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Chapter  6
Low lift cooling experimental assessment
The primary objective of this thesis is to develop and experimentally test the performance of predictive pre-cooling control for low-lift radiant cooling systems with passive TES.  To achieve this, a radiant concrete floor cooling system served by an air-cooled chiller was installed in the test chamber described in Chapter 4.   This Chapter will explain the design and installation of this radiant cooling system, the instrumentation for measuring system performance, the controls implemented for both local control and supervisory predictive pre-cooling control, and the installation of a split-system air conditioner used as a baseline.  Two sets of experiments were conducted to assess and compare the performance of these two systems under the same outdoor (climate chamber) air temperatures and internal thermal loads.
6.1 
Description of experimental systems
In order to test the performance of a low-lift cooling system (LLCS), an almost full-scale demonstration of a single-zone room served by an LLCS was constructed and the methods described in Chapters 2 through 5 were implemented on its systems. The experimental apparatus and test room allow for testing of an LLCS subject to different climates and under different loads.  The system also enables comparison of LLCS energy consumption and thermal performance to a conventional, variable speed high-efficiency split-system air conditioner.  The following sections will describe the cooling systems, the systems used to experimentally simulate climate and internal thermal loads, and the instrumentation installed for performance measurement and control.
6.1.1
Low-lift cooling system
The primary mechanical system for the demonstration LLCS is a variable capacity chiller serving a concrete radiant floor.  A Mitsubishi MUZ-A09NA-1 air conditioner/heat pump outdoor unit of the same model characterized in Chapter 3 was used to create the variable capacity chiller.  The outdoor unit contains the compressor, condenser, condenser fan, expansion valve and electronics for the system.  To chill water instead of cooling air, a separate refrigerant loop was created through a brazed plate heat exchanger (BPHX) between the stop valve exiting the expansion valve and the stop valve entering the compressor on the outdoor unit.  The BPHX acts as a counter flow heat exchanger between the refrigerant loop and a water loop which serves the radiant floor.  A schematic of the variable capacity chiller is shown in Figure 1 and the water loop serving the concrete radiant floor is shown in Figure 2.  Detailed information about the make and model of the equipment are shown in Appendix XXXXX.
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Control over the compressor speed, condenser fan speed, and electronic expansion valve position was achieved through a manufacturer’s interface to the Mitsubishi electronic control board.  Serial commands from a desktop computer to this interface could adjust the compressor speed from 19 to 115 Hz, the condenser fan speed from 300 to 1200 RPM, and the expansion valve position from fully closed to fully open.  The compressor speed and fan speed commands adjust the output from two separate inverters.  The expansion valve commands control a stepper motor which moves the electronic expansion valve.  
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Control over the expansion valve was customized for operation of the system as a chiller.  A temperature difference provided by temperature sensors on the refrigerant inlet and outlet ports of the BPHX provided a measure of the refrigerant superheat across the BPHX evaporator.  Constant superheat control could be implemented using this temperature difference as a function of compressor speed, as shown in Figure 3.  The superheat-compressor speed relationship was determined by observing the minimally stable superheat over a range of compressor speeds.  The compressor speed was limited to less than 50 Hz under LLCS operation because higher speeds caused the BPHX temperatures to approach freezing rapidly.  This limitation did not constrain chiller operation under LLCS because the predictive control algorithm called for speeds below 50 Hz all of the time for the loads and climates tested, which will be described later.  A proportional-integral-derivative (PID) control law was implemented for the electronic expansion valve to maintain constant superheat at a given compressor speed.
The radiant floor water loops, shown in Figure 2, lie embedded in Warmboard radiant subflooring underneath three layers of concrete pavers, as described in Chapter 4.  There are six parallel water loops each made of one half inch polyethylene (PEX) pipe.  These six parallel loops were designed to minimize the pressure drop through the radiant floor and reduce pumping power.  The pipes are spaced 12 inches apart center to center, with the aluminum surface of the Warmboard enhancing heat transfer between the pipe and bottom layer of the concrete layers.  In a typical installation, the concrete pipes would be more closely spaced (4” or 6” pitch) and embedded directly in poured concrete.  However, pouring concrete was impractical in the lab setting in which the demonstration was built.  Embedding pipe in Warmboard with an aluminum surface to enhance heat transfer to the concrete layer was a necessary compromise to mimic a poured concrete-core radiant floor.

The chilled water pump serving the radiant floor loops was operated at a constant speed of 2.1 gallons per minute (GPM).  Ideally, an LLCS would include a variable speed chilled water pump which can be optimized to provide the highest COP under a given set of conditions.  In this case, because the chiller performance was measured as a function of compressor speed, condenser fan speed, outdoor temperature and evaporating temperature it was necessary to provide a simple relationship between water loop operation and the chiller evaporating temperature.  The simplest method to achieve this was to operate the chilled water pump at a constant speed.  The superheat set point as a function of compressor speed could be determined for fixed chilled water pump speed, and correspondingly the evaporating temperature Te could be related directly to a return water temperature RWT.  Note that the specific pump power even at full speed is quite low at 19 W or 19/2.1 = 9 W/gpm because 1) the pressure drop is very low and 2) the pump, despite its small size, is a very efficient one.
Future research could test variable speed chilled water pumping by mapping the performance of the chiller, in terms of power, cooling capacity, and COP, as a function of chilled water pump speed in addition to compressor speed, condenser fan speed, outdoor air temperature, and evaporating temperature.  More precisely the evaporating temperature could be replaced by two variables, chilled water pump speed/flowrate and return water temperature, both of which will affect evaporating temperature and subsequent chiller performance.  This directly parallels (the parallel would be more complete if you could show fin root temperature) the condenser side where outdoor air temperature and condenser fan speed relate to refrigerant condensing temperature.  With this revised model of chiller performance the compressor speed, condenser fan speed, and chilled water pump speed can all be adjusted to optimize the performance of the chiller under 24-hour look ahead pre-cooling control [Armstrong].  
Alternatively, a relationship between the chilled water distribution system operation and control and the evaporating temperature could be determined separately for any system served by the chiller.  In that case, the chiller performance curves as a function of evaporating temperature could still be used with the predictive control algorithm, but a separate water distribution system model would be necessary to relate UST to the evaporating temperature of the chiller.
The chiller as constructed from the MUZ-A09NA-1 outdoor unit did not exhibit the exact same relationships between cooling rate Qc, power consumption P, and electric input ratio EIR (or 1/COP) as the MUZ-A09NA-1 and the four independent variables used to model the outdoor unit, outdoor air temperature, evaporating temperature, compressor speed and fan speed.  It was observed that the modifications to the evaporator-side caused degradation in system performance.  For a given set of conditions, the chiller was observed on average to achieve only 78 percent of the cooling rate predicted by the curve-fit model and measured previously while operated with an air-heated evaporator.  With this reduced capacity, the power consumption also dropped to an average 89 percent of the model-predicted power consumption, and correspondingly the EIR increased, leading to a COP that was only 82 percent of the original outdoor unit’s COP.  Data from which these observations were made are shown in Figure 4.  Some of the spread in the data is a result of measurements being taken under transient operation and the chiller not reaching steady state.  The cooling rate and power consumption predicted by the chiller model, equation (20), were scaled based on these results.
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Images of the chiller constructed from the modified Mitsubishi MUZ-A09NA-1 are shown in Figures 5

 REF _Ref266777864 \h 
, 6

 REF _Ref266777866 \h 
, and 7.  Figure 5 shows the condenser and condenser fan, housed in the original outdoor unit, along with the compressor and electronics which have been removed and heavily insulated at the bottom of the picture.  The refrigerant and chilled water piping prior to installation of insulation, including the branches which lead separately to the BPHX or to the air-side evaporator, are shown in Figure 6.  The BPHX is located on the far left of the image. The chilled water flow meter and pump can be seen near the center and bottom of the image.  Figure 7 shows the radiant floor system including the radiant floor manifold, the Warmboard subfloor, and the PEX pipe embedded in the Warmboard acting as the radiant floor chilled water loops.  (The six loops were carefully balanced for equal flow.) The air-side evaporator served under conventional split-system air conditioner operation, described in the next section, is also shown.
6.1.2
Conventional, split-system variable capacity air conditioner
A conventional split-system air conditioner was installed in the test chamber as a baseline comparison to the LLCS.  This system consisted of an off-the-shelf Mitsubishi MUZ-A09NA-1 outdoor unit and an MSZ-A09NA indoor unit, or air-side evaporator.  The system is a high efficiency split-system air conditioner (AC) with a seasonal energy efficiency ratio (SEER) of 16 BTU/hr/W [Mitsubishi 2006].  The same MUZ-A09NA-1 outdoor unit serves both the LLCS radiant concrete floor system and the conventional split system AC.  This ensures that the performance of the two systems can be directly compared, and the only differences are the air-side evaporator instead of a BPHX liquid evaporator and Mitsubishi’s variable capacity thermostatic control instead of the radiant system’s predictive pre-cooling control.  What about coordination of compressor and condenser fan speeds?  All other components and aspects of the two systems are identical, including the variable speed compressor, variable speed condenser fan, their inverters and the corresponding efficiencies.  Figure 8 shows the configuration of the split-system AC.   Under split-system AC operation, the valves in the refrigerant lines serving the BPHX are closed and the valves to the air-side evaporator are open.
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6.1.3
Thermal input systems: climate chamber control and internal loads
Two other important systems for the LLCS experimental assessment include an HVAC system serving the climate chamber, that is used to simulate outdoor temperature variations, and a system to simulate internal thermal loads.  These are described below.
The condenser for the MUZ-A09NA-1 used for both systems is located in the climate chamber.  Consequently, the condenser air inlet temperature, a variable in the system performance, is equal to the climate chamber air temperature, the equivalent of outdoor air temperature (OAT) in the system models.  To simulate the performance of these systems in different climates, the climate chamber air temperature was controlled by a stand-alone variable air volume (VAV) HVAC system.  A schematic of the VAV system from its Landis & Gyr control interface is shown in Appendix XXXX. 

This system controlled the return air temperature set point of air leaving the climate chamber.  To ensure the return air temperature closely approximated climate chamber air temperature, fans were run continuously inside the chamber to mix the air.  The return air temperature set point could be scheduled, through time-of-day schedules, to follow a desired hourly air temperature schedule.  The control program for the VAV system was re-tuned to provide fast response to changes in climate temperature set point and disturbances, such as the chiller turning on and off and rejecting heat from the condenser.  PID loops for the system cooling coil control valve, electric heating element, and supply air temperature set point were tuned to provide a stable response to disturbances within a few minutes.
Because it was impractical to perform year-long or even cooling season long tests of both systems, a choice of climate temperature control had to be made that would be representative of system performance over a period of time in a particular climate.  Typical meteorological year (TMY) weather files are the standard for assessing building energy performance in a given climate.  EnergyPlus weather (EPW) files are based on TMY data and supplemented with additional analysis.  EnergyPlus contains a weather data conversion tool that can generate hourly weather data for a typical week over a selected period of time.  This tool uses a heuristic, statistical method to compare the climate data statistics over the whole period to statistics of real, measured weeks within that period to identify a typical week [Crawley et al 1999].  
Pre-processed data for seasonal typical and extreme weeks are included within EPW weather files for a given location, including typical weeks for summer (June-August), fall (September-November), winter (December-February) and spring (March-May).  The EPW typical summer week for locations tested was chosen as a basis for comparison of the LLCS to the split-system AC.  The performance of the LLCS and split-system AC were tested for the typical summer week in two locations, Atlanta and Phoenix.  This required four week-long tests, with a few days of advanced operation to achieve steady-periodic thermal behavior, one for each combination of system and location.  The climate chamber air temperature set points were taken directly from the EPW files for Atlanta, Hartsfield-Jackson airport and Phoenix, Deer Valley airport.  These week-long zone air temperature set points are shown in Figure 9.  
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Figure 9 Typical summer week hourly outdoor air temperature schedule (OAT) for Atlanta and Phoenix 

For each of the two tests, programmed internal loads were placed inside the chamber to simulate sensible thermal loads from people, lights, and equipment.  These thermal loads were constructed from incandescent light bulbs, in some cases installed inside opaque plastic enclosures.   Two light bulbs were installed on the ceiling of the chamber to simulate lighting loads.  One 75 Watt light bulb was placed in each of two opaque plastic enclosures to simulate the sensible thermal loads from two occupants.  The bulbs were placed in the opaque plastic enclosure so that visible and near infrared light from the light bulb would be converted to infrared radiation and convective heat transfer from the surface of the enclosure.  
Light bulbs were placed in two additional plastic enclosures to simulate equipment loads.  These enclosures were left open at the top to approximate a higher mix of radiative load relative to convective loads for electrical equipment.
  
A ceiling fan was also installed in the chamber and measured as part of the internal loads.  This fan was installed to create air movement inside the chamber and simulate the action of mixing created by the DOAS, equipment fans, and people moving around.  It may be argued that this ceiling mixing fan should be considered as part of the LLCS because it causes air movement and improves the performance of the LLCS.  On the other hand, an LLCS with a DOAS or with cooling from above may not need this ceiling mixing fan.  With these considerations in mind, the energy performance of the LLCS has been presented, in a later section, with and without the inclusion of the mixing fan energy.
Table 6 Internal load distribution and density

	Load
	Standard (W)
	Standard (W/sqft)
	High 

(W)
	High  (W/sqft)

	2 People
	160
	0.8
	160
	0.8

	Lights
	220
	1.1
	120
	0.6

	Equipment
	300
	1.5
	120
	0.6
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Figure 10 Lighting, simulated equipment and occupant loads 
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Figure 11 Internal load schedule for standard efficiency and high efficiency loads

Two different types of internal load schedules were tested, standard efficiency loads and high-efficiency loads.  Light bulbs with different power consumption were installed in each of the three types of loads to create these two load schedules. Table 6 shows the break-down of internal loads by type - occupants, lighting and equipment - and the load densities.  The loads are programmed such that at 8:00 am one occupant load, the lighting load, and half the equipment loads turn on, at 9:00 am all the loads turn on, at 5:00 pm one occupant load and half the equipment loads turn off, and at 6:00 pm all the loads turn off until the next day.  Over weekends, the loads remain off.  This schedule is meant to simulate an office week occupancy schedule in which two employees share the office, one arrives at 8:00 am and departs at 5:00 pm, one arrives at 9:00 am and departs at 6:00 pm, and both stay home on the weekends.  The weekday load schedule is shown in Figure 11.

The standard efficiency internal load schedule was applied to the tests for Atlanta climate conditions. The high efficiency internal load schedule was applied to the tests of Phoenix climate conditions.  This choice was made based on the cooling capacity limitations of both the radiant floor and the split-system air conditioner.  For high efficiency loads under Atlanta conditions, the cooling capacity of the split-system air conditioner is far over-sized for the total thermal load.  For standard efficiency internal loads under Phoenix conditions the cooling capacity of the radiant floor – particularly the thermal storage capacity of the concrete slab – is undersized for the total thermal load.  Working within the constraints of the installed systems and their capacity constraints, comparative testing of both systems was performed subject to Atlanta climate conditions with standard efficiency internal loads and separately under Phoenix climate conditions with high efficiency internal loads.

There are two other important thermal inputs to the experimental system.  First, the air temperature in the adjacent zone, referred to as AAT in Chapter 4 and 5, also effects the zone thermal dynamics.  The AAT was maintained around a constant 23 Celsius during the duration of the tests.  This was done to ensure that the dominant heat transfer occurred between the test chamber zone and the climate chamber zone.  The heavily insulated surfaces separating the adjacent zone from the test chamber zone and the very low temperature differences between the zones limited the impact of the adjacent zone on the testing.

The second important thermal consideration is the relative humidity inside the test chamber.  The radiant floor cooling system is intended only to perform sensible cooling within the context of LLCS.  A separate DOAS, as described in Chapter 2, is necessary to perform latent cooling.  Consequently, the experiments required that the relative humidity inside the chamber be kept as low as possible, with the dewpoint temperature well-below any surface temperature, to prevent latent cooling from occurring.  The air inside the climate chamber and the air in the adjacent were continuously dehumidified to prevent moisture from entering the test chamber.  No sources of moisture were present inside the chamber.  This limited the amount of latent cooling that occurred.  However, it was clear that both systems performed some latent cooling during testing.  For the split system AC, the condensate was collected and measured.  After testing, the average measured COP of the unit from the test and the heat of vaporization of water was used to convert the mass of condensate water collected to estimate the additional chiller input energy consumption.  Energy comparisons of the LLCS and split system AC will compare the two systems without this latent energy consumption removed from the split system AC power consumption and with this latent energy consumption removed.  Because the LLCS mostly likely performed some uncontrolled latent cooling as well, though immeasurable, it is not clear whether it is more fair for comparison to deduct the split system AC latent cooling energy consumption or not.  Both approaches will be presented. 
6.1.4
Performance measurement and instrumentation
Extensive monitoring equipment was installed on the experimental systems to measure thermal comfort and energy performance.  The primary goal of these measurements was to compare the energy consumption and efficiency of the LLCS to the split-system air conditioner under the same set of thermal inputs.  A secondary goal was to generate further data for improved physical modeling of the thermal behavior of chillers and chiller components under low-lift conditions.  The instrumentation for measurements on the systems is shown on the next page in Figure 13 and described in Table 7.
The key measurements for comparing the performance of the systems include their total power consumption, the cooling rate, the test chamber operative temperature (OPT), the climate chamber outdoor air temperature (OAT), and the internal load heat rate.  The power consumption of the radiant cooling system was measured through “Wattnode” power meters on the outdoor unit, which includes power consumption of the compressor, condenser fan, and any electronics, and separately on the chilled water pump.  Under split-system operation, the Wattnode on the outdoor unit also measured the power consumption of the evaporator fan on the indoor unit.  
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Cooling rate was measured through a Coriolis mass flowmeter installed on the condenser liquid line along with temperature and pressure measurements in the liquid and suctions lines enthalpy change could be calculated for whichever evaporator was in operation.  On the radiant system, cooling rate was also determined through a water flow rate measurement and chilled water supply and return measurements.  A comparison of these two measurements for the chiller is shown in Figure 12.
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Table 7 Low lift chiller system sensor labels

	Label
	Sensor description

	Ts
	Suction refrigerant temperature

	Td
	Discharge refrigerant temperature

	Tcnd
	Refrigerant condensing temperature

	Tcnd,liq
	Condenser outlet liquid refrigerant temperature

	Txvi
	Expansion valve inlet refrigerant temperature

	Txvo
	Expansion valve outlet refrigerant temperature

	Thxi
	Brazed plate heat exchanger inlet refrigerant temperature

	Thxo
	Brazed plate heat exchanger outlet refrigerant temperature

	Tcnd,air,in
	Condenser inlet air temperature

	Tevp
	Refrigerant evaporating temperature (not shown, installed on indoor unit of split-system)

	∆Tcnd,air
	Condenser air temperature difference

	Ps
	Suction refrigerant pressure

	Pd
	Discharge refrigerant pressure

	Pxvi
	Expansion valve inlet refrigerant pressure

	Pxvo
	Expansion valve outlet refrigerant pressure
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	Refrigerant mass flowrate

	Wunit
	Total power to the outdoor unit, including inverters, condenser fan and compressor

	W3∅,cmp
	Three phase power from the inverter to the compressor

	RWT
	Chilled water return temperature

	SWT
	Chilled water supply temperature

	(
	Chilled water volumetric flowrate

	WQI
	Total power to the internal loads

	Wp
	Total power to the chilled water pump


The zone operative temperature (OPT) and outdoor air temperature (OAT) measurements were made using the same surface and air temperature measurements described in Chapter 4.   For a real installation, a globe temperature measurement may be substituted for the multiple air and surface temperature measurements.  However, for purposes of accurate and fair comparison of thermal performance extensive monitoring of air and surface temperatures were performed for this research.  A separate Wattnode power meter was used to measure the power consumption and thus heat dissipated by the simulated loads from people, lights and equipment.

The refrigerant temperature at the inlet (~SST) and outlet of the BPHX was measured from which the refrigerant superheat could be calculated for controlling the electronic expansion valve.  Four pairs of pressure and temperatures at each of the key vapor compression cycle points were measured, at suction port, discharge port, expansion valve inlet, and expansion valve outlet. Additional measurements included the refrigerant condensing and evaporating temperatures at the midpoints of the corresponding heat exchangers, compressor three phase power consumption, condenser air temperature, condenser air temperature difference, and evaporator inlet air temperature and humidity.  The compressor speed, condenser fan speed, and expansion valve positions were set, and thus known, through the control system.
6.2 
Experimental procedure
The following process was performed to generate performance data for the LLCS and the split-system AC from which to compare energy consumption and thermal performance:
1.  
The outdoor climate chamber was continuously controlled to achieve an hourly air temperature schedule defined by a typical summer week for a selected climate as shown in Figure 9.

2.
The internal loads were programmed to follow one of the daily load profiles shown in Figure 11 during weekdays. The internal loads remained off during the weekends.

3.
The LLCS radiant concrete floor cooling system was operated for one week including one weekend after a three day initialization period. It was programmed to maintain operative temperature between 67 and 77 Fahrenheit, based on ASHRAE 55 2004, during an occupied period from 8:00 am to 6:00 pm.   This required the following steps:
a.
A Matlab script implementing the predictive pre-cooling optimization algorithms shown in Figures 42 and 43 was set to run.  
b.
At every hour, the script predicted the optimal compressor speed and condenser fan speed schedules for the next 24 hours and set the compressor speed and condenser fan speed to the optimal set point for the first hour.  

c.
The chilled water pump operated at a constant speed any time the compressor and condenser fan were running, otherwise it was shut off.

d.
The predictive pre-cooling control of the LLCS radiant concrete floor cooling system was run for at least three days prior to gathering test data for comparison.  This allowed the system to achieve a steady-periodic operating condition.

e.
LLCS test data was gathered for one week.  Data was recorded at one minute intervals for all of the sensors described in Chapters 4 and 6.  The week spanned a complete weekend so that the test included the energy required to cool down the passive TES after a weekend of floating up to a higher temperature. 
4.
After completion of the LLCS test, the test chamber was allowed to achieve thermal equilibrium prior to conducting split-system AC tests.  Particularly, concrete temperatures were allowed to return to equilibrium with the zone air temperatures.
5.
The refrigerant charge was balanced by (describe process) 
6.The split-system air conditioner was operated for one week after an initialization period to achieve steady-periodic thermal behavior.  The system was controlled to meet an average air temperature equal to the average operative temperature achieved by the LLCS for each corresponding day of operation.  The off-the-shelf system could not be controlled to achieve operative temperature.  However, the operative temperatures were compared after testing to ensure that a consistent level of comfort was achieved in both cases.
This procedure was followed for two sets of climates with two internal load schedules.  First, both systems were tested under Atlanta typical summer week climate conditions with standard efficiency internal loads.  Next, the systems were tested under Phoenix typical summer week conditions with high efficiency internal loads. These two tests were chosen to sample the range of conditions under which LLCS may be applied and to provide appropriate thermal loads relative to the capacity of the systems.  More testing will be performed with the chamber in future research.
6.3 
Energy and thermal performance assessment
This section will compare the sensible cooling energy and thermal comfort performance of the low lift radiant concrete floor cooling system (LLCS) with predictive pre-cooling control to a split-system air conditioner (AC) subjected to the experimental tests described in section 6.1 and 6.2.  As explained in Chapter 2, simulations suggest that total cooling energy savings of LLCS relative to DOE benchmark building systems average, typically, around 60 percent of the total cooling energy consumption for medium office buildings.  The tests conducted for this research only investigate the sensible cooling energy savings provided by predictive control of the chiller pre-cooling building integrated passive TES – a concrete radiant floor.  The savings due to de-coupling of latent and sensible loads and more efficient dehumidification have not been investigated.  In addition, the base-line system is a variable capacity split system AC which includes a variable speed condenser fan and a variable speed compressor.   This base line system is most similar to case 2 shown in Figure 3, a VAV system with a variable speed chiller.  However the split system specific fan power is much less than that of the case-2 VAV system. (Quantify?)
6.3.1
Results for Atlanta climate and standard efficiency internal loads
Figures 14 and 15 show the results of testing the LLCS and the split system AC under Atlanta typical summer week climate conditions subject to standard efficiency internal loads.  The figures show the thermal dynamics, including outdoor air temperature (OAT), adjacent zone air temperature (AAT), operative temperature (OPT), under-slab temperature (UST) and return water temperature (RWT).  Also shown are the internal load heat rate, system cooling rate, and system power.
In Figure 14, it may be observed that the LLCS runs for more hours but at lower power consumption, and in advance of the occupied period, than the split-system AC, as shown in Figure 15.  This is a key characteristic of low lift cooling.  The cooling load is spread out over time and cooling is delivered to TES in advance, allowing the chiller to run at lower speeds and over night when lower condensing temperatures are possible.  
I am interested in seeing OPT and UST weekly plots for LLCS and SSAC superimposed.  I’m curious, among other things, about the weekend OPTs. Let’s also discuss correcting for the LLCS floor loss which penalizes the LLCS, at least for multistory applications. (You can do a moving average of OPT in SSAC mode)



A comparison of the energy performance of the LLCS system to the split system AC is shown in Table 8.  Two baseline cases are considered, one which includes the total energy consumption of the split system AC, and one for which the latent cooling energy associated with the measured condensate water has been deducted from the measured consumption.  These are compared to four different cases of the LLCS energy consumption.  The first case is the actual measured LLCS energy consumption while the second adds the power consumption of the ceiling fan, treating it as a part of the cooling system.  The third and fourth cases are the same as the first and second, except that the power consumption of the chiller has been scaled by 0.82 to account for the loss in COP caused by modifying the chiller.
Table 8 LLCS energy savings as a percentage of split system air conditioner (AC) power consumption

	
	
	LLCS power consumption (Wh)

	Split system AC power         consumption (Wh)
	Measured
	Including mixing fan energy
	Including COP factor
	Including COP factor and mixing fan energy

	
	10,982
	12,282
	9,171
	10,471

	Measured
	14,645
	25%
	16%
	37%
	29%

	Deducting latent cooling 
	14,053
	22%
	13%
	35%
	25%


The results in Table 8 show that LLCS sensible cooling energy savings are indeed significant.  The actual measured energy consumption of the LLCS for a typical Atlanta week subject to standard efficiency internal loads was 10,982 Wh.  The split system AC consumed 14,645 Wh for the same set of conditions.   This is an energy savings of 25 percent.  Corrections to these measurements to account for latent cooling performed only by the split system AC, for the energy of a ceiling fan used to mix zone air, and for the degradation in COP by modifying the system with a BPHX show that savings may be 10 percent higher or lower than measured in the experiment.  

It may be argued that the inclusion of the ceiling fan energy and the deduction of latent cooling energy from only the split system unfairly penalize the LLCS.   For a properly designed system with a DOAS or a system with radiant cooling from the ceiling, the mixing fan is not needed.  Regarding latent cooling, the LLCS may have performed latent cooling also though it could not be measured.  Comparing the LLCS to split system AC energy consumption where latent cooling energy has been deducted from only the split system AC may result in a bias favoring the SSAC.
Figure 16 shows the operative temperatures (OPT) for each day of the week under the split system AC and the LLCS operation.  The LLCS OPT rises dramatically over the course of a typical day.  In the Tuesday data it rose from 19 Celsius at 8:00 am to 25 Celsius at 5:00 pm.  This is below the limits for temperature variation over time in [ASHRAE 55 2004], which allows a rise of 3.3 Celsius over four hours. However, some may argue that a six degree rise over the day is still too much, and that a three to four degree rise is the limit of acceptability basic on HVAC designers’ experience [Koschenz and Dorer 1999].   The vertical air temperature difference within the zone was less than one degree Celsius in both cases, in large part due to the presence of the ceiling mixing fan.

The mean temperatures over the course of the full day are also shown in Figure 16 and are comparable for the LLCS and the split system AC over all of the days.  Limitations on control over the split system AC made it impossible to exactly match the operative temperatures achieved by the LLCS and the split system AC.  The split system AC is controlled by zone air temperature alone.  An estimate of the average mean radiant temperature over a day had to be made from which a zone air set point could be chosen that would yield an operative temperature under split system AC operation comparable to the LLCS over each day.  
The end result of the Atlanta tests are that the LLCS shows significant energy savings, around 25 percent, relative to the split system AC while still achieving comfortable operative temperatures between 19.4 and 25 Celsius over the day.  The drift in operative temperature over a day is significant for the LLCS, and exacerbated by high internal loads, but is acceptable for the standard efficiency internal loads tested.
6.3.2
Results for Phoenix climate and high efficiency internal loads
The second comparison of the LLCS and split system AC performance was conducted for the Phoenix typical summer week with high efficiency internal loads.  The results from these tests are shown in XXXXX (insert phoenix figures comparable to Atlanta figures and table).  

Explanation and analysis of Phoenix energy and thermal comfort performance results




































































































































































































































































































































































































Figure � SEQ Figure \* ARABIC �8� Split-system variable capacity air conditioner that uses same outdoor unit as the LLCS.
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Figure � SEQ Figure \* ARABIC �3� Superheat control set point vs compressor speed
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Figure � SEQ Figure \* ARABIC �1� Low-lift cooling system: variable capacity chiller
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Figure � SEQ Figure \* ARABIC �2� Low-lift cooling system: radiant floor water loop (Show mass flowmeter, column & rcvr? exact inside floor area?) dimensions?)
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Figure � SEQ Figure \* ARABIC �5� Condenser, condenser fan and compressor (IPM is normally cooled by condenser fan)





Figure � SEQ Figure \* ARABIC �6� Two refrigerant loop branches serving the air -side indoor unit and the BPHX.  The plant-side chilled water loop is also shown





Figure � SEQ Figure \* ARABIC �7� Chilled water loop distribution, including radiant floor manifold, PEX pipe loops, Warmboard sub-floor.  The air-side indoor unit evaporator is also shown. WHERE IS THE DESTRAT FAN?
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Figure � SEQ Figure \* ARABIC �12� Comparison of refrigerant side and chilled water side cooling rate measurement CHANGE RMSE to CV-RMSE














Figure � SEQ Figure \* ARABIC �4� Offset in chiller capacity (top), power consumption (middle) and COP (bottom) for the modified chiller
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Figure � SEQ Figure \* ARABIC �13� Low lift chiller system performance measurement instrumentation



































Figure � SEQ Figure \* ARABIC �16� Comparing zone operative temperatures (OPT) for the LLCS and split system AC operation





Figure � SEQ Figure \* ARABIC �15� Results for the split system AC under Atlanta climate and standard loads.  Fr the duration of the test, the top graph shows the outdoor air temperature (OAT), adjacent zone air temperature (AAT), zone operative temperature (OPT), under-slab temperature (UST) and return water temperature (RWT); the middle graph shows the internal load heat rate and the cooling rate; and the bottom graph shows the LLCS power consumption at each hour.





Figure � SEQ Figure \* ARABIC �14� Results for the LLCS under Atlanta climate and standard loads.  For the duration of the test, the top graph shows the outdoor air temperature (OAT), adjacent zone air temperature (AAT), zone operative temperature (OPT), under-slab temperature (UST) and return water temperature (RWT); the middle graph shows the internal load heat rate and the cooling rate; and the bottom graph shows the LLCS power consumption at each hour.








�at 30-40C almost all non-metalic surfaces have high emissivity ~0.95


�Let's discuss this


�one could argue that with this choice of internal loads the Phoenix and Atlanta tests end up testing essentially the same weekly load profile and the only difference is OAT





25

_1340279982.unknown

