter of 13 mm ('4”) is assumed. The last degree of freedom, HX length, is calculated by
keeping the internal volume the same as the original HX installed on the test stand. A constant
internal volume between both HXSs results in the same DHW volume drawn by the appliance per
cycle. The ideal DW is simulated and compared to the TIRA DW as well as a baseline DW using
no HX for external thermal input. The connected storage tank was initialized at the DHW
temperature and each DW model was connected to their separate tanks. A graph of the first DW
cycle called in the simulation is shown in Figure 93 which had access to the warmest tank in the
1-week simulation. Here it is easy to recognize the added cycle time between the three types as
well as compare the different amounts of power consumption between each cycle. The TIRA
configuration reports the lowest electrical consumption for the heater around 300 W-h while the
ideal and the baseline do not show much disagreement here, around 500 W-h in total. As more
DW cycles occur, the tank’s thermal energy is depleted resulting in the cycles shown in Figure 94.
Due to the addition of HXs for both the ideal and TIRA cases to deliver heat from an external
source, this thermal mass then results in a higher electrical power consumption when not in use,
700-800 W-h compared to the baseline, 560 W-h.



125

Compare TIRA, Ideal, Baseline DW Approaches - Cycle 1 Sump Temperature, Heat Loop Capacity, Electrical Power and Total Energy
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To further illustrate the impact of different DW configurations on the storage tank temperatures,
Figure 95 compares the tank temperatures across 20 points along the height of the tank for 3
different possible DW configurations. The left graph shows the tank temperatures after the first
DW cycle of the week, and the right graph shows how much the tank has been cooled after the 6"
DW cycle. The simulation only has the DWSs connected to their respective tanks, all starting at
DHW temperatures. The first issue with the ideal configuration is the need for a high flow rate to
match the appliance side flow rate on the HX. As a result, the tank is mixed and results in cooling

seen in the left graph compared to the TIRA or baseline tank temperatures.

Figure 95: Impact on Storage Tank Temperatures from Dishwasher Operation in 3
Configurations (Left: after first cycle, Right: after the 6 cycle)

6.2.4 Clothes Washer

Due to the cycle results obtained during experimentation, it is expected the CW does not have
much waste heat available for recovery due to the type of cycles typically run by consumers. In
situations where a region of the storage tank drops to temperatures below the drained wash water,
the heat recovery process is still possible within the Modelica model. The same HX type and
geometric assumptions for the DW are extended to this appliance as well. Due to the change in
focus of the CW on using waste heat to being a consumer of DHW from the tank, illustrating the

different HX approaches in the CW are not beneficial for this study.
6.3 Storage Tank Volume

Two different storage tank volumes, 303 L (80 gal.) and 150L (50 gal.) were simulated for the

ideal configuration of thermally connected appliances. Both volumes are available from a tank
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manufacturer and are common storage volumes for residential DHW. With a goal of supporting
the residential DHW demands, the tanks are initialized at, 49C (120F), which represent standard
DHW temperatures.

6.3.1 300 L Tank

The same tank size used in the test stand, 303 L (80 gal.) was initialized at a temperature of 49C
(120F). The impact on the tank temperature over time from all four appliances’ operation is shown
for five different heights in the storage tank spanning the entire height of the tank. A graph showing
these temperatures over time with a 24-hour grid starting on Monday is shown in Figure 96. As
different appliances come on and off, the tank temperatures respond depending on the appliance.
The DHW required by the CW and DW is also drawn from the same tank connected to all

appliances and is replaced with fresh water at a city main temperature of 20C (68F)

1-Week Ideal 303 L Tank Simulation - Storage Tank Temperatures at 5 Heights
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Figure 96: 1-Week 303 L (80 gal.) Ideal Simulation of 5 Storage Tank Temperatures

The only appliance that should see a negative impact with starting at a high tank temperature is
the refrigerator-freezer. The compressor power consumption and inlet/outlet pressures are plotted
along with the condenser heat rejection rate shown in Figure 97. Here the compressor power is
initially higher than levels seen during testing, around 100-110 Watts versus the 85-95 Watts
measured. As the week goes on, the compressor power drops to around 60W and maintains this
level.
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Figure 97: 1-Week 303 L (80 gal.) Ideal Simulation of Refrigerator Condenser Capacity and

Compressor Power Consumption

The amount of energy offset by thermal integration for the DW is a function of the stored water
temperature at the top of the tank. In Figure 98, the first DW cycle of the week simulation is
presented. With a total duration of, 230 minutes, 440 W-h of electricity is used for heating with
roughly 190 W-h provided via the external HX. Occurring at the beginning of the week, the first

cycle has access to plenty of hot water for heating use.

303 L Tank 49C 1-Week Ideal Simulation - DW Cycle 1 Sump Temperature, Heat Loop Capacity and Electrical Power
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Figure 98: 1-Week 303 L (80 gal.) Ideal Simulation of Dishwasher Cycle 1 Sump Temperature,
HX Heat Transfer Rate, Electric Element Power Draw, and Total Energy
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Contrasting the first DW with the last DW of the week, Figure 99 displays the sump temperature,
heat loop capacity, electric heating and energy delivered or consumed by the DW over time. With
a duration of 222 minutes, about 500 W-h of electricity is used for heating and about 130 W-h of
heat delivered by the external HX. Both the first and last cycle used a total 630 W-h of energy
combined, both electrically and thermally. In the first cycle, the heat loop took 127 minutes to
reach the controller cut-off before switching to the electrical heater while in the 6™ cycle, it took
110 minutes. The model does not capture the required pumping power to support this delivery of
external heat. Considering only this duration and the electrical savings associated from offsetting
the resistive heater, the pumping power must be below roughly 90 W for cycle 1 and below 70 W
for cycle 6. This limitation needs to be kept in mind due to the high demanded flow rate of the
DW, 32-36 Liters/minute (8.45-9.51 GPM) and added requirement of passing through a HX
requiring more pumping power. The HX heater control can be improved to balance the added time
to the DW cycle resulting in more pumping power with offsetting the inefficient calrod heater

internal to the appliance.

303 L Tank 49C 1-Week Ideal Simulation - DW Cycle 6 Sump Temperature, Heat Loop Capacity and Electrical Power

601 , 1200 =

[ 1] [ =

S5 —————T—T——+— —1 1100 =

‘ o

50 —_— ‘ 1000 E
451 1 900 ~

- \ el
g1 T — 7 ——t—1—1—+—1800 2
¥ 35 A SANREREED 700 =
- ? 5
g 301 T 500 2
o c
& o5l — —{ HRy 4 : s00 @
& \S%— \ A A
= 20 5 00 ®
| g !

137 5 300 =

\ q =

10{— —1 1 — 1 1 1 1 1R R —H-+——t200 &
—— .o

o — T — AN T 100

; -t 2

o+ o &
588000 589200 590400 591600 592800 594000 595200 596400 597600 598800 600000 601200 602400 &

Simulation Time [sec]
T _sump [C] == Q_HX [W] == Q_ElecHeat [W]| ==E_HX [W-h] ==E_ElecHeat [W-h]

Figure 99: 1-Week 303 L (80 gal.) Ideal Simulation of Dishwasher Cycle 6 Sump Temperature,
Heat Loop Heat Transfer Rate, Electric Element Power Draw, and Total Energy

Overall about 9 kWh of heat is collected from the RF and 5 kWh of heat is recovered from the CD
over the 5 drying cycles. The CW required 38.5 L (gal) DHW and the DW, 63 L (gal) all provided
by the storage tank. With a total tank volume of 300 L, the appliances introduce 100L of city main

water, cooling the internal tank volumes on a weekly basis. The use of waste heat for DHW of the



130

CW and DW offsets about 3.2 kWh of electricity when heating 100L of water from 20C to 48C.
The heat from the tank is able to offset roughly 0.67 kWh of heat required by the DW every week.
The RF compressor consumed about 7 kWh of electricity during the week simulation. For the
300L tank in 1-week, roughly 14 kWh of heat is recovered from the RF and CD, 3.9 kWh of heat
is offset in the DW and overall DHW. The storage tank is also able to maintain DHW temperatures
in the upper sections and even exceeding the highest initial temperature of the stored water. The
RF used roughly 7 kwWh of electricity for the entire week simulation. The pumping power for the
RF heat recovery is the smallest while in contrast the DW has a substantial pumping requirement
due to the demanded flow rates.

6.3.2 150L Tank

The same initial conditions were specified as performed on the 300 L tank simulation. The
temperature trends of the storage tank at 5 different heights is shown in Figure 100. When
comparing the trends shown on the previous tank, the temperature swings are more pronounced as
expected with a smaller storage volume. The amount of heat transfer between each appliance

commands a higher percentage of the overall energy stored in the smaller tank size.

1-Week Ideal 150 L Tank Simulation - Storage Tank Temperatures at 5 Heights
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Figure 100: 1-Week 150 L (50 gal.) Ideal Simulation of 5 Storage Tank Temperatures

The impact of a smaller tank size on the RF operation, condenser heat rejected, and compressor

power consumption is shown in Figure 101. Again the compressor power consumption follows
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closely the temperature at the bottom of the storage tank which is the inlet state for heat rejection
by the condenser.

1-Week 150 L Tank Ideal Simulation - Condenser Capacity and Campressor Power
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Figure 101: 1-Week 150 L (50 gal.) Ideal Simulation of Refrigerator Condenser Capacity and
Compressor Power Consumption

The same two DW cycles, at the beginning of the week and end of the week are shown in Figure
102 and Figure 103.

150 L Tank 49C 1-Week Ideal Simulation - DW Cycle 1 Sump Temperature, Heat Loop Capacity and Electrical Power
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150 L Tank 49C 1-Week Ideal Simulation - DW Cycle 6 Sump Temperature, Heat Loop Capacity and Electrical Power
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7. CONCLUSIONS

The performance of residential appliances relies heavily on thermal energy to achieve their
respective end goals and consume high exergy sources such as electricity or fossil fuels directly or
indirectly. With every operation occurring within the same building, there exists the opportunity
for one appliance to provide some fraction of thermal energy normally wasted to partially offset
another’s demand of this useful energy source. Prior advancements to appliances have been
entirely focused on the individual boxes these units operate within and miss resources that are
generated in the waste steam of adjacent appliances. Refrigerator-freezers and clothes dryers reject
thermal energy that could heat water for dishwasher and clothes washer cycles. Developing
physical models capturing these thermal interactions provide insights on how best to achieve this
exchange for the reduction of primary energy consumption. As best as models can be developed,
experimental testing is performed to validate the simulation results and adjust initial assumptions
for improved agreement with measurement data. A tuned model has a greater degree of confidence
in the results and enables a quick exploration of system parameters to be adjusted in the aim of

providing the highest energy savings possible when thermally connecting residential appliances.
7.1 Contribution to the Field

Prior research has considered waste heat recovery and thermal connections to individual
appliances (CD exhaust recovery, heat loop driven CW or DW, water cooled RF) but have not
explored the added benefits by connecting all major appliances. The energy savings attainable
from any one appliance is very much a function of the magnitude and frequency an appliance is
used. A CW could use a hot wash once a week and a cold wash four times a week compared to a
warm wash five times a week. The size of the load can vary as well. Exploring the impact of
various changes to the overall system of connected appliances could be explored extensively with
a comprehensive experimental plan. The difficulty is the time and resources available are most
often limited and thus the measurable factors become only snapshots. Building a model dependent
on the physical factors of the thermal connections; heat exchangers, flow rates, storage tank
volume, and piping, provides a straightforward simulation by avoiding the detailed mechanisms

required by the appliance. Prior studies investigating individual appliances would attempt to
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capture the internal dynamics. Often these models require tuning factors from experimental results

for higher accuracy on the prediction of the system performance.

A dynamic, Modelica model of thermally connected appliances was developed and validated
against experimental data collected from a specific test stand. A parametric study explored two
different storage tank volumes. Further capabilities of the model could support expansion of the
shared thermal resources. Introducing the domestic hot water system for example could be one
area of further savings potential. Buildings with hydronic heating and cooling could drive any
supplemental demand for or tap any excess thermal energy from the connected appliances.

7.2 Overall Findings

Due to the significant portion of global energy consumption by the U.S., American buildings are
one area of great opportunity to achieve meaningful energy savings on a global level. The
residential sector having a slightly larger piece of this consumption over the commercial sector is
targeted. Significant research exists into the largest percentage of site energy usage, HVAC
systems but more work is needed evaluating novel methods for efficiency improvements in
residential appliances. Federal standards can help push industry to adopt energy saving
technologies but small profit margins make most gambles unable to be considered and limit their
focus to gaming the standard for optimal energy savings. Additionally appliance efficiencies have
been increasing aggressively to where it is unknown what suitable technologies can support this
rate of increase. The thermal integration of residential appliances is one approach that has not been
evaluated at a large scale by including all major appliances. Initial projections from the literature
estimate up to a 25% energy savings is possible through waste recovery. A preliminary analysis
referencing market factors on RFs, CDs, CWs, DWSs, and COs as transient and bulk heat sources
reported the tradeoffs between percent of waste heat recovered versus a final water temperature
attained. Higher percentages resulted in lower water temperatures. The RF is reported having an
increase in cooling capacity of about 12% and a reduction of compressor power consumption of
about 26%. A sample operation of the CD has the exhaust air stream being cooled down to 30.5°C
(86.9°F) or on the other side, is able to heat 19 liter (5 gal) of water up to about 54.5°C (130.1°F).
While the DW provided higher heat source temperatures, 40°C (104°F), than the clothes washer,

36°C (97°F), the opposite was true in that the volume of waste water drained is very low compared
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to the clothes washer 11.7 L (3.1 gal) to 155 L (41 gal). Thus storage tank water temperatures did
not reach above 30°C (86°F) even with low storage volumes. The CO can generate significant
water temperatures depending how small of a storage tank is connected but presents technological

challenges to safely and efficiently collect this waste heat.

The prototype design of the integrated system was constructed, and several cycles of each
appliance operation was collected to obtain experimental data. The tuned models provide guidance
on the impact of control decisions during the heat recovery process, how storage tank volume plays
a part with increasing waste heat usage in the DHW system, and giving design requirements for

the supporting equipment to achieve the explored thermal integration.

Collecting appliance experimental results from the manufacturer and from literature provide
references to standard operation characteristics. Modelica models were built by capturing major
steps or parameters for each appliance, CD, RF, DW and CW. The available data was used as an
input for a heat source to the model and to validation tool to improve the simulation prediction.
The tuned individual appliance models interface with a storage tank model to create an integrated
appliance model. For a 300L tank, roughly 14 kWh of heat is recovered from the RF and CD, 3.9
kWh of heat is offset in the DW and overall DHW demand. The storage tank is also able to
maintain DHW temperatures in the upper sections and even exceeding the highest initial
temperature, 48C, of the stored water. The RF used roughly 7 kwh of electricity for the entire

week simulation.
7.3 Recommended Future Work

The complexity of the system provides numerous directions to improve the amount of energy
recovered and the primary energy reduced. Furthermore other improvements are mentioned to

improve the overall simulation performance.

The CD and DW show potential for improved efficiencies compared to the results presented in
this work. Updating the CD with a lower density fin pitch and changing the geometry to a counter-
flow will reduce the required auxiliary fan power, improve reliance to fouling by lint and generate

higher return temperatures to the storage tank and increase the amount of energy possible to offset
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for other heat using appliances, CW or DW. The time of the CD operation relative to the start of
the CW or DW operation can also further increase this offset energy consumption by minimizing

the amount of heat loss during storage.

Changing the HX type on the DW is a crucial improvement to make the possibility for useful heat
input a reality. Reducing the significant pressure drop expected at the high flow rates allows for
smaller pump power and minimizes the associated energy penalties for running the DW longer to
achieve required internal temperatures. With the energy rating of the DW also considering the
amount of DHW used per cycle, simulations should be run to explore the benefit of a cold-water
supply to the DW instead of a hot-water supply. More heat would be needed of the HX and would
be in a better range that can be delivered by the HX instead of unfeasible high temperatures
required during the rinsing steps. The Modelica controller of the DW should be improved to
increase the threshold for external heating by switching to the electric heater when the heat rise in
the DW seems to plateau. The benefit here would balance the overall cycle time to improve
customer experience with the energy savings of using an external heat input. Something akin to

the eco versus speed mode available on heat pump CDs today.

The RF capacity controller would benefit from operating in two modes, minimizing compressor
power and maximizing return water temperatures. The control decision would come from an
overall appliance system controller that determines if another appliance will need high temperature
water for a cycle. The numerical analysis available from the simulation environment lists many
events are generated within the RF HXs during ON/OFF transitions and OFF periods due to
switching flow rates between the HX cells. These events slow the implicit DAE solver by requiring
small time steps to iterate through. Using Modelica no event declarations around these cell
connections or finding other approaches to force a flow rate in one direction throughout the entire

simulation could greatly improve the overall weekly simulation.

Supporting the stratification of the storage tank is an important feature of the physical test stand to
maintain the hottest water temperatures generated during different appliance cycles. One product
was found from a small company in Europe but required custom modifications to the storage tank

for installation.
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APPENDIX A -WASTE HEAT ANALYSIS

A preliminary analysis is conducted on the waste heat available from each major residential
appliance; RF, CD, CW, DW, and CO. An EES model for each appliance is built and sample cycles
are run for each one. Basic heat recovery efficiencies are assumed and the percentage of input
energy that can be recovered is calculated. The results indicate the infrequent use of the CO
coupled with technological challenges make heat recovery unattractive. The other appliances show

promise for designing methods or techniques to collect and reuse the waste heat.
A.1 EES Computer Modeling

The modeling of each appliance in EES is first separated into two different approaches dependent
on the heat source. For both the RF and the CD, a transient process is captured for the waste heat
steam that is occurring over time. Due to the heat sources from the CW, DW, and CO occurring

intermittently and in batches, the available thermal energy is considered as a bulk source.
A.1.1 Transient Energy Analysis

When the refrigerator compressor turns on, it rejects heat either to the ambient air as in a normal
application or is rejected to a cooling water loop with a water-to-refrigerant heat exchanger. For
the clothes dryer, the exhaust air is typically sent outside the home, but for heat recovery, a fin and
tube heat exchanger is placed in this exhaust stream and a cooling water loop provides an ability
to recover the sensible and latent heat leaving the dryer. Curve-fits are generated off the two plots
in the study presented in Figure 12 and Figure 13 by picking points evenly along the curves of

interest and applying a polynomial fit to the points found using spreadsheet software.

To simplify the analysis, a lumped parameter, heat transfer effectiveness of 80% is assumed for
all heat exchangers, waste heat and the vapor compression cycle heat exchangers. The maximum
heat transfer is determined by cooling or heating the refrigerant to the inlet conditions of the air or
water streams. The experimental data from the manufacturer for the refrigerator is used to provide
the compressor displacement and the cycle improvements implemented in a standard household

refrigerator. Modeling the suction line heat exchanger attached to the capillary tube was captured
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by further cooling the subcooled liquid leaving the condenser with the leaving refrigerant vapor of
the evaporator. The expansion process then was assumed to be isenthalpic. The subcooling leaving
the condenser and the superheat leaving the evaporator were both assumed to be 5°C (9°F). Due
to the suction line heat exchanger, this means additional subcooling is created for a larger
evaporator capacity while sacrificing some of the compressor efficiency with higher suction
superheat. Additional properties of the compressor were assumed to roughly model the
compression process. A volumetric efficiency of 95%, an isentropic efficiency of 80%, and 20%
of the input power into the compressor is lost as waste heat to the ambient. The evaporation and
condensing conditions are free to move depending on the heat sink and source temperatures being
exposed to the respective heat exchangers. For the clothes dryer, the exhaust air stream dew point
temperature is checked with the incoming cooling water temperature to determine if the coil is wet
or dry. If the inlet water temperature is below the exhaust air dew point, then the exit air
temperature of the waste heat exchanger is at saturated conditions. Otherwise when the cooling
water temperature is above the dew point, the humidity ratio is kept constant across the waste heat

exchanger.

The strategy for measuring the available heat recovery during the transient process is to explore
different volume sizes of water storage tanks and cooling water flow rates. The storage tank
supplies the waste heat exchanger with cool water where it picks up heat and returns to the storage
tank. Over time the tank temperature should rise in temperature depending on amount of heat being
rejected to the water stream. Smaller water volume tanks and flow rates should obtain higher
temperature at the end of the transient process. While this higher temperature water has more
potential to offset energy usage in another location of the home, less total energy is recovered from

the waste stream due to the higher sink temperatures for cooling.
A.1.2 Bulk Energy Analysis

To recover the waste heat, a fixed volume of cooling water is brought into contact with the fixed
volume of waste water or thermal mass as in the case of the CO, and it brought to thermal
equilibrium. Decreasing the volume of cooling water used causes the final temperature to approach
the original temperature of the heat source. Maximizing the temperature of cooling water provides

a higher availability energy input to another heat demand, and thus reducing the amount of external
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energy required. A trade-off exists between maximizing the heat recovery from the waste stream
of the appliance with larger volumes of cooling water, and maximizing the supplemental heat

provided to another process from smaller cooling water volumes providing higher temperatures.
A.2 Transient Heat Results

Four different tank volumes were run for the refrigerator model covering a typical cycle time of
50 minutes and a cooling water flow rate of 1.9 liter/min (0.5 gallons/min). A summary of the
water tank temperature at the end of the cycle run for each tank volume is shown in Table 1. The

tank volume sizes were selected based off a desirable water temperature.

Table 1: Summary of household refrigerator performance with water cooling and air cooling
condenser

. Maximum Tank Total Evaporator Total Compressor Avg. Cooling
Cooling Stream Tank Volume

Temperature Energy Energy CoP

[liter/gal] [C/F] [kJ] [k)] [-]
Water 19 5 28.58 83 753.6 198.4 2.71
Water 15 4 325 90 745.8 205.3 2.62
Water 11 3 39 103 730.8 217.8 2.47
Water 7.6 2 55.9 132 694.2 246.8 2.17
Air - - 669.6 267.6 2.20

To see the transient analysis of the tank temperature for the same tank sizes, Figure 104 shows 4

curves with the same conditions shown in Table 1.
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Figure 104: Storage tank temperature for water cooled condenser of household refrigerator
A summary of the clothes dryer simulation runs is shown in Table 2. As the tank size increases the
percent of energy recovered increases but the maximum tank temperature decreases. Also the air
outlet temperature of the heat recovery process decreases, providing a better possibility of allowing
the dryer exhaust to be vented indoors instead of outdoors.

Table 2: Summary of clothes dryer heat recovery

Tank Size Start Tank End Tank Max Air Outlet Total Heat  Total Percent
[liter/gal] Temperature Temperature Temperature Recovered Energy Energy
[C/F] [C/F] [C/F] [kJ] Input [kJ] Recovered
378 100 "222 720 305 86.9 11408 51.8%
113 30 33.0 914 39.1 1025 8369 38.0%
76 20 15 59 37.7 99.8 429 109.2 6937 22041 31.5%
38 10 45.4 113.7 49.1 1203 4471 20.3%
19 5 54,5 130.1 56.3 1334 2668 12.1%

To understand the impact of the storage tank size for the same water flow rate as the refrigerator,
1.9 liter/min (0.5 gallons/min), Figure 105 shows the tank temperature as a function of time. As
the volume decreases from 113 liter (30 gallons) to 19 liter (5 gallons), the final tank temperature
at the end of the drying cycle goes from 33°C (91.4°F) to 54.5°C (130°F).

Clothes Dryer Heat Recovery - Tank Water Temperature
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Figure 105: Impact of the storage tank volume size on the water temperature stored in the tank
A secondary benefit of having heat recovery at the exhaust of the dryer is the reduction of the dryer

air exhaust temperature and the removal of moisture from the exhaust stream. Figure 106 provides
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an indication of the exhaust air stream leaving the heat exchanger changes as the storage tank
increases in temperature over time.

Clothes Dryer Heat Recovery - Air Outlet Temperature
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Figure 106: Cooled dryer exhaust air leaving the waste heat exchanger as a function of the
storage tank volume

A.3 Bulk Heat Results

Using the assumed cycle parameters for each appliance providing a bulk energy source, the amount
of heat recovered by the cooling water source is calculated for a number of tank volumes. A
summary of all the results is listed in Table 3. The assumed cycle energy per cycle presented in
the Appliance Background section for each appliance is converted from kWh to kJ to calculate a
percent of energy input recovered by the cooling water source.

Table 3: Summary of bulk energy recovery from the clothes washer, dishwasher and cooking
oven
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Clothes Washer [8136 kl/cycle] Dishwasher [4536 kJ/cycle] Cooking Oven [15372 kl/cycle]
Tank Final Tank Heat % Final Tank Heat % Final Tank Heat %
Volume Temperature Recovered Recovery Temperature Recovered Recovery Temperature Recovered Recovery
[liter/gal]  [C/F] [kJ] [-] [C/F] [kJ] [-] [C/F] [kJ] [-]

76 2349 948 700.7 8.6% 30.0 86.1 546.2 12.0% [123.9 255.0 3530 23.0%
15.1 4 : 339 931 1339 16.5% | 25.4 77.7 799.6 17.6% | 90.5 1949 4923 32.0%
227 6 :33.0 914 1922 23.6% | 22.7 72.9 945.8 20.9% | 72.3 162.1 5652 36.8%
30.3 8322 89.9 2457 30.2% | 21.0 69.8 1041 23.0% | 60.9 141.7 6096 39.7%
379 10: 31.4 88.6 2951 36.3% | 19.8 67.6 1108 24.4% | 53.2 127.8 6398 41.6%
45.4 12 30.7 87.3 3407 41.9% | 18.9 66.0 1158 25.5% | 47.6 117.7 6615 43.0%
53.0 14 30.1 86.1 3829 47.1% | 18.2 64.7 1196 26.4% | 43.4 110.1 6776 44.1%
60.6 16: 29.5 85.0 4222 51.9% | 17.6 63.7 1226 27.0% | 40.0 104.1 6902 44.9%
68.1 18: 289 84.0 4588 56.4% | 17.2 62.9 1251 27.6% | 374 99.3 7004 45.6%
75.7 20 284 83.0 4929 60.6% | 16.8 62.2 1271 28.0% | 35.2 95.3 7086 46.1%

A.4 Overall Predicted Savings from Thermal Connected Suite

There exists a strong trade-off between the tank volume of water used to circulate for heat recovery
and the final temperature at the end of the appliance cycle. While smaller tank volumes provide
higher water storage temperatures which are useful as a direct input to another appliance cycle,
smaller percentages of the energy recovery result due to the higher water temperatures being
delivered to the appliance. An improved analysis would be to calculate the availability or exergy
of the heat recovered by the water cooled heat exchanger. Most of the input energy for all
appliances is pure exergy in the form of electricity since it can be used to perform any task. Once
it is converted by the appliance into useful work through refrigeration, cooking or wet cleaning,
much of this potential energy is destroyed. The leaving waste stream is now low in availability due
to the low temperature and its close to a dead state where no more useful work can be extracted.

An improvement of the work presented here would be to have one fixed volume tank and conduct
a large transient analysis where different appliances would come on and off. This approach would
explore potential benefits or pitfalls when larger storage tanks are used to combine all the waste
heat into one location. Additionally, the ability to offset some of the household domestic hot water

would be introduced by adding in a hot water schedule relative to the appliance schedule.

While the experimental data referenced for the clothes dryer was very detailed and provided an
easy way to calculate the available energy from the waste stream, the drying conditions seen might
not be fully representative of a typical cycle. The clothing load was large and the heat setting was
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on high. Obtaining exhaust air data for different dryer conditions would properly identify an

optimal tank size for circulating the cooling water.

Household appliances account for the second largest site energy consumption, 27%, after the
HVAC system for the U.S. residential sector. Many approaches explored in the past to address this
area were mainly focused on only the appliance itself. If the scope for improvement also considers
factors external to the appliance, there is the potential for greater energy savings. By quantifying
the expected energy available in the waste stream for five major appliances; household refrigerator,
clothes dryer and washer, dishwasher, and cooking oven, a potential energy source is presented. A
cold water cooling stream is applied to the waste stream of each appliance and an estimated amount
of energy can be recovered. The household refrigerator is modeled having an increase in cooling
capacity of about 12% and a reduction on compressor power consumption of about 26%. A sample
operation of the clothes dryer has the exhaust air stream being cooled down to 30.5°C (86.9°F) or
on the other side, is able to heat 19 liter (5 gal) of water up to about 54.5°C (130.1°F). A different
modeling approach is used for the bulk energy sources. A large volume of water was available by
the clothes washer, but due to typical operation characteristics, low wash and rinse temperatures,
the waste stream was not high in temperature. The highest temperature of water generated was at
35°C (95°F). While the dishwasher provided higher heat source temperatures, 40°C (104°F), than
the clothes washer, 36°C (97°F), the opposite was true in that the volume of waste water drained
is very low compared to the clothes washer 11.7 liter (3.1 gal) to 155 liter (41 gal). Thus storage
tank water temperatures did not reach above 30°C (86°F) even with low storage volumes. The
cooking oven can generate very high water temperature depending how small of a storage tank is
connected. There exists a controls risk when preventing the cooling water stream from reaching
the boiling point and creating steam. Further work in this area is recommended due to the potential

of high water temperatures generated from waste energy streams not currently being captured.
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APPENDIX B - EES CODE

B.1 Clothes Dryer

File-Clothes_Dryer_w4 EES 12/9/2017 3:01:25 AM Page 1
EES Ver. 10.268: #3045: For use only by students and faculty, Purdue University Campus, West Lafayetie, IN

: “dothes dryer”

"PROCEDURE Clothes_Deyer(T_wash. T_rinse, V_wash, V_nnse, T_w_drain, T_r_drain, V_w_drain, V_r_drain, W_elec -
T_clothes, V_clothes, @_loss, S_gen)”
{assume all inputs are in Engfish units, F and gali

:

PROCEDURE Tank(delta_tV_w_tank T_startV_dot_w.T_w_retum:T_w_tank. u_w_tank)

IF(TABLERUN# = 1) THEN
T_w_tank_initial = T_start
u_w_tank_initial = IntEnergy(Water, T=T_start x=0[-])
rho_w_tank_initial = Density(Water, T=T_start,x=0{-])
T_w_tank =T_w_tank_initial
u_w_tank =u_w_tank_mitial

: ELSE

u_w_tank_initial = TABLEVALUE(Table 1, TABLERUN# - 1, 'u_w_tank)
rho_w_tank_initial = Density(Water,u=u_w_tank_initial x=0{-])
T_w_tank_initial = Temperature(Water,u=u_w_tank_initial x=0[-])

h_w_i = Enthalpy(Water,u=u_w_tank_initial x=0{-])

h_w_o = Enthalpy(Water, T=T_w_retum x=0{-])
Q_dot_hx =V_dot_w'rho_w_tank_initial*(h_w_o - h_w_i)"conver{GPM.m3/s)

u_w_tank = ((Q_dot_hx"delta_t) + V_w_tank'rho_w_tank_initialconvert(gal,m3)"u_w_tank_inisal)(V_w_tank
*rho_w_tank_initial*convert(gal m3))
T_w_tank = Temperature(Water,u=u_w_tank x=0[-])

ENDIF
END {Tank}

PROCEDURE Wet_Clothes(T_exhaust_db,m_w_diothes_0.m_w_clothes_rmv:m_w_clothes_initial, m_w_clothes,
u_w_clothes_initial,s_w_dothes_initial)

IF(TABLERUN# = 1) THEN

m_w_clothes_initial = m_w_clothes_0

m_w_ciothes = m_w_dothes_initial

u_w_clothes_initial = intEnergy(Water, T=T_exhaust_db. x=0[-])
s_w_clothes_initial = Entropy{Water, T=T_exhaust_db, x=0[-])

ELSE

m_w_clothes_initial = TABLEVALUE(Table 1" TABLERUNZ - 1, ‘'m_w_clothing’)
T_w_clothes_initial = TABLEVALUE(Table 1" TABLERUN# - 1, T_exhaust_db’)
u_w_clothes_initial = IntEnergy{Water, T=T_w_clothes_initial, x=0{-])
s_w_clothes_initial = Entropy(Water, T=T_w_dothes_mitial, x=0[-])
m_w_clothes = m_w_dlothes_initial - m_w_clothes_mv

ENDIF
END (Wet Glothes}

k ding temperature to the dead state™
P_atm = 101.325 [kPa]

T_a_0=T_ambient

: T_a_0_K = convertTemp('C''K'.T_a_0)

: RH_a_0_per=>50[%]

: RH_a_0=RH_a_0_perconvertipercent,-)
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h_a_0 = Enthalpy({AirH20,7=T_a_0.=RH_a_0.P=P_atm)
s_a_0 = Entropy(ArH20.T=T_a_0,~RH_a_0P=P_atm)
T_w_0=T_man

T_w_0_K = convertTemp({'C" K. T_w_0)

u_w_0 = IntEnergy(Water, T=T_w_0,=0[-])

h_w_0 = Enthalpy(Water, T=T_w_0.x=0{])

s_w_0 = Entropy(Water, T=T_w_0,=0[])

t_m = t'convert(smin)

delta_t=100[s]

“ambient air conditions of the environment where the dryer operafes™

T_ambsent = 26 [C]

: RH_ambient_per = 50 [%] "assumption has miminal impact on the defivered air temperature to the drum™
RH_ambient = RH_ambient_per*convert(percent,-')

Omega_ambient = HumRat(AirH20, T=T_ambient.=RH_ambient,P=P_atm)

rho_ambient = Density{AirH20,T=T_ambient,=RH_ambient,P=P_atm)

h_ambient = Enthalpy(AirH20,T=T_ambient,=RH_ambient P=P_atm)

s_ambient = Entropy(AirH20,T=T_ambient=RH_ambient P=P_atm)

: e_ambient = (h_ambient- h_a_0)-T_a_0_K"(s_ambient-s_a_0}

SBBI832BR233

-
—

“electric hester used fo increase the ambient air temperature before being defivered to the drum of the dryer”

W_dot_acc =0.957 kW] “average amp draw of electric mofor ~4.35 amps and volrage supply of 220 VAC™

: W_dot_heater = 5 [kW] “sef by average amp draw of electnc heafer ~22.8 amps and voltage supply of 220 VAC™
E_W_dot_heater =W _dot_heater + W_dot_acc

Q_dot_heater = W_dot_heater + W_dot_acc "sssume ideal efectric heater - 100% of input efectrical energy converted info
heat energy™

Q_dot_heater = m_dot_a*(h_inlet - h_ambient) “provides the infet air enthalpy of the dryer fo predict the infet air femperature”
Q_heater = Q_dot_heater'delta_t

E_Q_dot_heater=(1-T_mniet_db_K/T_a_0_K)'Q_dot_heater

saa:sax;;

(=]
ey

“iniet air condilions to the drum of the clothes dryer”

(T_inlet_db = 145 [C] "comment out o use heater nput energy for estimating inlet air temperature’
T_inlet_db_K = convertTemp{'C"K".T_inlet_db)

Omega_inlet = Omega_ambient

RH_inlet = RelHum{AirH20,T=T_inlet_db,w=0mega_inlet,P=FP_atm)
RH_inlet_per = RH_inlet"convert(-,%)

P_mnlet_v =RH_inlet'P_inlet_sat g

P_miet_sat_g = Pressure(Water, T=T_inlet_dbx= 1[-])

rho_inlet = Density(ArH20,T=T_inlet_db,w=Omega_iniet P=P_atm)
h_inlet = Enthalpy(AxH20.T=T_inlet_db,w=Omega_niet P=P_atm)
s_inlet = Entropy{AirH20,T=T_inlet_db.w=Omega_inletP=P_atm)
e_infet=(h_infet-h_a 0)-T_a 0 K'(s_inlet-s_3 0)

8$§$$$8§?888§$$$ 88

100:

101: “nial water conditions of the saturated clothing fo be dned™

102: T_clothing_0 =T_ambient

103: rho_w_clothing_0 = Density{Water, T=T_clothing_0.x=0{-])

104: m_w_clothing_0 =4.5 [kg]

105: V_w_clothing_0 = (m_w_diothing_0ho_w_clothing_0)"convert{m3,gal)

107: “water conditions of the saturated dlothing during drying™

108: T_clothing = T_exhaust_db

109: rho_w_clothing = Density{Water, T=T_clothing,x=0-])

110: V_w_clothing = (m_w_clothing'tho_w_clothing)"convert{m3,gal)

111: u_w_clothing = IntEnergy(Water, T=T_clothing x=0{-])

112: h_w_clothing = Enthalpy(Water, T=T_clothing.x=0{-])

113: s_w_clothing = Entropy{Water, T=T_clothing x=0[-])

114: Q_clothing_req = m_w_CD_mw'Enthalpy_vaporization{Water, T=T_ambient}
115: e_w_clothing = (h_w_clothing- h_w_0) - T_w_0_K"(s_w_ciothing -s_w_0)
116:

117: "exhaust air stream conditions leaving the dryer™
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118: feurve-fit used was generated from Excel spreadsheet "Clothes_Dryer_Operation.xisx
119: T_exhaust_db =-2.52015E-12"t"4 + 1.08456E-08"t"3 - 5.27776E-05"t"2 + 6.08666E-02"t + 2.44562E+01
120: RH_exhaust_per =-5.50527E-18""6 + 6.14881E-14"t"5 - 2.58065E-10"1"4 + 4 87101E-07"t"2 - 4 21810E-04"1"2 +

121:
122:
123:
124:
125:
1286:
127
128:

9.63621E-02"t + 7.18082E+01

RH_exhaust = RH_exhaust_perconvert{percent,’-')

T_exhaust_wb = WetBulb(AirH20,T=T_exhaust_db,= RH_exhaust .P=P_atm)

: T_exhaust_dp = DewPoint(AirH20, T=T_exhaust_db,= RH_exhaust ,P=P_atm)
Omega_exhaust = HumRat(ArH20,T=T_exhaust_db,= RH_exhaust ,P=P_atm)
rho_exhaust = Density(AirH20,T=T_exhaust_db,= RH_exhaust ,P=P_atm)
h_exhaust = Enthalpy(AirH20,T=T_exhaust_db,= RH_exhaust .P=P_atm)
s_exhaust = Entropy(A¥H20,T=T_exhaust_db.= RH_exhaust P=P_atm)
e_exhaust = (h_exhaust -h_a_0)-T_a_0_K*(s_exhaust-s_a_0)

120:
130: “estimated air flow rate defivered by the fan - conflicting resull

131:

either generate realisbc supply air temperatures to the drum off the ambient conditions

132: or accurately predict the amount of moisiure removed during the entire cycle™

133:
134:

V_dot_a = 100 [CFM]
m_dot_a = rho_exhaust'V_dot_a"convert{CFM.m3/s)

135:

138:
137:
138:
138:

“calculafed mass of water removed from ciothing using air stream condi@ions before and after the drum™

m_w_CD_rmwv = m_dot_a"(Omega_exhaust - Omega_inlet)*deita_t

V_w_CD_rmv = m_w_CD_mv*Volume{Water. T=T_exhaust_db x=0[-])"convert(m3.gal)

CALL Wet_Clothes(T_exhaust_db,m_w_clothing_0,m_w_CD_rmmv:m_w_clothing_initial, m_w_clothing,u_w_clothing_initial
.5_w_clothing_mnitial)

140:

141

“storage tank of water to be preheated by waste heat recovery heat exchanger™
= (V_w_fank = 30 [gal])

: “wafer condifions for the wasfe heaf recovery heat exchanger™
: T_main = 15 [C]
. V_dot_w =0.50 [GPM]

: T_w_i=T_w_tank
: rho_w_i = Density(Water, T=T_w_ix=0[-])

150: m_dot_w = rho_w_i"V_dot_w"convert{GPM,m3/s)

: h_w_i = Enthalpy(Water, T=T_w_ix=0[-])

152: s_w_i = Entropy(Water. T=T_w_ix=0(-])

158:

cew is(hwi-hw0)-T_ w0 K(swi-s w0

: "air side parameters needed for the wasie heaf recovery heat exchanger”™
: T_a_i=T_exhaust db

: T_a_i_dp=T_exhaust dp

Omega_a_i = Omega_exhaust

158: h_a_i=h_exhaust
160: h_s_o = Enthalpy({AirH20,T=T_w_i,=1[-].P=P_atm) “saturation enthalpy of air af infet cold side temperature”

161

162:

163
164

165:

166
187
188

: h_d_o= Enthalpy(AxH20,T=T_w_i.w=Omega_a_i.P=P_atm) "enthalpy of air at inlef cold side lemperature™

: “heat exchanger properfies™
: epsion_HX=08[]
: “outfet conditions of the waste heat recovery heat exchanger”™

© Q_dot_hx_max_wet =m_dot_a*(h_a_i- h_s_o) {wef coll analysis]
: Q_dot_hx_max_dry =m_dot a"(h_a_i- h_d_o) {dry cod anafysis}

169: wet_cod = IF(T_w_i, T_a_i_dp. 1. O[-]. O[-]) {check coid water inlef with infef air dew point if coi is weff

170

: Q_dot_hx_max = wet_coil"Q_dot_hx_max_wet + (1-wet_coil}*Q_dot_hx_max_dry

171: Q_dot_hx = epsilon_HX"Q_dot_hx_max

172
173
174
175

- Q_hx = Q_dot_hx"delta_t

h_a_o=h_a i-Q_dot_ hx'm_dot_a
: T_a_o=wet_coil"Temperature(A¥H20 h=h_a_o,=1[- P=P_atm) + (1-wet_coil)*Temperature{AirH20,h=h_a_ow
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=Omega_a_1,P=P_atm)

176: s_a_o =wet_col"Entropy(AirH20,h=h_a_o,=1[-]P=P_atm) + (1-wet_cod)"Entropy(AirH20 h=h_a_ow=0Omega_a_i,P
=P_atm)

177: e ao=(h_ao-h a()-T a0 Kisao-sal)

178:

179: h_w_o=h_w_i + Q_dot_hx/m_dot w

180: T_w_o = Temperature{Waterh=h_w_o.=0[-])

181: s_w_o = Entropy{Waterh=h_w_o.x=0[-])

182: e w o=(h_wo-h w0)-T_w 0 K'(s wo-s w0

183:

184: CALL Tank(delta t, V_w_tank, T_main, V_dot w. T_w_o:T_w_tank, u_w_tank)

185:

188: “Exergy analysis™

187:

188: “sitempts fo quantify the loss of energy during one clothes drying cycle”™

189: Q_CD_org_loss = (W_dot_heater + m_dot_a*h_ambient - m_dot_a"h_exhaust)’deita_t + m_w_clothing_initial
*u_w_clothing_initial - m_w_clothing*u_w_clothing

180: “maximum amount of heat avadable™

191: Q_CD_org_max =W _dot_heater'delta_t- Q_clothing_req

1682: {only consider the air side of the dryer when adding the HX]}

183: Q_CD_hx_loss = (m_dot_a'h_exhaust - m_dot_3*h_a_o + m_dot_w"h_w_i - m_dot_w'h_w_o)"delta_t

104:

195: “entropy production during séandard drying cycle”

196: sigma_CD_org_tot = (m_dot_a"s_exhaust - m_dot_a's_ambient)*delta_t + Q_CD_org_loss/T_a_0_K + m_w_dothing
*s_w_clothing - m_w_clothing_initial"s_w_clothing_initial

197:

198: “energy recovery from waste HX™

109: eta_CD_HX=Q_hx/'Q_heater
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1: PROCEDURE Tank(delta_tV_w_tank.T_start V_dot w.T_w_retum:T_w_tank, u_w_tank)
Z

3 IF{TABLE?\N# 1) THEN

T_w_tank_initial = T_start

u_w_tank_initial = IntEnergy(Water, T=T_start x=0{-])

rho_w_tank_initial = Density(Water, T=T_start x=0[-])

T_w_tank = T_w_tank_initial

u_w_tank =u_w_tank_mnitial

: ELSE

u_w_tank_initial = TABLEVALUE(Table 1", TABLERUN# - 1, "u_w_tank’)
rho_w_tank_initial = Density(Water,u=u_w_tank_initial, x=0(-])
T_w_tank_inital = Temperature(Water,u=u_w_tank_inital x=0[-])

h_w_i = Enthalpy(Water,u=u_w_tank_initial x=0(-])

h_w_o = Enthalpy(Water, T=T_w_retum x=0[-])
Q_dot_hx=V_dot w'rho_w_tank_mnitial*(h_w_o - h_w_i)"convert{GPM.m3/s)

-t o e A A
BERIBarRRN T ERRNOA A

u_w_tank = ((Q_dot_hx"delta_t) + V_w_tank'rho_w_tank_initiai"convert(gal,m3)"u_w_tank_inital)(V_w_tank
*rho_w_tank_initial*convert{gal,m3))
T_w_tank = Temperature(Water,u=u_w_tank x=0[-])

ENDIF
END {Tank}

P_atm = 101.325 [kPa]

T_amb_C = ConvertTemp(F','C" . T_amb) {Convert ambient temperature in F fo C)
T_cab_C = ConvertTemp(F,'C".T_cab) {Convert cabinet temperature in F fo C)
T_water_C = ConvertTemp(F,'C’, T_water) {Converf waler temperature in F fo C}

T_c in=T_water_C'f_w + T_amb_C"(1-f_w) finfet temperature of the condenser depends if water cooling is enabled]
T ein=T_cab C

t_m = t*convert{sec,min)

"Water properfies of heat sink for condenser”
rho_w = Density(Water, T=T_water_C.=0[-])
_w = Cp(Water, T=T_water_Cx=0[])
V_dot_water = V_dot_w_GPM"convert(gal/min.m3/s)
m_dot_w = rho_w"V_dot_water
h_w_c_in = Enthalpy(Water, T=T_water_C x=0{-]) (enthalpy of waler entering the condenser for cooling)
h_w_c_surface = Enthalpy(Water, T=T_cond x=0[-])

“air properties of heat simk for condenser”™
:_amb = HumRat{AirH20,T= 21[C].r=0.95 [-].P=P_atm) {assume the humidify rabic is unchanged from baseiine
conditions)
lho_a = Density(AirH20,T=T_amb_C.w=omega_amb,P=P_atm) {densily of infef air fo the condenser for cooling)
= Cp(AirH20,T=T_amb_C w=omega_amb,P=P_atm)
V do( air_CFM = 60 [ft3/min]
: W_dot_fan_cond = 0.005 [kW] {need fo venfy fan powerj
: m_dot_a =rho_a"V_dot_awr_CFM"convert(ftd/min, m3/s)
h_a_c_in = Enthalpy(AirH20,T=T_amb_C w=omega_amb,P=P_atm) {condenser air infef enthalpy)
h_a_c_surface = Enthalpy{AxH20,7=T_cond.w=omega_amb,P=P_atm)

SEEOR2ERBUSRERRREBRBNERERRE

h_c_swrface = h_w_c_surface™f_w + h_a_c_swrface’(1-f_w)

h_c in=h_w_c_n'f w+h_a_c_in(1-f_w) {infet enthalpy of cooling siream to the condenser]
cp_c=cp_w'f w+cp_a'(1-fw)

m_dot_c=m_dot_w'f_w + m_dot_a'(1-f_w) {supply flow rate of cooling siream for the condenserj

8%%8&2&63833;
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60: "air properfies of heat source for evaporator™

61: omega_cab = HumRat{AirH20,T=T_cab_C.r=0.85 [-],P=P_atm) {assume the air humidity ratio is af saturation inside
refngerator cabinet)

62: rho_a_evap = Density(ArH20.T=T_cab_C.w=omega_cab P=P_atm) {densify of inlet air fo the evaporator for heating]

63: cp_e= Cp(AirH20,T=T_cab_C.w=omega_cab,P=P_atm)

B4: V_dot_air_evap_CFM = 45 [ft3/min]

85: W_dot_fan_evap = 0.005 [kW] /need fo verify fan powerj

66: m_dot_e =rho_a_evap'V_dot_air_evap_CFM"convert{ft3/min. m3/s)

67: h_e_in = Enthalpy{AirH20,T=T_cab_C w=omega_cab,P=P_atm) {evaporator air infet enthalpy]

88: h_e_surface = Enthalpy(AirH20,T=T_evap,w=omega_cab,P=P_atm)

w.

70: - >

T

72: “compressor operation”

73: T_suc = Temperature(R1343 P=P_evap h=h_suc)

74: s_suc = Entropy(R134a.P=P_evap,h=h_suc)

75: rho_suc = Density(R1243 P=P_evaph=h_suc)

76:

77: eta_comp_vol =085 [-]

78: V_comp_disp = 5.58 [mLirev]

78: N_dot_comp = 3500 [rew/min]

80: Q_dot_loss_comp = 0.2'"W_dot_comp

81:

82: m_dot_r=rho_suc"eta_comp_vol*N_dot_comp*convert(1/min,1/sec)'V_comp_disp*convert{imlL m3) {compressor
volumeiric efficiency provides the flow rate}

83:

B4: eta_comp_isen =0.80 [-]

85:

86: h_disch_isen = Enthalpy(R 134a,P=P_cond.s=s_suc)

87: h_disch = h_suc + ((h_disch_isen - h_suc)/eta_comp_isen)

88: T_disch = Temperature(R134a,P=P_cond h=h_disch) {compressor discharge refrigerant temperature}

80:

80: W_dot_comp =m_dot_r"(h_disch - h_suc) - Q_dot_loss_comp {compressor isentropic efficiency and heat joss determine
power input required by compressor}

o1:

82: condenser operafion”

83: {T_cond =40 [C]}

84: P_cond = Pressure{R 1343, T=T_cond x=0.5{-])

: T_r_cond_in = T_disch {infef condenser refrigerant femperafure equal to compressor discharge temperature)

88: epsilon_cond = 0.8 [-] fonly expect fo need one HX property, either effectiveness precentage or pinch point deffa T)

90: (delfaT_cond =5 [C])

100: {Q_dot_cond =m_dot_r*(h_disch - h_r_c_out)*epsiion_cond {HX efficiency reduces the maximism amount of heat transfer
possible}]

101: (h_r_cond _out =h_r_cond_in- Q_dot_cond/m_dot r (defermine exif enthalpy of refrigerant leaving condenser from actual
heat transfer occunngj)

102: Q_dot_cond =m_dot_c"(h_c_surface - h_c_in)"epsilon_cond

103: h_r_cond_out =h_disch - (Q_dot_cond/m_dot_r) (determine ext enthaipy of refngerant leaving condenser from actual
heat fransfer occuring)

104: T_r_cond_out = Temperature(R134a.P=P_cond h=h_r_cond_out) {refigerant temperature at the outlet of the condenser)

105: Q_dot_cond =m_dot_c'(h_c_out-h_c_in)

108: T_c_out = IF(f_w.0,0.Temperature{ArH20 h=h_c_out.w=omega_amb,P=P_atm) Temperature(Water,h=h_c_out,x=0{-]))

107: delta_T_cond =T_cond - T_c_out

108: T_sub=1][C]

109: T_sub=T_cond - T_r_cond_out

110:

111: “heat exchange on heaf loop™

112: h_heat_loop_in =h_r_cond_out finfef fo heat ioop is connected fo outiet of condenser}

113: deltaT_heat loop = 1 [C] fexpected amount of femperature drop during heat transfer in the heat loop that runs the perimeter

5885
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of the cabinet doors}

: T_heat_loop_out = T_r_cond_out - deltaT_heat_loop {calculates the outlet temperature of the heat joop before entenng the

suction fine HX}
h_heat loop_out = Enthalpy{R134a,T=T_heat_loop_out,P=P_cond)

: Q_dot_heat_loop =m_dot_r*(h_heat_loop_in - h_heat_loop_out)

“suction fine heat exchanger - atfempt fo capture heaf fransfer occurning during expansion process
counter flow heaf exchanger - inlet streams are h_heat_loop_ouf and h_r_evap_out, outlef streams are h_r_evap_in and
h_suc™

: h_shhx_in = h_heat_loop_out
: T_slhx_in =T_heat_loop_out
: epsdon_sthx=02[]

: h_shx_out_max = Enthalpy(R134a3, T=T_r_evap_out,P=P_cond)
: Q_dot_slhx =m_dot_r"(h_slhx_in - h_shx_out_max)*epsdon_slhx fpercentage of maxmmum heat transfer available by

cooling hot inlef fo cold infed}

: Q_dot_slhx =m_dot_r(h_suc- h_r_evap_out)
: Q_dot_slhx =m_dot_r*(h_slhx_in - h_shx_out)

T_slhx_out = Temperature(R134a h=h_slhx_out,P=P_cond)

: T_sup=5[C]

: T_sup=T_r_evap_out-T_evap

. “expansion valve - assume isentalpic expansion affer suction fine HX™
: h_r_evap_in = h_sthx_out

: “evaporator operation”

: {T_evap =-30 [C]

P_evap = Pressure(R134a, T=T_evap x=0.5[-])

epsion_evap = 0.8 [] fonly expect fo need one HX efficiency propery, either HX effecfiveness or pinch point deffaT}
{deifaT_evap = 10 [C]

{Q_dot_evap =m_dot_r{h_r_e_ouf - h_r_evap_in)*epsion_evap (HX efficiency reduces the maximumn amount of hest
transfer possiblej)

- Q_dot_evap=m_dot_e*(h_e_in- h_e_surface)'epsion_evap
: h_r_evap_out=h_r_evap_in + (Q_dot_evap/m_dot_r)
. T_r_evap_out = Temperature{R1343 P=P_evap h=h_r_evap_out) frefigerant temperature at the oufiet of the evaporator)

Q_dot_evap =m_dot_e*(h_e_in-h_e_out)

: fh_e_out = Enthalpy{AirH20,T=T_e_out w=omega_cab,P=P_atm)}

T_e_out = Temperature{AirH20 h=h_e_out w=omega_cab P=P_atm)
delta_T_evap =T_e_out- T_evap (cajculate pinch point of condenser when using the effectiveness-HX method)

. Total fan power”
. W_dot_fan =W_dot_fan_evap + W_dot_fan_cond"(1-f_w) + W_dot_water'{ w

: T_L = converfTemp(C"'K'.T_cab_C)

- T_H_a = convertTemp('C,'K', T_amb_C)

: T_H_w= convertTemp('C",K’,T_w_tank)

. COP_cooling = (Q_dot_evap-W_dot_fan_evap)(W_dot_comp + W_dot_fan)

COP_c_cooling=(T_U(M H w-T_L))¥ w+(T_L{T_ H a-T_L))"(1-fw)
eta_2nd_coofing = COP_cooling/COP_c_cooling

COP_heating = Q_dot_cond{W_dot_comp + W_dot_fan)

COP_c heating=(T_H w(T_H w-T_ L)' w+(T_H a/(T_ Ha-T_L)(1-fw)
eta_2nd_heating = COP_heating/COP_c_heating

CALL Tank{deita_t, V_w_tank, T_main, V_dot w_GPM, T_c_outT_w_tank, u_w_tank)

T_cab=5[F]
T_amb=90[F]
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: PROCEDURE Tank(delta_tV_w_tank T_startV_dot w.T_w_retum:T_w_tank, u_w_tank)

IF(TABLERUN# = 1) THEN
T_w_tank_initial = T_start
u_w_tank_initial = IntEnergy(Water. T=T_start x=0{-])
rho_w_tank_initial = Density(Water, T=T_start x=0{-])
T_w_tank =T_w_tank_initial
u_w_tank = u_w_tank_initial

: ELSE

u_w_tank_initial = TABLEVALUE(Table 1", TABLERUN# - 1, 'u_w_tank’)
rho_w_tank_initial = Density(Water,u=u_w_tank_initial x=0{-])
T_w_tank_inital = Temperature(Water,u=u_w_tank_inital x=0[-])

h_w_i = Enthalpy(Water,u=u_w_tank_initial x=0(-])

h_w_o = Enthalpy(Water, T=T_w_retum x=0[-])
Q_dot_hx=V_dot w'rho_w_tank_mnitial*(h_w_o - h_w_i)"convert{GPM.m3/s)

u_w_tank = ((Q_dot_hx"delta_t) + V_w_tank'rho_w_tank_initiai"convert(gal,m3)"u_w_tank_inital)(V_w_tank
*rho_w_tank_initial"convert{gal, m3))
T_w_tank = Temperature(Water,u=u_w_tank x=0[-])

ENDIF
END {Tank}

P_atm = 101.325 [kPa]

T_amb_C = ConvertTemp(F','C".T_amb) {Convert ambient temperature in F fo C)
T_cab_C = ConvertTemp(F','C".T_cab) {Convert cabinet temperature in F to C}
T_water_C = ConvertTemp({F",'C’,T_water) {Convert waler temperaiure in F to C}

T_c_in=T_water_C*f_w + T_amb_C"(1-f_w) {infet temperature of the condenser depends if water cooling is enabled]
T ein=Tcab C

t_m = t"convert{sec,min)

"Water properties of heat sink for condenser”™
rho_w = Density(Water, T=T_water_C.x=0 [])
_w = Cp(Water, T=T_water_Cx=0[])
V_dot_water = V_dot_w_GPM"convert{gal/min.m3/s)
m_dot_w =rho_w"V_dot_water
h_w_c_in = Enthalpy(Water, T=T_water_C x=0{-]) (enthaipy of waler entering the condenser for cooling)
h_w_c_surface = Enthalpy(Water, T=T_cond x=0[-])

“air properties of heat sink for condenser”
omega_amb = HumRat|AirH20,T= 21[C]=0.95 [-].P=P_atm) {assume the humidify rabio is unchanged from basefine
conditions)
rho_a = Density(AirH20, T=T_amb_C.w=omega_amb,P=P_atm) {density of infef air fo the condensey for cooling}
_a = Cp(AirH20,T=T_amb_C,w=omega_amb,P=P_atm)
V_dot_air_CFM = 60 [ft3/min]
W_dot_fan_cond = 0.005 [kW] /need fo veniy fan power)
m_dot_a =rho_a"V_dot_ar_CFM*convert(ft3/min, m3/s)
h_a_c_in = Enthalpy(AirH20,T=T_amb_C w=omega_amb,P=P_atm) {condenser air infetf enthalpy)
h_a_c_surface = Enthalpy{ArH20,7=T_cond.w=omega_amb P=P_atm)

h_c_swrface = h_w_c_surface™_w + h_a_c_surface’(1-f_w)

h_c_in=h_w_c_n'f_ w+h_a_c_in(1-f_w) {iet enthalpy of cooling siream to the condenser)
cp_c=cp_w'iw+cp a'(1-fw)

m_dot_c =m_dot_w'f_w + m_dot_a"(1-f_w) {supply flow rate of cooling stream for the condenserj
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T_main =55 [F]

T_main_C = convertTemp(F,'C’,T_main)
rho_main = Density(Water, T=T_main_C x=0[-])
u_man = IntEnergy(Water, T=T_man_C.x=0(-])

V_tank_CW_gal = V_tank_gal
V_tank_DW_gal = V_tank_gal
tank_CO_gal =V_tank_gal

: V_tank_CW = V_tank_CW_gal*convert{gal, m3)
: m_tank_CW =rho_main"V_tank_CW

: T_drain_CW = 368 [C]
- V_drain_CW_liter = 155 [liter]

V_drain_CW = V_drain_CW_liter"convert{literm3)
V_drain_CW_gal = V_drain_CW_lfter"convert{liter.gal)

: m_drain_CW = rho_drain_CW*V_drain_CW

: rho_drain_CW = Density(Water.T=T_drain_CW.x=0[-1)

h_drain_CW = Enthalpy(Water.T=T_drain_CW.x=0[-])

u_final_CW = (m_drain_CW"h_drain_CW + m_tank_CW"u_main)/(m_dran_CW + m_tank_CW)
T_final_CW = Temperature(Water,u=u_final_CW,x=0[-])
T_final_CW_F = convertTemp{'C’,F".T_final_CW)

Q_recov_CW =m_tank_CW*(u_final_CW -u_mamn)

W_cycle_CW_low = 0.43 [kWh]

per_recov_CW_low = Q_recov_CWI/(W_cyde_CW_low"convert(kWh kJ))
W_cycle_CW_high =2.26 [kWh] {includes water heafing energy)
per_recov_CW_high = Q_recov_CW/(W_cycde_CW_high"convert{kWh kJ))

n_cycl_CW =280 [cycle]

V_tank_DW = V_tank_DW_gal*convert{gal,m3)
m_tank_DW = rho_main"V_tank_DW

T_drain_DW = 40[C]
V_drain_DW_iter = 13.2 [iiter]

V_drain_DW = V_drain_DW_liter"convert(iiterm3)
V_drain_DW_gal = V_drain_DW_lfter"convert(liter.gal)

: m_drain_DW = rho_drain_DW*V_drain_DW

: tho_drain_DW = Density(Water.T=T_drain_DW.x=0{])

h_drain_DW = Enthalpy(Water. T=T_drain_DW.x=0{-])

u_final_DW = (m_drain_DW*h_drain_DW +m_tank_DW*u_main)/(m_drain_DW + m_tank_DW)
T_final_DW = Temperature(Water,u=u_final_DW.x=0(])
T_final_DW_F = convertTemp(C'FT_final_DW)

Q_recov_DW =m_tank_DW*(u_final_DW -u_main)

n_cycl_DW =215 [cyde]

W_cyde _DW = 1.26 [kWh]

per_recov_DW = Q_recov_DWHW_cycle_DW"convert{kWh kJ))
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V_tank_CO = V_tank_CO_gal"convertigal m3)
m_tank_C0 = rho_main™V_tank_CO

GOy = 400 [F] fassumed cooking oven femperafure}

T
T_CO_C = conwertTemp(F,'C, T_CO)
v

drain_CO_liter = 13.2 [lites]

m_C0 =50 [kg)

: u_CO = IntEnergy(Carbon_stesl, T=T_CO_C)

m_tank_C0"u_tank_final_CO0 + m_CO0"u_final_C0 = m_tank_CO"h_main + m_C0"_CO

u_final_C0 = IntEnergy{Carbon_steel, T=T_final_CO)
T_final_CO = Temperature{Water,u=u_tank_final_CO,x=0[-])
T_final_ CO_F = convertTemp{'CF,T_final_CO)

Q recow CO =m_tank_CO"u_tank_final_CO - u_main}
n_cyel 00 =215 [cyde]

W_cycle CO =427 [kWh]

per_recow_CO = 0Q_recov CONW_cycle CO"convert{kWh_kJ))
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APPENDIX C - CUSTOM MODELICA COMPONENTS

To build the require functionality into each appliance Modelica model, cycle controllers are
designed and programmed for the RF, DW, and CD. In the following sections, the specific details
on the various Modelica codes created are provided in greater detail to clarifying the exact

approach used.

C.1 CD Cycle Controller
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Figure 107: Diagram View of CD Cycle Controller



158

hodel HighHeatCD_Ctrl "High heat load for clothes dryer controller "

parameter TILMedia.Internals.Units.RelativeHunidity RH_exhaust OFF = 20;
TILMedia.Internals.Units. RelativeHunidity RH_exhaust ON;

parameter Modelica.SIunits.Temperature T_exhaust OFF = 293.1§;
Modelica.SIunits. Teuperature T_exhaust_ ON;

Modelica.STunits.VoluneFlowRate V_fan OFF = 1E-10;
parameter Modelica.SIunits.VolumeFlowRate V_fan ON = 18878E-S;

Modelica.STunits.VoluneFlowRate V_pump OFF = 1E-10;
parameter Modelica.SIunits.VoluneFlowRate V_pump ON = 1lE-4;

=
® (=]
equation

RH_exhaust ON = -5.505Z27E-18*Cycle_timer.y"6 + 6.14881E-14*Cycle_timer.y"S
T_exhaust ON = - 2Z.S5201S8E-12*Cycle_timer.y"4 + 1.398456E-8*Cycle_timer.y"3

switch_RH.u3 = RH_exhaust_ OFF;
switch_RH.ul = RH_exhaust_ ON;

switch_Temp.u3 = T_exhaust_ OFF;
switch Temp.ul = T_exhaust ON;

switch_Fan.u3
switch_Fan.ul

V_fan_OFF;
V_fan_ON;

switch_Punp.u3 = V_pump OFF;

switch_Pump.ul = V_punp ON;
® My
B a

end HighHeatCD_Ctrl;

Figure 108: Modelica Code for CD Cycle Controller

C.2 RF Compressor Capacity Controller

The internal features of the capacity controller used for the RF compressor is shown in Figure 109.
From the diagram, it can be noticed many of the components have missing inputs needed. This
provides a good example of when the graphical approach to building Modelica models breaks
down. Modelica code has to be manually entered instead of relying on the auto-generated code
from the diagram view to provide more details to the solver on how to handle the different
conditions. The completed code is copied from the Dymola environment and displayed in Figure
110.
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Figure 109: Diagram View of RF Capacity Controller Components
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model CapacicvyCtrxl Input
"Monitor HX capacity to execute control output *
Boolean IntON(start = true, fixed = false) " start with compressor ON";
Boolean IntReset(start = true, fixed = false) " start with compressor ON";
Boolean OffTimer CTRL(start = false, fixed = false);
Boolean EvapOFF(starxt = false, fixed = false);
paraneter Modelica.SIunits. Frequency Zero_Speed( start=0.001) = 0.001 "0ff Speed”;
paraneter Modelica.SIunits.Frequency Full Speed(start=60) = 60 “Full Speed”;
paraneter Modelica.SIunits.Energy EvapCoolingOffThreshold(start=1000) = 1000 "W-3*;
parameter Modelica.SIunits.Time OffTimerThreshold(start=500) = S00 “seconds”;
parameter Modelica.SIunits.Pover EvapCoolingOnThreshold(start = 2) = 2 “Warts”™;

//Modelica.Blocks.Sources.RealBxpression EvapCooling0OffThreshold{y = 1000) “¥W-z*;
//Modelica.Blocks.Sources. RealExpression 0ffTinerThreshold(y = S00) "seconds”;

W & g\nnom
" [ AirCooled Comp_Switch.ul = Zero_Speed;
s‘.wm Comp_Switch.u3 = Full Speed;
Int_Switch.ul = SummingInput;
- ([ Compressor
‘T’-c ) t IntON = SummingInput > EvapCoolingOnThreshold;
{r.bw&uﬁym integratorWithReset.u = Int_Switch.y;
= [ ites EvapOFF = BvapCoolingOffThreshold < integratorVithReset.y:
CapackyCrl
IntegratorwRhReset 0ffTimer CTRL = OffTimer.y > Off{TimerThreshold;
|_Modebca IntReset = OffTimer.y > § and OffTimer.y < 10;

algorithm
//%un Bvaporator cooling capacity
//vhen the evaporator has reached expected cooling capacity, Watts
when pre(IntON) then
integratorWithReset.reset :=false;
end vhen;
wvhen pre(IntON) then
Int_Switch.uZ :=true "Evap.sumnary.Q_flow_vle";
elsevhen not pre(IntON) then
Int_Switch.uZ :=false "zero watts capacity - EvapOFF";
end vhen;

//Reset the integrator - zero out the total Evap cooling capacicy
//vhen the 0ffTimer has been on for § seconds and less than 10
vhen pre(IntReset) then

integratorWithReset.reset :=true;
end vhen;

//Turn OFF the 0ffTimer when compressor is ON
vhen pre(0ffTimexr CTRL) then

OffTimer.u :=false;
end vhen;

//Turn ON the 0ffTimer to record the amount of time compressor is OFF
when pre(Comp_Switch.uZ) then

OffTimer.u := true;
end vhen;

//Turn ON the compressor vhen the elapsed OFF time has passed
when pre(0ffTimexr CTRL) then

Comp_Switch.uZ :=false “compressor turns ON";
end vhen;

//Turn OFF the compressor vhen the integrated amount is surpassed
vhen pre(EvapOFF) then

Comp_Switch.uZ := true “"compressor OFF";
end uhen:

Figure 110: Modelica Code for RF Capacity Controller
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C.3 DW Cycle and Step Controllers

The details for the major step controllers and the assembly of the overall cycle controller are

presented below.

C.3.1 Wash Step Controller
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Figure 111: DW Modelica Diagram of Wash Step Controller




C.3.2 Heat Step Controller
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Figure 112: DW Modelica Diagram of Heat Step Controller
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C.3.3 Overall Cycle Controller
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Figure 113: DW Modelica Diagram of Overall DW Cycle Controller
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APPENDIX D -TIL LIBRARY MODELICA COMPONENT
DESCRIPTIONS

D.1 SIM Component
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Figure 114: TIL SIM Component for Selecting the Refrigerant (VLE), Gas, and, Liquid Types
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D.2 Flat-plate Heat Exchanger

Figure 115: Input Parameters for FPHX Modelica Model



D.3 Cross-flow, Fin-and-Tube Heat Exchanger

:I e i

Figure 116: Input Parameters for Fin-and-Tube HX Modelica Model
D.4 Heat Tube
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Figure 117: Input Parameters for Heat Tube Modelica Model
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D.5 Simple Storage Volume

Figure 118: Input Parameters for Simple Storage Volume Modelica Model

D.6 Thermal Capacitor

Figure 119: Input Parameters for Thermal Capacitor Modelica Model
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Analysis on a net-zero energy renovation of a 1920s

vintage home
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A 1920s vintage home was renovated with the goal of becoming net-zero energy over a 12-month period. The project was performed
over a period of two years. The first phase quantified the energy profile of the house in the original state The second phase included
a deep energy retrofit to improve the thermal insulation of the buikiing envelope and an installation of a photovoltaic-thermal solar
system. The annual heating demand was reduced by almost 50% from 38,000 kWh to 19,000 kWh. Adjustments made to the annual
demand considered missing occupancy during the first phase, gaps in monitoring data, and the heating system used. The thermal
comfort of the home was improved by increasing the mean surface temperature of the indoor environment. The net-zero energy target

was not obtained during the first year after the renovation, but the solar

did generate 60% of the site electricity consumed.

system
The solar monitoring system was not online 100% of the year for Phase 11, and additional adjustments on the HVAC controls in the
house, reducing the HVAC energy consumption, will increase the percentage of site energy use being offset by solar.

Introduction

In 2011, buildings accounted for 41%. of the total US. primary
energy consumption, with the residential sector at 19% of this
total (US. Department of Energy [DOE] 2011). Due to high
energy consumption by the residential sector, research into
different approaches to reduce this total is of importance. One
big push is for newly constructed homes to be net-zero energy.
Title 24 of California’s building energy efficiency standard is
pushing building efficiencies to reach a goal of all new res-
idential buildings by 2020 being net-zero energy (California
Energy Commission 2007). Various studies have been pub-
lished on how best to define homes that are net-zero energy.
The scope can be restricted to site energy usage or expanded
to include primary energy consumption. Different balancing
periods are considered. The home is grid-tied or ofF-grid with
on-site storage via batteries. The electricity generation is on-
site, or the home utilizes large scale renewable energy sources
available ofF-site but can be credited to the home. (Marszal
et al. 2011) While different approaches exist to define exactly
how a home can be net-zero energy, the overall goal remains
to be how a home can best satisfy its energy needs through re-
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newable energy sources. Incorporating advanced technologies
into new construction is an approach that allows for consid-
erations to be made at the design stage for a goal of net-zero
energy. Since the home has yet to be built, many options are
available to the designer before settling on a final design. Some
options include building orientation. amount of fenestration,
etc. However, there are 114 million homes already existing
in the United States, and only 15.6 million were built in the
years 2000-2009, or only 14% are relatively new construction
(U.S. DOE 2009). For the remaining number of homes, 64.7
million, or more than half, were built before 1980. The higher
energy intensity of these older homes contributes a significant
impact on the total residential primary energy consumption.
1f much of the focus is spent only on new construction, gains
in the reduction of the housing energy footprint will be mit-
igated. unless the new construction replaces an older home.
By exploring approaches to address existing buildings becorn-
ing net-zero energy. these inefficient consumers can be greatly
improved—if not entirely offset—with renewable energy.

Project background

In the spring of 2013, the project was started with a search for
an older home that would eventually be renovated to achieve
net-zero energy. Selecting a home with a significant age pro-
vides a fair representation of the effort required for a retrofit
and the associated results, The project had additional pil-
lars to reach net-zero water and net-zero waste during future
phases ocourring in separate years. The first phase officially
started in October 2013 and spanned an entire year. A n energy
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Fig. 1. House at the start of Phase I, initial condition.

profile of the home in its original state was generated through
a comprehensive data monitoring system. At the end of the
first phase, between June and August of 2014, significant ren-
ovations were made to the home: from improving the building
insulation levels to installing a high-efficiency HVAC system.
The goal was to reduce the overall energy consumption of the
home as much as possible. After addressing energy consump-
tion, on-site electnicity generation was enabled by installing
a combined photovoltaic-thermal (PV-T) solar system on the
home. To reduce costs and installed system complexity, the
solar panels were connecied to the grid with a net electric
meter provided by the utility. The Phase IT period started in
September 2014 and ended at the end of August 2015.

Original condition

The building selected was a detached, single-family home built
in 1928. An image from the rear (northwest corner) of the
house during Phase 1 is shown in Figure | . The sitewas located
in West Lafayette, IN, directly next to the Purdue University
campus. The house had three levels—two above and one below
ground. On the second floor there were three bedrooms and
one full bathroom. The first floor had another full bathroom,
a fireplace in the living room, a dining room, kitchen, and
a spare room. The total conditioned area, 2864 ft* (266 m?),
was originally heated by an 80% annual fuel utilization offi-
ciency (AFUE) rated, natural gas, forced-air furnace with a
rated capacity of 80,000 BTU/ h (23.4 kW). The concrete slab,
basement walls, and most of the above-grade walls were all
uninsulated. The attic had blown vermiculite insulation to ap-
proximately a factor of R-4 f~*F-h/BTU (0.7 K-m%/ W). The
windows appeared to be original to the home and were single-
pane, wood-framed, with attached exterior storm windows
providing a second layer of glazing. A blower door test per-
formed measured 11 air exchanges per hour over a 50 pascal
(0.2 in. H,O) pressure differential. 1 1 ACHg,. To quantify fur-
ther the original condition of the home. a Residential Energy
Services Network (RESNET) Home Energy Rating System
(HERS) Index was completed (RESNET 2013). Receving a
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Table 1. Recommended and mstalled renovations on the house.

BEopt
Recommendation Installed
Exterior walls R-13 fiberplass R-20.5 closed-cell
spray foam
Wall sheathing R-5 extruded R-3 insulated siding
y polystyrene
Attic R-25 fibergluss R-41 closad-cell
spray foam
Basement R-13 fiberglass R-13.7 closed-cell
spray foam
Windows Triple-pane, high Tripte-pane, SHGC
gain, low-e, 017, low-e,
non-metal frame insulated vinyl
frame
Air leakage 1 ACHS0 2 ACHS0

score of 177, the house in its original condition was 77% less
energy efficient than a standard new home, according to 2006
International Energy Conservation Code (IECC) standards,
which is the baseline of the RESNET standard.

Deep energy retrofit

The design process for the retrofit started with the develop-
ment of a building energy optimization (BEopt) model of the
original house (Christensen et al. 2006). First, a 3D model
was created where the type of windows, level of insulation
at all locations, performance of the HVAC equipment, and
other features of the house were selected. From the geometry
and physical properties, an annual energy profile was gener-
ated using the site weather conditions and assumptions on
occupant behavior. The software then ran an optimization
and provided a recommendation on the most cost-effective
improvements. The simulation predicted 42,322 kWh of site
energy was required for heating before the retrofit (Marinelio
et al. 2014), while after running the optimization on only the
envelope, appliances, and lighting, the cost-effective retrofit
reduced the heating energy required to 11,966 kWh, pradict-
ing an almost 70% reduction in site energy. The details of the
envelope recommendations from BEopt and the actual mea-
sures installed are listed in Table 1. In almost every category,
the recommended insulation levels were matched or exceeded.

Windows

The approach for replacing windows was straightforward: If
the frame was square and in good condition, the existing
sashes were removed and replaced with sashes of the same
size but a higher thermal resistance. Unfortunately, this ap-
proach had a high cost associated with the increased labor
to first remove the original windows before installing the new
ones. The simulation results from BEopt recommended a high
insulation requirement of the windows and demanded triple-
pane glazing over double-pane due to the number of windows
and the local weather conditions.
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Wall and roof cavittes

For upgrading the wall and roof cavity levels, 2 couple of dif
ferent approaches were available If direct access to the cavity
was possible, such as exposed studs on the inner wall or in
the attic with exposed ceiling joists, batt or spray insulation
could be used, or, on horizontal cavities, batt, loose-blown,
or spray insulation could be used. Typically, the wall cavity
is covered on both sides for existing buildings and requires
different approaches. The most common and affordable op-
tion requires drilling holes into each cavity and filling with
an insulating material. Any obstructions within the wall cav-
ity, electrical boxes or wires, reduce the effectiveness of the
method by blocking sections of the cavity from the blown-in
insulation. One proposed solution is to blow the insulation
in under high pressure. Another approach drills several small
holes instead of one in a cavity and injects foam into each one,
which expands inside. From all the mentioned approaches.
there is no guarantee the entire cavity will have a uniform level
of insulation throughout. A higher cost route, but achieves the
ideal level of confidence, is to completely remove the exterior
sheathing and directly expose the wall cavity. Although labor
costs are significantly higher with this approach, it allows for
all insulation options to be available to the designer. Another
consideration made was that the house, being of advanced age.
had all interior walls finished with plaster. The cavity surface
on the unfinished side of the plaster had many raised con-
tours. This would have caused additional complications with
effectively filling the cavity with blown insulation. Once de-
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ciding to expose the wall cavities from the exterior, advanced,
closed-cell spray foam was selected as the insulation.

Infiltration

The use of & closed-cell spray foam throughout the exterior
walls and attic provided two benefits: a high thermal resis-
tance within a small cavity depth of 3 in_ (7.6 cm), and created
an excellent seal to minimize infiltration. In spite of these ef-
forts, the mfiltration recommendation was not reached, but
a significant reduction was achieved from 11 to 2 ACHy,.
One potential reason for the shortfall was the presence of a
fireplace. An attempt to seal the chimney flue used a remov-
able bladder by inflating with air to create a temporary seal
when not in use. Due to the inability to plug every gap along
the perimeter of the chimney, this did not create a perfect seal.
Further, with the home being over 86 years old, many potential
leakage points existed, and all were probably not addressed.
In most homes, enough infiltration exists naturally due to the
construction methods thist no additional system is required
toff bring in make-up air. Due to the Phase I1 upgrades, the
house was considered airtight, and an energy recovery ventila-
tor (ERV) was installed to maintain proper air quality through
the intake of preconditioned outside air. Another HERS In-
dex measurement was taken of the house, this time after the
renovation, and the score obtained was a 2, meaning the houss
is 98%. more efficient than a standard new home, according to
the baseline of the RESNET standard. To see the step-by-step
process of the exterior renovation, Figure 2 shows the siding

Fig. 2 Step-by-step exterior renovation of the home, clockwise from the top left- removal of extenior wood sheathing, application of

spray closed-cell foam, installation of new OSB sheathing, and final exterior finish with insulated siding.
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and exterior sheathing being removed for the application of
the spray foam insulation.

Solar system

The BEopt simulation was also referencad to select the total
capacity needed for the PV solar array. The annual predicted
electrical demands were over 12,000 kWh, using a geothermal
heat pump as the HVAC system. The orientation of the home
was not ideal for solar generation, with the largest roof area
facing due west. Taking this into account, if a 1.33-kWp ar-
ray is on the south roof and a 10-kWp array is on the west
roof, a solar production of about 12,000 kWh was calculated
(Marinello et al. 2014). Shading was not accounted for in this
prediction, and a fixed roof angle of 25° was assumed. The
actual roof angle was measured to be about 22°. To maximze
the utilization of svailzble solar energy on-site, a combined
solar PV-T system was selected for the roof with the largest
area, while, for the southern roof, a smaller, traditional pho-
tovoltaic (PV) array. Due to the area limitations for an array
install on the western roof, the installed PV capacity was 7.3
kWp. and on the southern roof it was | kWp. The material
type of the PV panels was monocrystalline with an efficiency of
19%. The benefits from cooling the array are two-fold. The PV
panels achieve increased electrical efficiencies by minimizing
elevated operation temperatures, and useful thermal energy is
generated to supplement the domestic hot water (Tripanagnos-
topoulos et al. 2002). An additional benefit during the winter
months is hot water can be pumped up to the PV-T array to
remove any snow accumulation by elevating the panel temper-
atures sbove freezing. The PV array was connected directly to
the electrical grid instead of opting for on-site storage. The
utility provided a net-meter (one meter that can spin in both
directions) and credited generation by one-to-one to electric
consumption &t retail rates. As electricity was generated and
used, a monthly difference was calculated. If more electricity
was generated by the PV-T system than the house used, an
electricity usage credit was given. When monthly usage out-
paced generation, the utility charged normal retail rates for
the difference.

HVAC xystem

A heat pump provides the ideal solution for a very efficient,
electrical driven heating and cooling system. Two configura-
tions are available: air and water source. Due to higher effi-
ciencies possible with ground-source heat pumps, this tech-
nology was pursued in spite of the associated higher instal-
lation costs The lot size of the house restricted the loop
configuration to be vertical instead of horizontal, which fur-
ther increased the installation cost of the system. A vertical
loop geothermal heat pump connected to a hybrid hydronic
system replaced the forced-air, natural gas furnace for heat-
ing and air source conditioner for cooling. Three wells were
drilled to a depth of 250 ft (76 m). The rated heating capac-
ity of the heat pump was 44,100 BTU/hr (~13 kW) at full
load with a coefficient of performance (COP) of 3. and, at
part load was 35,700 BTU/hr (10.5 kW) with a COP of 3.1.
A buffer tank with a storage volume of 20 gallons (75.7 L)
held conditioned water being supplied to five zones and was
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recharged by the heat pump. In heating mode, the set-point
temperature was 105°F (40.6°C), while, in cooling mode. the
conditioned water was set to 40°FF (4.4°C). Four pumps de-
livered conditioned water to three wall-hung terminal units
in each of the three bedrooms on the second floor and to a
water coil in the air handler. Two dampers were installed on
the supply duct of the air handler to separate the basement
and first floor into two individual zones. The house is con-
sidered a hybrid hydronic system because three zones were
conditioned by water directly in the space, while two zones
were conditioned air via a water coil indirectly. Due to the
interconnection between all zones, one zone thermostat had
to be specified as the master, controlling when the buffer tank
was storing hot water during heating or chilled water during
cooling. The first floor thermostat had the master role for the
house.

Weather conditions

A summary of the weather conditions measured during the
two testing phases can be seen in Table 2. The monthly average
outdoor temperatures were calculated from 30-minute read-
ings recorded at a weather station in West Lafayette (Indiana
State Climate Office 2015). The average monthly temperature
was slightly higher for Phase I1 over Phase 1. Comparing the
number of heating degree days (HDD) can also provide an
indication of the heating requirements A base temperature of
65°F (18.3°C) was used to take the difference from the mean
outdoor temperature over a 24-hour period. Table 2

the monthly sum of HDD from measured weather conditions
during each phase and compares a 25 year average from the
ASHRAE climate data for the location (ASHRAE 2009). The
outdoor conditions during Phase 1 had an increase of over
20% in the annual HDD compared to the 25-year average,
while Phase 11 had a 12.5% increase.

Phase 1

A whole-home monitoring system was designed and installed
to document the thermal conditions throughout the living
spaces, as well as the energy consumption of the home. T-
type thermocouples were installed in several rooms measur-
ing air temperature and, at a couple of locations, measuring
surface temperature. Two were located on the interior and
exterior surfaces of a south facing, exterior wall. The same
approach was applied to a window adjacent to the location
of the exterior wall measurements. The thermal conditions
of the attic were measured with a thermocouple projecting
12 in. (30.5 cm) into the attic space from the ceiling joists as
an air temperature, and a second located directly on the un-
derside of the roofing material as a roof surface temperature
measurement. Five thermocouples were located in different
rooms, having at least one on each level to measure air tem-
peratures in the basement, kitchen. living room, bedroom,
and second floor bathroom. At each location, excluding the
basement, a relative humidity sensor was installed, totaling

171



1064

Science and Technology for the Built Environment

Table 2. Average monthly outdoor temperature and monthly heating degree days.

Outdoor temperature HDDé&5 ASHRAE HDDé&S
Phase Phase Phase Phase 25 year
1 1 1 n average— 2009
°F = °F C “F-day “C-day “F-day *C-day “F-day °C-day

October 532 14 528 116 391 217 384 213 339 188
November 386 36 351 17 793 441 897 498 659 366
December 276 -24 330 05 1,160 644 93 552 1,051 584
January 184 -16 241 44 1,445 803 1269 705 1,169 649
February 19.0 -72 185 -15 1,288 716 1,301 ) 934 519
March 335 08 367 26 977 543 86 487 758 421
April 516 109 525 14 403 24 378 210 402 23
May 633 174 65.0 183 160 89 106 9 153 85
June 724 n4 707 215 1 0 16 9 24 13
July 68.5 203 724 24 15 9 5 3 1 1
August 711 217 708 215 6 4 3 2 6 3
September 62.6 17.0 68.1 0.1 131 73 47 26 81 45
Average/ Total 483 9.1 300 100 6771 Xe2 6276 3486 557 3097

four sensors. Channel space on the data acquisition system al-
lowed for additional relative humidity sensors to be instafled.
Five more were located in all three of the bedrooms on the
second floor and in the remaining two rooms on the first
floor, the dining room and office. To quantify the amount of
available heat leaving the home as waste water, four thermo-
couples were installed in the drain lines after the point of usa.
Only locations with high expected water usage were instru-
mented: the first and second floor bathroom showers, kitchen
(including the dishwasher), and the clothes washing machine.
See Table 3 for a complete listing of Phase | measurement
locations.

To measure the energy consumption of the home, an elec-
trical monitoring system and two natural gas meters were in-
stalled. one for the furnace and the other on the water heater.
A custom programmed computer data acquisition (DAQ) sys-
tem recorded the gas consumption, temperature, and relative
humidity readings every minute. A second DAQ system pro-
vided a complete package: monitoring and recording the cur-
rent of each electrical circuit and uploading the associated
power consumption via a wireless connection to a server. The
electrical monitoring system proved to be beneficial due to the
ease of installation and capability to access historical data at
month, day. or minute resolution. See Table 4 for a complete
listing of the electrical monitoring circuits.

Phase Il

The same monitoring objective used in Phase I was imple-
mented for Phase I1. The DAQ channels expanded to include

monitoring of the geothermal heat pump: one
vertical well at 50 ft (15m) depths and the supply and return
piping of the three ground loops. During the installation, the
supply and return lines from the heat pump to the ground
loops were flipped by mistake. Temperature probes installed
for the three return temperatures of each ground loop became

three supply temperatures. The one supply temperature probe
turned into a return temperature for one of the ground loops.
The electrical monitoring system had to be expanded due
to upgrades on the electrical system of the home and the in-
corporation of a PV array. The number of circuits increased to
allow major appliances, HVAC components lighting, and plug
Joads to have separate circuits. Here, the elactrical consump-
tion throughout the home would have better resolution on
monitoring the various end uses. For example, the household
refrigerator power consumption could be read separately lo
easily recognize different power levels during operation: cool-
ing, defrost, and standby. See Table 4 for additional details
on the separation of the electrical circuits. The PV-T system
used two different monitoring systems. The first recorded the
power generation of each panel in the entire array, and the sec-
ond recorded the amount of thermal energy generated when
rejecting heat to the domestic hot water system.

Meavur ement uncertainty

All thermocouple probes installed were T-Type and had a
standard limit of error, 1°C or 0.75%, whichever is larger.
During the experimental phases, the measured temperature
never reached higher than 50°C, meaning the standard limit
of error would always be 1°C for all temperatures recorded
The natural gas meters had an uncertainty of £ 0.5% of the
full scale setting. The furnace had a full scale of 120 standard
cubic feet per minute (SCFM; 3.4 m’/minute), resulting in
an uncertainty of £0.6 SCFM (0.02 m*/minute). The stand-
alone electrical monitoring system had an uncertainty of +
2% of the current transducer (CT) rating. The main lines of
the panel had 150-A CTs, with a majority of the remaining
circuits having CTs of 20 A, unless being & major appliance or
on a double-pole breaker, and then a 50-A CT was used. For
the 150-, 50-, and 20-A CTs, the uncertainty is +3 A, £1 A,
and 0.4 A respectively.
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Table 3. Temperature, humidity. and natural gas monitoring points.
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Raw data availability

A summary of the number of data points recorded for each
month is provided in Table 5 from both temperature and elec-
trical data collection systems. The amount of data were also
shown us a percentage of the month to indicate which time
periods during each phase had a high number of points avail-
able. Installation delsys and complications encountered with
the custom programmed data acquisition system led to peri-
ods of time where the system was offline. The most notable
periods were during the early months of Phase I, awaiting sys-
tem installation, and in the second half of Phase 11, when the
next stage of renovations began. The electrical monitoring sys-
tem was stand-alone and captured many of these unaccounted
time frames. Phase I had electrical data for over 60% of the
year, and Phase II had almost 100% of the year covered. Ad-
ditional data were available from the monthly utility bills of
the home. The gas bill provided a second measurement of the
natural gas consumption to compare the calculated heating
energy requirements during Phase 1.

The mostat scheduling

Between the two phases, two different thermostat types were
used. During Phase 1, this was a standard programmable ther-
mostat with four modes: wake, leave, return, and sleep. The

thermostat also provided the ability to have different schedules
between weekdays and weekends. The actual time and temper-
ature for each mode established during Phase 1 are shown in
Table 6. To improve upon the programmable thermostat, a
smart, leamning thermostat was installed for Phase 11. The
thermostat monitored real time occupancy via a motion de-
tector. One feature was disabled where 8 HYAC schedule was
developed and adjusted by learning occupant behavior. This
was needed to match the Phase II set-points and schedule
usad for Phase 1 for a direct comparison. The only monitoring
feature enabled on the smart thermostat was the auto-away,
recognizing when the home is unoccupied, and thus relaxes
the set-point until occupancy is resumed. The programmable
thermostat during Phase [ was set to mimic real occupancy in
spite of no one actually living at the house during this time
frame. During Phase 11, two students occupied the home but
often left the house vacant on weekends The thermostat auto-
away feature helped to conserve energy during these vacancies
when the home was unoccupied.

Hmman occupancy

The level of occupancy in the home was different between
phases—no occupation versus two occupants for Phase I and
Phase I1, respectively. To estimate the impact of occupancy on
the required building heating energy during Phase I, internal
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Table 4. Electrical monitoring points.
Channel Phase | Phase 11 CT Rating
2 Main Main 150
3
4 Oven Flash water heater 50
5 Geothermal heat pump 50
6 Furnace closet light Kitchen outlet right 20
7 Office outlet Kitchen outlet left 20
8 Basement outlets/lights Both bathroom outlets 20
9 Office outlet First-floor lights 20
10 Dining room outlets Kitchen lights 20
11 Basement closet light Dishwasher 20
12 Basement lights Washing machine 20
13 Living room outlet ERV 20
14 Air conditioner Forced air fan 50
15 Empty 20
16 Basement outlet East basement lights 20
17 Basement lights West basement lights 20
18 First-floor lights/ outlets Utility sink outlets 20
19 Kitchen outlet Buffer tank 20
'5'0 Clothes dryer Clothes dryer 50
1
n Second-floor lights/ outlets Bedroom space conditionars 20
23 South bedroom outlet Refrigerator 20
M First-floor outlets/ lights Second-floor hights 20
25 East bedroom outlets East basement outlets 20
26 Second-floor outlets South/north bedroom outlets 20
n Refrigerutor Living room outlets and closet light 20
28 Haltway /dining/ kitchen outlets 20
2 West basement outlets 20
30 Oven 50
31
32 Light new utility closet 20
i3 Office outlet 20
M Smoke detector 20
35 Sotar 20
36
Table 5. Number of naw data points collected each month.
Temperature data Electrical data
Phase I Phase 11 Phase I Phase 11
Minutes Percent of month (%) Minutes Percent of month (%) Days
October 0 0 14,704 33 0 16
November 0 0 12,201 2 1 0
December 0 0 5176 12 31 31
January 0 0 8181 18 31 31
February 5636 4 13310 33 2 ®
March 43,350 b 6 0 31 31
April 42,897 9 0 0 30 30
May 42,036 94 4051 9 31 3
June 8758 20 0 0 30 30
July 0 0 15 0 8 3
August 0 0 0 0 0 3
September 0 0 0 0 0 30
Total 142,677 n 57643 11 231 350
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Table 6, Thermostat schedule for the heating system during both phases.
Phase 1 Phase 11
Monday— Friday Saturday— Sunduy Everyday
Time Temperature Time Temperature Time Temperature
Wake 630am T0°F (21.1°C) 900 a.m. T0°F 21°C) 8:00 am. T0°F (21.1°C)
Leave 800 am 64°F (17.8°C) - - AUTO 55°F (12.8°C)
Raturn 530 pm. T0°F (21.1°C) - - AUTO T0°F (21.1°C)
Sleep 10:00 pm. 64°F (17.8C) 11:00 pm. 64°F (17.8°C) 11:45 pm. 65°F (18.3°C)
loads by different human activities were referenced  power consumption measured is then multiplied by a rated

(ASHRAE 2013). High and small-impact scenarios were con-
sidered here. The high-impact scenario simplified all occupant
behavior to an office activity, lifting or packing, generating &
high output of 216 watts during periods of occupancy listed in
Table 6 for the thermostat. The small-impact scenario consid-
ered 72 watts while sleeping, 207 watts from cooking during
the wake hours in the morning, and 216 watts, the same as the
high impact scenario, during any other cocupied periods. The
occupancy schedule in Table 6 covers an entire week; thus,
these scenarios are applied on a weekly basis. The heating sea-
son did not cover the entire year, and 39 weeks were used,
instead of 52, to cakulate an annual heat output for two oc-
cupants. The high-impact scenario predicted an annual heat
output of 2030 kWh versus the low-impact scenario, which
pradicts 1322 kWh.

Calculation method

To understand the thermal and energy improvements made to
the home, both the required energy for heating and the asso-
ciated primary energy consumed were calculated. A reduction
in the amount of heat delivered indicated the level of improve-
ment to the building envelope. Calculating primary energy
consumed during the heating season directly accounted for
the amount of energy saved by both envelope upgrades and
the introduction of an energy efficient HVAC system.

Heating requirement

During Phase [, natural gas consumption by the furnace was
totaled for each duy and converted from SCF to BTU. The
heat content of natural gas is listed annually by the US. En-
ergy Information Administration (EIA) for each state The
2013 and 2014 values for Indiana were 1015 and 1021 BTU
per cubic foot (~10.5 kWh per cubic meter; US. EIA 2014).
Taking this factor, and multiplying by the total SCF of natu-
ral gas measurad by the meter, the amount of energy delivered
to the furnace was calculated. The AFUE rating of 80% was
multiplied with the energy delivered to the furnace to obtain
the amount of heat dumped into the duct and delivered to the
home. The product was then considered the daily heating re-
quirement of the home. For Phase I1, the heating requirement
was calculated by first summing the power consumption of
the geothermal heat pump over each day. The daily electrical

COP factor of 3 to obtain an estimate of the daily heating
output by the heat pump and. hence, the heating requirement
of the home. The actual COP of the system could fluctuate
depending on the ground temperature of the vertical loops.
During Phase 11, ground temperature measurements varied
from 55°F (12.8°C) to 32°F (0°C), and the manufacturer had
associated COP ratings between 4 and 2.2, respectively. An
average COP of 3.1 could be used, but the rated COP of 3.0
provided a more conservative estimate.

Due to lapses in data collection and intermittent occupancy.
a second approach was usad to estimate the annual heating re-
quirement of the home Daily average outdoor temperatures
were calculated using the weather data available. Next, daily
heating energy required by the home were plotted against daily
average outdoor temperatures. Only days with guaranteed oc-
cupancy, such as weekday s, were used to generate the plot fora
clear picture of energy requirements during oocupancy. A lin-
ear curve-fit to the data provided a prediction of daily heating
energy required during each phase as a function of daily av-
erage outdoor temperutures. Applying the created function to
weather conditions measured during each phase, an estimate
could be generated of the annual heating requirement that
spanned time gaps in the data collected for each phase. Due
to these time gaps, the curve-fit only provided a prediction of
daily energy consumption trained with data covering about a
quarter of the heating season for Phase I. The approach could
lead to an underprediction of the heating energy required with
a smaller number of days during extreme weather conditions.
To verify the prediction, the Phase 1 monthly heating require-
ments were compared with two other predictions from the
natural gas consumption. For Phase I, the curve-fit had data
covering a large percentage of the heating season but only
considered occupied days for an accurate prediction of heal-
ing energy required. This approach overpredicted the heating
energy required, but was more conservative when calculating
the energy savings.

Primary energy

The natural gas consumption of the furnace can be taken
directly as primary energy for heating. The electric consump-
tion of the furnace blower must be converted back to primary
energy before being added to the primary energy from gas
consumption. The DOE utilizes a multiplier to convert site
electrical energy back to source energy, accounting for pri-
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Fig. 3. Daily heating energy required by the home as & function of the average outdoor temperature.

mary energy conversion losses during generation, and deliv-
ery losses during transmission (U.S. DOE 2011). A multiplier
of 3.1 was referenced from the U.S. DOE using 2010 data.
The value was representative of the entire United States and
could have better conversion rates when considering local fac-
tors such as different primary sources for generation, coal,
natural gas, hydroelectric, etc., and site proximity to power
plants.

The primary energy for heating calculation during Phase
1T only required converting the electricity consumption. An
energy lotal was calculated from the sum of the individual
power consumptions, kWh, for the geothermal heat pump, air
handler, buffer tank, water circulation pumps, and room space
conditioners. Due to the ERV being part of the ventilation
system. it was not included as part of the primary energy
consumption associated with the heating system.

Results

Heating reguirement

In Figure 3, the calculated daily heating energy required for
each phase was plotted against the daily average outdoor tem-
perature. A linear curve-fit was applied and provided with
the function and R-squared value for each fit. The Phase 1
curve-fit had an R-squared of 0.638, while Phase I had a fit
of 0.806.The curve-fit function can also provide the balance
point, an outdoor temperature when the building heating de-
mand is zero. For Phase I, the balance point is 67°F (19°C),
and for Phase 11 it is 61°F (16°C).

Table 7 lists the monthly heating requirements for both
phases. Three different methods were used to calculate the
heating demand for Phase I. The furnace efficiency was applied

to the monthly volume of natural gas, either billed by the
utility or totaled from the DAQ with a minute sampling rate.
The third method applied the linear curve-fit off generated in
Figure 3 to the daily outdoor temperature from the weather
data_ If the outdoor temperature was above the balance point,
the heating demand was set to zero. For Phase II, only two
methods were available: converting the measured heat pump
power consumption with the COP, and the curve-fit method
used for Phase I. Overall, the annual heating demand could
be shown to be reduced by almost 52% from roughly 40.000
kWh during Phase [ to a little over 19,000 kWh during Phass
1. The predicted savings would be reduced if the impact of
occupancy was considered for Phase 1.

For Phase I, the discrepancy between the gas bill and
monthly measured heating energy requirements were due to
the large periods of time the data acquisition system was off-
line. On an annual basis, the heating energy required showed a
good agreement between the gas bill and the curve-fit method.
With a difference of only 626 kWh, the percent error on the gas
bill total was 1_6%. The small difference provided confidence in
the curve-fit prediction of the building heating demand during
Phase I. The months of April and May had heating require-
ments that were within range of each other across the three
different calculation methods Data recorded by the furnace
natural gas meter covered 99% of April and 94% of May. Some
monthly gas meter readings were estimated by the utility, but
for April and May they were read. The curve-fit prediction had
good agreement in April and May due to a high percentage of
data points available during these outdoor conditions to gen-
erate the fit. During the months of January and February, the
heating requirernent from the gas bill was not representative of
true demand due to the meter reading being estimated by the
utility. The heating requirement from the curve-fit had better
agreement with the gas bill during the later months of phase I.
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Table 7. Monthly heating requirements calculated from the natural gas bill, home monitoring system, and a linear curve-fit off the

outdoor temperature.
Measured Calculated
Gas bill Phase | Phase I1 Phase I Phase 11

Phase I (kWh) (kWh) (kWh) (kWh) (kWh)
October 1333 0 45 2419 248
November 3546 0 2774 4696 2814
December 7449 0 2038 6744 PR
January 3758 0 3486 8332 4176
February 13717 1307 4467 7433 4345
March 6104 6024 2413 5731 nn
April 2585 1963 677 2516 97
May 934 819 183 1043 229
June 72 0 0 40 19
July 0 0 0 178 2
August 0 0 0 64 0
September 0 0 0 927 52
Total 39,497 10,113 16,513 40,123 19,387

utility were inaccurate.

For Phase I1. the discrepancy was a bit more inconsistent
from month to month. Comparing the annual heating require-
ment better matched the expected result since the calculated
values were from a curve-fit of occupied data only. The mea-
sured heating requirements had both occupied and unoccu-
pied periods, and. hence, required lower heating energy with a

lower thermostat set point during the sway mode. In the month
of December, for example, the difference was quite high. The
occupants in the home were students, and the month was only
occupied for roughly half the time due to the holiday break.
Therefore. the measured heating energy would be less than the
curve-fit predicted heating requirement referencing the entire
month as cocupied.

Primary energy

In Figure 4, the primary emergy required to satisfy the
building energy demand was plotted as a function of the
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Fig. 4. The primary energy consumed by the home as a function of the average outdoor temperature.
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Table 8. Amount of primary energy used by the home during the heating season.

Measured Calculated

Phase 1 (kWh) Phase 11 (kWh) Phase I (kWh) Phase 11 (kWh)
October 0 472 318 1362
November 0 2518 6607 3542
December 0 179 9821 3945
January 0 2418 12335 5123
February 1895 4222 10995 5288
March 8505 2517 8217 3435
April 7 750 3183 1328
May 173 203 1212 44
June 0 0 0 42
July 0 0 60 12
August 0 0 31 0
September 0 0 938 110
Total 14,363 14,379 56,516 24531
average outdoor temperature. The improvement between the Exterior wall per for mance

two phases was more significant with this comparison due
to both the upgrades of the envelope and the heating sys-
tem. Both generated curve-fits had R-squared values of
0.8,

The primary energy consumption during the heating season
for both phaseswas listed monthly in Table 8. The discrepancy
trends between the measured and calculated values month to
month were similar to the differences shown for the monthly
heating requirements. For the cakulated annual total, there
was a higher savings of heating primary energy than the heat-
ing requirement savings, with a 57%. reduction.

Figure 5 is a plot of the measured temperature difference be-
tween the inside and outside surface of a southern facing ex-
terior wall compared to the measured exterior surface tem-
perature. The first point to note is the range of temperuture
differences in Figure 5. During Phase I1, the temperature dif-
ference across the wall reached -60FF (-33°C) during exterior
temperatures of 10°F (-12°C). This means that the inside sur-
face temperature was around 70°F (21°C), which is the heat-
ing set-point. During Phase I, the temperature difference was
not lower than -25°F (- 14°C), with an exterior temperature
around 35°F (2°C). The associated inside surface temperature

Exterior Wall - Int/Ext. Surface Temperature Difference
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Fig. §. The temperature difference across the interior/exterior surface of the southern exterior wall as a function of the exterior

surface temperuture.
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Daily Average OQutdoor Temperature Versus
Average Exterlor Wall Surface Temperature
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Fig. 6. The daily average outdoor temperature as a function of the exterior surface temperature.

for this case was 60°F (16°C), which is about 10°F (5°C) lower
than the set-point. The thermal comfort of a space is nega-
tively impacted by lower mean radiative surface temperature
when air temperatures are constant (ASHRAE 2004). One
implication of this is, with improved temperature differences
due to envelope upgrades, lower set-points are possible for the
heating system without sacrificing thermal comfort.

Figure 6 shows, for the same points in Figure 5, a plot of
the uverage outdoor temperature compared to the measurad
exterior surface temperature. When comparing the two plots,
the exterior wall temperature during Phase 1 only spanned a
small range of temperatures, while the outdoor
had larger extremes, meaning enough heat was Jost from the

building to elevate the exterior wall temperature almost 20°F
(11%C) from the outdoor temperature. During Phase 11, this
difference was not more than 10°F (6°C). Using both plots,
the reduction of heat loss between the two phases could be
realized.

Electrical consumption and production

The monthly electrical consumption of the house is listed in
Table 9, along with the solar electricity production measured
during Phase 11. The annual electric consumption measured
increased between the two phases, but was due to occupancy
during Phase I1 and the lack thereof during Phase I. Also, in

Table 9. Amount of electricity billed, usad, and generated during both phases.

Electric bill Electric consumption

Phase [ Phase 11 Phase I Phase 11 Solar production

(kWh) (kWh) (kWh) (kWh) Phase 1T (kWh)
October 424 739 0 483 0
November 417 1413 158 1543 100
December 453 1o 4m 1174 142
January 478 1399 504 1613 7o
February 649 1854 616 2000 oz
March 890 559 484 1400 563
April 285 0 203 667 685
May 401 0 315 349 2
June 1043 0 1141 9 809
July 216 0 283 84 831
August 365 0 0 127 833
September 350 0 0 283 627
Total 5971 M3 4173 9804 5839
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Phase 11, an electric heat pump was used to meet the heat-
ing demands instead of the gas furnace used in Phase 1. The
electric bill did not report any consumption after March dur-
ing Phase Il because the solar system at this point was able
to completely satisfy the monthly energy demand. A positive
credit builds as long as monthly production is higher than
consumption. The total solar production accounted for 60%
of the electricity used during Phase I1. The percentage should
be higher since solar production was not recorded until the
monitoring systern was online in November. The low amount
of electrical use during the summer months of Phase Il was
due to the start of construction work for the next phase of the
project—net-zero water. The power supply to the house was
interrupted to install the net-meter; therefore the power sup-
ply was temporarily offline. The house was unoccupied during
the summer since the spring semester finished in May.

Di .

Renovating a home built in 1928 to reach net-zero energy is
a challenging task. The difficulty does not lie as much with
selecting the best improvements and what technologies are
feasible but with the commissioning and day-to-day use of the
home. The BEopt software provided a great platform to pre-
dict the energy savings with respect to building improvements.
The accuracy of the program can be shown by comparing
the annual predicted and measured heating energy required
during Phase 1. BEopt predicted the house would require
roughly 42,000 kWh of site energy compared to the 39,000
kWh when referencing the gas bill. One point to remember
is that the house was unoccupied during Phase I. Using the
high-impact scenario on the thermal gain from two occu-
pants, the annual heating energy demand would be reduced
by roughly 2030 kWh. A more accurate heating energy re-
quirement would be 37,000 kWh using the gas bill, or 38,000
kWh when using the curve-fit annual prediction. A 10% to
14% error signals a good confidence in the BEopt model for
estimating the heating energy required in light of the many un-
certainties provided to the model. Phase I had two students
occupying the home with fiuctuating schedules of vacancy
around semester breaks and weekends. Also, the home had
poor insulation and high rates of infiltration during Phase I,
leading to a poor thermal comfort. Any significant impact of
the occupants in this type of home might be reduced due to
the high rate of heat loss to the ambient conditions and the
change of occupant behavior in response to lower thermal
comfort.

In spite of many BEopt recommendations being met or
exceeded for envelope , the heating demand decreased
by about 50%, 38,000 to 19,000 kWh, but still was 7000 kWh
short of reaching the savings predicted by the model. One
area of potential improvement was with the different control
platforms of the HVAC system. A ground source heat pump
was connected to a hydronic system with five zones. Each
bedroom had a thermostat on the wall-hung space conditioner
and generated 2 signal to a pump on the buffer tank of when
to condition the zone. A thermostat on each floor sent a signal

Science and Technology for the Built Environment

to the air handler which set the dampers and relayed the signal
to the buffer tank. As heat was used by different zones, the
buffer tank fluctuated in temperature at different rates. The
heat pump was controlled to maintain a temperature range
in the buffer tank. When commissioning the heating system,
there were periods of short-cycling due to the temperature
settings on the buffer tank being incompatible with the heat
pump. Instead of keeping the buffer tank at a temperature
range, the heat pump would turn on during any zone call for
heating. Relaxing the temperature satting on the buffer tank
helped reduce this coupling. Additional testing is needed to
ensure the buffer tank temperature settings are suitable over
most or the entire heating season.

The only recommendation from BEopt not reached was
minimum infiltration rate. As one would expect, the predicted
heating requirement will increase as a result of higher infiltra-
tion rates. The fixed schedule of the ERV operation also intro-
duced a constant heating load. Ideally, the ventilation system
for fresh air woukd only run when the home was occupied to
avoid introducing unconditioned outside air when indoor air
quality was not a concern. Finally, the BEopt model assumed
a constant insulating value (U-value) for the entire building
envelope, when, in reality, the U-value varies depending on
quality of insulation installation and other irregularities, such
as the uninsulated fireplace in the building envelope. These
three factors combine to reduce the accuracy of the BEopt
model prediction on the savings of the annual heating de-
mand. Even though the predicted savings was not reached,
the overall heating demand was still cut in half, which is sig-
nificant when one considers the original state of the home.
As the HERS Index measures, the renovated 1920s home is
98% more efficient than a standard home built today, 90 years
later.

The electricity production of the solar system was signifi-
cantly lower than what was predicted. The location of the west
panels ex perienced more shading than what was expected, and
the snow removal strategy was not as effective as planned. A
three-story apartment building was located on a lot west of
the house, and, since the building is tall, it casts a shadow
over the panels during the later hours of sun exposure. The
snow removal technique employed only worked effectively
on half of the west-facing array. Both of these factors had
a part in the underproduction of the solar system. In spite
of a poor performance of the solar system, 60% of the an-
nual electrical demand was satisfied. After Phase 11, changes
were introduced to the piping connections between the ther-
mal storage tanks used for heat rejection and the PV-T pan-
els to improve their snow melting capabilities. and thus its
effectiveness.

During Phase I, the house was unoccupied; thus, the heat-
ing energy required would be impacted due to the lack of ad-
ditional heating sources from human activities During both
phases, the house was used as a laboratory. increasing the
electricity consumption (e.g. for the data monitoring equip-
ment, etc.). In addition, at the start of Phase II, student
research projects began to be hosted in the house, causing
further increases in electricity usage. The net result of the
extra “research related™ electricity use reduced the annual im-
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pact of the solar PV system on the total annual electricity
consumption.

Conclusions

Significant renovations were made to a 1920s vintage home
with the goal of reaching net-zero energy over a 12-month pe-
riod. The work presented was conducted over two phases. The
first phase established a baseline condition of the home The
gas consumption of the furnace and the electrical consump-
tion of the home were monitored and recorded with two data
acquisition systems. A 3D model of the house was built inside
a simulation model, BEopt, to generate recommendations of
the most cost-effective improvements on the building envelope
for higher energy efficiency. All recommended insulation lev-
els were exceeded. The original infiltration rate was reduced
from 11 to 2 air exchanges per hour at a pressurization of 50
Pascal. The house went from a HERS Index of 177 to 2. A
PV-T solar system with a total peak generation capacity of
8.3 kWp was installed on the south and west-facing roof to
generate on-site electricity and was grid-tied to eliminate stor-
age neads. The heating energy demand was reduced by almost
500%, when considering the impact of occupancy and associ-
ated primary energy consumption of the house was reduced
by at least 50% during Phase 1. The thermal comfort of the
indoor environment was improved by elevating the mean in-
terior surface temperature from higher insulation levels m the
envelope. During the first year after renovations, the home was
not able to reach net-zero energy, but still was able to offset
its electrical oonsnmpnon by 60°%% with solar power. Further
investigations are ongoing to adjust the heating system control
and locate high end-uses of electricity for potential reductions
in order to achieve the net-zero energy goal.
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L. Introduction States, there are 114 million existing homes. 15.6 million, or 14%

The United States is no longer the global leader in primary
energy consumption but still plays 3 significant role. The US,
building sector accounts for 4 1% of the national primary energy con-
sumption while specifically residential buildings are 22% nationally
compared to 19% for commercial buildings [ 1] Research efforts
are needed to address the significant energy consumption from
the built environment and the residential sector provides one area
of great potential. Some approaches are to improve the energy
efficiency of new buildings through the introduction of higher
insulation levels, replacement of advanced, high efficiency equip-
ment, and integrating on-site solar generation to reduce demand
on external energy sources. The state of California passed a residen-
mlbuilimgme efficiency standard, Title 24, with a goal of all
residential buildings to be net-zero energy by 2020 [ 2]. While
emrgyeﬁmtsaddmn\gmwmmnmmmelathm
of reducing the problem, they do not address the heavy hitters in
residential energy consumption; existing buildings. In the United
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Mg jjdolcegi10.1016]) enbulld 2017, 1LOO3
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are relatively new construction, built between the years of 2000
and 2009, while homes built before 1980 account for more than
half of the U.S. building inventory or 64.7 million homes [3]. Older
homes have significantly higher energy consumption for the same
floor area relative to new construction | 31 Developing methods to
improve the efficiency of existing buildings is a challenging effort.
The structure is already constructed and some energy efficient
technologies are difficult to implement due to physical limitations
of the building To investigate these challenges from improving
existing buildings, a 1920s era home was renovated over several
phases to reach net-zero energy, then net-zero water, and lastly,
net-zero waste-to-landfill. The project title is the ReNEWW House;
a retrofitted, net-zero energy, water, and waste-to-landfll house.
Specific details on the first phase of renovations to reach net-zero
energy can be referenced in literature [4] and highlights are pre-
sented in Section 2. The focus here is on the heating, ventilation, and
air conditioning. HVAC, system installed during the net-zero energy
retrofit to replace the originally installed natural gas furnace and
split-system air conditioner.

A numerical study was performed focusing on existing residen-
tial buildings to investigate upgrading a traditional HVAC system
|5} The amount of new construction relative to the total existing
buikding stock is very low, and the authors argue building envelope
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upgrades can reduce the heating load to enable lower supply tem-
peratures from the HVAC system and thus enabling heat pump (HP)
coupling The impact on HVAC system performance was explored
for an existing building from the 1970s by comparing an identi-
cal building. renovated to reduce the nominal heating load by 40%.
Three systems were investigated: a HP only, a HP supplemented
with a boiler, and a boiler only, An air-to-water heat pump, AWHP,
operated with two capacity modes and used R410A. The impact of
domestic hot water, DHW, production on the HVAC systems was
not considered though commonly provided in hydronic systems.
The HP only in the renovated case had a seasonal performance fac-
tor, SPF, of 3.25 while when coupled with a boiler, the SPFincreased
to 3.88 and reduced the number of HP cycles by almost 25%.

A similar study by the Department of Energy reported on feld
measurements showing the efficiency benefits of AWHPs installed
in low-load homes when replacing residential air conditioners
with ducted air delivery [6]. Heating SPFs of 326 and 4.18 are
reported for two homes located in Northern California and Arizona,

. TRNSYS modeling from the same study indicated up
to 28% annual HVAC energy saving from using AWHP versus an
air-to-air HP using ductwork. Another study reported up to a 22%
savings when replacing traditional forced air equipment (ducts, air
handler, air-to-air HP) with hydronic piping, pumps and smaller
distributed fan coils |7} Ductless hydronic systems have reduced
space requirements for ducting. eliminate thermal losses along
ductwork, and provide an easy ability to zone |71 Water-to-air ter-
minal units can handle both heating and cocling for eachzone from
hot or chilled water versus traditional hydronic terminal equip-
ment which is heating only, radiant floor systems or radiators. Ina
forced air systems, air delivery temperatures should be as close as
possible to the zone set-point to be defined as a low-exergy system
[8]. Also thermal energy storage becomes easier to implement on
a hydronic system versus a forced air system which can facilitate
demand side management or improved utilization of on-site, solar
photovoltaics, PVs.

Circulation pumps in hydronic HP systems have estimated
pumping efficiencies of less than 30% based on feedback from
a buffer tank manufacturer. In one study, pump efficiencies are
reported to be approximately Ios[gl.Doubungpmnpdf:im
has been estimated to improve the SPF by approximately 4-9%
{9]. while hydronic pumps currently used have low effiGencies,
they have lower energy draws than traditional forced air blowers
[71. when hydronic systems are connected to multiple zones, the
required number of pumps increases and could amplify the col-
mmpm:nmdﬂ!mdﬁ:‘mq Experimental

pﬂd!didmnﬁedawupmudpmblanhmofﬂw
zone loops { 10]. One study recommends further research focused
on the development of packaged controls for zoned systems |61

A study conducted on HVAC systems in low-load homes
reported many installed systems are custom in nature and are
installed by contractors who learn best practices through trial and
error | 11], The authors recommend future work on the develop-
ment of system sizing and installation gusdance specifically for
low-load HVAC technologies. HP manufacturer rated coefficients
of performance, COPs, account for auxiliary equipment, such as
fans and pumps, but do not include any duct or piping resistances
present in a real installation [12] As a consequence, actual sys-
tem COPs are lower than their mamsfacturer ratings. One study
reports an average reduction of COP across three monitored sys-
tems of 27% during low stage operation and a 13% drop during high
stage operation {12]. Surprisingly, the same study reported higher
COPs during high stage versus low stage operation when referenc-

ing actual ce heat pump (GSHP) usage. Typically, HP
operation at part load will have higher efficiencies compared to
full load.

Intermittent HP operation requires delivery of higher temper-
atures to reject enough heat during the on and off cydes. Thus,
HP efficiency is reduced by requiring higher condensing pressures
during intermittent operation. A study of variable speed technolo-
gies for HP compressor and water pumps attempted to address
this set-back [9]. Drive energy was shown to be higher for variable
speed pumps compared to intermittent pumps. Improved controls
and pump efficiency would improve the overall system efficiency.
Adjusting heat pump capacity with variable speed technology can
reduce the number of on and off cycles.

Buffer tanks (87s) help to avoid excessively short on-and-off
cycle operation and provide heating during HP transients [10,15].
A buffer storage tank is integrated into the hydronic system to
increase the thermal inertia of the system and reduce the annual
number of operating cycies of the HP or boiler. The impact of the
BT size on the HVAC system performance is investigated by varying
tank sizes between 13- 132 gallons (50 and 500 liters) [5]. Simula-
tion results show number of annual operation cycles decrease as the
BT volume increases. While Larger tank sizes decrease cycling, they
also increase the amount of heat loss and the associated investment
cost of 2 larger tank. Low thermal mass systems like radiators have
benefits when coupled to large tanks acting as thermal energy stor-

age toimprove temperature control and avoid excessive heat pump
cydtng[nll\mmmon approach to reduce the heating capac-
ity of radiators during milder weather conditions is to lower the
supply temperature according to the heating curve of the equip-
ment to match the room heating load [5]. While BTs are needed
for low-temperature radiators, large volume heating loops soch
as radiant floor systems can be used as the buffer volume and no
longer requires a separate tank | 1 3]. A GSHP coupled with a radiant
fioor provides the highest second law efficiencies when compared
to bailer driven hydronic systems, while also being primarily elec-
tricity driven [8].

Several different supply and return water temperatures were
investigated for typical hydronic terminal equipment. Two general
categories are identified, low-temperature for underfloor or radiant
heating and high-temperature for radiators. Supply temperatures
of 86-104 “F {30-40-C) [13] and 97-115"F (36-46-C) | 10] were
investigated for low-temperature ications with one report-
ing both supply and return temperatures of 95/82<F (35/28C)
|91 For high-temperature applications, supply water at 113-131F
(45-55+C) |1 3] and under the Swedish standard system with sup-
ply and return temperatures of 131/113 “F(55/45 “C) [5.5]. Another
study did not report the application but simulated and tested
supply and return temperatures of 91/82“F (33/28C), 95/86F
(35/30“C), and 104/95 “F (40/35°C} [ 14

Two studies, one on an AWHP and another on a GSHP used HRC
refrigerant R407C [9,13], which was designed as a drop-in replace-
ment for HORC refrigerant R22 versus another study of 3 GSHPs
systems using HRC refrigerant, R410A [ 12]. HPs with R410A have
higher refrigeration capacities relative to R407C allowing smaller
heatexchangers; although the thermodynamic properties of R410A
restrict its use under high pressure ratios due to elevated discharge
temperatures. Therefore, the compressor envelope inhibits high,
load side temperatures of supply water or BT storage tempera-
tures [ 15]. A GSHP using CO; was determined to have higher COPs
when operating in combined space heating, SH, and DHW versus
2 HRC refrigerant GSHP having higher COPs in SH only |14 A cou-
ple studies considered DHW production as part of the hydronic
system [8, 141 The temperatures investigated were 140, 158, and
176*F (60,70, and 80 C) with an average city main temperature of
449F(6.5+C)]14]. Existing homes have DHW to SH ratiosof 10-25%
versus well-insulated homes or low energy homes having ratios
around 25-45%. Higher DHW to SH ratios show equal or higher SPFs
for COz GSHPs when compared to the most efficient R410A GSHP
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{14]. The impact of DHW production on the HVAC performance was
not investigated here.

Three residential GSHP installations in US. cold climates were
monitored and discovered a couple issues after installation. One
system was found to have air trapped inside the ground loop and
a second problem from air in the lines caused an air handler to
freeze up [ 12] Commissioning of hydronic equipment is important
to obtain the maximum efficiencies present with these advanced
HVAC systems. Additional data on field performance of hydronic
systems are also identified as an area of future research needed [7].

To fit best within the existing building, a combined air and
hydronic driven HVAC system was installed. The system is referred
as a hybrid air-hydronic HVAC system. It combines elements of a
traditional, ducted, forced air system supplying two zones with
dampers and a hydronic system with wall mounted water-to-air
coils in the second floor zones. The hybrid approach easily allowed
zoning within the existing structure of the home. By upgrading the
HVAC system to interface with multiple zones, complications can
result from a mismatch between equipment rated capacities and
the zone heating requirements. The advanced HVAC system has
been run over two heating seasons and adjustments were made to
the BT temperature settings to improve the heating energy effec-
tiveness of the HVAC system. The equipment installed, the overall
control strategy, and modifications applied are explained and their
associated impacts are investigated.

2 ReNEWW house project

Ajoint research project was started between a higher-education
institution and an industry representative in the fall of 2013. The
goals were to renovate an existing building over multiple phases,
ultimately reaching net-zero energy, net-zero water, and net-zero
waste-to-landfill. The reference timespan for each net-zero goal
is one calendar year. In the first year of the project. no phys-
ical improvements were made to the home but a3 whole-home
monitoring system was installed to establish the baseline energy
consumption, Several aspects of the home were recorded: the
entire electrical consumption down to each circuit, air temperature
and relative humidity levels throughout living spaces, and water
usage traits from supply side flow meters and temperature sensors
as well as waste water temperatures. For the second year of the
project, in-depth renovations occurred during the summer of 2014
to upgrade the house reaching net-zero energy. Building materials
such as insulation levels or window types were replaced, sealing
methods deployed to make the house air-tight by reducing natural
infiltration, and highly efficient tec| jes introduced to mini-
mize the energy consumption from heating and cooling. Additional
measures were taken by installing two sets of solar, PV arrays for
on-site electrical production. The house was grid tied and therefore
did not use any on-site electrical storage. A comprehensive investi-
gation and analysis was performed comparing the heating energy
demand before and after the net-zero energy renovations | 4], Addi-
tionally the impact of the solar production on offsetting the home
energy needs is also reported.

In the summer of 2015, new renovations were made to the inte-
rior of the home to upgrade the living spaces on the first floor.
The original kitchen was updated and some walls were removed
to open up the kitchen and living room. The main focus of the 2015
renovations was installing systems to support the net-zero water
pillar of the project. A large scale rainwater collection and treat-
ment system was designed and installed to reduce and hopefully
eliminate the usage of city water in the home. Two underground
storage tanks provided roughly 2800 gallons ( 10,600 liters) of rain-
water storage andd the treatment train applied two stages of UV
treatment to disinfect rainwater to a potable level. With rainwater

being a finite supply, ltsmc!ingntsusagmmamlypmbleneeds

was desired. One approach reduced the potable water demand by
mﬂhngamwmmmnausysmnmﬂmmﬁmm
to supply toilets with processed greywater for flushing.

The new HVAC system installed during the net-zero energy ren-
ovation was causing an undesirable operation of the GSHP by short
cycling. Changes were applied to the controls of the hybrid air-
hydronic system near the end of the first heating season and near
the start of the second heating season. The effectiveness of the
implemented changes was identified by calculating a beating sys-
tem efficiency. The daily energy usage of the HP, kwh, is divided
by the daily, heating degree day, HDD. The goal is to generate a fac-
tor indicating how efficiently the HVAC system is in satisfying the
heating load of the home. The HDD is calculated by taking the dif-
ference between the outdoor temperature and an assumed, balance
point temperature of 65°F (18C), shownin Eq. (1 . A weather sta-
tion located at the West Lafayette, Indiana airport provided 30 min
increments of the outdoor, dry-bulb air temperature in Fahrenheit.

m

HDDgs — 30min o (65F — T pagoe (£30)) + (lmn

3. Hybrid air-hydronic heating and cooling system

Replacing the existing air distribution system in the home was
important as it was poorly designed. Due to the age of the home
and the methods employed at the time, an insufficient amount of
heated air was being delivered to the second floor. The three air
registers on the first floor were connected to three registers on the
second floor within each bedroom. The damper on each first floor
register had to be closed to allow condstioned air pass the first floor
register to reach the sacond floor bedroom register. In order to heat
the second floor bedrooms, dampers on the first floor registers had
to be dosed and heat would no longer be available to those first
floor areas. A floor plan for each level of the house along with the
floor area for each heating zone can be seen in Fig. 1.

The goal of redesigning the HVAC system within the existing
structure was to minimize the amount of required physical changes
to the home. with this approach the complexity of the renovation
is minimized, resulting in cheaper installation costs. The selected
HVAC type is a hybrid air-hydronic system. Five heating zones were
identified. Conditioned air is supplied via water-to-air coils either
directly in the zone with wall hung terminal units in each bed-
room, or from a central air handling unit with a water coil using
dampers in the ductwork for the basement or first floor zones. High
efficiency, hydronic terminal equipment, such as in-floor, radiant
loops, were not explored due to their retrofit challenges. The benefit
of switching to a hydronic system allowed individually zoned bed-
rooms and prevented major modifications the home. The original
ductwork connecting the bedrooms was disconnected and reused
as conduit to hold piping delivering conditioned water to the bed-
room zones. A complete layout of the HVAC system and images of
the installed equipment can be seen in Fig 2. The location of the
original register for the bedroom can be seen on the floor below the
bedroom space conditioner in the far left image. Recognize how the
wall hung unit lines up with the floor register, indicating where the
water lines run within the duct.

3.1. Ground-source heat pump (GSHP)

The HVAC contractor applied the ACCA Manual ] method to
estimate the design cooling and heating loads of the house and
dmfyﬁuwnrrdmmeqmmcmcuy[lclmwmly
electrically driven HVAC systems, a GSHP provides higher
ciencies compared to an air-source heat pump {ASHP) dne to
elevated source temperatures below ground. The limited ground
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Geothermal Heat Pump Heating Capacity for varlous source temperatures
Part Load 9GPM - Full Load 12GPM and Terminal Equipment Capacities
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Fig- 3. HVAC Equipment Rated Capacities for Varying T or Load Waler

Temperature, EAT, of 68 °F (20°C) and 2 bedroom wmmwum’;(lss'q

area around the home required the installation of vertical ground
loops. Three, 250 foot (76m), vertical wells were drilled and U-
pipes installed using glycol-water mixture as the working fluid.
Specifically a hydronic GSHP was selected as it easily supports zon-
ing. To improve GSHP efficiencies during off-design heating loads,
a variable capacity GSHP is desired bat is only offered by the man-
ufacturer in select capacities. Therefore a higher capacity, 4-ton,
two-stage, GSHP was selected instead of the lower, 3-ton option to
avoid needing electrical auxiliary back-up. The GSHP heating rat-
ing at full-load is 44,100 BTU/h (12.9 kw) and at part-load is 35,700
BTU/h (10.46 kw). The respective rated COPs are 3.0 and 3.1. The
GSHP charges a BT and controlled by the temperature settings of the
BT. The layout described can be referenced in Fig. 2. Therefore, the
GSHP operates between ground temperatures on the source side
and the BT water temperature on the load side. The GSHP capacity
rating is also a function of the BT temperature. Fig. 3 presents the
GSHP capacity as function of the load or BT temperature. The GSHP
selected uses an HFC refrigerant, R410A. Due to the limitations in
the operating envelope discussed earlier, BT load temperatures in
excess of 125°F (52°C) cannot be generated safely by the GSHP.
This limitation presents a potential complication with the heating
controls of the wall hung, water-to-air bedroom space condition-
ers. A predetermined and fixed threshold temperature of the water
coil is required to be surpassed before the fan motor can activate,
The GSHP also is equipped with a desuperheater to provide DHW
up to 130°F(54°CL

32. Fyfer tank (8T}

The manufacturer of the BT recommends approximately & gal-
lons (23 liters) of storage per ton of HP capacity. With a GSHP rating
of 4-tons, 24 gallons (91 liters) of storage was required. The closest
storage size available by the manufacturer is 20 gallons (76 liters).

The BT uses four water pumps connected to three bedroom
zones and one water coil in the air handling unit connected to two
zones, the basement and first floor. A fifth pump on the BT connects
the GSHP. When a zone calls for heat, the respective pump is ener-
gized and tempered water is delivered to the associated equipment,
The temperature in the BT drops due to rejecting heat to the zone.

£5T af 50-F (I0+C), an AHU Entering Ak

= "

A built-in controller on the BT signals the GSHP to run at predeter-
mined temperature level. As the zone continues its call for heat, the
GSHP continuously rejects heat to the BT until a second tempera-
ture threshold is reached. If thezone becomes satisfied during GSHP
operation, the BT automatically kicks off the GSHP even if the OFF
(set point) threshold temperature is not surpassed. The approach
is to prevent GSHP operation when no zone is calling for heat. The
very next time there is a call for heat, and the BT temperature con-
trol was not satisfied from the last run, the GSHP will turn on with
the zone call, rejecting heat to the BT while the zone & calling for
heat. Once the BT reaches the programmed threshold temperature
and azone is still calling for heat, the GSHP will turn off while the BT
continues to supply the zone. The BT controller supports two sets
of ON-OFF threshold temperature settings for the two-stage capac-
ity control of the GSHP. The first set controls part-load operation
of the GSHP and the second set controls full-load capacity. The BT
uses the same controls approach when in cooling mode althoughiits
cooling operation and performance was not investigated. The dia-
gram in Fig 4 indicates the threshold temperatures programmed
on the BT and identifies dates when changes were to the temper-
ature settings to improve the HVAC system performance, The BT
requires a master thermostat be established to indicate if heating
or cooling set-point temperatures are followed. The first floor ther-
mostat acts as the master thermostat. The required feature limits
the flexibility of the HVAC system during swing months between
heating and cooling seasons. As the house reaches the end of the
heating season around April and May, the first floor thermostat is
switched from heating to cooling. Any zone call for heating from the
bedrooms will result in chilled water being delivered to the zone
and generating an uncomfortable zone. The homeowner needs to
be educated with this type of system to ensure the switch between
heating and cooling occurs when no heating loads are expected by
any of the zones.

3.3. Badroom space conditioner

Each bedroom has a wall hung, water-to-air unit to directly con-
dition the space. The rated capacity is 9000 BTU/h (2.64kw) but a
table is provided in the installation manual with specific capacities
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for various room temperatures, supply water temperatures, and
supply water flow rates. See Fiz. 3 for the rated capacity of the bed-
room space conditioner as function of load or BT temperature. The
fan can be run at three different medium, and low.On
high, the fan air flow rate is rated at 270 CFM (7645 Uminute). A
handheld controller for each unit sets the desired air temperature
in the bedroom, the heating or cooling mode, and the fan speed, In
heating mode, the unit activates a water pump at the BT when the
air temperature is below the set-point. A temperature probe mea-
sures the water coil temperature until threshold is reached before
activating the fan to prevent uncomfortable cold air blowing onto
the occupants in the space whille the coil heats up. From this tem-
perature dependent control, too low of 2 temperature set-point on
the BT can prevent the unit from operating properly. To eliminate
this concern, the manufacturer recommencds water temperatures
above 95°F (35C) — 105 “F (41°C). With the current settings on
the BT this situation has not been encountered.

34. Arr handing unit (AHU)

To heat and cool the basement and first floor zones, an air han-
dling unit, AHU, with a water-to-air, A-coil delivers conditioned air
through newly installed ductwork. Two dampers are located at the
exit of the AHU and are controlled by individual, smart thermostats
ineachzone. One pump on the BT activates when either zone calls
for heat since each zone utilizes the AHU. The AHU has a rated
capacity of 36,000 BTU/h ( 10.5 kw). See Fig_ 3 for the rated capac-
ity of the AHU as function of load or BT temperature. The internal
bloweer is driven by an ECM motor and operates at an air flow rate
preset by jumpers on the ECM board. A slight range of flow rates is
reported for eachrating flow rate due to the different static pressure
drops possible but is mainly controlled by the jumper settings. The
ECM motor is able to adjust the fan speed in response to the mea-
sured torque to maintain a constant air flow rate. The benefit is the
AHU can be connected to ductwork with different levels of static
pressure drop and still maintain the designed air flow rate. The
blower is configured to deliver roughly 1300 CFM (36,8001/min)
on high and roughly 1000 CFM (28,300 min) on low. While the
AHU is able is provide roughly the same air flow rate with vary-
ing static pressures, the associated power draw of the blower will
not be constant. The unit works harder with high static pressure
drops. Between the first and second heating season, renovations
on the first floor changed the in-floor air registers. Also a separate
research project called the Biowall required a connection to the air
return ductwork. The introduction of this system added another

return register to the doctwork installed during the net-zero ren-
ovation. Due to these modifications, the ductwork static pressure
drop was altered between heating seasons and within the second
heating season.

3.5 Energy recovery ventilator (ERV)

As mentioned in Section 2, the net-zero energy renovation of
the home greatly reduced the amount of outside air infiltration.
To maintain proper indoor air quality, outside fresh air is intro-
duced in a controlled manner into the home with a dedicated
system. Usually, older homes do not require this secondary system
as the original construction of the home is leaky due to the natu-
ral cracks and gaps in the building envelope. Naturally occurring
infiltration through the buikding walls provide sufficient fresh air
into the home. In new construction where the home is built to be
airtight, different options are available to introduce fresh, outside
air into the home. One simple, inefficient option is a damper con-
nected between a vent on an outside wall to the return ductwork
of the AHU. The damper can be fixed open in different positions
where a fixed level of outside air is always drawn into the duct
or a timer controls when the damper is open. While this option
is cheap and effective, it increases the building heating and cool-
ing loads. A mare efficient option is to install a system where the
outside air is preconditioned before entering the retum duct. Two
types of preconditioning are available, only sensible heat transfer or
both sensible and latent heat transfer. The only sensible heat trans-
fer systems are heat recovery ventilators (HRVs) and the system
that do both sensible and latent heat transfer are energy recov-
ery ventilators (ERVs). Both types follow the same flow paths but
utilize different heat exchangers. As outside air is drawn into the
system, inside air is drawn into a separate channel in the same sys-
tem. The two air streams cross inside the system through a closed
heat exchanger before leaving. For an ERV during the heating sea-
son, cold dry air is drawn into the system as well as warm inside
air. As both air streams pass over the heat exchanger, heat and
moisture are transferred between them. The cold, dry air is heated
and slightly humidified by the warm, indoor air. The benefit of the
outside air being preconditioned is the reduction of an increased
heating load from the fresh air. Preconditioning is possible since
the stagnant, indoor air needing to be exhausted is already at the
desirable temperature and humidity. An ERV was selected for the
house over 3 HRV to capture the full benefits possible for a recovery,
ventilation system. An image of the installed ERV with the duct-
work connections is shown in Fig. 2. The unit is rated at 150 CFM
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Table 1
Zone Determination for HVAC Equipment from Electrical Cironit Fower Draw.

Bectrical Orcuit Zone Description Zane Namber Programmed Pwr. Range W] Snapshot Pwr. 11152016
{Low End — High End]

Badroom Space Conditioner 1 mnit 1 0 60 R
2 pnits 2 &0 20 8
3 umits k] € - 120

Bafier Tank 18ed 1 5 140 ns
A 2 140 230 180
2Bed E] 0 250 S0
Alitl+] Bed Bl =0 iz s
3Bed s 320 380 375
AHRI+2 Bed & 380 a5 410
AHU+3 Bed 7 475 - 535

Alr Handting Uit BV 1 b s 20
Both Roors 2 75 w 7
Frst Floor E} 310 s0 3[s
Bxsement B 350 - 5

(4250 1/minute) and 49% total recovery efficiency. The operation is
controlled by an adjustable ON duty cycle. The allowable range on
the controller is 302 to 100% ON of every hour. The current setting
is 30% ON or 20 min of every hour to minimize the impact from
the energy consumption of the unit. Due to the house hosting vari-
ous research projects throughout the different phases, the ERV was
forced to 100% ON for short periods of time. When the ERV is on, the
AHU must also be activated to distribute fresh air throughout the
home. Both dampers on the AHU are opened when running the ERV
but if a call for heat comes from either the basement or first floor,
the damper for the non-heating zone doses. Therefore, the system
prioritizes the heating call, sets the AHU dampers, and when the
ERV tumns on, the incoming fresh air is only directed to the heating
zone.

4. Heating zone identification

The electrical circuits of the HVAC system generate distinct
power levels when operating in the various possible heating modes.
By applying a filtering method to these circuits, different heating
modes can be identified. Three electrical circuits are investigated;
bedroom space conditioners, central AHU, and the hydronic BT.

To estimate expected power levels associated with different
possible HVAC modes, the individual systems are manually oper-
ated and run in each mode to document the power level during
operation. The snapshot pawer levels help generate a range of
expected wattages for each operation mode. A zone determina-
tion number is created and set for each possible wattage range,
correspondding to a specific case. An overview of all power ranges
established for each HVAC electrical circuit is shown in Table 1.

4.1. Bedroom space conditioner

Three distinct power levels are observed when one, two, or all
three bedroom units are on at one time. Fig. 5 shows an example
of the power level measured every minute by the bedroom space
conditioner electrical circuit during a 24 h period. Within the same
plot, the zone number is shown on the second y-axis to the right
of the graph. Here, a filtering method identifies the number of bed-
room units on by referencing the instantaneous power level of the
circuit, On this particular day, the programmed ranges do a good job
identifying the number of units powered on. A couple data points
show a power draw but no zone number was assigned. Relaxing
the lower end of the one unit range would eliminate this error but
presents issues for other time periods.

When any one unit is on, there is some fluctuation in the circuit
power draw when at a distinct power level. By referencing other
circuits for the HVAC system, it can be determined that the bedroom

space conditioner usesa higher fan speed when heating is activated.
Once the heating set-point for the specific bedroom is reached, the
unit continues to draw power by running the fan at a lower speed.

4.2 Ar handitng untt (AHU)

Four operating modes are possible for the AHU and correspond
to four distinct Jevels in power draw; first fioor only, basement
only, both first floor and basement, and ERV modes. Fig. & provides
an example 24-h period of the measured AHU and ERV electrical
power draw every minute. Also, on the same plot is the zone num-
ber estimating the operating mode of the AHU. Some of the zone
assignments appear to be incorrect for this example period. In two
instances, the ERV is on and the AHU shows a similar power draw,
within the first 100min and around minute 1200. Most likely the
AHU s in ERV mode while thezone number assigned is 3 at approx-
imately the 100min point and is 2 at the 1200 min point. During
some AHU on-period, the power level is steady while the zone num-
ber constantly jumps between two distinct levels, In this case, the
power level is on the edge between the two ranges established
for each zone number. One explanation for such inconsistencies
is the static pressure drop of the ductwork for both zones has
altered throughout the two heating seasons. First floor renovations
resuited air diffusers being replaced in the in-floor after the first
season. An additional return register was installed during the sec-
ond heating season to support a test stand for a research project at
the house. An experimental air filter was installed halfway through
the first heating season and removed before the second heating
season. Throughout all these changes the static pressure of the
ductwork is varied and the power required by the AHU blower
increases or decreases to maintain the same air flow rate set by
the ECM board. The snapshot values developed during the third
heating season are not the best indicators of the AHU operating
mode during both, the first and second heating seasons. Modifying
the filtering algorithm to consider the modes of the other HVAC
equipment could improve the accuracy of determining the AHU
operating modes.

4.3. Buffer tank (8T)

The number of different operating modes possible is higher for
the BT. Being centrally located within the hybrid air-hydronic sys-
tem four individual zone pumps resuit in seven passible operating
mades, and hence seven different power levels. with water pumps
being the main power draw, the individual power levels are easier
to distinguish and are more consistent across the heating seasons.
Three modes correspond to the bedroom space conditioners being
the only pumps on; one, two or all three. A separate mode exists for
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only the AHU being on. The last three operating modes come from
bath the bedroom space conditioner and the AHU pumps being on
with one, two, or all three bedroom units being on together with
the AHU. Fig. 7 has a sample 24-h period of the power consumption
for the BT electrical circuit measured every minute. On the same
plot is the number of zones on determined by the power ranges
established for each operating mode. Outside of any transition peri-
ods between operating modes, the zone number is consistent and
matches the power draw trend. In the example shown during the

last 300 min, the fluctuations in zone number represent the actual
operation of the BT. In this situation, the AHU is on while one and
two bedroom space conditioners turn on and off.

5. Results
Referencing the dates associated with changes made to the BT

controller, shown in Fig. 4, three time of interest are iden-
tified. Within these time periods, one day was selected for each
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Table 2
Bectrical Summary of HVAC Equipment for 3-aays of Interast.
Day Outdoor Avg. HDO ~ HP/HDD  Heat Pump HPONCyc  HPTot Time ON HP Avg, Pt ON Buffer Tank Bedroom Space Comd. AHLI BV
i) [F-Day| |WWHE-Day| [¥wh) i1 |min] W] [¥wn] [¥m] [¥Wnj  [kwn]
TJI82014 137 513 140 718 22 1057 3584 153 (=) 514 216
Z1§2015 112 512 134 720 % 1106 3533 290 nig 2 119
Vig20i6 107 543 13 709 15 nm 75 ] as5s nss 674 im2

with all having similar weather conditions on the home. Table 2
provides a summary of the power consumption for the individual
HVAC equipment during these selected dates.

As shown in Table 2, the selected dates have similar HDD. As
changes were applied to the BT set-point temperatures, the number
of HP on cycles decreases while the total on-time increases. The HP
electrical energy is slightly unchanged between the first two dates,
while a decrease is identified for the third date. The decrease occurs
with a higher measured electrical energy demand from the BT and
bedroom space conditioners.

A closer look is taken within each date of interest by plot-
ting minute-by-minute electrical data for several circuits of the
HVAC system over the entire day. Same plots are generated for
each date. First, for each day listed in Table 2, the electrical power
draw of the AHU, ERV, bedroom space conditioners, and BT, are
shown plotted in Fgs. 8. 10 and 12. The interactions between
the operation of the zone, terminal equipment and their associ-
amdummonmmmmobmd.sormmple during
a call for heat, the controller for a bedroom space conditioner
cycles on and off a pump on the BT, causing an oscillation in its
power level Second, the electrical usage of the HP relative to the
BT electrical usage for each day listed in Table 2 are shown in
Figs. 9, 11 and 13,

The zone determination number for the BT is plotted over its
the electrical power consumption to indicate the level of heat-
ing demand on the BT. With the HP only connected to the BT,
the conditions provided by the BT directly influence the HP effi-
ciency and capacity. The impact an the HP electrical power draw
can be recognized by this comparison. After looking at instanta-

neous interactions between HVAC equipment, the improvement to
the BT controls are compared between the two heating seasons,
Fig. 14 plots the HP daily energy consumed as a function of the
daily HDD. The electrical energy demand by the HP indicated an
improved consistency for given HDDs. The first heating season has
many outliers around similar HDDs.

A second comparison between the two heating seasons is per-
formed by plotting the daily, heating system effectiveness as a
function of the daily HDD. The resulting graph can be seenin Fig 15.
One useful aspect of generating daily, heating system effectiveness
as a function of HDD is the HP energy consumption can be estimated
by multiplying with other HDDs. Similar to the previous plot, the
first heating season produces many outliers.

A summary of the monthly totals of electrical consumption is
presented in Table 3, The generated summary compares the elec-
trical consumption associated with the HVAC equipment between
the two heating seasons. The first heating season registered more
extreme, colder weather relative to the second heating season. As
expacted the HP consumes more energy, while during the sec-
ond heating season an improvement of the heating efficiency, 0.82
kwh/“F-day versus 0.89 kwi/*F-day is calculated.

& Discussion and condusion

Renovating an existing home with new, advanced HVAC
technology can result in poor system performance if not prop-
erly executed and commissioned. A hybrid, hydronic-air system
installed in a 1920 residential home provided the ability to eas-
ily support zoning within the existing building while interfacing
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with a high efficency, water-to-water, ground source heat pump
(GSHP). By selecting water-to-air terminal units, the installed
hybrid, hydronic-air system can handle both heating and cooling
demands of the home without any concerns of dehumidification

during cooling. Typical hydronic equipment often requires separate

systems for cooling due to concerns from dew point temperature
causing condensation on hydronic terminal equipment in the zone.

The temperature set-points of the buffer tank (BT) directly
impact the energy efficiency of the GSHP. For heating, the high-
est set-point temperature is limited by the safe operating envelope
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Fig. 11. Power Leved of Cround-Source Heat Pemp and SBxfier Tank with Zone Lewed on February 16, 2015,

of the HP compressor due to using HFC refrigerant R410A. Low load
temperatures ensure the condensing pressure of the GSHP is within
limits, The associated temperature levels are in stark contrast to
high BT water temperatures when connected to a boiler. Also, the
preset factory temperature set-points of the BT assume connected
heating zones are in-floor radiant terminal units having a slow
response on the temperature fluctuation of the BT. Therefore larger
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temperature swings are enabled for the BT. In the actual installa-
tion, water-to-air terminal units are used instead and directly heat
air, having a faster impact on the temperature fluctuations of the
BT. To reduce the cycling of the GSHP, smaller temperature ranges
were programmed into the BT controller. If the BT is allowed to
operate over a large range, the quick response of water-to-air ter-
minal equipment prevents the BT reaching the GSHP, off threshold

192



S1 Cavkey, EA Groff/ Energy ond Bufidings 158 (2018) 342- 355 £
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Fg 13. Power Leve! of Cround-Sowrce Heat Pamp and Bufler Tank with Zone Leved on January 19th, 2016

temperature. The GSHP operation becomes coupled with the ter-
minal equipment operation. Fig. 3 indicates the mismatching that
can occur between the capacities of the GSHP and the terminal
equipment for various BT temperatures.

From looking at the power consumption of the bedroom space
conditioners, the electrical draw oscillates frequently when on.
The fan runs continuously when activated for heating and changes
speed when calling for heat by kicking on the associated water
pump on the BT. This power cycling then directly impacts the on
and off cycling of the GSHP. Relaxing the set-point temperatures
and temperature span on the BT provides a reduction of the num-

ber of on cydes of the GSHP, the on-duration for a cycle, and the
instantaneous electrical power draw. The improvements are veri-
fied throughout two heating seasons. Longer on cycles of the heat
pump help reduce the amount of cyclical losses and equipment
wear, Lower water temperatures result in reduced GSHP power
draw due to the lower condensing temperatures and hence con-
densing pressures. Further reductions of the BT temperature need
to be consulted with the required coil temperatures for the bed-
room space conditioners. The built-in controller can prevent the
unit from turning on if temperatures are reduced too much. One
reason is suspected for this high, on temperature. The bedroom
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Daily Heat Pump Cnergy versus Doily Heating Degree Doy
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units are believed to be designed for supply temperatures tradi-
tionally seen by hydronic boilers and not lower temperatures seen
in hydronic HP systems.

Throughout the entire two heating seasons, the full-load,
heating operation of the HP is not cbserved from its electrical con-
sumption. Additional improvements can be made to the current
BT set-points to better utilize the GSHP full-Joad capacity. Larger
overlap between the temperature ranges between part and full-
load heating would reduce BT recovery time during start-up at low
tank temperatures. During high heating demands on the BT, part-
load of the GSHP might not have enough capacity to raise the 8T
temperature. If the heating water supply temperature to the zones
istoo low, the corresponding air supply temperatures will therefore
be reduced. Thermal comfort by the occupants could be impacted
due to improper controller settings. Enabling full-load heating at an

earlier point and requiring the GSHP operate until the same, final
temperature of the part-foad operation will recharge the 8T quickly
and provide improved supply air temperatures.

The BT manufacturer provided one suggestion that was not
explored by the authors. The introduction of an outdoor reset tem-
perature for the BT temperature controls could help reduce the
excessive amount of cycling on the GSHP. The idea is during high
heating loads from low outdoor temperatures, the BT could be con-
figured to maintain a fixed temperature from an outdoor reset
The GSHP would run during these periods to keep the BT at the
fixed temperature regardless if a zone was calling for heat or not,
similar operation as 2 DHW storage tank Then above the outdoor
reset temperature, the BT controls would resort back to the method
used initially, and allow the GSHP to shut-off after the BT is satis-
fied. while the amount of GSHP cycles could be reduced with this
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Table 3
Montay Electrical Summmary of all HVAC Equipment.
HOO [F-Day| HEJHDD [KWNF-Day] Heat Pump [wh] Butler Tank Tedmam AL =Y
2014 October 3961 040 1581 78 147 152 24
Novermber 2062 3 9735 a4 105 812 582
December @2 a8 6793 U9 B4 1003 450
205 Jammary 12675 an 11597 549 140 1128 215
Fetrary 12600 118 14833 581 54 1558 327
March 69 a® BOAS 20 55 1385 549
Agil 3925 os7 257 28 55 680 358
Total 60804 089 5415 s00 851 18 2%5
October M6 03s 1210 85 53 257 120
November L1 060 3066 M 156 742 123
December 7443 068 5086 87 7% 705 209
2016 jammary 1763 109 12201 760 186 1304 207
Feburary %545 10 0637 587 201 1144 313
March 5659 a7z ams 63 7% 823 312
Agril 4425 as4 2400 132 ni 724 n5
Total g3 a8z 29155 ns7 BEE 5790 1529
approach, the GSHP annual heating output could be increased due 13] nOEY, E C pticn Survey (RECSE Housing
Characteristics 2000 Table HC2.1, EIA, Energy Intormation Administration, US

to operating when no heating demand exists. Further exploration
is needed on utilizing the full-load of the GSHP before considering
the introduction of an cutdoor reset controller,

The installation of an ERV is required to reduce the added heat-
ing and coaling loads associated with fresh-air requirements for
a low-load, air-tight building. A secondary benefit of the hybrid
HVAC system was the combination of ventilation provided by the
ERV with hydronic terminal equipment for heating and cooling. By
installing a combined hydronic-air system, the separate demands
for fresh air ventilation and low-energy HVAC equipment can be
nicely combined within the existing space of an older residential

Due to the connection of terminal equipment from three sepa-
rate manufacturers, proper commissioning is required to verify the
HVAC controls are operating as intended. Without advanced mon-
itoring capabilities of the ReNEWW House, these issues would not
have been recognized and the homeowner or contractor would be
at a loss as to the cause of higher than expected energy consump-
tion. When this aspect is coupled with on-site electrical production
from solar PV panels, a monthly utility bill would provide no insight
into the poor performance of the HVAC system.
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