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Summary 

Faced with the prospect of increasing utilization of the transmission and distribution 
infiastruchue without significant upgrade, the domestic electric power utility industry is investing 
heavily in technologies to improve network dynamic performance through a program loosely 
referred to as Flexible AC Transmission System (FACTS). Devices exploiting recent advances in 
power electronics are being installed in the power system to offset the need to construct new 
transmission lines. These devices collectively represent investment potential of several billion 
dollars over the next decade. 

A similar development, designed to curtail the peak loads and thus defer new transmission, 
distribution, and generation investment, f d s  under a category of technologies referred to as 
demand side management (DSM). A subset of broader conservation measures, DSM acts directly 
on the load to reduce peak consumption. DSM techniques include direct load control, in which a 
utility has the ability to curtail specific loads as conditions warrant. This is a rapidly emerging 
new area, representing substantial investment by the utility industry. 

A novel approach has been conceived by Pacific Northwest National Laboratory (I?=) 
to combine the objectives of FACTS and the technologies inherent in DSM to provide a 
distributed power system dynamic controller. This technology has the potential to dramatically 
offset major investments in FACTS devices by using direct load control to achieve dynamic 
stability objectives. 

The deployment of distributed load control devices, such as smart controls for end-use 
equipment, could enhance the dynamic stabfity of the western U.S. power grid. The potential 
value of distributed versus centralized grid modulation has been examined by simulating the 
western power grid under extreme loading conditions. In these simulations, a scenario is analyzed 
in which active grid stabilization enables power imports into the southern California region to be 
increased several hundred megawatts beyond present limitations. Modeling results show 
distributed load control is up to 30 percent more effective than traditional centralized control 
schemes in achieving grid stability. 
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Introduction 

Most electric power utilities are capacity constrained. While they have plenty of energy to 
sell (liited primarily by fbel), it is meeting peak load (seasonal and daily) that requires huge 
investment in generation, transmission, and distribution infrastructure. Most utilities, therefore, 
provide incentives for consumers to curtail power usage during these peak periods (as evidenced 
by demand charges and time-of-use rate structures). Another method available to utilities for 
peak load control is demand side management (DSM). An example of DSM technology is fitting 
specific loads with special controls, which the utility can operate when load curtailment is needed. 
A common example is domestic hot water heating. This is practical because the consumer would 
generally not feel the impact of having this load turned off briefly from time-to-time. These DSM 
measures have been implemented by utilities throughout the country, and are expected to 
dramatically increase as utilities are driven into a more competitive environment. Incentives 
offered to consumers to provide interruptible load can be much cheaper than the capital cost 
required to upgrade the system to meet peak demand. 

Many bulk-power transmission corridors are stabsty constrained. In these cases, there 
may be ample steady-state, or thermal capacity of the lines serving an area, but because of the 
need to prevent transient, oscillatory or voltage instability following credible foreseen 
contingencies (e.g., the loss of a major line or generation), the system is constrained to operate 
within more restrictive stability limits. FACTS devices, such as static-var compensation 
(SVC) and thyristor-controlled series capacitors (TCSC), are designed to provide stability 
enhancement to these transmission facilities, allowing them to be loaded to or near their ultimate 
thermal capacity. By either supplying reactive power for voltage support or providing modulation 
to damp electromechanical oscillations, these devices are typically large multi-million dollar 
investments. Many utilities are adding FACTS devices lieu of more expensive (and restrictive) 
options, such as constructing new transmission lines. 

The technologies described above can be combined to provide a distributed dynamic 
power system control. A novel approach has been conceived by Pacific Northwest National 
Laboratory (PNNL) to use distributed load control for power system dynamic stabdity 
enhancement. Many devices deployed throughout the grid, acting to provide a coherent response. 
can achieve the same objectives as FACTS devices with potentially much less investment. For 
example, if hot water heaters in a region were fitted with this control scheme, they could 
modulate together to enhance stability on the bulk power transmission system. A schematic of 
this concept, and how it contrasts with the conventional approach, are given in Figure 1. 

A primary distinction between the end-use load control for stability enhancement and 
conventional DSM is that for stability enhancement, the load would only need to be turned on and 
off for a second or two several times over a few minutes on perhaps a few occasions per year. 
Such control action would be transparent to the consumer, and could provide significant benefit 
to wide-area dynamics. It is envisioned that several classes of end-use load could be similarly 
controlled using this technology, particularly thermostatically-controlled loads. 
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Figure 1. Distributed Dynamic Controller Implementation Schematic 

Implementation of distributed dynamic control can take several forms. For instance, either 
a centralized or decentralized architecture can be adopted. In a centralized approach, a master 
control unit determines appropriate control action and communicates this information to the 
remote distributed loads. A decentralized concept measures local signals (e.g., voltage and 
fiequency) to determine appropriate control action. The later approach eliminates the need for 
extensive communication infrastructure, but may not effectively capture other benefits associated 
with direct load control. 

Distributed dynamic control can either be embedded into the controls of speciflc end-use 
appliances and equipment, or inserted external to the actual end-use equipment (such as’ a master 
load control for a building or a circuit breaker). It is anticipated that as direct load control DSM 
measures are adopted, many of the same innovative concepts currently envisioned for DSM 
deployment are equally appropriate for instituting end-use load control for stability enhancement. 
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Stability Enhancement and Modeling 

In power systems that are transient stability limited, real or reactive power modulation 
based on fault-dependent control schemes can provide considerable power transfer enhancement. 
The amount of power required for transient stability enhancement is highly system dependent. A 
power-swing damper uses feedback through a compensating controller to modulate real power, 
reactive power, or a combination of real and reactive power. The design of the modulation 
control requires a detailed understanding of the stability characteristics of the system and how 
these characteristics are affected by the modulation. 

The modulation was modeled in the Extended TransientMdterm Stability Package 
(ETMSP), developed by the Electric Power Research Institute (EPRI). A time-domain transient 
simulation software package, ETMSP has unique user-defined capability enabling special stability 
controls to be modeled in detail. Real or reactive power injection at a given bus is controlled by a 
series of user-defined control blocks, in which the modulation controller is implemented. A 
variety of measured signals are available for input to the modulation controller, as described later 
in this report. 

Study System 

The western North American interconnected power system, embodied within the Western 
Systems Coordinating Council (WSCC) region, covers all or part of 14 western states, the 
Canadian provinces of Alberta and British Columbia, and the northern portion of Mexico. The 
State of California imports considerable amounts of energy fkom the Arizona/New Mexico area 
and fiom the Northwest. Transient and oscillatory stability places limits on the simultaneous 
power imports fiom these areas. Loss of critical transmission facilities can result in undamped 
power oscillations when the transfers fiom Arizona to California are high. 

In an interconnected power system, all generators are synchronized at 60 Hz, and operate 
as a single system. When a change in operating condition occurs, such as the sudden unexpected 
loss of a key transmission line, the system converges on a new operating state. In the process of 
changing to the new operating state, the electromechanical characteristics associated with these 
generators can result in oscillatory behavior. Inertia associated with these generators and their 
turbines resists instantaneous change, while the electrical balance between load and generation 
must be maintained. The electrical characteristics of the transmission network play an integral 
role in system response. 

As it applies to limiting power imports into southern California, one of the critical 
disturbances producing electromechanical oscillations is a three-phase fault at a key 500-kV bus, 
followed by the loss of a principal transmission line between Arizona and southern California. 
This specific occurrence is one of the primary limiting factors when determining southern 
California import capability in transmission planning studies. This contingency is used in this 
study to determine the ability of distributed end-use load control to increase southern California 
import capability. 
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Consistent with standard transmission planning practices applied by the utility industry, the 
simulation and analysis in this study uses a fidl model representation of the western North 
American power system. Developed by WSCC member utilities, it represents heavy loading 
conditions and infrastructure projected to be in place near the turn of the century. In addition to a 
detailed representation of the transmission and sub-transmission system, nearly all large generating 
facilities are modeled in detail. The model is comprised of over 5000 individual nodes (called 
buses). The distribution system is not represented, however, and all system load is aggregated at 
buses representing actual substations in the power system. 

Based on the results of these planning studies, stability constraints that limit the amount of 
power that can be safely imported into southern California are defined by a nomogram. This 
nomograin defines maximum allowable power transfers as a function of key transmission corridor 
loadings and other important system operating characteristics. In a similar fashion, this study 
determines maximum power imports by loading specific transmission lines to their maximum 
allowable limits. Transient simulations are performed for several loading conditions to evaluate 
stability. As the loadings on the transmission iniiastructure are increased, the oscillations become 
less damped. 

This stability-constrained transmission limit is determined when the system responds with 
marginally-damped oscillations following the critical contingency. Marginal damping is defined as 
the stable case with loading incrementally reduced fiom a case that is unstable. The response 
fiom the marginally-damped case, and a case with 50-MW of additional power imports, is shown 
in Figure 2. 

The marginally damped case exhibits a strong 0.5-Hz oscillatory mode in response to the 
critical contingency. Detailed simulation and modal analysis reveals that, for this mode, machines 
in southern California oscillate against those in the Arizona area. As expected, the oscillations 
occur heavily in the real-power flows and bus voltage angles. Also, 0.5-Hz swings occur heavily 
in the reactive line flows and bus voltage magnitudes because the system has high reactive 
loading. A second dominant mode is observed at about 0.25 Hz, and is predominately a 
North-South mode in which Arizona and southern California oscillate in phase. 

The 0.5-Hz mode described above is characteristic of the 0.67-Hz East-West mode 
associated with the present-day power system and associated planning models. Similarly, the 
0.25-Hz North-South mode appears to correspond with the 0.3-€3~ mode of the contemporary 
system. It is presumed that these fiequency shifts are the result of heavy loading conditions and 
high system inertia in the model used in this study. 
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Figure 2. System Response to Critical Contingency 

Modulation Design 

The design approach for the controller is based on advanced, but well established, 
small-signal stability control methodologies described in the literature; a recent review is given in 
Kundur (1994). Three steps are required in the design process: 1) select a location for control 
actuation; 2) choose feedback signals; and 3) select the compensating parameters. For the 
purposes of this study, Step 1 is obtained by selecting key buses throughout the southern 
California area to which active grid stabilization will be applied, 

In typical power system planning models for transient stability simulation software, 
generation and transmission infrastructure is represented with precise detail. All major generators 
and major bulk power transmission facilities are included. Depending on the level-of-detail of the 
particular model being used, most models include nearly all of the sub-transmission lines 
connecting substations within localized areas. Sub-transmission voltages are generally considered 
to be between 60 and 200 kV. However, these models usually do not represent any distribution 
system inf?astructure beyond individual substations. Therefore, all loads associated with 
particular substations are aggregated. 

Because the primary objective of this analysis is to determine the wide-area transmission 
benefits resulting fkom end-use load control and modulation, the aggregated substation-level load 
can be manipulated to provide a proxy for simulating these effects. A shunt-connected power 
source at each substation (controlled by compensated feedback modulation) is used to simulate 
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the effects of end-use load control. This shunt power source provides power to simulate load 
curtailment, and consumes power when additional load is desired. 

Step 2 is addressed by investigating the observability of the swing mode in signals that 
may be used for feedback. Using a feedback signal that contains modal characteristics of the 
principal oscillation to be controlled (i.e., high observability), the feedback modulation control is 
more effective at providing positive damping to this mode without adversely impacting other 
modes that are also present in the system. 

Transfer hnction residues for the 0.5-Hz mode are calculated from each bus location to a 
common state variable to determine relative controllability of each location (see Pagola et al. 
(1 988) for a discussion on residues and Trudnowski (1994) for a discussion on software used to 
identlfy residues). Based on these tests, nearly all 500-kV buses tested in the Los Angeles basin 
are suitable locations for controlling the OS-& oscillation using real power modulation. 

Two signals were chosen as prime candidates for providing feedback input into the 
modulation controller: frequency and voltage. While a variety of other signals could provide 
effective modulation control, these signals have several advantages, particularly related to 
distributed end-use load control. Both of these signals are derived from the voltage signal, which 
can be obtained with relatively inexpensive potential transformers and digital transducers. In 
addition, these signals propagate relatively well throughout local-area power systems. Therefore, 
voltage or frequency fluctuations seen at a substation would likely be felt throughout the 
distribution system served by the substation. Both voltage and frequency were selected as 
feedback signals, depending on the particular application. 

Classical design techniques are used to select the controller parameters to provide proper 
phasing and gain at the modulation frequency (Step 3). The modulation controller has the form 
shown in Figure 3. Time constant TW is a washout filter, TL is a low-pass filter, and TI and TZ are 
lead-lag time constants. Tw and TL are adjusted to restrict the bandwidth of the controller, and 
TI and TZ are adjusted to provide the proper phasing. The objective of the controller is to provide 
damping to the 0.5-Hz mode while minimally effecting other system modes. Several simulations 
and root-locus analyses were used to adjust the control parameters to optimum values. 

Figure 3. Modulation Control Block Diagram. 
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Study Results 

Transmission stability enhancement is determined by evaluating contingency cases with 
loading conditions in excess of the benchmark. This study uses a loading case in which southern 
California imports are increased 400 MW beyond the marginally-damped case with no additional 
stability controls. With this added load, the system is unstable for the critical contingency. With 
active grid stabilization included, and appropriately-designed feedback modulation control, the 
system response is stable provided sufficient modulating power is provided. 

Benchmark Comparison 

FACTS devices employing power electronics, such as thyristor-controlled series 
compensation, static-var compensators, high voltage dc, adjustable speed generation, and 
superconducting energy storage, can provide additional damping to electromechanical power 
system oscillations (Paserba et al. 1995). Modulation using shunt-connected real or reactive 
power at a single location is the benchmark to which distributed end-use load control modulation 
will be compared. 

Several simulations were performed with varying modulation limits and gains to determine 
the minimum size needed to provide stability enhancement. The location and attributes of this 
actuator are then optimized. A typical result is shown in Figure 4, where f 450 MW modulation 
is the minimum power required to stabilize the system, while f 400 MW was not sufficient. 
Similar analysis for reactive power modulation at the same location (with a controller tuned to 
optimize damping with this mode of oscillation) reveals that the minimum modulation is f 500 
W A R  to provide a stable response, as summarized in Table 1. 
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Table 1. Minimum Modulation Power at a Single Location Necessary to Provide 
400-MW Transmission Enhancement 

Real power modulation 

Reactive power modulation 

f 450 MW 

f 500 W A R  
c I 

Reactive power modulation is a very effective means of stabilizing the southern California 
power system. However, real power modulation, also effective at providing enhanced 
transmission capacity, is the focus of this study. Direct load control is envisioned to provide 
greater leverage when manipulating real power loads. Additional leverage may be obtained when 
the reactive component of certain low power-factor loads is considered, which was beyond the 
scope of this study. 

Asymmetrical Modulation 

The modulation described above assumes that modulation is symmetric. Prior to the 
disturbance, the device is 08. When the disturbance occurs, feedback compensation control 
modulates the device to maximize damping, adjusting the output between its maximum and 
minimum available power ratings, as shown in Figure 5 for the 450-MW case. Simply put, 
symmetric modulation is when maximum and minimum power have the same magnitude but 
opposite sign. This is a somewhat typical design approach for traditional FACTS devices. 

Using end-use load for distributed control requires that loads are either turned on or off to 
provide modulation. Positive modulation swings are obtained by interrupting loads turned on 
prior to the disturbance, while negative modulation swings require turning on loads not previously 
energized. Because these are mutually exclusive of each other, providing f 450 M W  of 
modulating power requires access to 900 MW of controllable end-use loads, exactly half of which 
must be off prior to the disturbance and vice versa. 

To alleviate this constraint, it is possible to provide asymmetrical modulation to dampen 
the oscillations, whereby the positive and negative swings are not the same. Several simulations 
were performed with different positive and negative modulation limits to demonstrate the impact 
of asymmetrical modulation. These cases are shown in Figure 6, which indicate that 600 MW of 
modulating power is necessary if only positive modulation is used to stabilize the system (i.e., no 
negative power swings). 

Some degree of both positive and negative modulation may be possible with end-use load 
control. Because end-use load modulation is envisioned to be combined with traditional DSM, in 
which some load may be curtailed during periods of peak consumption, those loads that happen to 
be curtailed would be available during the negative modulation swings. However, for the 

- purposes of this study, this possibility was not explored in detail, with subsequent analysis 
focusing solely on momentary load curtailment to provide modulation. 
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Distributed Modulation 

A case was developed in which 10 modulation devices were deployed at key sites 
throughout southern California. The sites were selected to distribute the overall control power 
throughout the region at individual sites with suf€icient transmission capacity to the bulk power 
system. Therefore, most sites had multiple high voltage lines (230 kV or equivalent) connecting 
them to other sites, and were usually near 500-kV bulk power substations. 

Following the methodology described above, appropriate feedback signals were chosen 
and the controller was tuned. Tuning the controller requires several steps, and involves the use of 
modal analysis tools and classical feedback-control design techniques. ARer an initial controller is 
designed, several simulations are performed to optimize its performance (selecting sufficient gain, 
for instance, which is ddficult to predict when simulating highly complex, non-linear dynamics). 
When the properly tuned and optimized controller has been tested, a suite of simulations are 
performed with progressively smaller limits to determine the minimum modulation power needed 
to result in a marginally-stable response to the critical contingency. 

It was shown that the case with 10 devices providing 43 MW of modulating power 
(positive swings only) was d c i e n t  to provide a stable result. With an aggregate combined 
capacity of 430 M W ,  this was a 30% improvement over the 600 MW needed for the single 
modulating device. Another set of simulations with 100 control points yielded similar results. 

Centralized Versus Distributed Feedback 

The study also included an assessment of centralized versus distributed feedback control. 
Centralized feedback uses the same measured signal at a given location as the input to all of the 
individual modulation controllers. While not difficult to simulate, this approach assumes extensive 
communication capability is present, because this signal must be broadcast (in real time) to each 
of the individual end-use controllers. While it may be possible and desirable to achieve this degree 
of supervised end-point control, it may not be necessary to provide transmission stability 
enhancement. As previously described, both voltage and frequency variations that might be used 
as input to an end-use modulation controller are present at the individual end-use site. Therefore, 
it may be possible to achieve similar results using truly distributed modulation control feedback. 

A series of simulations were performed to compare centralized and distributed feedback 
modulation control. The results of this simulation indicate that both approaches require similar 
controller deployment to achieve the same transmission capacity enhancement. Therefore, the 
selection criteria of one approach over the other becomes solely economic. The centralized 
control approach will be more expensive because of the extensive communication infrastructure it 
requires, but would also provide additional benefit that could not be obtained with the distributed 
control approach. It is also possible that this communication system could be integrated into 
enhanced utility-customer information interface systems likely to be deployed in the near fiture. 
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Economic Analysis 

Evaluating the specific benefit of increasing imports into southern California by 400 MW 
can be performed by 1) evaluating the foregone revenue potential of inadequate transmission 
capacity during peak periods, or 2) selecting the least-cost approach among various alternative 
technologies to achieve a similar increase in the stability limit. These are described below. 

Assuming that in a typical year the transmission infrastructure reaches its peak capacity 
500 hours per year, and that on-average, $2O/MWh of lost revenue occurs while the system is 
constrained, this results in a net present benefit of $55 million if system capacity can be reliably 
raised by 400 MW (life-cycle cost assumptions are a 6% real interest rate and 30-year 
amortization period). 

An alternate method of estimating this benefit is considering the cost of a traditional means 
for providing stability enhancement. Assuming that SVC modulation is the most cost-effective 
means presently available for providing this modulation (with turnkey cost of about $lOO/kVAR), 
providing 500 W A R  of modulation necessary to increase the stability limit by 400 M W  
represents a capital cost of about $50 million. 

Therefore, if the total cost of the distributed control system (which enhances southern 
California transmission capacity by 400 MW) is less than $50 million, it is competitive with 
alternate methods of achieving the same result. Because this analysis indicates 430 MW of 
distributed load control is needed to achieve this goal, the target break-even cost is $1 16kW. 

A detailed assessment of end-use control potential in southern and northern California is 
provided in Appendix A Based on this analysis, for example, household refiigerators contribute 
about 1210 MW to the southern California regional peak load, each one on average contributing 
0.17 k W  (taking into account demand and diversity factors). Therefore, to achieve the 430 MW 
of distributed load control described previously using only residential refiigerators, about 35% of 
all refiigerators would need to be equipped with control hardware. If the per-unit cost were less 
than about $20, this control implementation would be cost competitive. 

Another example is residential central air conditioning, which contributes 3752 MW to the 
regional southern California peak demand between 3:OO and 5:OO p.m. On average, each unit 
contributes 2 kW. In this example, the distributed load control target can be achieved with only 
11.5% penetration, and each individual controller can cost $230 and meet the break-even target. 

It is envisioned that distributed dynamic load control could be deployed in conjunction 
with more conventional load control techniques to meet other objectives (e.g., peak load 
management). Therefore, hardware and communication cost (if applicable) could be cost-shared 
with other applications utilizing similar technology. Perhaps an additional set of algorithms within 
the controller would represent the incremental cost incurred deploying this technique for stability 
enhancement, which represents neghgible added cost. 
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Customer incentives to allow fairly rapid cycling of their equipment (in the form of 
discounted rates or rebates) would also need to be factored into the target break-even cost 
estimates provided above. Therefore, the refigerator end-use, with a projected break-even target 
cost of $20, is not likely to provide enough benefit to enable its utilization. Other end-uses, such 
as air conditioning equipment, have much better economic leverage. For example, it may be 
possible to provide consumer incentives (in addition to the controller costs) while still meeting the 
target break-even cost. 

Other classes of end-use loads may be highly desirable for end-use load control for 
stability enhancement. AU thermostatically-controlled loads are appropriate, because their 
momentary curtailment will not be noticed by the consumer. Other types of interruptible load, 
such as electric vehicle recharging equipment, may be very amenable to distributed load control. 

Additional benefits of having controllers deployed in the system further reinforce their 
cost-effectiveness. Some ancillary services include automatic generator control, frequency and 
tie-line regulation, spinning reserve, voltage support, cold-load pickup and black start capability, 
augmenting remedial action schemes, and providing power quality and reliability enhancement. In 
addition to these benefits, distributed end-use load control can also be used to offset peak load 
(along the lines of traditional DSM). A detailed assessment of these benefits was beyond the 
scope of this study. 
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Hardware Design and Testing 

The distributed end-use load control concept was tested experimentally in a laboratory 
setting at PNNL. An unmodified household refrigerator was chosen as the subject appliance. The 
refrigerator was fitted with a relay switch to facilitate the cycling of the distributed controller. In 
this experimental setup, the power to the entire appliance was switched. The voltage and current 
supplied to the refrigerator were then instrumented and monitored. The experimental setup is 
illustrated in Figure 7. The appliance was run through a series of tests to determine the response 
characteristics of the load as it applies to power system dynamics. 

Experimental results confirmed that appliance load is dropped almost instantaneously as 
the switch opens in response to a " dump load" command. This part of the appliance response 
was anticipated. The fast turn-off time is viewed as beneficial to power system transient response. 
It means that appliances cofigured in this way can be relied upon to act quickly and predictably 
to controller commands in severe power system emergencies. 

The turn-on characteristics of the appliance were more interesting. The most energy 
intensive electrical device within a refigerator is the compressor. Frost-fkee reiiigerators also 
have high power consumption during the defiost mode, but this occurs relatively infrequently. 
Another primary electrical subsystem is the circulation fans. The switching characteristics of the 
refrigerator were highly dependent on which of these subsystems was energized at the time the 
appliance was cycled on and off It was observed that when the appliance was turned off with 
both compressor and fins on, the turn-on characteristics could not be reliably predicted. 
Sometimes only the fans would turn back on and sometimes both compressor and fans would start 
when power was restored. Because of its Sequent  nature, the defiost system was not 
considered part of the reiiigerator's switching characteristics as it relates to this study. 

S w i t c h  

U 

Appliance 

I n s t r u m e n t s  

Figure 7. Experimental Setup 
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The time constant for the fan restart was considered to be adequate to damp slow power 
system oscillations. However, a fill compressor restart is likely to be too slow to be used as an 
oscillation damping controller when installed as shown in Figure 7. Other control schemes for 
refr-igerant systems were also investigated as part of this project. These configurations may cause 
less stress on the refiigerant system while still having a faster response time. 
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Conclusions 

This report presents the results of a feasibility scoping study evaluating end-use load 
control as a means of increasing power transfer on selected transmission paths in the southwestern 
United States power system. Power modulation to stabilize electromechanical power swings is 
shown to provide increased transmission capability, enabling increased power imports into 
southern California. 

Analysis by computer simulation reveals that a case with 10 strategically-deployed devices 
each providing 43 MW of modulating power was equivalent to a single device providing 600 M W  
modulation power. A similar case with 100 controllers yielded similar results. Distributed 
modulation, therefore, represents 30% better leverage than is possible fiom centralized 
modulation. Various analyses were performed to document the performance of centralized verses 
distributed feedback, asymmetrical modulation (different positive and negative modulation power 
limits), and a cursory investigation was performed to determine target break-even costs. Simple 
proof-of-principle hardware testing was performed for an unmodified household refiigerator. 

An investigation of northern and southern California residential and commercial end-use 
loads, and their applicability to short-term load interruption for dynamic stability enhancement is 
provided in Appendix A. The results of this investigation indicate that while traditional DSM load 
types, such as electric hot water heating, may not be abundant (most hot water is natural gas in 
these regions), many other types of end-use loads could provide ample load control potential. 

Other regions, while not expressly investigated in this study, could similarly benefit from 
end-use load control. Wherever stability constraints limit power transfer capability, this approach 
could benefit the system by providing appropriate dynamic response to various limiting 
contingencies. These other regions may also exhibit high penetrations of particularly attractive 
end-use loads (such as electric resistance hot water heating) that could be used to provide 
dynamic stability enhancement using end-use load control. 

In addition to stability enhancement, end-use load control can be used to augment 
remedial action schemes, and is well suited to provide other benefits such as load leveling, 
automatic generator control (AGC), spinning reserve, and voltage support. The results of this 
study indicate that highly-leveraged multiple benefits possible with this approach provide strong 
overall encouragement to investigate the potential of end-use load control as a cost-effective 
means of enhancing power transmission. 
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Appendix A 

Electric End-Use Load-eduction Potential in California 

Statistics on the potential for electric peak load reduction by end-use load control in 
California are described in this appendix. The statistics are broken down separately into northern 
and southern California regions and for each region, into residential and commercial sectors of the 
economy. The primary goals of this effort are 1) to idente specific end-uses that show large 
contributions to the peak electrical demand in California, and 2) identify those end-uses that have 
a large peak demand contribution on a per-appliance basis. The suitability of controlling specific 
end-use loads as a means of enhancing the stability of the power grid is also described. 

The appendix is broken into two sections, residential and commercial loads. For each, a 
discussion of the types of electric loads and their magnitudes is given for southern and northern 
California. For each region, loads are broken down into weather-dependent loads (heating, 
ventilation and air conditioning) and weather-independent loads (all other end-use loads). 

A. 1 



. 



Residential Energy End-Uses 

Residential energy use in California is broken into 24 end-use categories by the California 
Energy Commission (CEC) in their Biannual California Energy Demand Report (CEC 1995). 
These categories are listed in Table A. 1. The California Energy Demand Report breaks California 
into eight planning areas’. For each planning area, electrical demand and energy consumption 
forecasts are made for residential, commercial, industrial, and agricultural sectors of the economy. 
Of the residential end-uses listed, most are relatively descriptive of the actual load. Lighting and 
plug loads not explicitly listed as a separate category are included in the “Miscellaneous” 
category. 

For each of the 24 residential end-use categories in each planning area, the estimated total 
appliance stock corresponding to that end-use is reported in the California Energy Demand 
Report, and based upon the estimated total housing stock in that planning area, the CEC reports 
an appliance saturation fraction. The average appliance annual Unit Energy Consumption (UEC) 
is reported for each end-use category. This value is calculated based on either statistical or 
engineering models of the end-use. In addition, a marginal UEC is also reported for purchases of 
new appliances satis*g each end-use. Finally fiom the appliance stock and UEC, the CEC 
calculates a total annual energy consumption for each planning area. 

The California Energy Demand Report was used to determine saturation of electrical 
appliances in these end-use areas and provide typical annual consumption to calibrate a demand 
model. For the purpose of this analysis, the utility planning areas were aggregated into southern 
and northern California regions. Northern California utilities consisted primarily of Pacific Gas 
and Electric (PG&E) and Sacramento Municipal Utility Department (SMUD). Southern 
California utilities consisted of Southern California Edison (SCE); San Diego Gas & Electric 
(SDG&E); Los Angeles Department of Water and Power (LADWP); Burbank, Glendale and 
Pasadena (BGP) municipalities; and the Imperial Irrigation District (ED). 

Table A.l. California Energy Commission Residential Energy Use Categories 

1 

Central air conditioners Furnace fans Room air conditioners 
Clothes washer motors Hot water for clothes washing Solar water heaters 
Clothes dryers 
Color TV Miscellaneous SDace heaters 

Hot water for dish washing Pumps on solar water heaters 

Cooking (stoves) Pool PumQ Hot tub pumps 
Dishwasher motors Pool pumps for solar water 

heating 
Evaporative air conditioning Pool water heating Water heating for waterbeds 
Freezers Refiigerators Water heating for domestic uses 

Water heating for hot tubs 

not otherwise covered 

These planning areas are BGP, IID, LADWP, PG&E, SCE, SDG&E, SMUD, and other (mostly smaller northem utility districts) for eight 1 

plarmingareastotal. 
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Pool water heater 1993 4,446,438 11,121 0.003 2584.4 2584.4 28.7 

Tub pump 1993 2,943,870 275,532 0.094 881.7 881.7 243.0 
Tub water heater 1993 2,943.870 105.271 0.036 440.8 440.8 46.5 

Pool pump (solar) 1993 4,446,437 81,217 0.018 0.0 0.0 0.0 
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Table A.3. Residential Electrical Summary Data for Southern California 

Year Stock Stock Saturation Appliance Appliance Energy 

446.9 409.5 
1993 6,171,931 360,426 0.058 
1993 6,171,935 907,577 0.147 2261.7 1453.6 2052. 

Dishwasher motor 

Solar water heat 

Pool water heater 

1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 
1993 

6,171,931 550,145 
6,171,93 1 63 1,847 
6,171,931 7,110,473 
6,171,931 1,131,042 
6,171,931 6,017,834 
6,171,931 1,846,268 
6,171,931 3,877,826 
6,171,931 1,865,435 
5,905,014 28,745 
5,905,014 175,772 
6,17 1,93 1 5,4 1 1,33 1 
6,171,931 639,934 
6,17 1,93 1 6,17 1,93 1 
6,171,93 1 668,447 
6,171,931 12,041 
6,171,930 134,374 
3,734,693 660,430 
3,734,693 184,602 

0.065 
0.089 
0.102 
1.152 
0.183 
0.975 
0.299 
0.628 
0.302 
0.005 
0.030 
0.877 
0.104 
1 .ooo 
0.108 
0.002 
0.022 
0.177 
0.049 

971.8 
1166.5 
2496.8 
1446.0 
1340.0 
3 85.4 
868.4 
333.5 

1344.7 
45 8.4 
495.6 
89.5 

1572.7 
2219.0 
3548.6 
3024.9 

0.0 
539.5 
332.2 

0.0 392.411 
0.0 

2347.1 
1012.3 
1021.2 
364.2 
868.4 
321.4 

1344.7 
43 8.7 
488.8 
89.5 

1545.5 
0.0 

3216.4 
3024.9 

0.0 
539.5 
326.2 

641. 
1577. 

10282. 
15 15. 
23 19. 
1603. 
1293. 
2508. 

13. 
87. 

484. 
1006. 

13695. 
2372. 

36. 
0. 

356. 
61. 

Each end-use category is made up of equipment that uses electricity through various 
physical means. Identifling these various physical means of electrical use determines the 
strategies necessary to shed the load for that end-use category. The various physical uses of 
electricity can be broken down into lighting technologies (primarily electric resistance, gas 
excitation), motors (primarily characterized by the subcategories of fans, water pumps, and 
refiigerant compressors), electric resistance heating, electronics and controls, and system losses 
(lighting ballast losses are a good example). Issues associated with interrupting the load for these 
types of end-uses are discussed as follows. 



Lighting 

Interruption of primary lighting inside a residence could be inconvenient and possibly a 
safety hazard for interruptions of a second or more. Repeated interruptions of lighting circuits (as 
might be required for end-use load control) would definitely be noticed by the customer and 
cannot be recommended. However in certain multiple-bulb appliances, interruption of some bulbs 
may be less of an issue (assuming all lights are functioning at the time of interruption). 
Interruption of lighting outside a residence would be less of an issue. Indeed, exterior lighting 
may represent a sizable load control potential. Frequent interruption of lighting circuits may be 
detrimental to bulb life in incandescent lighting systems. Degradation in lamp life will be less of 
an issue in ballast based lighting systems, although controlling lamp restart may be dii3cult. 

Electric Resistance Heating 

Presently there are two large uses of electric resistance heating in residences? space 
heating (either electric b a c e ,  baseboard? or heat pump backup) and hot water heating. Hot 
water heating can be broken down further into batch heating processes (examples include a typical 
electric hot water tank, hot tub, pool, waterbed) or instantaneous hot water heat (such as a faucet 
hot water tap and instantaneous heaters built into appliances like dishwashers). Often the 
instantaneous hot water heater is actually an electric booster heater for water that has already 
been heated in a batch-type tank water heater. 

Space Heat 

Electric space heat represents about 3.86 % of the annual residential electric use in 
southern California and 5.39% of the annual residential electric use in northern California. This 
value is fairly small because of the predominant use of natural gas for space heating and the 
typically mild climate. The actual electric load is highly seasonally dependent, with strong daily 
variations. Although the peak load created by one furnace may be high, the relative infi-equency 
of use makes this an unlikely candidate for load shedding technologies. 

Water Heat 

The fiaction of water heating that can be attributed to electric resistance heat is moderate. 
8.10% of the annual southern California residential electric energy consumption is attributable to 
water heating. This is primarily because of the frequent use of natural gas for water heating in 
that section of the state. The value is 9.94% in northern California, where electricity is generally 
cheaper. However, there is still sigruficant value to analyzing batch water heating processes 
because these represent an easily curtailable load. Any loss of water temperature will not be 
noticed immediately by the user. Similarly? in appliances that use an electric resistance heater as a 
temperature booster, brief electric power interruptions may not be noticed. One subcategory of 
water heat that is always electric is waterbed heating. The CEC data suggests that waterbeds 
make up 28.3% of the total electric energy used for heating water in southern California. This 
also represents an easily interruptible load with little or no negative impact on the consumer 
resulting from brief power interruptions. 
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Motors 

Motors in residential use occur widely in three categories: compressors (space 
conditioning and refigeration), fans (space conditioning primarily), and pumps (primarily for 
swimming pool, Jacuzzi or hot tub use and possibly irrigation). 

Motors used for space conditioning and water pumps represent a large potential resource 
for end-use load control. Generally, space conditioning equipment can be shut off repeatedly for 
short periods with no noticeable effect on the end-use. The same is true for swimming pool 
pumps used for sanitation purposes. (Jacuzzi or hot tub pumps used for aeration and rapid 
cycling would be noticed). Irrigation pump cycling would likely be noticed, but would have little 
impact on the end-use. 

However, the dficulty with cycling motors is the impact on the motor itself. Rapid oxdoff 
cycling of motors will have a deleterious impact on motor windings because they are subject to a 
high initial inrush of current that generates heat in the motor windings. This initial inrush current 
is often five to seven times the fid load current and may range fiom a few seconds to several 
minutes in the case of heavy loads (Nadel et al. 1991). At the same time, ventilation fans are 
turning slowly at startup and will not quickly remove heat. This combination can lead to high 
initial winding temperatures, which can reduce insulation life. 

The total heat developed during startup is a function of the time required to reach the 
motor's rated speed. The higher the required torque during startup, the longer period of time will 
be needed to reach rated speed and more heat buildup will result. For certain motor application 
(fans and pumps primarily), the motor load is a function of the motor speed. Thus, the initial 
motor starting condition is the zero load condition and the increase in motor torque during startup 
is gradual. These motor applications represent a relatively easy target for end-use load control, 
which require cycling of motor systems. For certain applications, particularly fan systems, the 
estimated period of off-time in a load-control cycle can be considerably shorter than the time for 
the fan to reach zero speed after being shut OE For these systems the motor never actually stops 
turning and the time required to reach full speed is shortened considerably, thus reducing any 
damage to the motor as compared to the zero speed startup. The incorporation of electronic 
"soft-start" controls could help to relieve this problem significantly, at the expense of slower 
startup times. 

For compressor systems, the differential pressure of the gases will generally stop the 
compressor almost immediately once the power to the motor is cut. These systems have relatively 
high starting torque requirements, particularly ifthere is very little time between cycles for the 
refiigerant pressure on the high side to subside. For this reason, both motors and compressors 
may be negatively impacted by rapid system cycling. This is particularly true of reciprocating 
compressor equipment. 

NEMA Standard MG 1-12-50 and MG 10 discuss successive motor starts and make 
recommendations on the total number of successive starts that can be made on an hourly basis 
without causing significant motor damage. Nadel et al. (1991) shows an excerpt of the NEMA 
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recommendations in tabular form. Examination of the table (which assumes torque equal to the 
square of motor speed, like with a pump or fan) shows the suggested maximum number of motor 
starts per hour, maximum number of starts times rated load, and minimum time between starts for 
Design A and B motors as a finction of motor size and number of poles. For even the smallest 
motors listed (1 hp), rapid cycling of motors at intervals of less than 75 seconds is anticipated to 
result in motor damage. 

End-Use Load Control Potential: Residential End-Uses 

The potential demand reduction for residential appliances was analyzed using regional 
electrical energy use data fiom the California Energy Commission California Energy Demand 
Report, end-use electric demand profiles from the Bonneville Power Administration's End-Use 
Load and Consumer Assessment Program (ELCAP) (Cahill et al. 1992), and fiom SCEs 1994 
Residential Appliance End-Use Study (RAEUS) (SCE 1995). Generally ELCAP demand profiles 
were used for most end-uses that were deemed non-climate dependent. Because climates in most 
of California m e r  significantly fiom that of the Pacific Northwest, the RAEUS data was used for 
climate-dependent end-use demand profiles and for certain end-uses not separately defined in 
ELCAP. 

Determination of the demand reduction potential for each end-use was as follows: The 
CEC data set was used to establish the regional energy use on an annual basis for each end-use. 
Using the CEC estimates for saturation of each end-use, the annual energy use per appliance was 
then calculated. Next appropriate usage profiles extracted fiom either ELCAP or M U S  were 
used to develop daily average profiles for electrical energy use at both a regional and a per unit 
level. For weather-dependent (primarily W A C  equipment) or strongly day-of-week dependent 
electrical profiles, the ratio of the hourly load during a peak period to the hourly load during the 
average period was used to determine expected peak loads during peak use periods. The 
expected load during the peak energy consumption period for the end-use, and the expected load 
during the anticipated system peak demand period (3:OO to 5:OO p.m. weekdays), was then 
calculated on both a regional and a per unit basis. 

A synopsis of residential demand reduction potential in northern and southern California 
by end-use follows. 

Residential Demand: Southern California Region, Non-Weather-Dependent Loads 

Figures A. 1 and A.2 illustrate the regional and the per unit demand expected for the non- 
weather dependent residential end-uses. Those end-uses envisioned to be most appropriate for 
load control are described in detail below. 

Electric Resistance Hot Water Heat 

Electric resistance hot water heaters have a total curtailment potential of at least 3 12 MW 
during the hours of 8:OO to 9:00 a.m. because of "basic" hot water usage. Basic use does not 
include energy use by dishwashers and clothes washers. An additional loo+ MW is likely 
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Figure A.l. Residential non-weather dependent peak demand (3:OO to 5:OO p.m.) for southern 
California by end-use. 
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Figure A.2. Residential non-weather dependent per unit peak demand (3:OO to 5:OO p.m.) for 
southern California by end-use. 
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attributable to the latter two categories during the same 8:OO to 9:00 a.m. time period. During the 
hours between 3:OO and 5:OO p.m., the total curtailable usage for all three categories combined is 
on the order of 300 M W .  

The saturation of electric water heaters in southern California housing is 10.2%. The 
curtailable potential for each electric water heater for base water consumption is 0.494 kW during 
the hours of 8:OO to 9:00 a.m. or 0.257 kW between the hours of 3:OO to 5:OO p.m. The addition 
of dishwashers and clothes washers could raise these up to as much as 0.706 kW during the hours 
of 8:00 to 9:00 a.m. or 0,466 kW during the hours of 3:OO to 5:OO p.m. (depending on the 
fiaction of these appliances that use instantaneous electric heat). 

Pool Pumps 

A "typical" profile for swimming pool pumps was extracted from the RAEUS data. This 
study developed typical profiles based on metering of 59 swimming pool pumps. Very little 
difference was seen based on the magnitude of the weekend versus weekday load profles. 
Normalized winter versus summer profiles were also similar, although the winter energy use was 
about 60% of the summer energy use. For this reason, only one normalized profile was used, 
averaging weekday summer and winter profiles. Based on the CEC's annual energy consumption 
for this end-use in southern California and the SCE's demand profile, a maximum curtailable 
demand of 820 MW was calculated for this end-use, occurring between 12:OO and 2:OO p.m. An 
average curtailabledemand of 303 Mw was seen during the hours between 3:OO to 5:OO p.m. 
With a saturation of 10.8% in southern CaMornia housing, this results in a curtailable potential for 
each pool pump of 0.453 kW between 3:OO and 5:OO p.m. daily or 1.227 kW between the hours 
of 12:OO and 2:OO p.m. 

Waterbed Elecfric Heat 

A "typical" profile for waterbed electric heat is unknown; however, a constant "regional 
demand" profile was assumed for this analysis. Based on the CEC's annual energy consumption 
for this end-use in southern California and a constant 24-hour demand profile, a curtailable 
demand of 115 MW was calculated for this end-use (any time during the day). With a saturation 
of 10.4% in southern California housing, this results in a curtailable potential for each waterbed of 
0.180 kW. 

The demand profile for waterbeds is a strong fbnction of climate and house temperatures - 
particularly residences that allow for daytime room temperature float. Other external factors can 
dramatically impact consumption profiles, which were not quantified for this study. 

Applying the normalized average of the summer and winter weekday profiles from the 
RAEUS data resulted in a peak curtailable demand of 476 Mw at 11 :00 a.m. and an average of 
67 MW between 3:OO and 5:OO p.m. Thus, in this study, the curtailable demand for each 
waterbed was approximately 0.736 kW for 11:OO a.m. and 0.104 kW for the hours between 3:OO 
to 5:OO p-m. 
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Clothes Dryers electric Heat andMotors) 

Electric resistance heaters and motors in residential clothes dryers account for a total 
curtailment potential of 394 MW during the hours of 3:OO to 5:OO p.m. With a saturation of 
30.2% in residential housing, this end-use has an average curtailable demand of 0.21 1 kW per 
clothes dryer during this period. Further equipment research should break this down into motor 
energy use and electric resistance energy use because the electric resistance load may be larger 
and more easily controlled. 

Refiigerators (and Combination Refiigeratorfireezer Units) 

Residential refrigerators account for a total curtailment potential of 1210 MW during the 
hours of 3:OO to 5:OO p.m. With a saturation of 115% in residential housing, this end-use has an 
average curtailable demand of 0.170 kW per refiigerator during this period. 

Freezers (Separate Units) 

Residential fi-eezers account for a total curtailment potential of 182 Mw during the hours 
of 3:OO to 5:OO p.m. With a saturation of 18.3% in residential housing, this end-use has an 
average curtailable demand of 0.161 kW per freezer during this period. 

Cooking (Electric Range and Stoves) 

Electric ranges account for a total curtailment potential of 278 MW during the hours of 
3:OO to 5:OO p.m. With a saturation of 29.9% in residential housing, this end-use has an average 
curtailable demand of 0.15 1 kW per electric range during this period. Electric ranges use 
significantly more energy later in the evening. Between the hours of 5:OO to 6:OO p.m., this end- 
use has an average curtailable demand of 0.342 kW. 

Southern California Region: Weather-Dependent Loads (HVAC) 

Space Conditioning - Cooling Equipment 

Residential air conditioning loads in southern California are met chiefly by central air 
conditioning equipment (including heat pumps), room air conditioners, or evaporative systems. 
Estimated market saturation of each technology, appliance UEC, and total energy use during a 
typical year, as reported in the California Energy Demand Report, are shown in Table A.4. 

To ascertain the peak loads for air conditioning in southern California, detailed metering 
data from RAEUS was used. The RAEUS data provided 15-minute metered data for all three of 
these residential air conditioning appliances. Average equipment loads were provided for SCE's 
summer (June through September) and winter (October through May) schedule periods. In 
addition, average equipment load on the peak summer day metered, provided separately in this 
study, was converted to hourly values to create an annual average air conditioning end-use 
profile. In addition, average summer peak day air conditioning load profiles were also created. 
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Table A.4. Residential HVAC Energy Use - Southern California 

End - U s e 
Regional Demand Peak 0 
(annudsummer average) 

End-Use Central AC Room AC Evaporative AC Furnace Fan 

Energy Using Motor/ Motor/ MotorEan Motorfian 
Component(s) Compressor Compressor 

Saturation (%) 30.4% 16.1% 5.8% 29.1% 

Consumption (Gwh/yr) 

Unit Energy 1266 447 672 278 
consumption (UEC) 
@W) 

Regional Energy 2372 445 242 499 

Central AC Room AC Evaporative AC Furnace Fan 
3928 / 1843 1076 I337 221 1130 317 I 172 

The annual air conditioning energy use was then applied to the average daily profile ftom 
the RAEUS data to get average daily profiles of air conditioning energy use on both regional and 
per unit equipment bases. Summer peak energy use was then developed by multiplying the annual 
hourly energy use values for the year by the ratio of the magnitude of the summer peak profile 
values to the annual average hourly profile values on an hour by hour basis. This exercise was 
repeated using the summer average profiles instead of the peak profiles. The results are shown in 
Table A.5. 

Regional Load Factor (based on 

Peak Period (hour of day) 
annual peak) 

Space Conditioning - Heating Equipment 

0.07 0.04 0.14 0.15 

16 15 13 15 

Heating loads in southern California are typically met by either natural gas or electric 
resistance heat or heat pumps. The saturation of electrically heled heating appliances (electric 
resistance hrnaces, electric resistance baseboards, or heat pumps) is 14.7%, with the average 

Regional 3:OO to 500 p.m. 
Demand Peak 0 
Average Unit Demand Peak 
(kW) (peak I summer average) 
Average Unit 3:OO to 5:OO p.m. 
DemandPeak(kW)(peak/ 
summer average) 

Table AS. Residential HVAC Peak Energy Use - Southern California 

3752 I 1798 923 1243 203 I 128 315 / 111 

2.096 / 0.984 1.081 I 0.338 0.613 I 0.360 0.177 I 0.096 

2.002 10.959 0.928 I 0.244 0.564 10.356 0.176 10.06 
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heating appliance consuming 2262 k W y r .  The marginal unit energy consumption for new 
electric heating equipment (for 1993) is 1454 kWb/yr. This is likely attributable to the more 
frequent use of heat pumps in place of electric resistance in new heating systems. 

Peak space heating loads were not addressed in this study because of lack of appropriate 
data on peak space heating energy use. This was not considered a significant issue because the 
need for end-use load control is tied to the peak electrical energy requirements of the region, 
which for both northern and southern California is not coincident with space heating energy use. 

Residential Demand: Northern California Region, Non-Weather-Dependent Loads 

Figures A.3 and A4 illustrate the regional and the per unit demand expected for the non- 
weather dependent residential end-uses, Those end-uses envisioned to be most appropriate for 
load control in northern California are described in detail below. 

Electpic Resistance Hot Water Heaters 

Electric resistance hot water heaters have a total curtailment potential of at least 206 MW 
during the hours of 8:OO to 9:00 a.m. due to "basic" hot water usage. Basic use does not include 
energy use of dishwashers and clothes washers. An additional 100+ M W  is likely attributable to 
the latter two categories during the same 8:OO to 9:00 a.m. time period. During the hours 
between 3:OO and 5:OO p.m., the total curtailable usage for all three categories combined is on the 
order of 205 MW. 

The saturation of electric water heaters in northern California housing is 1 1.8%. The 
curtailable potential for each electric water heater for base water consumption is 0.394 kW during 
the hours of 8:OO and 9:00 a.m. or 0.205 kW between the hours of 3:OO and 5:OO p.m. The 
addition of dishwashers and clothes washers could raise these up to as much as 0.625 kW during 
the hours of 8:OO and 9:00 a.m. or 0.391 kW during the hours of 3:OO and 5:OO p.m. (depending 
on the fiaction of these appliances that use instantaneous electric heat). 

Pool Pumps 

A Yypical" profile for swimming pool pumps was extracted from the W U S  report. This 
study developed typical profiles based on metering of 59 swimming pool pumps. Very little 
difference was seen based on the magnitude of the weekend versus weekday load profiles. 
Normalized winter versus summer profiles were also similar, although the winter energy use was 
about 60% of the summer energy use. For this reason, only one normalized profile was used, 
averaging weekday summer and winter profiles. Based on the CEC's annual energy consumption 
for this end-use in northern California and the SCE demand profile, a maximum curtailable 
demand of 285 MW was calculated for this end-use, occurring at 12:OO to 2:OO p.m. An average 
curtailable demand of 105 MW was seen during the hours between 3:OO to 5:OO p.m. With a 
saturation of 7.2% in northern California housiig, this results in a curtailable potential for each 
pool pump of 0.328 kW between 3:OO to 5:OO p.m. daily or 0.888 kW between the hours of 1200 
and 2:OO p.m. 
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Figure A.3. Residential non-weather dependent peak demand (3:OO to 5:OO p.m.) for northern 
California by end-use. 
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Figure A.4. Residential non-weather dependent per unit peak demand (3 :00 to 5 100 p.m.) for 
northern California by end-use. 
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Waterbed Electric Heat 

A "typical" profile for waterbed electric heat is unknown, however a constant "regional 
demand" profile was assumed for this analysis. Based on the CEC's annual energy consumption 
for this end-use in northern California and the constant demand profile, a curtailable demand of 
112 MW was calculated for this end-use, occurring at any time during the day. With a saturation 
of 18.5% in northern California housing, this results in a curtailable potential for each waterbed of 
0.137 kW. The demand profile for waterbeds may be a strong hnction of climate and house 
temperatures - particularly residences which allow for daytime room temperature float. 
Curiously, the annual UEC reported by the CEC is less in northern California than in southern 
California. 

Applying the normalized average of the summer and winter weekday profiles fiom the 
RAEUS study resulted in a peak curtailable demand of 461 MW at 11:OO a.m. and an average of 
65 MW between 3:OO and 5:OO p.m. Thus the curtailable demand for each waterbed is about 
0.560 kW for the hour of 11:OO a.m. or 0.079 kW for the hours between 3:OO to 5:OO p.m. 

Clothes Dryers (Electric Heat and Motors) 

Electric resistance heaters and motors in residential clothes dryers account for a total 
curtahent potential of 444 MW during the hours of 3:OO to 5:OO p.m. With a saturation of 
64.4% in residential housing, this end-use has an average curtailable demand of 0.155 kW per 
clothes dryer during this period. This should be broken down into motor energy use and electric 
resistance energy use because the electric resistance load may be larger and more easily 
controlled. 

Re@igerators (and Combination RefrigeratorL??reezer Units) 

Residential refrigerators account for a total curtailment potential of 644 MW during the 
hours of 3:OO to 5:OO p.m. With a saturation of 119% in residential housing, this end-use has an 
average curtailable demand of 0.122 kW per refrigerator during this period. 

Freezers (Separate Units) 

Residential fieezers account for a total curtailment potential of 123 M W  during the hours 
of 3:OO to 5:OO p.m. With a saturation of 22.6% in residential housing, this end-use has an 
average curtailable demand of 0.123 kW per fieezer during this period. 

Cooking electric Range and Stoves) 

Electric ranges account for a total curtailment potential of 308 MW during the hours of 
3:OO and 5:OO p.m. With a saturation of 63.3% in residential housing, this end-use has an average 
curtailable demand of 0.109 kW per electric range during this period. Electric ranges use 
significantly more energy later in the evening. Between the hours of 5:OO and 6:OO p-m., this end- 
use has an average curtailable demand of 0.25 kW. 
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Northern California Region: Weather-Dependent Loads (HVAC) 

Space Conditioning - Cooling Equipment 

Residential air conditioning loads in northern California are met chiefly by central air 
conditioning equipment (including heat pumps), room air conditioners, or evaporative air 
conditioners. Estimated market saturation of each technology, appliance UEC, and total energy 
use during a typical year are shown in Table A.6. 

To ascertain the peak loads for air conditioning in northern California, detailed metering 
data from RAEUS was used. The RAEUS data provided metered end-use electrical load data on 
15-minute intervals for all three of the above residential air conditioning appliances. Average 
equipment loads were provided for SCE's summer (June through September) and winter (October 
through May) schedule periods. In addition, average equipment load on the peak summer day 
metered was provided separately in this study. The data was converted to hourly values, and an 
annual average air conditioning end-use profile was created. In addition, average summer peak 
day air conditioning load profiles were also created. 

The annual air conditioning energy use was then applied to the average daily profile fi-om 
the M U S  data to get average daily profiles of air conditioning energy use on both regional and 
per unit equipment bases. Summer peak energy use was then developed by multiplying the annual 
hourly energy use values for the year by the ratio of the magnitude of the summer peak profile 
values to the annual average hourly profile values on an hour by hour basis. This exercise was 
repeated using the summer average profiles instead of the peak profiles. The results are shown in 
Table A.7. 

Table A.6. Residential W A C  Energy Use - Northern California 

End-Use Central AC Room AC Evaporative AC Furnace Fan 

Energy Using Motor/ Motor/ Motor/Fan MotodFan 
Component( s) Compressor Compressor 

~ 

Saturation (%) 
~ ~ 

Reg~onal Energy 
Consumption 
(Gwh/yr) 
Appliance Unit Energy 
Consumption (UEC) 
(kwh/yr) 

~ ~ 

29.8% 9.2% 8.3% 50.4% 
~~ ~~~ ~~ 

1686 165 224 700 

1272 402 608 3 12 

A. 16 



Table A.7. Residential W A C  Peak Energy Use - Northern California 

End-Use Central AC Room AC Evaporative AC Furnace Fan 
mod Demand Peak 0 2793 I 1311 399 1125 204 I 120 445 1241 
(annual I summer average) 
Regional Load Factor (based on 0.07 0.05 0.13 0.18 
annual peak) 
Peak Period (hour of day) 16 16 16 17 
Regional 3:OO to 5:OO p.m. 2668 I 1278 342 I90 188 I 119 443 I 156 
Demand Peak (MW) 
Average Unit Demand Peak 2.106 I 0.988 0.971 / 0.304 0.554 I 0.325 0.198 I 0.107 
(kW) (peak 1 summer average) 
Average Unit 3:OO to 5:OO p.m. 2.012 10.964 0.834 10.220 0.510 I 0.322 0.197 10.069 
Demand Peak (kW) (peak1 
summer average) 

Space Conditioning - Heating Equipment 

Heating loads in northern California are typically met by either natural gas or electric 
resistance heaters or heat pumps. The saturation of electrically heled heating appliances (electric 
resistance &maces, electric resistance baseboards, or heat pumps) is 10.2%, with the average 
heating appliance consuming 3823 k W y r .  The marginal unit energy consumption for new 
electric heating equipment (for 1993) is 2380 kWyr.  This is likely attributable to the more 
frequent use of heat pumps in place of electric resistance in new heating systems. Peak heating 
loads were not addressed in this study because of a lack of appropriate data on peak space heating 
energy use. This was not considered significant because the need for end-use load control is tied 
to the peak electrical energy requirements of the region, which for both northern and southern 
California is not coincident with the likely peak space heating energy usage. 

A. 17 





Commercial End-Uses 

Annual end-use energy consumption estimates for 1993 were extracted fi-om CEC (1995). 
The following end-uses were examined: building ventilation, water heating, cooking and food 
preparation, refiigeration, interior lighting, exterior lighting, office equipment, and other 
(electrical end-uses that do not fit into the above categories). 

Demand profiles were taken from two different sources. For office buildings, retail 
buildings, restaurants, and warehouses, load profiles available from ELCAP were used for interior 
lighting, exterior lighting, refiigeration, cooking, and water heating end-uses. All other end-use 
profiles were taken fiom the input decks used in the present CEC demand forecast model. These 
input decks were developed by Lawrence Berkeley Laboratory and other consulting firms for the 
CEC, and the demand profiles represent their estimates for California buildings. All 12 different 
building type categories from the CEC work were considered separately in this analysis. 

The demand profiles used in this analysis are combined weekday and weekend average. 
Where the weekday and weekend profiles differed significantly, it is noted for each end-use. 

The CEC Demand Report provides regional forecasts of annual end-use energy 
Consumption. These forecasts were aggregated into northern and southern California energy use, 
northern California being dominated by PG&E and SMUD, southern California dominated by 
SDG&E, SCE, LADWP, with separate consideration given to the municipalities of Burbank, 
Glendale, and Pasadena. 

Unlike the residential sector, the commercial sector CEC Demand Report does not 
produce estimates of per unit energy consumption during the year. No attempt was made to 
develop these estimates in this study. However, fhture analysis into typical shipping sizes for 
commercial equipment discussed in this report may be used to develop estimates of the unit 
energy consumption and unit electrical demand in each end-use category. 

Figures AS and A.6 show the impact of eight commercial end-use loads on the regional 
peak demands of southern and northern California. The following sections describe the 
methodology used to develop these values. 

Commercial Demand: Southern California Region, Non-Weather-Dependent Loads 

Ventiia tion 

Builhg ventilation accounts for 12.7% of all non heatingkooling electric energy use in 
commercial buildings in southern California. For all building types combined, this end-use has a 
peak demand of 932 M W .  The 3:OO to 5:OO p.m. weekday average peak demand is 897 MW. 
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4 
Figure A.5. Commercial end-use contribution to southern California peak demand. 

4 
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Figure A.6. Commercial end-use contribution to northern California peak demand. 
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Service Hot Water 

Building service hot water accounts for 0.6% of all non heatmghooling electric energy use 
in commercial buildings in southern California. Because of the predominance of other fuels, 
mainly natural gas, total curtailable peak load is about 50 to 60 MW. 

Cooking 

Cooking end-use accounts for 0.7% of all non heatinghooling electric energy use in 
commercial buildings in southern California. For all building types Combined, this end-use has a 
peak demand of 62 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 43 MW. 

Refrigeration 

Refigeration accounts for 10.7% of all non heating/cooling electric energy use in 
commercial buildings in southern California. For all building types combined, this end-use has a 
peak demand of 471 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 498 MW. 
Results are averages over all days and averages for weekdays only (weekday peaks are higher for 
most categories). 

Interior Lighting 

Interior lighting accounts for 46.4% of all non heatjnghooling electric energy use in 
commercial buildings in southern California. For all building types combined, this end-use has a 
peak demand of 2993 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 3299 MW. 
Results are averages over all days and averages for weekdays only (weekday peaks are higher for 
most categories). 

Other 

The "other" end-use category used by the CEC accounts for 17.7% of all non 
heating/cooling electric energy use in commercial buildings in southern California. For all 
building types combined, this end-use has a peak demand of 1026 MW. The 3:OO to 5:OO p.m. 
weekday average peak demand is 1081 MW. Results are averages over all days and averages for 
weekdays only (weekday peaks are higher for most categories). 

OfJice Equipment 

Office equipment accounts for 2.5% of all non heatinghooling electric energy use in 
commercial buildings in southern California. For all budding types combined, this end-use has a 
peak demand of 142 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 152 MW. 
Results are averages over all days and averages for weekdays only (weekday peaks are higher for 
most categories). 
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Ecterior Lighting 

Exterior lighting accounts for 8.7% of all non heating/cooling electric energy use in 
commercial buildings in southern California. For all building types combined, this end-use has a 
peak demand of 604 MW. The 3:OO to 5:00 p.m. weekday average peak demand is 188 MW. 

Commercial Demand: Southern California Region, Weather-Dependent Loads 

For this study, only cooling loads were looked at for weather-dependent loads. Cooling 
loads were assessed using the CEC's demand Report and the End-Use Metered Data for 
Commercial Buildings Annual Report 1992-1993 (SCE 1993). This report provides information 
on commercial building energy end-use and demand profiles, showing demand profiles developed 
from end-use metering of seven building types: office, retail, fast-food restaurant, sit-down 
restaurant, grocery stores, warehouses, and health facilities. A total of 87 buildings were 
monitored in this study, with the resultant load profiles averaged together for like building types. 

Using the data described above allowed development of hourly air conditioning demand 
profiles for five building types that corresponded with like descriptions in the CEC database. 
Summer and winter demand profiles were developed based on SCE's summer and Winter rate 
periods for both weekend and weekday profiles. Summer and winter peak air conditioning 
demand profiles were also developed using this data. 

The summer and winter weekend and weekday rates were all weighted together into an 
annual average air conditioning demand profile for each building type. Table A8 shows the 
pertinent data from each load profile. 

The ratio of measured peak load to average cooling load was multiplied by the estimated 
average regional cooling load (calculated by dividing the CEC's estimated regional cooling energy 
use by 8760 hr./yr), giving an estimate for the regional peak cooling loads. For the five building 
types, the average ratio of summer peak cooling load was 3.32, with a maximum of 3.76 for 
restaurants and a minimum of 2.83 for retail buildings. For CEC building types that were not 
represented, the average of the ratios for the five building types represented was used to estimate 
regional peak loads. 

The peak electrical demand for a single commercial cooling unit can be estimated based on 
the full load electrical demand for that unit. If one assumes that most commercial HVAC systems 
are sized appropriately for their load, and the size is supplemented with a typical safety margin of 
25%, the peak hourly energy demand for a given commercial HVAC system is conservatively 
estimated to be approximately 75% of full load electrical demand of the piece of equipment. This 
provides a first estimate of the load control potential on a unit by unit basis. 
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Table A.8. Average and Peak Cooling Electric Loads in Southern California on a Building 
and Regional Basis 

Building Type Estimated 

Restaurant 435.2 
Warehouse 66.3b 
Health 922.4 
Facilities 
Elementaxy 245.5 
Schools 
Food Storage 79.9 
HotevMotel 425.8 
Miscellaneous 1440.9 
College 401.6 

Average Summer Timeof 
Yearly Peakhad Peakbad 
Load W/@) 
wm 
0.590 1.829 4:OO p.m. 
0.606 1.716 5:OO nm. 
1.017 3.824 3:OO p.m. 
0.096 0.3 17 4:OO p.m. 
0.171 I 0.628 I 4:OOp.m. 

0.496 1.662 7-F 
0.496 1.662 NA 
0.496 1.662 NA 
0.496 1.662 NA 
0.496 1.662 NA 

1.794 895 879 
1.684 264 259 

25 
183 I 3.741 187 

0.3 11 25 
0.620 I 386 I 382 11 
1.630 93 92 

1.630 30 30 
1.630 162 159 
1.630 548 538 
1.630 I 153 I 150 11 

a Regional energy use combined for small and large office buildings. 
Regional energy use combined for refrigerated and non-refrigerated warehouse b 

Commercial Demand: Northern California Region, Non-Weather-Dependent Loads 

VentiIation 

Building Ventilation accounts for 12.2% of all non heatinglcooling electric energy use in 
commercial buildings in northern California. For all building types combined, this end-use has a 
peak demand of 61 1 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 606 M W .  

Service Hot Water 

Building service hot water accounts for 0.6% of all non heatingkooling electric energy u 
in Commercial buildings in northern California. . Because of the predominance of other fuels, 
mainly natural gas, total curtailable peak load is about 28 MW. 

Cooking 

e 

Cooking end-use accounts for 1 .O% of all non heatinglcooling electric energy use in 
commercial buildings in northern California. For all building types combined, this end-use has a 
peak demand of 52 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 39 MW. 
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~ Refi.igeration 

Refiigeration accounts for 7.4% of all non heatinglcooling electric energy use in 
commercial buildings in northern California. For all building types combined, this end-use has a 
peak demand of 217 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 230 MW. 
Results are averages over all days and averages for weekdays only (weekday peaks are higher for 
most categories). 

~ Interior Lighting 

Interior lighting accounts for 40.1% of all non heatinglcooling electric energy use in 
commercial buildings in northern California. For all building types combined, this end-use has a 
peak demand of 1699 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 1878 M W .  
Results are averages over all days and averages for weekdays only (weekday peaks are higher for 
most categories). 

Other 

The "other" end-use category used by the CEC accounts for 3 1.5% of all non 
heatinghooling electric energy use in commercial buildings in northern California. For all building 
types combined, this end-use has a peak demand of 1180 MW. The 3:OO to 5:OO p.m. weekday 
average peak demand is 1243 MW. Results are averages over all days and averages for weekdays 
only (weekday peaks are higher for most categories). 

Office Equipment 

Office equipment accounts for 2.9% of all non heatingkooling electric energy use in 
commercial buildings in northern California. For all building types combined, this end-use has a 
peak demand of 110 MW. The 3:OO to 5:OO p.m. weekday average peak demand is 117 MW. 
Results are averages over all days and averages for weekdays only (weekday peaks are higher for 
most categories). 

Exterior Lighting 

Exterior lighting accounts for 4.4% of all non heatinglcooling electric energy use in 
commercial buildings in northern California. For all building types combined, this end-use has a 
peak demand of 195 MW. The 3:OO p.m. to 5:OO p.m. weekday average peak demand is 66 MW 

Commercial Demand: Northern California Region, Weather-Dependent Loads 

For this study, only cooling loads were looked at under the category of weather- 
dependent loads. As with the southern California region, cooling loads were assessed using the 
CEC's Demand Report and the End-Use Metered Data for Commercial Buildings Annual Report 
1992-1993 (SCE 1993). The methodology used was identical to that used to estimate peak 
electrical loads caused by space cooling in commercial buildings in southern California. 
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Table A.9 shows the pertinent data fiom this study and estimates of the regional peak 
electric demand due to space cooling. Note that cooling loads profiles in northern and southern 
California regions will not be identical in real life. However, it is unclear how the profile would 
change. It is recommend that in a fbture study, building energy use simulation be used to assess 
the relative changes in cooling load profile between the two regions and adjust the northern 
California results accordingly. The same building model could be used to weather-normalize the 
data and to provide better peak load information. 

Table A.9 Average and Peak Cooling Electric Loads in Northern California on a Building 
and Regional Basis 

Building Type Est. Region 
Energy Use 
( G w b d  

Off ie  1598.5 
Retail 264.9 

693.9 

Elementary 
Schools 

O t e v M o t e l  l%xz&%& 
College 135.2 

Avg. Summer Timeof Summer3- Regional Regiod3-5 
Annual Peakbad Peakhad 5p.m.Load PeakLoad p.m.Load 
Load (wifi?) vi@ 0 0 

( W m  
0.590 1.829 4:OO p.m. 1.794 586 555 
0.606 1.716 5:OO nm. 1.684 86 84 
1.017 3.824 3:OOp.m. 3.741 83 81 
0.096 0.3 17 4:OO nm. 0.3 11 40 39 

I 287 
0.171 1 0.628 I 4:OOp.m. I 0.620 I 290 

0.496 1.662 NA 1.630 9 9 

0.496 1.662 NA 1.630 132 130 
0.496 1.662 NA 1.630 15 15 
0.496 1.662 NA 1.630 167 164 

XI for small and large office buildqs. a Regional energy use combin I€ 

Regional energy use combined for refrigerated and non-refrigerated warehouse b 
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