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Abstract 

Studies have shown that a ductless heat pump (DHP) 

system can save energy when used throughout a home.  

However, it is unknown how the DHP system performs 

when it is working in conjunction with pre-existing 

HVAC equipment like zonal electric baseboards and 

window AC units, which can be a common scenario with 

a residential building retrofit.  Therefore, this study aims 

to quantify the energy savings potential of DHP systems 

when they are installed in existing residential buildings 

with pre-existing HVAC equipment. In this study, a 

residential building energy model was first created to 

represent a single-floor home.  Then, this model was used 

for a parametric analysis for evaluating different 

operational scenarios. These scenarios are assumed to 

represent various occupant preferences during the 

operation of the home with the aim of investigating how 

these preferences affect the energy performance of the 

DHP as well as the occupants’ comfort. The results 

suggest that using a DHP system for retrofit with pre-

existing zonal heating and cooling equipment can reduce 

energy demand while maintaining thermal comfort. 

Introduction 

According to the U.S. Energy Information Administration 

(EIA), about 11.13 trillion kilowatt hours of total energy 

was consumed by residential and commercial buildings in 

the United States in 2015 (EIA 2015). A challenge in 

addressing the problem of high energy demand in 

buildings is how to maximize the energy efficiency of the 

heating, ventilation, and air-conditional (HVAC) systems.  

Central System vs. DHP System 

• Central System  

A central system (CS) is the most common choice for 

delivering heating and cooling in the United States (Roth 

et al., 2006; EIA, 2015). Such a system usually consists 

of a central air handler and ductwork that distributes hot 

or cold air to each room in a home. According to the 

Residential Energy Consumption Survey by the U.S. EIA, 

59% of homes in the United States use CS for heating and 

64.4% use CS for cooling (EIA, 2015). These systems are 

popular for several reasons. First, they can maintain a 

relatively constant temperature in the conditioned spaces 

within the house all year long, so the thermal comfort 

requirement can be satisfied (Roth et al., 2013). In 

addition, the indoor unit of the CS system is usually 

hidden from the sight, which is an aesthetic benefit 

(Winkler et al. 2018a). Despite the advantages, there are 

some inherent and unneglectable limitations with ducted 

CS systems. For instance, the ducts can leak cold air in 

summer which can cause condensation issues in 

unconditioned spaces like crawlspaces and between 

floors, and hot air in winter which can cause snow melt 

and ice dam issues in cold climates. And heat transfer 

through ducts and through leaks of course increases utility 

bills. 

• Ductless Mini-Split Heat Pump System 

The ductless mini-split heat pump (DHP) is considered as 

a viable alternative to central systems (Dentz et al., 2014; 

Logsdon et al., 2016; Roth et al., 2006). Compared with 

the CS and other HVAC systems, a DHP has several 

advantages. First, it does not require any ductwork; thus, 

in retrofit applications, no ducts have to be added to 

spaces that did not have them before (Metzger et al., 

2018). For this reason, DHP is particularly suited to 

retrofits in historic buildings.  Second, the compact size 

of the DHP’s indoor unit allows a broader range of 

applications, especially when space is limited.  

The most significant advantage of the DHP is that it can 

save a considerable amount of energy (Metzger et al., 

2018). Several attributes contribute to its excellent 

energy-efficiency. First, a DHP system typically uses an 

inverter-driven compressor, which can achieve very high 

efficiency. Many of the DHPs currently on the market 

have seasonal energy efficiency ratios (SEERs) of 20 or 

above, while most central heat pump systems are rated at 

the minimum Federal standard of SEER 13 (Winkler, 

2011a). A survey by NEEA and the Bonneville Power 

Administration (BPA) (Bonneville Power 

Administration, 2016) suggested that about 80% of the 

sold DHPs had a heating season performance factor 

(HSPF) over 9 in the U.S. Northwest region in 2014, 

while only 20% of the sold central systems reached this 

efficiency.  

Unlike central systems, DHP can be easily zoned by 

installing multiple indoor units, which can be 

independently controlled. In this way, only those spaces 

that are actively used need to be heated and cooled and 

any energy waste and occupant discomfort due to 

overheating and overcooling can be minimized (Winkler, 

2011a). Lastly, because DHP systems are ductless, energy 

losses through duct leakage and conduction to 

unconditioned spaces are eliminated (National Renewable 

Energy laboratory, 2004).  
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The DHP market is increasing dramatically in the US in 

recent years. It is estimated that DHP sales will increase 

15 to 20 % in 2019 (Folks et al., 2018). A survey by the 

Northwest Energy Efficiency Alliance found that 90% of 

interviewees were satisfied with their DHP system 

(NEEA, 2009). Additionally, more than three-quarters of 

the DHP owners who purchased in 2015 have 

recommended this product to others (Conzemius et al., 

2016).  

Existing Field Research on DHP Systems 

Below is a summary of some recent studies focusing on 

the energy savings of DHP systems: 

Metzger et al. (Metzger et al., 2018) used an energy 

simulation to compare the energy use of homes with four 

different space conditioning systems: electric baseboards 

and window air-conditioning for cooling, a central air 

source heat pump, a ductless mini-split, and a ducted 

mini-split.  In a mix of six prototype buildings and three 

climate zones in the Northwest, the ductless mini-split 

was always the most efficient option.  In this study, 

ductless mini-splits saved 37 to 64% annually compared 

to the electric baseboard/window air-conditioner baseline.   

Logsdon and Larson (Logsdon et al., 2016) conducted an 

observational study on the Stack House Apartments in 

Seattle, WA. The building contained both apartments with 

and without DHP systems. Based on the utility billing 

data, they found that the DHP system can save about 350 

kWh of electricity for each apartment per year, compared 

to the non-DHP system, which used about 3,000 kWh per 

apartment per year. Although this case study did not use 

a fair comparison method due to the limitations of the 

candidate building, the DHP’s potential for saving space 

heating energy was confirmed. 

Dentz et al. (Dentz et al., 2014) used an energy simulation 

to explore the retrofit opportunity of the DHP system for 

low- to mid-rise multifamily buildings. The simulation 

results suggested that the DHP system was cost-effective 

for building retrofits, especially for buildings in regions 

with high-cost heating fuels, such as liquefied petroleum 

gas (LPG), fuel oil, and electricity.  

To evaluate the ability of the DHP system to maintain an 

acceptable thermal comfort for residential occupants, the 

Fraunhofer Centre for Sustainable Energy Systems 

conducted several field tests from October 2011 to June 

2012 in Austin, TX (Roth et al., 2013). The temperature 

and relative humidity were measured in two households 

before and after the DHPs were installed in a replacement 

of the existing central system. ASHRAE Standard 55 was 

used to guide these analyses (ASHRAE, 2013). The 

results indicated that the DHP system can satisfy the 

occupants in the bedroom and the living room very well 

but had a high portion of unmet hours for occupant 

thermal comfort in the bathrooms. This was primarily 

because the occupants did not run the dehumidification 

mode during the actual operation of the DHP system.  

Other related research includes the development of a field 

monitoring protocol for DHPs (Christensen et al., 2011), 

long-term monitoring of DHP systems in the North-

eastern U.S. (Ueno et al., 2015), an energy savings 

performance evaluation of DHP systems in the U.S. 

Northwest region using sub-metering data (Geraghty et 

al., 2009), and a laboratory test for a Fujitsu DHP 

(Winkler, 2011b) unit. A detailed review of these research 

papers will not be covered in this conference paper due to 

the page limits.  

The above papers focus on the evaluation of the DHP 

system performance via simulations, lab testing, and on-

site experiments. However, none of these projects address 

the interaction between the DHP and an existing space 

conditioning system like zonal electric baseboards and 

window AC. Considering that the DHP system is 

recommended in multiple studies for building retrofit 

projects, it would be helpful to investigate this interaction 

between the newly installed DHP and the existing HVAC 

system. A better understanding of the interaction pattern 

of the DHP system with the existing HVAC system will 

help practitioners rate its energy saving performance and 

guide its applications in a real retrofit project. 

Objective 

This paper aims to quantify the energy saving potential of 

ductless heat pump systems when they are installed in 

existing homes that have existing zonal HVAC 

equipment. Two zonal HVAC system configurations were 

explored: 1) a DHP installed in the main living room with 

a zonal electric system using electric baseboards and 

window AC units in the bedrooms; and 2) the same setup 

as configuration #1, with the addition of air transfer grilles 

installed between the living room and each of the three 

bedrooms, so the ductless mini-split system is used as the 

primary heating and cooling equipment throughout the 

home. In Configuration #1, a parametric analysis was 

conducted to compare the energy savings potential and 

occupant thermal comfort by varying the temperature set 

points of the zonal heating and cooling units compared to 

the DHP. In Configuration #2, several transfer-fan control 

strategies were analysed to determine if transfer fans 

could simultaneously provide energy savings and 

comfort. The simulation results suggested that the DHP 

system is an acceptable candidate for reducing energy 

consumption while still maintaining thermal comfort. 

Methodology  

Model Description 

An EnergyPlus residential building energy model was 

created to represent a single-floor home, then, this model 

was used for a parametric analysis for evaluating the 

different operational scenarios. The model was based on 

the floorplan of the Lab Homes, two identical 

manufactured homes located on the campus of the Pacific 

Northwest National Laboratory (PNNL), in Richland, 

WA. These two buildings are used to conduct experiments 

on residential energy efficiency technologies (PNNL, 

2018). They are fully instrumented with sub-metering 

devices; sensors for temperature, relative humidity, water 

flow rate, and occupancy presence; and data logging 

systems, and can be operated to analyse the effects of 

different energy-conservation measures (ECMs) on 

building energy consumption (Sullivan et al., 2015).  
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The PNNL Lab Homes are shown in Figure 1(a) and a 

floorplan is shown in Figure 1(b). Each of the single-story 

homes sits on a crawlspace and has a total floor area of 

138 m2, consisting of three bedrooms, two bathrooms, a 

living room, a kitchen, a dining room, and a utility room. 

See Table 1 for more basic information on the homes 

based on measurements of the actual buildings. 

Table 1: Basic Information on the PNNL Lab Homes 

Item Description 
Building  PNNL Lab Home 
Vintage  Existing residential building  
Location Richland, WA, USA 
Climate 2012 IECC 4 marine 

Total area 138 m2 (7.9 m * 17.7 m) 
Window 

fraction 
South: 30%, east: 30%, north: 30% 

 west: 30%, average total: 30% 
Thermo- 

characteristics 
External wall: 0.535 W/m2.K 

Window: 3.127 W/m2.K 
Lighting load 6 W/m2 

Plug load 60 W/m2 

 

 

Figure 1: (a) Picture of the PNNL Lab Homes; (b) 

Layout of the PNNL Lab Homes 

The building energy performance model of the Lab Home 

was created with Google SketchUp and the Euclid plug-

in, as shown in Figure 2(a). For modelling purposes, the 

home was divided into separate thermal zones, and some 

rooms were combined into single thermal zones to 

simplify model creation and energy simulation. The five 

zones, as shown on Figure 2(b) are: 1) the kitchen and 

living, dining, and utility rooms, 2), Bedroom 2; 3), 

Bedroom 3; 4), the Master bedroom and bath; and 5) the 

hall bathroom. The zoning of the energy model is 

presented in Figure 2(b).  It should be noted that the actual 

Lab Home buildings have overhangs which provide some 

external shading, but this is not shown in the simplified 

structure used in the model.  

 

Figure 2: (a) SketchUp image of a Lab Home; (b) Five 

thermal “zones” used in the building energy model 

As mentioned above, two configurations were simulated.   

• HVAC Configuration I 

The first configuration represents a situation where a DHP 

is installed in a home with zonal electric heat (e.g. electric 

baseboards). It is presumed that the homeowner would 

have previously been using window air conditioners to 

cool their home.  In this scenario, the “single head” DHP 

indoor unit is placed in the living room area, and the 

baseboards and window AC units are only used in the 

bedrooms to supplement the DHP.  No heating or cooling 

equipment is modelled for Zone 5 (the hall bathroom). 

Considering that the bathroom is usually conditioned by 

opening the door to enable the natural movement between 

the living room and bathroom, an air exchange was used 

in the model to simulate such a flow pattern. The 

configuration I is shown in Figure 3. 

• HVAC Configuration II 

As mentioned in the background section, DHPs have a 

higher efficiency than the base-board heater/window AC 

case zonal electric systems (Metzger et al., 2018; 

Bonneville Power Administration, 2016; Winkler, 

2011a). To try to capture this more efficient space 

conditioning, Configuration II uses the same equipment 

as Configuration I but assumes that transfer grilles are 

installed in the walls separating Zone 1 and the bedrooms 

(Zones 2, 3, and 4) to enable the flow of conditioned air 

from the DHP in Zone 1 to the bedrooms (i.e., constant 

speed fans). With Configuration II, the goal was to see if, 

with the addition of transfer grilles, the DHP system could 

be used as the primary heating and cooling system for the 

bedrooms, while the pre-existing zonal equipment could 

be used as backup heating/cooling for extreme conditions. 

Configuration II is shown in Figure 4. 

 

Figure 3: The HVAC Configuration I 

 

Figure 4: The HVAC Configuration II 

The specifications of the equipment for Configurations I 

and II are listed in Table 2. The DHP system information 

is based on the product specification sheet for the 

Mitsubishi MUZ-FH18NA model. Other information is 

based on actual equipment in the PNNL Lab Homes, a 

literature review, and engineering knowledge.  

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
2028

 

 
  



 

 

Table 2: The specifications of the various AC equipment 

Equipment Parameter Value 
DHP Model MUZ-FH18NA 

Cooling capacity 5041 W 
Heating capacity 5950 W 
Fan efficiency 0.7 

Max air flow rate 0.351 m3/s 
Rated HSPF 12 
Rated SEER 22 

Cooling stage 3 
Heating stage 3 

Window AC Capacity 1465 W 
Max air flow rate 0.0611 m3/s 

Rated SEER 13 
Cooling stage 2 

Heating 

baseboard 
Capacity  Autosize 

Heating efficiency 0.97 
Transfer grille Air flow rate 0.0944 m3/s 

 

Design of simulation scenarios  

Different testing scenarios were designed for the two 

configurations to investigate the performances of the DHP 

system in terms of cutting building energy demand and 

satisfying the occupants’ thermal comfort requirement.  

• HVAC Configuration I 

For Configuration I, a set of operation schedules was 

created to test the influences of the temperature set points 

on building energy consumption and occupant thermal 

comfort. 

Occupants can have significant impacts on building 

energy consumption by their various behaviours, e.g., 

switching lights, opening windows, and adjusting 

thermostats (Pang et al., 2018). A potential solution to 

reduce building energy consumption is to implement an 

occupancy-based set point control strategy (O'Neill et al., 

2017), which means allowing the temperature to float to 

different set points during the unoccupied period (Chen et 

al., 2017). There are generally two kinds of such control. 

The first is a so-called light set-back control. The indoor 

temperature set point is reduced (in the heating season) or 

increased (in the cooling season) during some special 

period (typically during the night (Tunzi et al., 2018) or 

the unoccupied period (Chen et al., 2017) to reduce the 

energy usage. The other type is deep setback control, in 

which the HVAC system is turned off when the room is 

unoccupied (Lu et al., 2010). 

Both light- and deep-setback controls were implemented 

in this study. The occupied periods for the living room and 

bedrooms were defined as 7:00 AM – 9:00 PM, and 9:00 

PM to 7:00 AM respectively. By combining the three 

setback control strategies (i.e., no setback control, light 

setback control, and deep setback control) with three 

temperature set point schedules during the occupied 

period (i.e., 21.67/24.44, 18.89/24.44, and 18.89/27.22 ºC 

for heating and cooling), nine set point schedules were 

created, as shown in Table 3. 

By applying the nine set point schedules to the bedrooms 

and living room iteratively, 81 simulation cases were 

generated for the parametric analysis, as shown in Table 

4. For building simulations, a parametric analysis is the 

science that studies the effects of the input parameters on 

the outputs using a set of simulations. This approach is 

widely recognized as a good tool to compare the different 

design scenarios to support decision-making, especially 

when building energy simulation relates to a real project 

(Qiu et al., 2018).  

Table 3: The operation scenarios for the parametric 

analysis in Configuration I 

Operation 

scenario 

NO. 

Temperature Set Point (ºC) 
Occupied Unoccupied 

Heating Cooling Heating Cooling 
1 21.67 24.44 21.67 24.44 
2 21.67 24.44 18.89 27.22 
3 21.67 24.44 12.78 OFF 
4 18.89 24.44 18.89 24.44 
5 18.89 24.44 16.11 27.22 
6 18.89 24.44 12.78 OFF 
7 18.89 27.22 18.89 27.22 
8 18.89 27.22 16.11 30.00 
9 18.89 27.22 12.78 OFF 

 

Table 4: The combination of the schedules for bedrooms 

and living room in Configuration I 

The 

simulation 

NO. 

The operation 

schedule NO. for  

living room 

The operation 

schedule NO. for 

bedroom 
1 1 1 
2 1 2 

… … 
9 1 9 

10 2 1 
… … 

81 9 9 

 

• HVAC Configuration II 

For Configuration II, a comprehensive set of operation 

schedules were generated, as presented in Table 5 and 

Table 6. These scenarios represent various control 

strategies and user’ preferences, and thus are highly 

practical.  

Schedules 1 to 3 represent the three baseline cases in 

which no occupant-based temperature setback control is 

applied. The temperature set points of the bedrooms and 

living room remained unchanged for all the time, but the 

usage of heating baseboard is different. In schedule 1 and 

3, the living room heating baseboard and the DHP are 

disabled in the heating season respectively, while in 

schedule 2, each equipment I is representing half of the 

heating load respectively. This is because the DHP may 

not work well in the winter, especially when the ambient 

temperature is low. We want to investigate how the 

addition of a heating baseboard as the backup heating will 

influence the energy consumption and thermal comfort in 

the winter. 

Schedules 4 to 6 represent three practical cases. Schedule 

4 represents the situation when the occupant-based 

temperature setback control is applied to the zonal 

equipment in three bedrooms. Schedule 5 represents the 

situation in which the transfer grilles are turned on, and 
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the zonal equipment work as a backup heating/cooling 

source when the temperature set point cannot be 

maintained by only using the DHP. Schedule 6 represents 

the situation when a complex temperature set point 

schedule is used: the temperature set point is 21.67/24.44 

ºC for the living room with light setback control and 

18.89/24.44 ºC for the bedrooms with deep setback 

control. Considering that the occupants may use both the 

living room and bedrooms for an additional one hour 

either after the wakeup or before the sleep, the occupied 

periods for the living room and bedrooms are re-defined 

as 6:00 AM – 10:00 PM, and 9:00 PM to 7:00 AM 

respectively. This one-hour overlap is used to reflect the 

occupant behaviour of transferring between the bedroom 

and living room before sleep. This schedule is considered 

the most practical case. 

Table 5: The temperature set points for Configuration II 

NO

. 

Temperature set point (ºC) 

Bedrooms  

(heating vs. cooling) 

Living room 

(heating vs. cooling) 

Occupied Unoccupie

d 

Occupied Unoccupie

d 

1 21.67/ 

24.44 

21.67/ 

24.44 

21.67/ 

24.44 

21.67/ 

24.44 

2 21.67/ 

24.44 

21.67/ 

24.44 

21.67/ 

24.44 

21.67/ 

24.44 

3 21.67/ 

24.44 

21.67/ 

24.44 

21.67/ 

24.44 

21.67/ 

24.44 

4 18.89/ 

24.44 

12.78/ 

OFF 

21.67/ 

24.44 

21.67/ 

24.44 

5 18.89/ 

27.22 

12.78/ 

OFF 

21.67/ 

24.44 

21.67/ 

24.44 

6 18.89/ 

24.44 

12.78/ 

OFF 

21.67/ 

24.44 

18.89/ 

27.22 

Table 6: The other information about Configuration II 

NO. Name Power 

grille 
Living room 

heating 

baseboard 
1 Baseline 1 OFF OFF 
2 Baseline 2 OFF 50% heating load 
3 Baseline 3 OFF 100% heating 

load 
4 Bedroom setback OFF OFF 
5 Power grille ON ON OFF 
6 Complex 

schedule 
OFF OFF 

 

Results and Discussions 

The energy consumption and the occupant thermal 

comfort with different HVAC systems and HVAC 

operation scenarios were analysed to show the potential 

of the DHP system to reduce residential building energy 

consumption while maintaining thermal comfort.  

HVAC Configuration I 

A total of 81 simulations were performed in the 

parametric analysis, as listed in Table 4. Three metrics 

were used to evaluate the performance of the DHP system, 

including the time when the room is occupied but the 

temperature set point is not satisfied (unmet hours), the 

ASHRAE Standard 55 discomfort time (discomfort time), 

and the building HVAC energy consumption. The unmet 

condition is defined as when the room temperature is 0.4 

ºC above/below the temperature set point for 

cooling/heating. The discomfort time was calculated 

based on ASHRAE Standard 55-2013: Thermal 

Environmental Conditions for Human Occupancy 

(ASHRAE, 2013). This standard establishes the ranges of 

indoor environmental conditions to achieve acceptable 

thermal comfort for occupants in buildings. Building 

HVAC energy consumption includes all the energy 

consumed by the zonal systems, DHP, and transfer grilles. 

The average of the unmet hours for the living room and 

bedrooms were presented in the carpet plot as shown in 

Figure 5. The average of the discomfort time when the 

zone is occupied is presented in Figure 6. The building 

total HVAC energy consumption is presented in Figure 7. 

The number in the cell is the value of the three metrics for 

81 cases and the colour of the cell is a qualitative 

evaluation. The colour red represents a higher number of 

unmet hours and the colour blue represents a lower 

number of unmet hours.  

For the sake of simplicity, a coordinate (X, Y) is used to 

refer to the 81 simulation cases in the following text, with 

X representing the schedule of the living room and Y 

representing the schedule of the bedrooms. As shown in 

Figure 5, the case with the largest number of unmet hours 

was when the living room operated under schedule 3 and 

the bedrooms operated as shown in schedule 6. Thus, the 

worst case (3, 6) has the largest number of unmet hours, 

i.e., 197 hours. Therefore, it is obvious that this building 

HVAC system can satisfy the room set points most of the 

time, for all cases. One limitation with the unmet-hour 

metric, is that this metric quantifies the lack of comfort 

based on set points that change from scenario to scenario.  

So, the unmet hours cannot fairly be compared to each 

other for different set point scenarios. Therefore, the 

discomfort time based on ASHRAE Standard 55 

(ASHRAE, 2013) was further investigated to evaluate 

thermal comfort. In this metric, the discomfort time is 

dependent on the room temperature, humidity, and other 

factors.  This metric is not affected by the different 

temperature set points. 

 

Figure 5. The average of the total hours for the three 

bedrooms and the living room when the room is 

occupied but the set point temperature is not satisfied  
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Figure 6. The average of the ASHRAE Standard 55 

discomfort time for the three bedrooms and the living 

room when the room is occupied under different 

scenarios 

 

Figure 7. Total building HVAC energy consumption 

under different scenarios  

It can be concluded from Figure 6 and Figure 7 that the 

light and deep temperature setback controls (i.e., adjust 

the zonal set point when the room is not occupied) do have 

the abilities to reduce the energy consumption while 

maintaining thermal comfort. For instance, compared 

with the (1, 1) case in which no temperature setback 

control is used, its counterparts (1, 2) and (1, 3), which 

correspond to the light setback control case and the deep 

setback control case, saved 15.9% and 24.2% of energy 

respectively. On the other hand, discomfort hours in the 

cases of (1, 2) and (1, 3) increased by 171 and 299 

respectively compared with the case of (1, 1). Such 

phenomena are also found in the comparison between the 

cases of (4, 1) and (4, 2), the cases of (1, 4) and (1, 6), and 

so on. The reason why the discomfort time was increased 

after the implementation of the setback control strategies 

is probably that the temperature set point is increased in 

the cooling mode and decreased in the heating mode or 

the zonal system is turned off when the room is 

unoccupied. Therefore, more time might be needed to 

condition the indoor air to bring it to an acceptable 

temperature due to the thermal mass of the building 

envelope and furniture when the zone is occupied. It is 

clear from Figure 5, Figure 6, and Figure 7 that it is much 

more effective to implement setback controls (e.g., 

HVAC OFF when zone is not occupied) compared to 

increasing/decreasing the temperature set point in the 

cooling/heating season to save energy. Taking the (1, 1) 

case as an example, by applying deep setback controls to 

the living room and bedrooms, the HVAC energy 

consumption was reduced by 35.4%, while the discomfort 

time was increased by 71.8%. However, when the heating 

set point is decreased by 2.78 ºC (5 ºF), the HVAC energy 

consumption was only reduced by 32.5%, but the 

discomfort time was increased by 179.0%. Such a 

conclusion is also true for other cases such as the (4,4) 

where the energy savings of the setback control case (6, 

6) and cooling set-up case (7, 7) were 33.9% and 16.1% 

respectively, while the discomfort time was increased by 

3.9% and 35.4%. Therefore, we can conclude that in 

general, the setback control strategy is more favourable 

compared to a higher/lower temperature set point due to 

its ability to maintain the thermal comfort while reducing 

the energy consumption significantly. 

Moreover, the relationship between the discomfort time 

and the energy consumption is not linear. For example, 

compared with the (1, 1) case, the (1, 2) case increased the 

discomfort time by 23.0%, but reduced the energy 

consumption by 5.2%; while the (2, 1) case increased the 

discomfort time by 22.6%, but reduced the energy 

consumption by 15.9%. This indicates that the best 

HVAC operation schedule which saves more energy and 

leads to less discomfort time should be analysed case by 

case for different buildings and projects.  

HVAC Configuration II 

There are six scenarios for the HVAC Configuration II. 

As mentioned, unlike Configuration I, these six scenarios 

are very practical and represent the occupants’ 

preferences during the operation of the HVAC system. 

The simulation results of the HVAC Configuration II case 

are visualized below. Figure 8 shows the ASHRAE 

Standard 55 discomfort time when the room is occupied 

for each room under different scenarios. Figure 9 is the 

end use of the heating energy consumptions for Cases 1 

to 3. The LVG baseboard in Figure 9 refers to the heating 

baseboard installed in the living room as the backup 

heating. Figure 10 breaks out the energy use of the various 

HVAC components for all six scenarios. The term 

“transfer grille” refers to the transfer grilles which enable 

the air flow between the living room and the bedrooms. 

Zonal AC refers to the energy consumption of the heating 

baseboard, the window AC, and the fan of the window AC 

installed serving the three bedrooms.   

 

Figure 8. The ASHRAE Standard 55 discomfort time for 

the three bedrooms and the living room when the room 

is occupied 
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Figure 9. The end use of the living room heating energy 

consumption  

 

Figure 10 The end use of the building HVAC energy 

consumption  

Figure 8 and Figure 9 illustrate that compared with Case 

1 where there is no backup heating, Case 2 and Case 3 had 

similar thermal comfort conditions, but the heating energy 

consumptions were much higher. The heating energy 

consumption of Case 3 is nearly twice as much as that of 

Case 1. This is because the thermal efficiency of the 

electric heating baseboard is much lower than the COP of 

the DHP, which means that more energy will be 

consumed to produce the same amount of heat using the 

heating baseboard. The result suggests that although the 

performance of the DHP is harmed by the wintry weather, 

its advantage over the electric heating baseboard is still 

obvious. As long as the sizing of the DHP for the heating 

is appropriate, the occupant thermal comfort will not be 

affected. A recent study revealed that even when the 

ambient temperature is low, the DHP system still proves 

a more cost-effective option compared with the oil-fired 

systems and the electric resistance heating systems (Dave 

Korn et al., 2016). Thus, backup heating is not 

recommended since it does not provide any obvious 

benefits. 

Moreover, we can conclude from Figure 8 and Figure 10 

that the DHP system is capable of serving the entire 

house, as long as the sizing of the DHP is appropriate, the 

setback control strategy is applied, and a transfer grille is 

installed to enable the air flow between the bedrooms and 

the living room. This system can achieve the energy 

saving effect and maintains an acceptable occupant 

thermal comfort condition. For example, compared with 

Case 1 (i.e., the (1, 1) case in the Configuration I), the 

transfer grille case saves 37.3% of the HVAC energy 

consumption annually, while only increases the ASHRAE 

discomfort time by 635 hours on average. This result is 

very similar to Case 4 (i.e., the (1, 6) case in the 

Configuration I), where the temperature set point setback 

control was applied to the bedroom zonal equipment. The 

result of Case 5 further confirms that it is feasible to use 

just a DHP system to serve a house without using the 

zonal equipment for the bedrooms. This means that the 

DHP system is also appropriate for homes where no pre-

existing zonal equipment is installed or where the zonal 

equipment needs to be replaced. 

Another conclusion we can draw from the simulation 

results of Configuration II is that it is helpful to set a 

comprehensive temperature set point setback schedule. It 

makes sense to pre-cool or pre-heat the room when the 

temperature set point setback control is applied. For 

instance, compared with the (2, 6) case in Configuration 

I, Case 6 in Configuration II (in which the living room is 

turned on one hour before the occupants’ entering and one 

hour after the occupants’ leaving) results in fewer 

discomfort hours: the HVAC energy consumption is 

reduced by 50 kWh while the discomfort time is reduced 

by 48 hours in total. Compared with Case 4, Case 6 only 

increases the average ASHRAE Standard 55 discomfort 

time by 1.8% but reduces the energy consumption by 

7.5%. 

Conclusion and Future Work 

Conclusions 

• Generally, the temperature setback control or the 

lower/higher temperature set point is able to reduce 

the energy consumption but will increase the unmet 

hours and the discomfort time. 

• Compared with using a higher/lower temperature set 

point in summer/winter, the temperature setback 

control saves more energy and achieves a more 

comfortable indoor environment. 

• The relationship between energy savings and 

discomfort hours is nonlinear. This question should 

be analysed case by case in practice. A parametric 

analysis is recommended to find the best temperature 

set point schedule for compromising the trade-off 

between energy savings and occupant thermal 

comfort. 

• It is not suggested to install the backup heating for the 

DHP system, as long as the sizing of the DHP for 

heating is appropriate. An additional electrical 

resistance heater in the living room area does not help 

improve occupant thermal comfort but, on the 

contrary, will increase heating energy consumption. 

• Occupants should pre-cool or pre-heat the room when 

the setback control strategy is applied. A good 

comprehensive set point schedule will likely improve 

occupant thermal comfort and reduce HVAC energy 

consumption.  

Future work 

• At present, all the conclusions in this case study are 

based on simulation work and lack experimental 

validation. An on-site lab test will be set up in the 

PNNL Lab Homes in the future to confirm the energy 
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saving effects of the DHP system when it is installed 

to work with the pre-existing zonal equipment. 
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