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ABSTRACT  10 

Real-time power supply and demand balances are critical to ensure stable power frequency and quality power services. 11 

However, the growing integration of renewable energy increasingly challenges the power infrastructure because most of the 12 

renewable resources, e.g., solar and wind energy, are intermittent and difficult to predict. To meet stringent power frequency 13 

requirements, more fast reacting frequency regulation resources are being brought online among which grid-level batteries 14 

are the dominant ones. Buildings consume more than 73% of the electricity in the US, offering significant regulation reserve 15 

for the power grid. Variable-speed air-conditioning and heat pump systems are taking an increasing share of the market due 16 

to higher efficiency requirements imposed by federal agencies. In addition to efficiency benefits, variable-speed 17 

cooling/heating systems are also perfectly suited to provide frequency regulation service since these units can modulate their 18 

power continuously over a wide range.  19 

This paper presents a methodology and case study results for laboratory-based assessments of power frequency 20 

regulation service performance for variable-speed HVAC cooling equipment. The assessment methodology involves the use 21 

of both open- and closed-loop testing in psychrometric chambers.  The open-loop testing quantifies the maximum possible 22 

performance of regulation services that is building independent, whereas the closed-loop testing provides representative 23 

performance for regulation services when the equipment must maintain comfort conditions for typical “virtual” buildings.  24 

Two air-conditioning units, a variable-speed packaged rooftop unit (RTU) and a split heat pump with an after-market 25 

variable-speed retrofit, were utilized for regulation tests performed in psychrometric chambers. Both open-loop and closed-26 

loop regulation control strategies were developed and tested for this equipment. Open-loop test results showed that variable-27 

speed HVAC equipment can provide high quality regulation service with performance scores of up to 0.98. With PJM 28 
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historical wholesale energy and regulation prices, the estimated regulation credit can offset up to 48% of the electricity price. 1 

The closed-loop regulation control was shown to have negligible impact on indoor comfort with temperature fluctuations 2 

smaller than 0.1C. Power regulation also did not cause any efficiency degradation for the closed-loop tests.  In fact, for more 3 

humid climate conditions, the electrical input for cooling can even be reduced with regulation control due to reduced 4 

moisture removal.    5 

Keywords: Power grid ancillary service; Frequency regulation service; Variable-speed HVAC equipment; Economic analysis; 6 

Indoor comfort control 7 

1. INTRODUCTION  8 

Frequency regulation, as one of the various types of ancillary services, is designed to ensure instantaneous balance of 9 

power supply and demand and to maintain a stable grid frequency. The growing integration of renewable energy on the 10 

power grid increasingly challenges the power infrastructure, because most of the renewable resources, e.g., solar and wind 11 

energy, are intermittent and difficult to predict. To meet stringent power frequency requirements, the grid has seen record 12 

demand for frequency regulation capacity, especially for fast regulation resources (Zhou et al., 2016; Makarov et al., 2009). 13 

Incorporating energy storage has been seen as the most effective technology to absorb the uncertainties in the renewable 14 

power generation, but cost is a major limiting factor for wide deployment of energy storage.  15 

The Federal Energy Regulatory Commission (FERC) passed rules in recent years attempting to open the regulation 16 

markets to demand side resources and to establish monetary incentives for end users to participate in the regulation market. 17 

Frequency regulation requires demand side resources to vary their power use to follow an automatic generation control 18 

(AGC) signal that is generated based on real-time power supply and demand imbalances. Participation in the regulation 19 

service could result in significant economic benefits for building owners. Deeper demand side participation could increase 20 

total regulation capacity and allow more renewable integration on the gird.   21 

Buildings account for more than 73% of the total electricity use in the US and more than one third of the electrical 22 

energy use in buildings is attributed to heating, ventilation and air conditioning (HVAC) systems (EIA, 2018). HVAC 23 

equipment links building thermal loads and the space cooling/heating electrical energy consumption. HVAC loads are 24 

perfectly suited for frequency regulation since the thermal inertia associated with building materials can filter out high 25 

frequency components in electrical power modulation of HVAC equipment, leading to small impacts on indoor temperature 26 
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control. Variable-speed HVAC equipment has seen increased market share due to higher efficiency requirements imposed by 1 

federal agencies in recent years. Variable-speed HVAC systems offer significantly enhanced energy efficiency and also 2 

increase buildings’ capacity for frequency regulation. 3 

Researchers have recently started to investigate the feasibility of using HVAC systems for power grid ancillary services. 4 

Most of the experimental studies have focused on parts or types of HVAC systems that are relatively straightforward to 5 

operate and analyze, such as fans and electrical heaters. For example, Lin et al. (2015), Vrettos et al. (2017), and MacDonald 6 

(2014) investigated the feasibility of using variable-speed fans in commercial buildings for ancillary services. Very high 7 

regulation performance scores, up to 0.98, were reported due to the fast power response with fan speed changes. However, 8 

fans only contribute a small fraction of the total instantaneous HVAC power. Fabietti et al. (2017) performed field tests using 9 

electrical space heaters to provide regulation service in a commercial building. Regulation control for electrical heaters is 10 

straightforward to implement with the help of solid state relays. However, electrical resistive heaters are not widely used as 11 

primary heating equipment due to high operating costs compared to natural gas and heat pumps. Although the potential for 12 

power regulation of vapor-compression air conditioning and heat pumping units is much more significant because of their 13 

large power requirements and widespread application, analysis and regulation control design for vapor-compression systems 14 

are challenging due to nonlinear and dynamic electric-to-thermal energy conversion processes. To date, relevant experimental 15 

studies of regulation services applied to vapor-compression systems are limited. Kim et al. (2016) carried out a laboratory test 16 

using a variable-speed heat pump to provide frequency regulation. The supply water temperature setpoint was adjusted to 17 

modulate the heat pump power in an indirect manner and reported performance scores were mostly less than 0.8. Su and 18 

Norford (2015a) proposed and implemented a regulation control strategy for a 200-ton chiller serving a medium-sized 19 

commercial building that adjusts the chilled-water supply temperature setpoint to vary the chiller power in response to a 20 

regulation signal. The reported performance scores ranged from 0.86 to 0.89 in field tests carried out using the PJM 21 

(Pennsylvania-New Jersey-Maryland Interconnection, regional transmission organization) regulation test signal. A follow-on 22 

study (Su and Norford, 2015b) recognized the complicated interdependence across various components in a HVAC system 23 

and investigated regulation control solutions that integrate all HVAC power elements to provide frequency regulation service. 24 

Their study presented a field test within a campus building that modulated both the chilled-water supply temperature and 25 

supply air temperature setpoints to achieve chiller and fan power modulation.  However, 7 out of the 9 tests conducted were 26 

not successful with PJM performance scores ranging from 0.45 to 0.74, due to communication delays and chiller internal 27 

operation constraints. Other studies (Blum and Norford, 2014; Zhao et al., 2013; Pavlak et al., 2014) relied on simulation 28 
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tools to analyze the inter-component interactions within HVAC systems and quantify the available hour-by-hour regulation 1 

capacity. However, quasi-steady-state HVAC models were predominantly used in these studies and the system dynamics 2 

during regulation control were not captured. Regulation capacity could be significantly overestimated by neglecting these 3 

dynamic effects. 4 

Frequency regulation performance is highly dependent on the equipment, the building characteristics, and their dynamic 5 

interactions that are linked to the specific control strategies employed.  The current paper develops and applies a 6 

methodology for assessing performance of frequency regulation applied to packaged and split air conditioning and heat 7 

pumping equipment that is based on dynamic tests performed in psychrometric chambers. The methodology includes 8 

determination of the maximum, building-independent, regulation performance of the equipment through open-loop testing 9 

and also a building-specific assessment using closed-loop control.  The closed-loop control assessment methodology includes 10 

utilization of a virtual building representation for testing that enables overall performance measures for frequency regulation, 11 

comfort, and energy efficiency.  This paper also presents and evaluates a practical closed-loop control strategy for frequency 12 

regulation and comfort control that can be readily integrated with existing feedback controllers for air conditioners and heat 13 

pumps.  The open- and closed-loop testing methods were used to assess the performance of frequency regulation service 14 

applied to two representative air-conditioning units, a 5-ton variable-speed rooftop unit (RTU) and a 4-ton split heat pump 15 

operated in cooling mode.  The open-loop test results were used to perform a first-order economic analysis to quantify the 16 

maximum economic benefits associated with frequency regulation. The closed-loop tests were used to evaluate the efficacy 17 

of the proposed closed-loop control solution and the impacts of regulation control on the indoor comfort delivery and unit 18 

energy efficiency. 19 

2. OVERVIEW OF TEST EQUIPMENT AND ASSESSMENT METHODOLOGY 20 

Open-loop tests were performed for both the RTU and split system while the closed-loop tests only involved the RTU 21 

since the efficiency and comfort impacts should be similar for the two test units. The overall assessment in this study was 22 

based on the PJM market. PJM test and historical regulation signals were used in the open-loop and closed-loop tests.  23 

2.1. Test Equipment Setups 24 

The RTU and heat pump were installed and tested in two pairs of psychrometric chambers as illustrated in Figure 1. The 25 

test RTU was placed in the corresponding outdoor chamber with the air entering the evaporator coil drawn from the indoor 26 



5 

 

chamber. For the split heat pump, the indoor and outdoor units were located in the indoor and outdoor chambers, 1 

respectively. Three power meters were installed for each unit to collect real-time power data for the condenser fan, supply fan 2 

and compressor. Air-side measurements were included to facilitate real-time determination of sensible and latent loads 3 

needed for closed-loop testing.   4 
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Figure 1. Test unit setups in psychrometric chambers. Top: RTU test rig; bottom: heat pump test rig. 7 

Split System Heat Pump 8 

Figure 2 shows the 4-ton split system heat pump that was set up for the frequency regulation tests. The unit originally 9 

had single-staged compressor and fan operation. Variable-speed drives were added to the compressor, indoor and outdoor 10 

fans as an after-market retrofit. Individual component speed was directly controlled via an automation control unit (ACU) 11 

that converts a 0 to 10Vdc control command to a pulse modulation width (PMW) signal for the drive speed control. Three 12 
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ACUs were installed to adjust speeds of the compressor, indoor fan and condenser fan, separately. 1 

 2 

Figure 2. Heat pump regulation test setup in psychrometric chambers. 3 

The heat pump was operated in cooling mode for the tests with the condenser fan speed fixed at 100%, since the 4 

condenser fan contributes a small fraction of the total unit power. Compressor and indoor fan speeds were adjusted 5 

continuously to vary the total unit power within the following ranges: 6 

 compressor speed modulation range: 30% ~ 70% 7 

 indoor fan speed modulation range: 35% ~ 100% 8 

The maximum compressor speed was only 70% of full speed because the added compressor drive has built-in logic that 9 

locks the unit operation at full speed whenever the compressor speed control command is above 70%. It should be noted that 10 

the regulation capacity loss due to the lockout logic leads to lower regulation credits compared to a general variable-speed 11 

unit with a larger speed modulation range. 12 

Rooftop Unit (RTU) 13 

Error! Reference source not found.Figure 3 shows the 5-ton variable-speed RTU setup in the outdoor chamber. This 14 

unit has built-in logic that modulates supply fan speed to maintain an indoor temperature setpoint and varies compressor 15 

speed to maintain the discharge air temperature (DAT) setpoint. Direct compressor speed control was not available and 16 

compressor speed was indirectly controlled by adjusting the DAT setpoint via BACnet. Condenser fan speeds are 17 

synchronized with the compressor speed internally. The indoor supply fan has a constant torque control so its speed can be 18 

modulated by overriding the fan torque setpoint in the unit BACnet interface. In the open-loop regulation tests, the supply fan 19 
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speed was modulated to participate in frequency regulation service and did not respond to the building cooling needs, while 1 

the closed-loop control varied the supply fan speed to maintain indoor temperature setpoint.  2 

The unit has internal constraints to ensure safe and reliable operation: 3 

• DAT setpoint range: 7.2ºC (45ºF) to 18.3ºC (65ºF).  4 

• Compressor/condenser speed range: 39% to 100%  5 

• Blower torque setpoint range: 30% to 100%. 6 

 7 

Figure 3. RTU regulation test setup in psychrometric chambers. 8 

2.2. Open-Loop Control Strategy and Testing Approach 9 

Error! Reference source not found. The purpose of open-loop testing is to determine the maximum performance of a 10 

variable-speed test unit for frequency regulation if it is not constrained by having to respond to a building load.  For the open-11 

loop tests, the chamber temperature and humidity are kept constant to eliminate the impact of operating conditions on the test 12 

performance.  Figure 4(a) gives a diagram of the regulation controller developed for the heat pump in this study. The 13 

compressor and indoor fan speeds can be directly controlled via the variable-speed drives. As a result, the compressor and 14 

supply fan power respond almost instantaneously to any speed adjustment, and there is negligible difference in the dynamics 15 

of the two components. Thus, a single proportional-integral (PI) controller was implemented that monitors the total unit 16 

power and adjusts the compressor and indoor fan speeds in a synchronized way to track the power regulation signal provided 17 

by the ISO or RTO. The PI controller outputs a continuous control command from 0 to 100% which is then scaled to the 18 

respective operation ranges and used as control commands for compressor and indoor fan speeds. In the PJM market, a 19 

regulation command is sent to regulation resources every two seconds, so the time step in the PI control was set to two 20 
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seconds.  1 

The control diagram for the open-loop regulation control strategy applied to the RTU is shown in Error! Reference 2 

source not found.Figure 4(b). The equipment manufacturer’s feedback controllers were utilized to vary the compressor and 3 

condenser fan speeds to maintain the desired DAT setpoint, and to vary the indoor fan speed to meet the torque setpoint. The 4 

open-loop regulation control block consists of two PI controllers that control the supply fan torque setpoint and the DAT 5 

setpoint, respectively. The supply fan air flow rate and power depend directly on the fan torque setpoint, whereas the cooling 6 

delivered and compressor power consumption depend on both the fan torque and DAT setpoints. Thus, the regulation 7 

controller indirectly modulates the supply fan power and the compressor (plus condenser) power to track a power regulation 8 

signal. Both PI controllers take the total unit power as the control variable. However, the supply fan power responds to a 9 

torque setpoint change almost instantaneously, while the compressor’s response to a DAT setpoint change is relatively 10 

slower. That is why two PI controllers were utilized for separate control of the compressor and supply fan power. Preliminary 11 

step tests were performed to understand the dynamics of the unit internal compressor speed controller, and the regulation PI 12 

controllers were designed accordingly: the PI gains for the fan regulation controller were configured using the Ziegler-13 

Nichols method and it has the fastest response; the unit internal DAT controller has a longer response time (approximately 3 14 

times of the fan regulation control), and thus, for the DAT reset control, the same P gain was used but the I gain was set 10 15 

times smaller than the I gain in the fan regulation controller to mitigate control interactions between the three control loops. 16 

The compressor power is varied relatively slowly to track the general trend of a regulation signal while the supply fan power 17 

is adjusted more aggressively for fast and accurate power tracking.  18 
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Figure 4. Heat pump (a) and RTU (b) regulation control diagrams. 3 

2.3. Error! Reference source not found. Closed-Loop Control Strategy and Testing Approach 4 

Error! Reference source not found. Open-loop control testing is useful in assessing the maximum regulation 5 

performance and utility savings potential for the equipment.  However, it is not suitable for testing a realistic implementation 6 

where the equipment must be able to maintain satisfactory comfort conditions.  In addition to evaluating the ability of a 7 

frequency regulation controller to match a target power signal, it is important to also understand the impacts of a particular 8 

control approach on indoor comfort and energy efficiency. In order to investigate realistic performance, a closed-loop 9 

regulation control was developed for the RTU that provides frequency regulation while maintaining indoor temperature 10 

setpoint. The closed-loop regulation control was only implemented and tested for the RTU, since the closed-loop results are 11 

expected to be similar between the two test units. Error! Reference source not found. Figure 5 shows the RTU closed-loop 12 

control diagram. Similar to the open-loop control approach, the compressor and condenser fan speed are controlled using the 13 

unit’s embedded feedback controller that attempts to maintain a DAT setpoint and the DAT setpoint is varied to indirectly 14 

control the compressor speed and power for regulation control. In contrast to the open-loop control, the supply fan does not 15 

participate in the power regulation and its speed is modulated by the original thermostat controller to maintain the zone air 16 

temperature (ZAT) setpoint. The unit’s internal feedback controllers for the compressor and supply fan have significantly 17 

different time constants (the integral gain for the blower controller is an order of magnitude smaller than the compressor 18 

speed controller) so control interference between the two control loops is negligible.  19 
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 1 

Figure 5. RTU closed-loop control diagram. 2 

The closed-loop control tests were performed within psychrometric chambers. However, the chambers have significantly 3 

different dynamics and gains compared to an actual building and direct application of the RTU for controlling this space as a 4 

test building would not lead to representative results. In order to provide realistic building behavior, the reconditioning 5 

system for the indoor room is controlled to provide temperature and humidity responses generated from a virtual building 6 

model that is representative of what would typically be served by this equipment as described by Hjortland and Braun (2018). 7 

Error! Reference source not found. Figure 6 depicts the coupling between the virtual building model and the test unit. 8 

Real-time measurements of sensible and latent cooling from the test equipment are fed as inputs to the virtual building model 9 

along with indoor conditions and other simulated inputs that influence the indoor response (e.g., outdoor conditions, internal 10 

gain, etc.). The dynamic model then calculates zone temperature and RH for the next time-step, which are used as the indoor 11 

chamber setpoints for the reconditioning system. This approach results in building responses to test unit control that are 12 

representative of a real building. Some details of the modelling approach are presented in Appendix A. 13 

 14 
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Figure 6. Coupling between the virtual building model and HVAC equipment 1 

2.4. Regulation Test Signals and Scoring 2 

Error! Reference source not found. PJM RegA and RegD regulation signals were used in the open-loop and closed-3 

loop tests (PJM Ancillary Services, 2018). RegA is a traditional regulation service in PJM that assigns a slowly varying 4 

regulation signal for resources to follow. RegD is a fast regulation service that involves a much faster power regulation 5 

requirement compared to the RegA service. PJM performance score and mileage for the different tests were determined as 6 

outlined in Appendix B.  7 

3. OPEN-LOOP TEST RESULTS 8 

In the open-loop regulation tests for both test units, the indoor chamber temperature and relatively humidity (RH) were 9 

maintained at 21.1ºC and 47%, respectively. The outdoor chamber temperature was controlled at 26.7ºC and the outdoor RH 10 

was allowed to float as it did not affect the unit performance.  11 

Prior to the open-loop regulation tests, preliminary functional tests were performed to obtain the maximal and minimal 12 

power that the unit could provide for frequency regulation under the specific test conditions. For the heat pump, the upper 13 

and lower power limits could be easily identified by setting all the component speeds to the corresponding limits. For the test 14 

conditions, the highest and lowest unit power obtained were 3.04kW and 1.24kW, which resulted in a reference power level 15 

of 2.14kW and a regulation capacity of 0.9kW. For the RTU, the maximal unit power was determined by setting the blower 16 

torque to 100% and setting the DAT setpoint to its minimum of 7.2ºC. The minimal unit power was estimated by sending the 17 

control commands to the opposite extremes. For the specified test conditions, the estimated maximal and minimal power 18 

were 4.75kW and 2kW, respectively, leading to a base regulation power of 3.375kW and a regulation capacity of 1.375kW 19 

for the RTU tests (see test results in Figure 9 and Figure 10). In the actual regulation control implementation, the regulation 20 

capacity and power bounds should be dynamically reset for hour-ahead markets such as PJM, in response to variations of 21 

building loads and operating conditions. A model-based dynamic reset strategy for regulation capacity is described by Cai 22 

and Braun (2018). 23 

3.1. Heat Pump Test Results 24 

The 40-min RegA test signal was downloaded from the PJM website (PJM Ancillary Services, 2018) and was used in the 25 
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regulation tests. Figure 7 shows the RegA test results, including the regulation reference signal, unit power responses and 1 

control commands. It can be seen that the unit can accurately respond to and track this relatively slow changing regulation 2 

signal. Table 1 gives the performance scores calculated using the PJM performance score engine along with the regulation 3 

mileage (see Appendix B). The regulation mileage is an indicator of the aggressiveness in the regulation signal variation. The 4 

split heat pump can provide high quality RegA service with a composite performance score of 0.98. 5 

 6 

Figure 7. Heat pump RegA test results. 7 

A RegD test with the heat pump was performed for the same conditions and results are presented in Figure 8. It can be 8 

observed that the RegD regulation signal changes at a much faster rate than for RegA, which is also reflected in the 9 

calculated mileage shown in Table 1. The RegD regulation signal has a mileage three times greater compared to the RegA 10 

signal. Because of the dynamic power modulation required in the RegD service, minor delays are present in the unit power 11 

response and the precision score is slightly lower (0.92) than the other sub-scores (see Table 1). It is more difficult for the 12 

unit to track a RegD regulation signal due to the faster variation in the reference signal. However, the overall tracking 13 

performance is still excellent with a composite performance score of 0.97. 14 
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 1 

Figure 8. Heat pump RegD test results. 2 

3.2. RTU Test Results 3 

Figure 9 shows the 40-minute RegA test results for the RTU. The top subplot shows variations of the total unit power, 4 

the regulation signal, the compressor power (sum of compressor and condenser fan power) and blower power. The middle 5 

subplot gives the control command for the DAT setpoint along with the actual DAT measurement. The bottom subplot shows 6 

the blower control command. It can be seen that the blower control command and the blower power followed the general 7 

trend of the regulation signal reasonably well. The DAT setpoint has an inverse relationship with the compressor power: 8 

lower DAT setpoint is equivalent to higher cooling load requiring more compressor power. The DAT setpoint (compressor 9 

power) controller worked as expected with the compressor power closely following the trend of the regulation signal. The 10 

total unit power also shows a close match to the regulation signal. 11 

The RTU RegA test has relatively low accuracy and delay scores. That is mainly because of the control oscillation that 12 

can be observed in the DAT and compressor power control results shown in Figure 9. The control oscillation was caused by 13 

(1) overly aggressive PI settings as the PI gains were tuned with the RegD test signal; and (2) the compressor speed was 14 

indirectly controlled by adjusting the DAT setpoint but there seemed to be a deadband in the internal compressor speed 15 

controller. The compressor power fluctuation also caused the blower speed to chatter slightly. Even with the control 16 

chattering, the composite performance score is still 0.92 for the RegA test. Note that model-assisted feedback control design 17 
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or even feedforward controllers could provide improved regulation performance. But the obtained performance with the 1 

current strategy was very satisfactory. The present study has a focus on the overall evaluation methodology and more 2 

sophisticated control solutions will be investigated in future studies.   3 

 4 

Figure 9. RTU RegA test results. 5 

Figure 10 gives the RTU RegD test results. One obvious difference in the RegD test was that the regulation signal 6 

changed much faster, with an hourly mileage almost three times greater compared to the RegA case. The heat pump test 7 

results showed that it was more difficult for the test unit to follow a RegD test signal, which should be expected as RegD 8 

involves a more aggressive and dynamic regulation signal. But the RTU RegD test led to more satisfactory performance, with 9 

a composite performance score close to 0.95. Control chattering occurred less in the RTU RegD test. One reason is that the PI 10 

gains in both RTU tests were tuned based on the RegD signal. Another possible reason could be that RegD requires more 11 

frequent power variation and the compressor power control could steer the power towards the correct direction (ramp-up or 12 

ramp-down) but does a less satisfactory job in maintaining a relatively constant power, due to the lack of direct compressor 13 

speed control. 14 
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 1 

Figure 10. RTU RegD test results. 2 

Table 1. RTU open-loop regulation test performance scores 3 

 4 

  
Performance Sub-Scores Composite 

Score 
Hourly 
Mileage Accuracy Delay Precision 

RTU 
RegA 0.877 0.98 0.886 0.915 6.8 

RegD 0.95 1 0.886 0.947 19.3 

Heat pump 
RegA 0.974 0.986 0.968 0.976 6.8 

RegD 0.986 1 0.923 0.969 19.21 

3.3. Open-Loop Performance Comparison to Other Regulation Resources 5 

Figure 11 compares the HVAC regulation performance obtained in the open-loop tests to the average performance of 6 

other regulation resources (Benner, 2015). Although only two types of HVAC equipment were tested in the present study, the 7 

obtained performance is believed to be representative of vapor-compression HVAC systems. HVAC systems could even 8 

outperform battery energy storage for provision of frequency regulation.  9 
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Figure 11. Open-loop regulation performance comparison to other grid regulation resources. 2 

4. FIRST-ORDER ECONOMIC BENEFIT ANALYSIS 3 

Building owners receive credits and economic benefits from ISO/RTOs for participation in the regulation market. 4 

Quantifying the economic benefit could help building owners better appreciate this building-grid integration opportunity. For 5 

system operators, economic analysis results also provide valuable information to understand the demand-side responses in the 6 

frequency regulation market which could help better structure/plan the regulation resources. A first-order economic analysis 7 

was carried out to evaluate the utility savings potential associated with frequency regulation service.  8 

Historical wholesale electricity price (day-ahead market price, PJM Day Ahead LMP, 2018) and regulation clearing 9 

prices (PJM Ancillary Services, 2018) were downloaded from the PJM website. Figure 12 plots the monthly average 10 

regulation and wholesale electricity prices from Jan 2014 to Feb 2018. It can be observed that the regulation prices are in 11 

sync with the locational marginal price (LMP). Both LMP and regulation prices were significantly higher for the year of 2014 12 

and were lowest for 2016 and 2017. The magnitude of regulation capacity price was greater than half of the energy price for 13 

most of the months. For certain months, the regulation capacity price was even higher than the energy price. Regulation 14 

performance price was consistently lower. But the performance credit could be significant since the mileage ratio multiplier 15 

can be higher than 3 for RegD service.  16 

The historical PJM prices were used to estimate the electricity costs to operate the test unit and the credits that could be 17 

received for the RegA and RegD test results presented in the previous section. Details of the PJM credit calculation method 18 

are given in Appendix B. The percentage of total regulation credits (sum of performance and capacity credits) relative to the 19 
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energy costs are provided in Figure 13. It was shown in Table 1 that RegD service involves much higher mileage, which is 1 

close to 3 times the RegA mileage, and the performance credit is proportional to the regulation mileage for given regulation 2 

capacity and performance. That is why the RegD service always results in a higher total regulation credit compared to the 3 

RegA service. The heat pump tests led to greater regulation credits than the RTU due to higher performance scores and 4 

slightly greater regulation capacity. For years with higher regulation prices such as 2014, 2015 and 2018, the electricity cost 5 

savings potential could reach up to 48%. For 2016 and 2017, the regulation prices were relatively lower and the cost savings 6 

potential ranges from 20% to 30%. It needs to be emphasized that the presented savings results for the heat pump are 7 

conservative; if the regulation capacity reduction due to the drive lockout logic could be recovered, the savings potential 8 

could be even greater. The results show that a building’s participation in the frequency regulation market could provide 9 

significant economic benefits for building owners.  10 

 11 

Figure 12. Monthly average PJM market clearing prices for wholesale energy and regulation markets. 12 

 13 

Figure 13. Estimated economic benefits for the RTU and heat pump test conditions. 14 
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5. CLOSED-LOOP CONTROL TESTS 1 

A number of closed-loop control tests were performed to investigate 1) the effectiveness of the closed-loop control 2 

solution, 2) the indoor comfort impact when HVAC systems are used to provide frequency regulation service and 3) the 3 

impact of frequency regulation control on the energy efficiency of the HVAC equipment. In the open-loop tests presented in 4 

Section 3, the 40-minute PJM test signal was used. To better evaluate the closed-loop control performance and the comfort 5 

impact associated with regulation control, longer closed-loop regulation tests were carried out using historical regulation data 6 

from the PJM market for the day of May 10, 2014 (only 1-week historical regulation data is available on the PJM website).  7 

5.1. Closed-Loop Control Performance and Indoor Comfort Impact 8 

Figure 14 shows the closed-loop regulation test results including variations of the total RTU power consumption and the 9 

regulation signal, the DAT and its setpoint, zone air temperature and supply airflow rate. The test was carried out with an 10 

outdoor temperature of 35C and an outdoor humidity of 35%, an internal sensible heat gain of 3.7kW (11kW total sensible 11 

load for a zone temperature setpoint of 23.4C) and an internal latent heat gain of 1.35kW (3kW total latent load for a zone 12 

humidity setpoint of 45%). Key building parameters such as UA and lumped capacitance values are given in Appendix A. 13 

Similar to the open-loop tests, the regulation capacity in the closed-loop tests was determined using a preliminary test to 14 

identify the upper and lower compressor power limits associated with minimum and maximum DAT setpoints, respectively, 15 

and assuming a median fan power. Prior to the test, the unit was operated in a warm-up mode with a constant DAT setpoint 16 

of 12.8C until it reached steady-state. It can be observed from Figure 14 that the regulation capacity in the closed-loop test 17 

(1.05kW) was lower than the open-loop test (1.375kW) since the indoor blower did not contribute to frequency regulation. 18 

The precision and composite performance scores dropped to 0.75 and 0.88, respectively, because of the slow response in the 19 

compressor power control. Due to the reduced regulation capacity and lower performance scores, the cost savings potential 20 

was 30% lower compared to the savings for the open-loop tests shown in Figure 13. The zone temperature subplot includes 21 

both the chamber temperature setpoint generated by the virtual building model and the actual temperature measured in the 22 

chamber. The indoor chamber reconditioning systems was able to track the generated setpoints with an error smaller than 23 

0.05C for a majority of the time. A constant zone air temperature setpoint of 23.4C was sent to the RTU thermostat which 24 

then modulated the supply fan speed to regulate the indoor (chamber) temperature close to the setpoint. It can be seen that 25 

with the closed-loop control, the zone air temperature fluctuation was within 0.1C of the setpoint and the impact of frequency 26 

regulation on the indoor temperature control was negligible.  27 
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It may be noted that in the closed-loop regulation controller, the supply fan can also be proactively controlled to provide 1 

frequency regulation service while maintaining indoor comfort, by leveraging the indoor temperature flexibility. In the 2 

blower torque override mode, the blower speed can be easily adjusted to provide power regulation just like in the open-loop 3 

strategy, but the controller needs to be carefully designed to monitor and regulate the indoor temperature. In the thermostat 4 

mode, the zone air temperature setpoint could be adjusted around the desired temperature as a means to indirectly modulate 5 

the supply fan speed and power. However, there are practical constraints that make such a strategy difficult to implement: 1) 6 

the thermostat controller has very slow response (small I gain) since it is designed to regulate indoor temperature which 7 

typically has long time constants; thus, perturbing the temperature setpoint would not provide the ramp rate required by the 8 

regulation service; 2) implementing bigger step changes in the temperature setpoint could provide greater ramp rate, but the 9 

thermostat has a built-in deadband control which shuts down the unit whenever indoor temperature drops 0.5˚F below the 10 

setpoint, leading to dramatic drop in the regulation performance. Either approach needs better ways to characterize the 11 

relationship between the magnitude of power regulation and the indoor temperature impact, so that the regulation capacity 12 

can be appropriately determined without causing discomfort in the indoor space.   13 

 14 

Figure 14. Closed-loop control test results. 15 
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5.2. Energy Efficiency Impact 1 

Round-trip efficiency loss exists in batteries and is defined as the energy loss ratio when a battery goes through a full 2 

charge and discharge cycle. This efficiency loss leads to increased operation cost when a battery is used for regulation service 3 

and could be detrimental to the economic viability for participating in the regulation market. It is important to evaluate the 4 

potential energy efficiency losses for HVAC frequency regulation control. A few studies are available in the literature that 5 

specifically investigated the efficiency impact when HVAC systems are used to provide ancillary services (Lin et al., 2016; 6 

Beil et al., 2015).  Beil et al. (2015) reported an average round-trip efficiency of 45% in a field test where the supply fan in a 7 

commercial building was used for frequency regulation. However, the study was not carried out within a controlled 8 

environment and the results could be easily clouded by load uncertainties (non-repeatable tests so building load could be very 9 

different between the cases with and without frequency regulation control) and control complications (supply fan power is 10 

only a small fraction of the total HVAC power and supply airflow perturbations could cause different control responses in 11 

other components).  12 

The current study undertook a more systematic approach for investigating the efficiency impact for HVAC systems to 13 

provide frequency regulation. To evaluate the efficiency loss, closed-loop control tests were carried out in the psychrometric 14 

chambers for the RTU under both conventional feedback control and regulation feedback control.  Two sets of tests were 15 

performed to understand the efficiency impact under conditions with lower and higher latent loads. The outdoor temperature 16 

and relative humidity were set to 31.1C and 25%, respectively, and a constant internal sensible heat gain of 5.44kW was used 17 

for both sets of tests. The lower latent load tests started with an initial zone RH of 25% and a small internal latent gain of 18 

0.1kW was used in the virtual building model, leading to a total latent load of 1kW for a zone RH setpoint of 25% and a 19 

temperature setpoint of 24.1C. The higher latent load tests started with a higher initial zone RH of 45% and the latent gain 20 

was also higher, resulting in a higher latent load of 3.5kW and greater moisture removal from the evaporator. Two 21 

comparative tests were performed for the lower and higher latent load conditions: one with the closed-loop ancillary service 22 

control logic (AS) shown inError! Reference source not found. Figure 5 and the other using the conventional control 23 

(NonAS) with a fixed DAT setpoint of 12.8 C.       24 

Figure 15 shows the test results under the low latent load conditions. The ambient (outdoor chamber) temperature, indoor 25 

(indoor chamber) temperature and indoor RH (ZARH) are plotted to show that the boundary conditions were nearly identical 26 

between the ancillary service control and conventional control cases. The outdoor chamber temperature oscillated slightly 27 
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with the AS control due to the fluctuating condenser heat when the RTU was providing power modulation. Because of the 1 

supply fan feedback control, the average sensible cooling rates were close (1.7% difference) between the two cases, although 2 

the AS control led to noticeable sensible cooling fluctuation. The latent cooling rates were small because of the low latent 3 

loads for these dry-condition tests. As can be seen from the coefficient of performance (COP) plot, the total unit efficiency 4 

was almost identical between the two control options; the relative difference was 1.1% which is believed to be caused by 5 

sensor uncertainties.   6 

 7 

Figure 15. Efficiency test results under low latent load conditions.   8 

Figure 16 shows test results for the high latent load conditions. The latent cooling rates for the RTU were much higher in 9 

these tests. It is important to highlight that the AS control had a noticeably lower (9%) average latent cooling rate compared 10 

to the NonAS case for these tests. The degraded latent capacity with the AS control was caused by a moisture re-evaporation 11 

effect that is similar to what occurs when an air-conditioning unit cycles on and off (see Henderson et al., 1996).  For units 12 

that employ on/off cycling of compressors for capacity control, moisture is removed from the humid air during the on cycle 13 
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with condensate building up on the evaporator coil and then some of the moisture that was removed is re-evaporated into the 1 

air stream during an off-cycle because of an increased coil surface temperature.  Although the RTU did not have any cyclic 2 

operation in any of the tests, the aggressive compressor speed fluctuation caused significant variation in the evaporator 3 

surface temperature which led to condensate re-evaporation during low compressor speed periods. This degrades overall 4 

moisture removal.  This re-evaporation effect was also present in the dry condition tests shown in Figure 15, but the overall 5 

effect was lower because of the lower latent loads.  For the high latent load tests, the indoor humidity evolves to higher 6 

values for the AS control case than for conventional control. And although the two control cases had almost identical COPs 7 

based on total cooling delivered, the COP based on sensible cooling delivered was 4.2% higher with the AS control. This can 8 

be clearly seen in Figure 17. Note that higher indoor RH is beneficial in terms of cycle efficiency but could compromise 9 

indoor comfort. For humid locations with stringent dehumidification requirements, the latent degradation effect caused by the 10 

frequency regulation could be accounted for with an appropriate regulation capacity reset strategy (Cai and Braun, 2018).    11 

 12 

Figure 16. Efficiency test results under high latent load conditions. 13 
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 1 

Figure 17. Sensible efficiency for high latent load tests. 2 

 3 

It can also be observed from both sets of efficiency tests that the magnitudes of the indoor temperature fluctuations were 4 

almost identical between the AS control and NonAS control. Thus, frequency regulation control does not affect indoor 5 

temperature regulation performance. Figure 18 plots the variations of sensible and latent cooling rates for the AS control tests 6 

for the high (left) and low (right) latent load tests. The magnitudes of the total cooling rate fluctuations are similar for the two 7 

cases. However, the total capacity fluctuation is mostly absorbed by the latent rate variation for the high latent load case and 8 

the sensible capacity variation is small. For drier conditions (low latent loads), controlling the total capacity for frequency 9 

regulation fluctuation must mostly be accomplished through control of the sensible cooling. This means that the impact of 10 

frequency regulation on the indoor temperature regulation is somewhat smaller when there are larger latent loads. However, 11 

this conclusion may only be valid for the specific regulation control algorithm proposed in this study and might not hold for 12 

other regulation strategies.  The regulation algorithm employed in this study adjusts the DAT setpoint to vary the unit power 13 

and DAT setpoint has a significant impact on a unit's dehumidification performance.  14 
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       1 

Figure 18. Cooling capacity fluctuations for AS efficiency tests (Left: high latent load tests; right: low latent load tests). 2 

6. CONCLUSIONS AND DISCUSSION 3 

This paper presented a methodology and results for a laboratory-based evaluation of using HVAC equipment for 4 

providing power grid frequency regulation service. A 4-ton split heat pump with after-market variable-speed drives and a 5-5 

ton variable-speed RTU were identified for laboratory tests and simple feedback regulation control strategies were developed 6 

for the two test units. For the heat pump, direct speed control access was available and the regulation controller modulates the 7 

compressor and supply fan speeds in a synchronized manner to vary the unit power consumption in order to follow the 8 

regulation signal. The RTU did not support external speed control and an indirect regulation control solution was developed 9 

that varies the compressor and indoor blower speeds by adjusting the RTU DAT and supply fan torque setpoints. The heat 10 

pump case is representative of an OEM control solution and the RTU control is typical of an after-market and add-on solution 11 

to enable frequency regulation.  12 

Both open-loop and closed-loop control test methods were developed and applied for assessing performance of the 13 

controllers using laboratory psychrometric chambers. The open-loop control testing was designed to characterize maximum 14 

regulation capacity for the equipment when power fluctuation is most aggressive.  This assessment is building independent 15 

and was used to quantify the maximum economic benefits for the two units. The test results show that this type of HVAC 16 

equipment can provide high-quality frequency regulation ancillary service with performance scores up to 0.98. The heat 17 

pump demonstrated consistently better regulation performance compared to the RTU due to direct access to the component 18 

speed control. However, both performed as well or better than batteries.  To understand the economic benefits associated with 19 

HVAC frequency regulation control, a first-order economic analysis was performed for the tested conditions using PJM 20 
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wholesale electricity and regulation prices from 2014 to 2018. The results show that the regulation credit could offset 20% to 1 

48% of the hourly electricity cost for operation of the HVAC equipment. The RegD service results in higher regulation credit 2 

compared to the RegA service due to higher performance compensation.  3 

A closed-loop control solution was developed for the RTU where only the compressor and condenser power contribute 4 

to frequency regulation while the indoor blower speed modulates to maintain the indoor temperature setpoint. A method for 5 

evaluating the closed-loop performance was developed and implemented that involves controlling the indoor test room of the 6 

psychrometric chamber with its reconditioning system to mimic the response of a real building. The response is generated by 7 

a virtual building model that uses real-time measurements from the test unit as inputs along with simulated gains.  Laboratory 8 

tests were carried out within psychrometric chambers using the closed-loop methodology that validated the efficacy of the 9 

proposed closed-loop control solution. The regulation control was shown to have negligible impact on indoor comfort with 10 

temperature fluctuations smaller than 0.1C. Closed-loop efficiency tests were also performed with and without regulation 11 

control to demonstrate that frequency regulation does not cause energy efficiency degradation. In fact, for more humid indoor 12 

conditions, regulation control could actually reduce overall electricity requirements for cooling due to reduced moisture 13 

removal.  14 

It should be noted that the economic analysis was conducted to estimate the maximum economic benefits under the most 15 

ideal conditions. The available regulation capacity and also the actual cost savings vary significantly with different load 16 

conditions and operation constraints, which is a focus of the companion paper [3]. The baseline strategy used in the economic 17 

analysis is believed to well represent the best current practice, e.g., fixed DAT setpoint control for the RTU. However, more 18 

energy efficient control strategies can be implemented in combination with the regulation control as long as the tandem 19 

strategies have different time scales compared to that of the regulation controller. Most supervisory control solutions, such as 20 

DAT reset strategies, typically adjust control setpoints every few hours and won’t interfere with the regulation control. But 21 

the available regulation capacity and regulation credit could change with the supervisory setpoints and an optimal control 22 

solution should consider the tradeoff between the opportunity cost by deviating from the most energy efficient solution in 23 

order to provide high regulation capacity, and the associated regulation credit. The combined efficiency and regulation 24 

control strategies will be investigated in future studies.   25 

Batteries are becoming popular as regulation resources on the power grid due to their fast response. There are a number 26 

of grid-level battery projects that have just been completed or are under development in the US, mainly targeted for the 27 
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frequency regulation market. This study has demonstrated that HVAC equipment can outperform batteries for frequency 1 

regulation and have other important advantages. The reported performance scores that can be achieved with HVAC 2 

equipment are higher than the average performance associated with batteries. Almost all buildings have HVAC systems 3 

installed, thus the cost (mostly control and metering system upgrade) to bring them online is marginal compared to installing 4 

grid-level batteries. Also batteries are notorious for round-trip efficiency losses, fast capacity degradation with aggressive 5 

charging/discharging and significant environmental impact in the manufacturing phase. This study has shown that frequency 6 

regulation has little to no impact on energy efficiency for HVAC systems. Future work should quantify the impact of 7 

regulation control on equipment life time, although the overall impact is believed to be small compared to the life cycle 8 

impact for batteries. 9 
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 30 

NOMENCLATURE 31 

AHU   Air handling unit 32 

AS   Ancillary service 33 

COP   Coefficient of performance 34 

DAT   Discharge air temperature 35 

FERC   Federal energy regulatory commission 36 

HVAC   Heating, ventilation and air conditioning 37 

ISO   Independent system operator 38 

LMP   Locational marginal price 39 

PJM   Pennsylvania-New Jersey-Maryland Interconnection 40 

RH   Relative humidity 41 

RTO   Regional transmission organization 42 

RTU   Packaged rooftop unit 43 

ZARH   Zone air relative humidity 44 

ZAT   Zone air temperature 45 

 46 

Csen  Room air effective sensible capacitance 47 

Cmoit  Room air effective latent capacitance 48 

Capsen   Rated sensible capacity 49 

cov   Covariance of two time series 50 

fos   Equipment oversizing factor 51 
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hfh,water   Water vaporization heat 1 

Nmax   Thermostat peak cycling rate 2 

OAT, Tamb  Outdoor air dry-bulb temperature 3 

OAw   Outdoor air humidity ratio 4 

Qint,sen  Internal sensible heat gain 5 

Qint,moist  Internal moisture gain 6 

Qcl,sen  Sensible cooling rate 7 

Qd,sen  Moisture removal rate 8 

Reg   Regulation signal 9 

Res   Response power 10 

SHRD   Design sensible heat ratio 11 

Tbal,D (OAwbal,D) Balance point outdoor dry-bulb (humidity ratio) 12 

Tdb   Thermostat deadband 13 

TDO (OAwD)  Design point outdoor dry-bulb (humidity ratio) 14 

UA  Combined heat transfer coefficient between outdoor and indoor air 15 

UAmoist  Combined moisture transfer coefficient between outdoor and indoor air 16 

ZAw   Zone air humidity ratio 17 

 18 

σ     Time lag in the correlation score calculation 19 

δ   Delay in the delay score calculation 20 

ρ   Standard deviation of a time series 21 

 22 

APPENDIX A. VIRTUAL BUILDING MODEL 23 

Based on the approach described by Hjortland and Braun (2018), lumped capacitance models were developed to 24 

represent a typical building's thermal and moisture responses and were used to drive variations of indoor chamber conditions. 25 

The sensible part of the model consists of a simple energy balance on the zone air considering various types of heat gains and 26 

the real-time sensible cooling rate of the test equipment. The sensible model predicts the next time-step indoor temperature 27 

with 28 

Error! Objects cannot be created from editing field codes. 29 

where ZAT is the zone air temperature, ∆t is the time step, Csen is the room air effective sensible capacitance, Qint,sen is the 30 

internal sensible heat gain, UA is the combined heat transfer coefficient between outdoor and indoor air, OAT is the outdoor 31 

air temperature and Qcl,sen is the sensible cooling capacity delivered by the test HAVC equipment. The sensible model 32 

performs an energy balance and updates the zone temperature based on the net cooling rate. The room air effective sensible 33 

capacitance Csen is estimated with 34 

Error! Objects cannot be created from editing field codes. 35 

where Capsen(95F) is the unit sensible capacity at 35C (95F) outdoor temperature, return air dry-bulb temperature of 26.7C 36 

(80F) and wet-bulb of 19.4C (67F), Nmax is the typical building thermostat peak cycling rate per hour and Tdb is the deadband 37 
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used in the thermostat controller. Henderson and Rengarajan (1996) carried out a field study with multiple residential houses 1 

and found that the average peak cycling rate is 3 cycles/hour with a 0.56C (1F) deadband. The test unit has a rated sensible 2 

capacity of 14.1kW at 35C outdoor temperature. Putting all these numbers in the equation above, the sensible capacitance 3 

was estimated to be 3.4 MJ/C. The building envelope UA value is estimated as 4 

Error! Objects cannot be created from editing field codes. 5 

where fos is the equipment oversizing factor (assumed to be 1.2 in this study), TOD is the design point outdoor dry-bulb for a 6 

specific location (see Erbs, 1985) and Tbal,D is the balance point outdoor dry-bulb (19.4C or 67F). Assuming a TOD value of 7 

35C, the estimated UA value was 0.63kW/C.   8 

Similar to the sensible model, the moisture model performs a mass balance for the zone air water vapor and updates the 9 

indoor absolute humidity based on net latent cooling rate:  10 

Error! Objects cannot be created from editing field codes. 11 

where ZAw is the zone air humidity ratio, hfh,water is the fusion heat when liquid water evaporates into water vapor, Cmoist is the 12 

room air effective latent capacitance, Qint,moist is the internal moisture gain, Qd,sen is the moisture removal rate of the test 13 

equipment, UAmoist is the combined water vapor transfer coefficient between indoor and outdoor air, and OAw is the outdoor 14 

air humidity ratio. The moisture capacitance Cmoist is set to the total air mass in the building multiplied by a factor of 2 and the 15 

air-conditioning equipment is assumed to serve a space of 113m3 for each rated cooling ton of capacity. Based on these 16 

assumptions, the estimated Cmoist was 1333kg for the test RTU. The moisture exchange rate with the ambient UAmoist is 17 

calculated as 18 
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 19 

where SHRD is the design sensible heat ratio (assumed to be 0.75 in this study), OAwD and OAwbal,D are the design point and 20 

balance point outdoor absolute humidity. The design point outdoor absolute humidity for a specific location can be found in 21 

Erbs (1985). The balance point outdoor humidity ratio is calculated using the design indoor conditions and balance-point 22 

outdoor dry-bulb as outlined in Hjortland and Braun (2018) and it was assumed to be 0.006 kg water vapor/kg dry air in this 23 

study. Assuming OAwD value of 0.016 kg water vapor/kg dry air (35C dry-bulb and 45% relative humidity), the estimated 24 

UAmoist was 0.178 kg/s.  25 
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APPENDIX B. PJM PERFORMANCE SCORES, MILEAGE AND CREDIT ACCOUNTING 1 

Performance Scores 2 

In compliance with FERC Order 755 (FERC, 2011), the PJM market determines the regulation credit based on the 3 

regulation performance. PJM evaluates the performance for each service provider based on three sub-scores which 4 

characterize the accuracy, precision and delay performances, respectively (PJM Balancing Operations, 2018). A composite 5 

score is an average of the three sub-scores. A minimum composite score of 0.75 is set forth by PJM for a resource to be 6 

eligible to bid in the market. The detailed calculation of each sub-score is given as follows. 7 

For each 10-second time interval, a correlation score is calculated as the maximum correlation between the regulation 8 

signal and actual power response with time shifts from 0 to 5 minutes with a 10-second increment:  9 

 0,10,...,300(sec) [ : 300][ ] , [ : 300]max ( )Reg tCorrelati t Res ton t r t       , 10 

where σ is the time lag, Reg the regulation signal generated by PJM, Res the actual unit power response and x[t:t+300] the 11 

time series data within a 5-minute time period from time t. r calculates the Pearson correlation coefficient of the two time 12 

series: 13 

cov( , )
( , )

X Y

X Y
r X Y

 
  14 

where cov is the covariance of the two time series and ρ is the standard deviation. 15 

A delay δ is defined as the time at which the maximum correlation occurs, i.e.,  16 

 0,...,5min [ : 5min], [ : 5min]ma ax ( )rg Signal t t Regulation t tr    . 17 

The instantaneous delay score is calculated as 18 

5min
[ ]

5min
Delay t abs

  
  

 
. 19 

Then the hourly delay and correlation scores are simply averages of the incident scores calculated above: 20 

Correlation Score ( [:])mean Correlation  21 
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Delay Score ( [:])mean Delay  1 

Define Error as the mean absolute of the relative errors between the regulation signal and power response: 2 

( )

Response -Regulation

HrAvg Regulation
Error mean abs

  
   

  
 3 

Then the precision score is 4 

Precision Score 1 ( )
1

abs r
n

Erro    5 

where n is the number of time steps in an hour or the evaluation period.  6 

The accuracy or correlation score captures the statistical correlation between the regulation signal and actual power 7 

response. The delay score indicates the level of delay and the precision score represents the mean absolute error between the 8 

reference and actual unit power. 9 

Regulation Mileage and Credits 10 

PJM has two types of regulation services: traditional regulation service (called RegA) and dynamic regulation service 11 

(called RegD). RegA is designed for resources that have slow responses but large regulation capacities. RegD is a fast 12 

regulation service which requires the resources to follow an aggressively varying regulation signal. Regulation mileage is 13 

defined as the total distance the regulation signal traverses within a given period of time and is used to indicate how fast the 14 

regulation signal changes:  15 
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Since RegD is a fast regulation service, the RegD mileage is typically much higher than the RegA signal. A regulation 17 

resource will receive two credits from PJM, associated with the regulation capacity and the regulation performance, 18 

respectively (PJM Operating Agreement Accounting, 2018). The detailed credit calculation is 19 

Capacity Credit PerformanceScore CapacRegCa ityP ip r ce   20 

Performance Credit PerformanceScore PerformancePrice MilRegC eageap Ratio    21 
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Total Credit CapacityCredit PerformanceCredit   1 

where RegCap is the regulation capacity (kW), MileageRatio is the ratio of the participated service mileage to average RegA 2 

mileage, and CapacityPrice and PerformancePrice are the market clearing prices for the capacity and performance credits 3 

($/kW per hour of service), respectively. Fast regulation service involves higher performance credits attributed to higher 4 

mileage ratios. Service with higher performance scores will result in higher monetary incentives for both the capacity and 5 

performance credits. 6 


