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ABSTRACT
  

This paper describes, and presents an experimental evaluation of the Solar Load Controller (SLC). The SLC is an energy end-use control device designed to increase the effective capacity, hence the value, of grid-connected PV applications. 
 

1.THE SOLAR LOAD CONTROLLER 

  

The authors and others have documented the natural coincidence between PV output and the regional or localized peak loads that are primarily driven by commercial air-conditioning [1]. They have shown that PV power plants may claim an effective capacity -- hence a value -- that is substantially higher than their capacity factor (reaching 60% regionally and 50% locally for fixed PV arrays). This observation has been fully supported by recent blackout and brownout case studies [2,3] 

However, there remains some uncertainty in this statistical measure of effective capacity, particularly at the local level --e.g., an afternoon thunderstorm may cut the solar resource before the localized load has time to react, thereby compromising local PV peak shaving. This may have negative financial consequences when localized peak shaving is valued in terms of billed demand reduction. The authors have documented the magnitude of this potential shortcoming by using an alternative measure of effective capacity: the Minimum Buffer Energy Storage (MBES). The MBES is the minimum amount of energy reserve needed to guarantee that a PV installation can meet all loads above a given threshold.A comprehensive analysis of utility and customer load data showed that an MBES of the order of 1 to 2 system-hours -- less in many cases -- could guarantee a firm 100% PV peak shaving capability [4]. 

A cheaper and easier alternative to the minimum storage approach is the SLC. This works as an "inverse" storage, by shedding load instead of supplying reserve energy at times when PV cannot meet its full peak shaving target (see Fig. 1). The SLC accomplishes load shedding by acting on end-use settings (e.g., temperature, humidity, lighting) of building energy systems, or on their scheduling.Extrapolating from the MBES analysis [4], the amount of load shedding necessary to guarantee firm PV capacity does not need to be large, hence should have little noticeable impact on a building's occupants 

The SLC, as a device, could take many shapes or forms, and, because action is on end-use settings, it could be easily deployed or retrofitted. The devices considered in this paper are "PV-smart thermostats" that logically modify user-set temperatures as a function of load/insolation conditions. 

Early SLC applications will be designed to maximize user-sited PV demand reduction. In this case the SLC reacts to, and controls a local [building] load and reacts to the output of a local demand-side PV installation. In the future, pending proper financial arrangements with independent system operators, SLCs could be deployed to control local building loads in response to a wider effective capacity context (e.g., a substation or a regional load and a dispersed set of PV installations). 

  


                                              Fig. 1: Description of load control action 

2. DESCRIPTION OF THE SLC EXPERIMENTS
  


Two prototype SLCs were developed and experimentally operated. In the first experiment, an SLC was implemented as an added function of the BIPV-equipped CESTM building’s Energy Management System (EMS).In the second experiment, taking place at the University at Albany’s East Campus, an SLC was used as a driver for an air conditioning (A/C) window unit.

  


2.1 CESTM Building Experiments
The University at Albany’s CESTM building features a 13 KW-ptc BIPV array and an EMS-driven HVAC installation. 

The PV and load signals used for this experiment were actual building load and PV output (Fig. 2). Acting through the building’s EMS, the SLC could override the thermostats controlling about half of the building, modifying user set points as needed – the other half of the building, housing research labs and operational offices of the National Weather Service remained off limits to the experiment. 
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              Fig. 2: SLC Experiment at the CESTM building 
  

Two controlled experiments were conducted every other day at CESTM during the summer 1999 cooling season:

a.The first experiment was designed to quantify the impact of end-use thermostat adjustments on the building’s load.Every other day, the temperature of each controlled thermostat was raised by 1.7oC (3oF) from 12-noon to 1PM.

This experiment proved to be insightful in understanding the peculiarities of the CESTM building’s EMS and HVAC systems and the implications for load control. It became evident that the EMS had been designed to provide immediate response to any user climate control needs; any rise in a room thermostat setpoint was met by immediate addition of heat, even during very hot outdoor conditions. Hence, the SLC function had to be modified to instruct the EMS to disable reheat during SLC action. Another problem linked to the CESTM’s HVAC system also became apparent from the experiment’s results: that of inertia between a thermostat temperature change request and the resulting impact on load due to the physical buffering of the cooling units’ water discharge temperature. Here again, the SLC function was modified so as to instruct the EMS to adjust water discharge temperature commensurately with requested thermostatic temperature modifications. 

b.The second CESTM experiment had been initially designed to test the SLC operationally, i.e., taking effectual action based upon load/PV situations. However, because we could only access and modify the SLC code residing on the EMS through a licensed technician from the company servicing the EMS, we did not have the flexibility to readily install and test all the code modifications – albeit straightforward -- to account for the room reheat and water temperature discharge effects mentioned above. For the first experiment, these contingencies were easy to resolve manually because of the fixed nature of the temperature changes. Hence, this second experiment turned out to be a functional test of the SLC: end-use action responding to load and PV conditions, but with a load impact mitigated by unchecked building reheat and discharge temperature buffer effects. Fortunately, the East Campus experiment described below did provide us with a full operational assessment of the SLC. 

2.2East Campus Experiment 

An unoccupied room at the University at Albany’s East Campus was used for the experiment. The room, located on the top floor of the old Sterling Research Laboratory, faces west-southwest, and is cooled by a ~ 1500 W window A/C unit. The experimental setup is shown in figure 3. A Campbell 21X data logger embodied both data acquisition and SLC functions, acting as a smart thermostat driving the A/C window unit. The PV and load signals driving the SLC were real-time proxies: the local load signal driving the SLC was set directly proportional to the monitored outdoor temperature; the real time PV output was simulated from a southwest facing pyranometer installed on the building’s roof. The size of the PV system was set at 10% of the considered peak load. 
  

[image: image2.jpg]East Campus Experiment Perez et al., ASRC

AT

Indoor Temp




                   Fig. 3:  SLC Experiment at the U. Albany East Campus 
  

The objective of the experiment was to demonstrate the operational impact of the SLC on the load it controls. The experiment was run every other day in July and August 1999, using the remaining days as a reference.

3. RESULTS
3.1 CESTM Building Experiment 1
Figure 4 displays a cooling season’s summary of the impact of the 1.7oC one-hour pulse on the building’s load and on indoor temperature. This impact was achieved after having corrected initial room reheat and water discharge temperature buffer effects.

The 1.7oC SLC action results in an effective load reduction of about 20 kW. Since only half of the CESTM building was controlled, the total impact of the SLC on the 700 kW peaking facility can be estimated at ~ 25 kW per oC. This number is consistent with, but remarkably a little higher than the CESTM’s load vs. ambient temperature signature of ~ 17 kW per oC. 
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Fig. 4:     Average impact of a 1.7oC thermostat temperature increase pulse 
                on the CESTM building load and on indoor temperature 

It is important to also remark that the 1.7oC pulse only results in a modest indoor temperature rise averaging less than 0.5oC throughout the experiment. Based on informal interviews with building occupants, this level of temperature fluctuation went largely unnoticed. 

Apparent on Figure 4 is a small remaining hysteresis between the beginning of the pulse and the full impact on the load. This issue will have to be addressed as further development of the SLC takes places. Two possible approaches are: (1) a “micro”-storage release at the beginning of any SLC action and (2) a magnification of the required temperature offset at the beginning of any SLC action. 

3.2 CESTM Building Experiment 2 

In this functional test, the SLC control was implemented so as to simulate realistic conditions with an objective of ensuring billed demand reduction. The threshold of SLC action (i.e., peak load minus PV system rating) was adjusted dynamically from an initial billing-cycle estimate, in response to the actual loads. 

Figure 5 shows a summary of SLC action during the July billing cycle. This billing cycle was characterized by three heat waves. Using the above 25 kW/oC figure, a total SLC action of 2.4 oC-hours would have been sufficient to make up for all the critical deficit of the 13-kW CESTM PV array. This level of end-use impact was too small to be noticed by the occupants of the building. 
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Fig. 5:         SLC action requirements during the July billing cycle at CESTM. 
                    Note that the SLC action threshold rises as the SLC 
                    “learns” from an initial peak load estimate 
  

3.3 East Campus Experiment 

The SLC was operated from July 1 through August 18. This time period was marked by three major heat waves corresponding to critical peak load events. We provide results of SLC operation during each of these heat waves in Figures 6. 

Figure 6-A illustrates the first heat wave. The top plot shows the load of the A/C appliance driven by the SLC, the thin dark line represents the actual power on-off cycling of the unit; the thick bright line is a running mean average of the former. The second plot shows the load (derived from its outdoor temperature proxy). This oscillates daily, increasing each day until a thunderstorms puts an end to the heat wave. The third diagram shows the output of the PV system, with typical summer thin cloud effects, particularly on the last (hottest) day. The bottom diagram shows the cycling of the indoor temperatureof +/- 0.6oC around its set point (dark line) and the SLC-driven set point offset (bright line). 

As the experiment was run every other day, no SLC action took place on the heat wave’s second day. The contrast between the controlled and uncontrolled days is strong. The small SLC action has a large impact on the A/C peak power and energy consumption, with a very reasonable impact on the indoor temperature. The last day is particularly interesting with a smaller A/C peak but hotter conditions outside. 

Figure 6-B illustrates the performance of the SLC during the second heat wave. The SLC was operating on July 16th and off on July 17th. The two days are quite comparable in terms of outdoor temperature and solar gain. Here again, the difference between the SLC-on and SLC-off days is evident, with only a minor indoor temperature impact. 

Figure 6-C illustrates the July 30th-31st heat wave, with SLC action on the first day. This shows that action was needed early in the day, as well as late in the afternoon on July 30th, to make up for PV output deficit, given the load requirements. The timely response of SLC action on the load is clearly apparent on that day. Also note that the peak A/C consumption was lower on the July 30th than on the 31st, despite higher outdoor temperatures and a much higher solar gain on the first day. 

The bottom line for the three heat waves amounts to a SLC peak load reduction of 80 W per oC of maximum SLC action; this corresponds to user discomfort of a little more than 1 oC-hour per month. The experimental results presented above were based on a maximum SLC offset of 4.5oC (2.2oC for the first heat wave), that is, a guaranteed peak load reduction of 320 W per A/C unit with total user discomfort of 4.5oC-hours for the entire month. 

Noteworthy is the absence of any accelerated A/C cycling during periods of intense SLC control action. 
  

[image: image5.jpg]July 4 July 5 July 6
SLCON SLC OFF SLCON

——— AC Power —— AC Power (running average)

‘u‘l‘l‘llllhmI|||||||I||”III|I| |I||I|I || ’" Im‘-.|”|||HIII”I|IHIII H| ”““I“Il II\I’!Iu

AT e Ml

MMMMMMMAMM\ 2 MMMMMMM ’r

Indoor Temperature = SLC Action (thermostat setting)





[image: image6.jpg]July 16 July 17
SLCON SLC OFF

—— AC Power = AC Power (running average)

-
LOAD \\

PV n

T W R ) AN AL AAANAAAAL
v v TUVUTV Yava Iy Vo vi T

~ Indoor Temperature = SLC Action (thermostat setting)





[image: image7.jpg]July 30 July 31
SLCON SLC OFF

—— AC Power = AC Power (running average)

LT BB

MWMWWMMA AAA A A_A AL A AAAALA A

— Indoor Temperature = SLC Action (thermostat setting)





                Fig. 6: Experimental results for the East Campus experiment 
  

4. DISCUSSION 

We have presented evidence that load control through end-use setting adjustments can enhance the natural correlation between a commercial building’s load and the output of a customer-sited PV system, to the point of achieving the equivalent of firm peaking PV capacity.This is accomplished with a very small end-user impact. 

The value that the SLC can bring to an application is not negligible. For an application in the greater New York area, the gain in capacity savings from the SLC is estimated at $50-60/kW per year. For an average 100 kW BIPV installation, the value of the SLC would thus be of $5,000-$6,000 per year, well above the cost of a smart HVAC controller (see also the US map of estimated SLC value in [5]). 

The potential for SLC applications is large. To illustrate this potential, consider the case of the New York City load where each oC of cooling requirement adds 350 MW [6]. Therefore an end-use load control based on a maximum SLC action of 3oC could “buy” firm capacity for 1,000 MW of PV with minimal end-use discomfort. 

More operational testing of the SLC will be needed. The objectives of upcoming SLC beta-testing experiments will be: (1) to demonstrate unattended SLC operation with documented peak load reduction and (2) to develop a readily deployable device. Many existing low-to-medium range HVAC controllers could incorporate the SLC action at little extra cost. 
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