2015-4-20
Effect of Heat Pump Commissioning Faults on Energy Use in a Slab-on-Grade Residential House

Piotr A. Domanski(a),[footnoteRef:1], Hugh Henderson(b), W. Vance Payne(a) [1:  Corresponding author; piotr.domanski@nist.gov; tel: 301-975-5877] 

(a) National Institute of Standards and Technology, Gaithersburg, MD 20899-8631, USA
(b) CDH Energy Corporation, Cazenovia, NY 13035-0641, USA

ABSTRACT
This study seeks to develop an understanding of the effect of commissioning common faults on the energy consumption of an air-to-air heat pump installed in a single-family, slab-on-grade residential house.  Through annual simulations of the house/heat pump system, the study found that duct leakage, refrigerant undercharge, oversized heat pump with nominal ductwork, low indoor airflow due to undersized ductwork, and refrigerant overcharge have the most potential for causing significant performance degradation and increased annual energy consumption. Depending on the faults involved, the effects of simultaneous faults were found to be additive, little changed relative to the single fault condition, or well-beyond additive.  A significant increase in annual energy use can be caused by lowering the thermostat setting in the cooling mode to improve indoor comfort in cases of excessive indoor humidity levels due to installation faults.
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1. Introduction
Space cooling is responsible for the largest share (21.3 %) of the electrical energy consumption in the U.S. residential sector [1]. Space heating, for which a significant portion is provided by heat pumps, accounts for an additional 8.7 % electricity use. Consequently, there are increasing requirements that space-conditioning equipment be highly efficient to improve building energy efficiency as well as address environmental concerns. To this end, state and municipal governments and utility partners have implemented various initiatives that promote sales of high-efficiency air conditioners and heat pumps.  However, there is a growing recognition that merely increasing equipment’s laboratory-measured efficiency without ensuring that the equipment is installed and operated correctly in the field is ineffective. 
This paper discusses the effect of different commissioning faults on heat pump performance for a single-family, residential, slab-on-grade house. The results presented here were derived from a comprehensive and detailed study by Domanski et al. [2]. 
 
2. Installation and maintenance issues
Numerous field studies have documented degraded performance and increased energy usage for typical air conditioners and heat pumps installed in the United States. For example, Proctor [3] performed measurements on a sample of 28 air conditioners newly installed in 22 residential homes in a hot-and-dry climate.  Indoor heat exchanger airflow averaged 14 % below specifications, and only 18 % of the systems had a correct amount of refrigerant. The supply duct leakage averaged 9 % of the air handler airflow, and the return leakage amounted to 5 %.  Rossi [4] presented measured performance data on unitary air conditioners based on observations from routine maintenance and service visits. Out of 1468 systems considered in this study, 67 % needed service. Of those 15 % required major repairs (e.g., compressor or expansion device replacement), and 85 % required a tune-up type service (e.g., coil cleaning or refrigerant charge adjustment).  Approximately 50 % of all units operated with efficiencies of 80 % or less, and 20 % of all units had efficiencies of 70 % or less of their design efficiency. Among others, Parker et al. [5] and Mowris et al. [6] also provided data on performance degradation of air conditioners and heat pumps due to different faults.
3. Technical approach of the study
3.1 Scope
To evaluate the effect of different commissioning faults on energy consumption, we performed annual simulations of energy use by an air-to-air heat pump installed in a slab-on-grade house. We used the annual energy use in a fault-free installation as a reference for normalizing energy use in faulty installations and for indicating the impact of specific faults on energy consumption. The parameters considered in the simulations included duct leakage (unconditioned space), heat pump sizing, indoor coil airflow, refrigerant charge, presence of non-condensable gases, electrical voltage, cooling-mode TXV undersizing, and five US climate zones 2 through 6 from a hot-and-humid climate to a cold climate, represented by five cities (Table 1).  We used a building model developed in TRNSYS to simulate the integrated performance of heat pumps in residential applications [7].  The model is driven by typical meteorological year weather data sets TMY3 [8] on a small time-step (e.g., 1.2 minutes).  A detailed thermostat model turns the mechanical systems "on" and "off" at the end of each time step depending on the calculated space conditions.   

Table 1. IECC US climates and locations considered with thermostat set points and electricity cost
	Zone
	Climate
	Location
	Thermostat set point (°C)
	Electricity cost

	
	
	
	Cooling
	Heating
	$/MJ
	$/kWh

	2
	Hot and humid 
	Houston, TX 
	25.6
	22.2
	0.306  
	0.085

	3
	Hot and dry climate
	Las Vegas, NV 
	
	
	0.454 
	0.126

	4
	Mixed climate
	Washington, DC 
	24.4
	21.1
	0.508  
	0.141

	5
	Heating dominated 
	Chicago, IL
	
	
	0.461  
	0.128

	6
	Cold
	Minneapolis, MN
	
	
	0.389
	0.108


Note:  Electric costs from Form 826 data for local utility in 2010 for residential sector [9]

3.2. Building specifications
    The simulated residential building corresponded to a code-compliant house with a Home Energy Rating System (HERS) score of approximately 100 [10] with appropriate levels of insulation and other features corresponding to each climate.   It was a 185.8 m2 three-bedroom structure with a separate attic zone, which was not conditioned (Figure 1).  It had perimeter slab insulation in climate zones 4 and 5.  A ‘fictitious layer’ was added into the resistance between the zone and ground temperature. This fictitious R-value was used to provide the amount of heat loss through the surfaces determined by the F‑factor method (Reffective), as recommended by Winkelmann [11]. 
The above-ground portions of the houses had exterior walls with layers of drywall, insulation (R(SI)-2.3 or R(SI)-3.3, depending on the climate zone), and stucco as the outside surface. Windows took up approximately 22 % of all of the exterior walls; 10.2 m2 on the north and south facing walls, and 6.5 m2 on east and west facing walls. The ceiling (i.e. boundary between main zone and attic) was made up of a layer of drywall, framing and insulation (R(SI)-5.3 or R(SI)-6.7, depending on the climate zone).  The attic had gable walls on the east and west sides and roof surface on the north and south sides. The roof was sheathed in plywood and then covered with asphalt shingles. The east and west surfaces (gables) are made up of plywood on the inside surface with stucco on the outside surface.  
The AIM-2 infiltration model [12, 13] relates infiltration to wind and indoor-outdoor temperature difference for each time step. An equivalent leakage area (ELA) of 0.0633 m2 was chosen to provide the desired seven air changes per hour (ACH) at 50 pascal pressure differential (ACH50 for the main zone in each building model).  The attic used the same AIM-2 equations to determine leakage as a function of wind and temperature difference.  The attic ELA was set to be 0.366 m2 for each of the climate zones, or about 5 times the leakage rate for the HERS 100 house [14]. 
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Figure 1. Schematic of a slab-on-grade house (ducts located in the unconditioned attic)

The ducts were modeled to be in the attic space and all the air leakage and thermal losses/gains go into that zone. Duct leakage was assumed to be 10 % of flow; 6 % on the supply side and 4 % on the return side.  Duct insulation was assumed to be R(SI)-1.1 with a supply duct area of 50.5 m2 and a return duct area of 9.3 m2 for a 10.6 kW.  The nominal duct areas were increased and decreased proportionally based on the size (or nominal tonnage) of the heat pump unit.
The window model in Type 56 uses the window parameters generated by LBNLs WINDOW5 software, which is considerably more detailed than the NFRC rating values generally used in residential practice and building codes.  The LBNL WINDOW5 inputs for this project were determined following the methodology developed by Arasteh et al. [15].  
The scheduling or profile of internal heat and moisture generation was taken from the Building America Benchmark Definition [16].  Sensible gains from all sources were assumed to be 76.7 MJ/day.  Internal moisture generation from all sources was specified as 5.4 kg/day, or less than half of the ASHRAE Standard 160 moisture generation rate of 14.2 kg/day for a three-bedroom house [17].  The ASHRAE 160 value is meant to be a ‘worst case’ design condition and therefore does not correspond to average conditions.
The only mechanical ventilation option considered in this study is an exhaust fan.  The fan operated continuously to provide sufficient ventilation to the house.  The fans provided an average flow rate of 98.5 m3∙h1 required by ASHRAE Standard 62.2 [18] for the 185.8 m2 three-bedroom house.  The exhaust fan power was assumed to be 0.85 kJ∙m-3.  The duct leakage was always a net out, so that additional net flow was an exhaust.  All detailed house design specifications are given by Domanski et al. [2].

3.3.  Heat pump specifications and modeling
Fault effects were measured and correlated for a conventional heat pump unit with a 13 SEER and 7.7 HSPF rating. The cyclic degradation coefficient, CD, of the heat pump was approximately 0.15 in both cooling and heating mode.  For determining the performance of a faulty heat pump, we applied dimensionless multipliers to the fault-free heat pump performance parameters (capacity, COP, etc.) [21, 22]. The reader may refer to Domanski at al. [2] for definitions of the studied faults and for more detail on modeling of a fault-free and faulty heat pump.
The required size of the unit was determined for each climate using ACCA Manual J [19]. Houses in Houston and Las Vegas had a heat pump with cooling capacity of 10.6 kW and 12.3 kW, respectively.  The Washington D.C., Chicago, and Minneapolis houses had 8.8 kW units. We modeled the performance of the simulated fault-free heat pumps using a detailed heat pump model derived from catalog data from a series of single-speed heat pump products with permanent split capacitor blower motors and SEER ratings ranging from 10 to 14.5 [20]. Table 2 lists the studied faults and their level values used in simulations. 

Table 2.  Studied faults in the cooling and heating mode
	Fault Type
	Fault Levels (%)

	
	Cooling mode
	Heating mode

	Heat Pump Sizing (SIZ)
	-20, 25, 50, 75, 100
	-20, 25, 50, 75, 100

	Duct Leakage  (DUCT)
	0, 10, 20, 30, 40, 50
	0, 10, 20, 30, 40, 50

	Indoor Coil Airflow (AF)
	-36, -15, 7, 28
	-36, -15, 7, 28

	Refrigerant Undercharge (UC)
	-10, -20, -30
	-10, -20, -30

	Refrigerant Overcharge (OC)
	10, 20, 30
	10, 20, 30

	Non-Condensable Gases (NC)
	10, 20
	10, 20

	Electric Voltage (VOL)
	-8, 8, 25
	-8, 8, 25

	TXV Undersizing (TXV)
	-60, -40, -20
	-



Simulations of building/heat pump systems with installation faults
4.1 Simulation with single faults
4.1.1. [bookmark: _Toc341689285]Effect of heat pump sizing
Changing the size of the heat pump for a given house – either undersizing or oversizing – impacts the heat pump performance in several ways:
· Cycling losses increase as the unit gets larger; the unit runs for shorter periods and the degraded performance at startup has more impact (CD ~ 0.15).  
· In the cooling mode, the shorter run periods impact the moisture removal capability (i.e., ability to control indoor humidity levels) because operational steady-state conditions are an even smaller portion of the runtime fraction.
· In the cooling mode, continuous fan operation with compressor cycling greatly increases moisture evaporation from the cooling coil. However, this impact is minimal with auto fan control (indoor fan time ‘on’ and ‘off’ the same as that of the compressor), since only a small amount of evaporation occurs with the assumed 4 % airflow during the off-cycle with the indoor fan off.   If the air conditioner controls include an off-cycle fan delay – that keeps the fan on for 30-90 seconds after the compressor stops – then the impact of off-cycle evaporation is in between these two extremes [23].  The results in this study assumed auto fan operation with no fan delay.
· In the heating mode, the backup heater runtime is lower for the oversized unit since the larger heat pump meets more of the winter heating needs.
Heat pump sizing also affects the level of duct losses, and different oversizing scenarios are possible depending on the relative size of the heat pump and ductwork. The scenario considered in this paper represents the case where the ductwork has been sized for a heat pump of nominal capacity and remains unchanged for different size heat pumps. When the heat pump is oversized, the fan speed is increased but the airflow does not reach the target flow rate because the unit is not capable of overcoming the increased external static pressure. Since the indoor fan works against increased static pressure, the fan power changes per the fan curve, i.e., fan power increases with an increasing unit size. The increased pressure in the duct increases the duct leakage.  The increased fan power (while working against increased static pressure) and increased fan heat added to the load are the main factors contributing to the significant increase in energy used in cooling-dominated climates (Houston, Las Vegas, Washington, DC).  These factors are mitigated in heating-dominated climates (Chicago and Minneapolis) since the oversized heat pump reduces the use of the electric resistance backup heat. 
[bookmark: _Toc341689319]Table 3 shows in detail the effect of sizing on the total performance for Houston and Minneapolis to contrast the detailed results obtained for a cooling-dominated climate with those for a heating dominated climate. The threshold 55 % relative humidity value used in the third column was selected as the level above which humidity might start to be a concern.  The ‘Space Temp Max’ column contains the highest indoor temperature reached during the cooling season. The column ‘AC Energy’ contains the energy used by the compressor and outdoor fan to provide cooling; the column ‘Htg Energy’ contains the energy used by the compressor, outdoor fan, and backup heat to provide heating; and the column ‘AHU Fan Energy’ contains the energy used by the indoor fan during the whole year. The column ‘TOTAL ENERGY’ contains the total energy used by the heat pump throughout the entire year, which consists of the energy use listed in the three previous columns, and the energy used by the home exhaust fan.

Table 3. Effect of heat pump sizing on annual energy use for a house with a fixed duct size
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At first glance, the reader may be surprised by a decrease in the energy use in houses located in cooling-dominated climates when the heat pump is undersized. The lower energy use is a result of the heat pump unable to handle all the cooling load (the indoor temperature increases on hot days). For the heating dominated climates, the energy use is increased because of the significantly increased use of the resistance heat. Figure 2 shows relative energy input for houses in all locations.  

[image: ]
Figure 2. Annual energy use for houses for different heat pump sizings

Another somewhat surprising result is the impact that oversizing has on space humidity levels.  The number of hours exceeding 55 % RH decreases when the unit is oversized, especially in Houston.  This reduction is primarily due to effect of duct leakage:  the larger unit size reduces the fan runtime thereby reducing the amount of moisture brought into the house via return air leaks.  A secondary factor in lowering humidity levels is the increases sensible gains (or heat) provided by the increases fan power for the oversized unit.  

4.1.2. Effect of duct leakage
The baseline houses include ducts in the attic with a leakage rate of 10 % (leakage distributed 60 % on the supply side and 40 % on the return side) as well as thermal losses through the duct wall.  Table 4 compares this base case to other levels of duct leakage with the thermostat set at the default set point temperature (Table 1).  The entry ‘0 % & No thermal’ in the left most column denotes an idealized installation with zero air leakage and no thermal loss (i.e., an insulation with an infinite R or ducts located in the conditioned space). 
As expected, the baseline duct losses increase energy use in the baseline houses; our simulations showed a 20 % and 30 % increase for the cooling climates and heating climates, respectively, compared to the 0 % leak/no thermal loss case.  As the duct leakage increases, energy use increases by at least 8 % for the cooling climates and by 12 % for the heating climates for each 10 % increment in the duct leakage fault. A slight improvement of the cooling COP shown with the increasing fault level is caused by a somewhat higher refrigerant saturation temperature (and pressure) in the evaporator when the air returning to the indoor section is at higher temperature and humidity due to duct losses. This COP improvement, however, can’t compensate for the significant increase in the cooling load, which is the cause of the increased energy use. 

Table 4.  Effect of duct leakage on annual energy use at default cooling set point 
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Note: All simulation cases account for thermal losses along with leakage losses except the case denoted ‘0 % & No thermal’.

Since the number of hours with relative humidity above 55 % increases with duct leakage, a homeowner may be inclined to lower the thermostat cooling set point to improve indoor comfort. Figure 3 presents the relative energy use for a slab-on-grade house in Houston with different duct leak rates at the three studied thermostat set point temperatures. The energy use is related to that of a house with 10 % leak rate (assumed as a representative of no-fault duct installation) at the default thermostat set point. Energy use increases by almost 17 % and 60 % as the thermostat is lowered by 1.1 °C and 2.2 °C, respectively. For the house with a 40 % duct leakage, the energy use is predicted to be 47 % and 97 % higher than for the reference house if the set point temperature is lowered by 1.1 °C and 2.2 °C, respectively. 


Figure 3. Energy use for duct leak rates from 10 % to 50 % at the default thermostat set point temperature and two set points lowered by 1.1 °C and 2.2 °C related to energy use for the house at the default set point and 10 % leak rate in Houston
4.1.3. Effect of indoor coil airflow
This fault covers the case where a heat pump properly sized for the building load operates with improperly sized ductwork. As a result, the indoor coil airflow is not nominal. The simulated indoor airflows, ranging from -36 % to +28 % of the designed air flow, corresponded to external static pressures of (177, 171, 168, 165, and 149) Pa, respectively. Reduced airflow results in an increase in energy consumption, and this effect is similar for all houses in all climates studied (Figure 4).  For the lowest airflow, 36 % below the nominal value, the energy use increased from 11 % to 14 %.  

[image: ]
Figure 4. Annual energy use for houses with different indoor coil airflows relative to energy use for the house in the same location with nominal airflow rate

In the cooling mode, reducing the capacity specific airflow below the nominal value of 181.1 m3∙h-1∙kW-1  causes a decrease in the indoor coil temperature and provides better humidity control, but results in higher energy use because the sensible capacity is reduced and running time increased. Conversely, providing more airflow hurts humidity control in the house but decreases energy use.  The efficiency of the system goes up, and more importantly, the latent removal decreases so energy use decreases.  

4.1.4. [bookmark: _Toc341689289]Effect of refrigerant undercharge
When the amount of refrigerant charge in the TXV-controlled system is below the nominal value, the performance of the unit is degraded (Figure 5).  The figure indicates that the energy use increases exponentially with increasing refrigerant undercharge. For the 30 % refrigerant undercharge level the energy use increases by as much as (17 ~ 23) %. The moisture removal capacity of the unit is also degraded when the unit is undercharged.  
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Figure 5.  Annual energy use at different levels of refrigerant undercharge relative to the annual energy use for the house in the same location when the heat pump operates with the nominal refrigerant charge

4.1.5. Effect of refrigerant overcharge
When the amount of refrigerant charge in the system is above the correct (nominal) value, the performance of the unit is degraded (Figure 6).  The heat pump uses (10 ~ 16) % more energy when overcharged by 30 %, with somewhat higher increases in energy use occurring in localities with a significant heating season (i.e., Chicago, Washington DC, and Minneapolis). The moisture removal capability of the unit is not affected by the overcharge fault.   
[image: ]
Figure 6. Annual energy use at different levels of refrigerant overcharge relative to the annual energy use for the house in the same location when the heat pump operates with the nominal refrigerant charge

4.1.6 Effect of non-condensable gases
If the refrigerant system has non-condensable gases (e.g., air) mixed in with the refrigerant, the performance of the unit is degraded. The overall simulation results showed a (1 ~ 2) % energy use increase in climates with a significant heating season and a 4 % increase in the warmer climates. The moisture removal capability of the unit is only minimally affected by the non-condensable gases in the system. 
 
4.1.7. Effect of voltage
When input voltage to the unit is changed from the nominal value, the performance of the unit is degraded. The condition of 25 % overvoltage results in a (9 ~10) % increase in annual energy consumption. This effect on the energy use does not include an adjustment for indoor fan power change with voltage.  The undervoltage of 8 % resulted in an insignificant (within 1 %) change in the energy use. Higher levels of undervoltage were not studied because of a possible heat pump catastrophic failure.

4.1.8. Effect of TXV sizing 
Undersizing of the TXV only in the cooling mode is considered in this study.  When the size of the TXV does not match the compressor size, the performance of the system is degraded (Figure 7).  Generally, the impact is modest at 20 % undersizing in any climate and remains relatively small for Minneapolis at even higher fault levels. However, the impact becomes significant at 40 % undersizing, particularly in hot climates where the energy use increases by (10 ~ 14) %.  Moisture removal is only modestly affected. 
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Figure 7. Annual energy use for slab-on-grade houses at different levels of TXV undersizing relative  to the annual energy use for the house when the heat pump operates with a properly sized TXV

4.1.9 Discussion of the effects of single faults
Figure 8 shows examples of annual energy used by a heat pump installed with different installation faults in a slab-on-grade house.  The levels of individual faults were selected to reflect, to some degree, the installation condition which might not be noticed by a poorly trained technician (Table 5).  (The authors recognize the speculative aspect of this selection.) 










 










Figure 8. Annual energy use resulting from a single-fault installation, referenced to a fault-free installation. (Table 5 shows the selected fault levels)





Table 5. Levels of individual faults used in Figure 8
	Fault Type
	Fault Level 
(%)

	Heat Pump Sizing (SIZ)
	+ 50

	Duct Leakage (DUCT)
	   30

	Indoor Coil Airflow (AF)
	- 36

	Refrigerant Undercharge (UC)
	- 30

	Refrigerant Overcharge (OC)
	+ 30

	Non-Condensable Gases (NC)
	  10

	Electric Voltage (VOL)
	+ 8

	TXV Undersizing (TXV)
	- 40


  

The duct leakage fault has the potential to result in a higher increase in energy use than any other fault. The impact of this fault is higher for the heating dominated climate (Chicago and Minneapolis, 26 %) than for the cooling dominated climate (Houston, 18 %). The second most influential fault is refrigerant undercharge. For the 30 % undercharge fault level, the energy use increase is of the order of 20 % irrespective of the climate and building type. Refrigerant overcharge can also result in a significant increase in energy use, (10 ~16) % at the 30 % overcharge fault level. Improper indoor airflow can affect similar performance degradation. 
Installation of an oversized heat pump resulting in an over-restrictive ductwork leads to a significant increase in energy use; 15 % increase in energy use was predicted for the house in Houston.  The cooling TXV undersized fault also has the potential to significantly increase the energy use. The effect of this fault will be most pronounced in localities with a high number of cooling mode operating hours. The cooling mode TXV undersized by 40 % results in (9 ~ 14) % more energy used in Houston as compared to a (3 ~ 5) % more in Chicago.  The impact of the remaining faults – non-condensables and improper voltage – is under 4 %.  The non-condensables and improper voltage faults, however, represent a substantial risk for durability of equipment and are very important to be diagnosed during the heat pump installation. 

4.2 Simulations with dual faults
4.2.1. Studied fault combinations
Table 6 lists combinations of the two simultaneous faults studied, A and B.  Each set of faults was considered in four combinations (Table 7).  The moderate level was the value at the middle of the range, while the worst level was the highest (or lowest) probable level of the fault value.  Simulations were performed for 14 dual fault sets, with 4 runs per set, in 5 house/climate combinations for a total of 280 runs.  



Table 6. Dual fault sets considered in simulations of annual energy use and their approximate collective effect on annual energy use 

	Fault set
#
	Fault A levels 
(moderate & worst level)(a)
(%)
	Fault B levels
(moderate & worst level)
(%)
	Effect on energy use

	1
	Duct leakage (20, 40)
	Oversize (25, 50)
	A+B

	2
	Duct leakage (20, 40 )
	Indoor coil airflow (-15, -36)
	          < A+B

	3
	Duct leakage (20, 40)
	Refrigerant undercharge (-15, -30)
	A+B or > A+B

	 4
	Duct leakage (20, 40)
	Refrigerant overcharge (15, 30)
	A+B

	 5
	Duct leakage (20, 40 )
	Non-condensables (10 , 20 )
	A+B

	 6
	Oversize (25, 50)
	Refrigerant undercharge (-15, -30)
	A+B

	 7
	Oversize (25, 50)
	Refrigerant overcharge (15, 30)
	A+B

	8
	Oversize  (25, 50)
	Non-condensables  (10, 20)
	A+B

	 9
	Indoor coil airflow (-15, -36)  
	Refrigerant undercharge (-15, -30)
	          < A+B

	 10
	Indoor coil airflow (-15, -36)  
	Refrigerant overcharge (15, 30)
	          < A+B

	 11
	Indoor coil airflow (-15, -36)  
	Non-condensables  (10, 20)
	          < A+B

	 12
	Duct leakage  (20, 40)
	Cooling TXV undersizing(b) (-20, -60)
	A+B

	 13
	Oversize (25, 50)
	Cooling TXV undersizing(b) (-20, -60)
	A+B

	 14
	Indoor coil airflow (-15, -36)  
	Cooling TXV undersizing(b) (-20, -60)
	          < A+B


(a) moderate = mid-level value,    worst = lowest/highest level value
(b) Fault exists only in the cooling mode; the heating mode TXV is sized correctly
 
Table 7.  Combinations of studied faults
	Fault combination case
	Level of fault A 
	Level of fault B 

	a
	moderate
	moderate

	b
	moderate
	worst

	c
	worst
	moderate

	d
	worst
	worst



4.2.2. Effects of dual faults
The most right-hand column in Table 6 shows an approximate effect of the studied fault sets on the energy use: the faults effects may be additive (A+B), less than additive (<A+B), or greater than additive (>A+B). As expected, the collective impact of two simultaneous faults on the energy consumption varies and depends on the faults considered. In most cases (9 out of 14 fault sets), the collective effect can be described as being additive; however, for the remaining five sets – all involving indoor coil airflow –  the effect can be markedly below this additive value, including being approximately equal to the individual effect of one of the faults involved. The above characterization applies to all house/climate combinations. Figure 9 presents annual energy use for all studied dual fault sets at the five locations for the worse fault levels. The figure shows the most severe performance degradation with dual faults involving duct leakage.






















Figure 9. Annual energy use with 14 dual faults relative to the energy use for fault-free installation (Faults defined in Tables 6; Table 7 case d, the worst level for both faults)

5. Concluding remarks
Extensive simulations of house/heat pump systems in five climatic zones lead to the following conclusions:
· Duct leakage, refrigerant undercharge, oversized heat pump with non-oversized ductwork, low indoor airflow due to undersized ductwork, and refrigerant overcharge have the most potential for causing significant performance degradation and increased annual energy consumption. Increases of energy use by 30 % due to improper installation practices seem to be plausible.
· Effects of different  installation faults are similar in different climates except for the following cases:
· Duct leakage causes a significant increase in the indoor RH for installations in a hot & humid 
     climate
· Heat pump oversizing with undersized air ducts causes stronger performance degradation in 
                  cooling-dominated climates than in in heating-dominated climates, where the increased 
            indoor fan energy use associated with the overcoming of the higher external static pressure is   
            compensated by the reduced use of backup resistance heat
· Undersized cooling-mode TXV has little effect in heating-dominated climates, while a significant increase of energy use is possible in cooling-dominated climates.
· The effect of simultaneous faults can be additive (e.g., duct leakage and non-condensable gases), little changed relative to the single fault condition (e.g., low indoor airflow and refrigerant undercharge), or well-beyond additive (duct leakage and refrigerant undercharge).  
· A significant increase in annual energy use can be caused by lowering the thermostat in the cooling mode to improve indoor comfort in cases of excessive indoor humidity levels. 
The goal of this study was to assess the impacts that HVAC system installation faults had on equipment electricity consumption.  The effect of the installation faults on occupant comfort was not the main focus of the study, and this research did not seek to quantify any impacts on indoor air quality, or noise generation (e.g., airflow noise from air moving through restricted ducts).  Additionally, the study does not address the effects that installation faults have on equipment reliability/robustness (number of starts/stops, etc.), maintainability (e.g., access issues), or costs of initial installation and ongoing maintenance.
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Nomenclature
ACH50			= air changes per hour at 50 pascal pressure differential
AF 		= improper indoor airflow rate fault
AHU			= air handling unit
CD			= heat pump cyclic degradation coefficient
COP 		= coefficient of performance
DUCT		= duct leakage fault
ELA			= equivalent leakage area [m2]
HSPF			= heating seasonal performance factor  
HVAC			= heating, ventilating, air conditioning
Htg			= heating
NC			= presence of non-condensable gases fault
OC	= refrigerant overcharge fault, % (or fraction) departure from the correct value
R(SI)				= thermal resistance in SI system of units [K∙m2∙W-1]
RH				= relative humidity [%]
SEER				= seasonal energy efficiency ratio [(Btu∙W-1∙h-1)]
SIZ	= heat pump sizing fault, % (or fraction) above or below the correct capacity
T 	= temperature [C]
TMY3	= data set 3 with typical meteorological year weather data
TXV	= thermostatic expansion valve or TXV undersizing fault in cooling
UC	= refrigerant undercharge fault, % (or fraction) departure from the correct value
VOL 	= electric line voltage fault

50%	139.85758336777187	159.84677496264743	209.5050386241536	40%	25.6 (Default)	24.5	23.4	128.41974759195091	147.47750898051308	197.10080427249898	30%	118.25030994691166	136.21133610960993	184.95724322090473	20%	109.09177607527737	126.09594049019296	174.29824840258129	10%	25.6 (Default)	24.5	23.4	100	115.85656610611311	162.29773977175191	Thermostat set point temperature (°C)

Relative energy use (%)



Houston	SIZ	DUCT	AF	UC	OC	NC	VOL	TXV	115	118	112	121	110	102	102	114	Las Vegas	SIZ	DUCT	AF	UC	OC	NC	VOL	TXV	113	117	113	122	110	102	101	110	Wash. DC	SIZ	DUCT	AF	UC	OC	NC	VOL	TXV	105	124	114	123	114	102	102	107	Chicago	SIZ	DUCT	AF	UC	OC	NC	VOL	TXV	101	126	113	120	113	101	102	105	Minneapolis	SIZ	DUCT	AF	UC	OC	NC	VOL	TXV	99	126	111	117	112	101	101	103	
Relative energy use (%)
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Indoor airflow
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				7 %		99		99		100		100		100				-1		-1		0		0		0

				 28 %		98		97		99		99		99				-2		-3		-1		-1		-1

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis



-36%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	112	113	114	113	111	-15%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	104	104	105	104	103	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	7%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	99	99	100	100	100	28%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	98	97	99	99	99	

Relative energy use (%)





-36%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	112	113	114	113	111	-15%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	104	104	105	104	103	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	7%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	99	99	100	100	100	28%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	98	97	99	99	99	

Relative energy use (%)







Undercharge

				Undercharge

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				0		100		100		100		100		100				0		0		0		0		0

				-10		103		103		102		102		101				3		3		2		2		1

				-20		109		110		109		108		106				9		10		9		8		6

				-30		121		122		123		123		117				21		22		23		23		17



						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

								Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

						0		100		100		100		100		100

						-10		103		103		102		102		101

						-20		109		110		109		108		106

						-30		121		122		123		123		117

				Undercharge

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				0		100		100		100		100		100				0		0		0		0		0

				-10		103		103		102		102		101				3		3		2		2		1

				-20		109		110		109		108		106				9		10		9		8		6

				-30		121		122		123		123		117				21		22		23		23		17



						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

								Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

						0		100		100		100		100		100

						-10		103		103		102		102		101

						-20		109		110		109		108		106

						-30		121		122		123		123		117



Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	-10%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	103	103	102	102	101	-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	109	110	109	108	106	-30%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	121	122	123	123	117	

Relative energy use (%)





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	-10%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	103	103	102	102	101	-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	109	110	109	108	106	-30%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	121	122	123	123	117	

Relative energy use (%)







Overcharge

				Overcharge

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				0		100		100		100		100		100				0		0		0		0		0

				10		101		102		102		102		102				1		2		2		2		2

				20		104		105		107		107		106				4		5		7		7		6

				30		110		110		114		114		112				10		10		14		14		12



						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

										 

				Overcharge

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				0		100		100		100		100		100				0		0		0		0		0

				10		101		102		102		102		102				1		2		2		2		2

				20		104		105		107		107		106				4		5		7		7		6

				30		110		110		114		114		112				10		10		14		14		12



						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis



Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	-10%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	101	102	102	102	102	-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	104	105	107	107	106	-30%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	110	110	114	114	112	

Relative energy use (%)





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	-10%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	101	102	102	102	102	-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	104	105	107	107	106	-30%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	110	110	114	114	112	

Relative energy use (%)





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	-10%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	101	102	102	102	102	-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	104	105	107	107	106	-30%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	110	110	114	114	112	

Relative energy use (%)







Excessive subcooling

				Excessive subcooiling

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				0		100		100		100		100		100				0		0		0		0		0

				100		108		106		108		108		108				8		6		8		8		8

				200		118		118		118		118		116				18		18		18		18		16



						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

										 

				Excessive subcooiling

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				0		100		100		100		100		100				0		0		0		0		0

				100		108		106		108		108		108				8		6		8		8		8

				200		118		118		118		118		116				18		18		18		18		16



						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

										 



Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	100%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	108	106	108	108	108	200%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	118	118	118	118	116	

Relative energy use (%)





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	100%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	108	106	108	108	108	200%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	118	118	118	118	116	

Relative energy use (%)





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	100%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	108	106	108	108	108	200%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	118	118	118	118	116	

Relative energy use (%)







Voltage

		Voltage

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				-8%		100		100		99		99		100				0		0		-1		-1		0

				Nominal		100		100		100		100		100				0		0		0		0		0

				8%		102		101		102		102		101				2		1		2		2		1

				25%		110		109		110		109		108				10		9		10		9		8



		Voltage

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				-8%		100		100		99		99		100				0		0		-1		-1		0

				Nominal		100		100		100		100		100				0		0		0		0		0

				8%		102		101		102		102		101				2		1		2		2		1

				25%		110		109		110		109		108				10		9		10		9		8





-8%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	99	99	100	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	8%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	102	101	102	102	101	25%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	110	109	110	109	108	

Relative energy use (%)





-8%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	99	99	100	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	8%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	102	101	102	102	101	25%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	110	109	110	109	108	

Relative energy use (%)





-8%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	99	99	100	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	8%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	102	101	102	102	101	25%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	110	109	110	109	108	

Relative energy use (%)







TXV sizing

		TXV sizing

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				Nominal		100		100		100		100		100				0		0		0		0		0

				20%		101		100		101		101		100				1		0		1		1		0

				40%		114		110		107		105		103				14		10		7		5		3

				60%		133		127		116		110		107				33		27		16		10		7



		TXV sizing

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				Nominal		100		100		100		100		100				0		0		0		0		0

				20%		101		100		101		101		100				1		0		1		1		0

				40%		114		110		107		105		103				14		10		7		5		3

				60%		133		127		116		110		107				33		27		16		10		7





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	101	100	101	101	100	40%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	114	110	107	105	103	60%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	133	127	116	110	107	

Relative energy use (%)





Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	101	100	101	101	100	40%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	114	110	107	105	103	60%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	133	127	116	110	107	

Relative energy use (%)







Sizing scenario (2) basement

						Las Vegas		Wash., DC		Chicago		Minneapolis

				-20%		93		97		100		101						-7		-3		0		1		-100

				Nominal		100		100		100		100						0		0		0		0		-100

				25%		108		104		102		101						8		4		2		2		-100

				50%		114		108		104		102						14		8		4		2		-100

				75%		120		110		106		102						20		10		6		ERROR:#REF!		-100

				100%		124		112		107		103						24		12		7		3		-100

						Las Vegas		Wash., DC		Chicago		Minneapolis

				-20%		93		97		100		101						-7		-3		0		1		-100

				Nominal		100		100		100		100						0		0		0		0		-100

				25%		108		104		102		101						8		4		2		2		-100

				50%		114		108		104		102						14		8		4		2		-100

				75%		120		110		106		102						20		10		6		ERROR:#REF!		-100

				100%		124		112		107		103						24		12		7		3		-100



-20%	Las Vegas	Wash., DC	Chicago	Minneapolis	93	97	100	101	Nominal	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	25%	Las Vegas	Wash., DC	Chicago	Minneapolis	108	104	102	101	50%	Las Vegas	Wash., DC	Chicago	Minneapolis	114	108	104	102	75	Las Vegas	Wash., DC	Chicago	Minneapolis	120	110	106	102	100%	Las Vegas	Wash., DC	Chicago	Minneapolis	124	112	107	103	

Relative energy use (%)





-20%	Las Vegas	Wash., DC	Chicago	Minneapolis	93	97	100	101	Nominal	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	25%	Las Vegas	Wash., DC	Chicago	Minneapolis	108	104	102	101	50%	Las Vegas	Wash., DC	Chicago	Minneapolis	114	108	104	102	75	Las Vegas	Wash., DC	Chicago	Minneapolis	120	110	106	102	100%	Las Vegas	Wash., DC	Chicago	Minneapolis	124	112	107	103	

Relative energy use (%)





-20%	Las Vegas	Wash., DC	Chicago	Minneapolis	93	97	100	101	Nominal	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	25%	Las Vegas	Wash., DC	Chicago	Minneapolis	108	104	102	101	50%	Las Vegas	Wash., DC	Chicago	Minneapolis	114	108	104	102	75	Las Vegas	Wash., DC	Chicago	Minneapolis	120	110	106	102	100%	Las Vegas	Wash., DC	Chicago	Minneapolis	124	112	107	103	

Relative energy use (%)







Sizing scenario (2) slab

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				-20%		93		93		99		101		102				-7		-7		-1		1		2

				Nominal		100		100		100		100		100				0		0		0		0		0

				25%		109		108		103		101		100				9		8		3		1		0

				50%		115		113		105		101		99				15		13		5		1		-1

				75%		120		118		106		102		99				20		18		6		2		-1

				100%		124		122		108		102		99				24		22		8		2		-1

						Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				-20%		93		93		99		101		102				-7		-7		-1		1		2

				Nominal		100		100		100		100		100				0		0		0		0		0

				25%		109		108		103		101		100				9		8		3		1		0

				50%		115		113		105		101		99				15		13		5		1		-1

				75%		120		118		106		102		99				20		18		6		2		-1

				100%		124		122		108		102		99				24		22		8		2		-1



-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	93	93	99	101	102	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	25%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	109	108	103	101	100	50%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	115	113	105	101	99	75	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	120	118	106	102	99	100%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	124	122	108	102	99	

Relative energy use (%)





-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	93	93	99	101	102	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	25%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	109	108	103	101	100	50%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	115	113	105	101	99	75	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	120	118	106	102	99	100%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	124	122	108	102	99	

Relative energy use (%)





-20%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	93	93	99	101	102	Nominal	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	100	100	100	100	100	25%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	109	108	103	101	100	50%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	115	113	105	101	99	75	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	120	118	106	102	99	100%	Houston	Las Vegas	Wash., DC	Chicago	Minneapolis	124	122	108	102	99	

Relative energy use (%)







Collective slab

				Fault		Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				1		134		132		140		140		139				34		32		40		40		39

				2		130		128		137		139		137				30		28		37		39		37

				3		156		155		172		171		162				56		55		72		71		62

				4		141		140		157		159		153				41		40		57		59		53

				5		133		131		141		143		140				33		31		43		ERROR:#REF!		40

				6		107		107		101		98		98				7		7		-2		ERROR:#REF!		-2

				7		124		125		121		118		114				24		25		18				14

				8		110		110		112		111		110				10		10		11				10

				9		105		104		100		98		98				5		4		-2				-2

		133		111		117		128		127		125		121				17		28		25				21

				11		116		117		119		117		115				16		17		17				15

				12		111		111		107		105		104				11		11		5				4

				13		163		154		157		153		147				63		54		53				47

				14		140		133		116		108		104				40		33		8				4

				15		139		133		121		114		110				39		33		14				10



Houston	134	130	156	141	133	107	124	110	105	117	116	111	163	140	139	Las Vegas	132	128	155	140	131	107	125	110	104	128	117	111	154	133	133	Wash. DC	140	137	172	157	141	101	121	112	100	127	119	107	157	116	121	Chicago	140	139	171	159	143	98	118	111	98	125	117	105	153	108	114	Minneapolis	139	137	162	153	140	98	114	110	98	121	115	104	147	104	110	

Relative energy use (%)







Collective basement

				Fault		Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

				1

				2

				3

				4

				5

				6				107		102		100		98

				7				122		121		117		114

				8				113		116		114		112

				9				106		103		101		99

		133		111				126		124		120		118

				11				116		118		116		114

				12				109		105		102		102

				13

				14				131		112		106		102

				15				134		115		108		105



Las Vegas	107	122	113	106	126	116	109	131	134	Wash. DC	102	121	116	103	124	118	105	112	115	Chicago	100	117	114	101	120	116	102	106	108	Minneapolis	98	114	112	99	118	114	102	102	105	

Relative energy use (%)







Single faults

				Fault		Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

		SIZ		1		115		113		105		101		99

		DUCT		2		118		117		124		126		126

		AF		3		112		113		114		113		111

		UC		4		121		122		123		120		117

		OV		5		110		110		114		113		112

		NC		6		102		102		102		101		101

		VOL		7		102		101		102		102		101

		TXV		8		114		110		107		105		103















				Fault		Houston		Las Vegas		Wash., DC		Chicago		Minneapolis

		SIZ		1				114		108		104		102

		DUCT		2				0		0		0		0

		AF		3				111		113		112		110

		UC		4				120		121		119		117

		OV		5				111		116		115		113

		NC		6				102		101		101		101

		VOL		7				101		102		102		102

		TXV		8				109		105		103		102

















Houston	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	115	118	112	121	110	102	102	114	Las Vegas	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	113	117	113	122	110	102	101	110	Wash. DC	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	105	124	114	123	114	102	102	107	Chicago	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	101	126	113	120	113	101	102	105	Minneapolis	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	99	126	111	117	112	101	101	103	

Relative energy use (%)



Houston	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	115	118	112	121	110	102	102	114	Las Vegas	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	113	117	113	122	110	102	101	110	Wash. DC	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	105	124	114	123	114	102	102	107	Chicago	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	101	126	113	120	113	101	102	105	Minneapolis	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	99	126	111	117	112	101	101	103	

Relative energy use (%)



Las Vegas	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	114	0	111	120	111	102	101	109	Wash., DC	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	108	0	113	121	116	101	102	105	Chicago	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	104	0	112	119	115	101	102	103	Minneapolis	SIZ	DUCT	AF	UC	OV	NC	VOL	TXV	102	0	110	117	113	101	102	102	

Relative energy use (%)
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$743

100%

Oversized 25 %

1,443

    

 

25.8

    

 

1,687

    

 

605

        

 

1.0

         

 

2,292.1

  

 

4.3

0.780

17,709

 

 

8,481

  

 

7,330

  

 

34,252

   

 

$809

109%

Oversized 50 %

1,320

    

 

25.3

    

 

1,492

    

 

505

        

 

0.3

         

 

1,996.8

  

 

4.1

0.774

18,713

 

 

8,470

  

 

8,147

  

 

36,062

   

 

$851

115%

Oversized 75 %

1,244

    

 

25.2

    

 

1,343

    

 

433

        

 

0.2

         

 

1,775.8

  

 

4.0

0.769

19,587

 

 

8,482

  

 

8,832

  

 

37,634

   

 

$889

120%

Oversized 100 %

1,205

    

 

25.1

    

 

1,224

    

 

379

        

 

0.2

         

 

1,602.7

  

 

3.9

0.766

20,351

 

 

8,483

  

 

9,513

  

 

39,078

   

 

$923

124%


