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ABSTRACT  9 

The power grid has seen record demand for frequency regulation capacity in recent years due to the increased 10 

employment of renewable energy resources worldwide. Building thermal loads are flexible and thus, can be used as 11 

regulation reserves with proper control strategies. Previous studies have shown that building HVAC equipment can provide 12 

high-quality power grid regulation service with PJM performance scores of up to 0.98 and buildings’ participation in the 13 

regulation market could bring significant economic benefits for building owners. However, the power flexibility in buildings 14 

is not persistent and the available HVAC regulation capacity has significant hour-by-hour variation due to building load and 15 

other operating constraints. This paper presents a regulation capacity reset strategy for HVAC regulation control that 16 

identifies the available regulation capacity and baseline power on the fly with real-time load and operation data. The strategy 17 

relies on a steady-state HVAC performance model derived from manufacturer performance data and implements a pseudo-18 

optimization that seeks the maximum regulation capacity while respecting all operating constraints. The proposed strategy 19 

was implemented on a variable-speed rooftop unit (RTU) and validated with laboratory tests in psychrometric chambers. The 20 

test results show that the proposed reset strategy is effective in providing consistent high-quality regulation service with 21 

negligible impact on the indoor temperature control; the zone temperature deviation from the setpoint was within 0.3ºC for all 22 

the performed tests. The reset strategy was also simulated with a prototypical building diurnal load model to quantify the 23 

integrated regulation capacity for a typical summer day. Simulation results indicate the integrated HVAC regulation capacity 24 

throughout a summer day equals approximately 1/4 of the daily electrical energy use; and the estimated daily regulation 25 

credit can offset up to 26% of the daily HVAC electricity cost based on PJM historical prices.    26 

Keyword: Frequency regulation control; HVAC power flexibility; Rooftop unit (RTU) control. 27 
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1. INTRODUCTION  1 

The power grid has seen significant increase in renewable energy integration. The global renewable energy 2 

contribution is expected to reach 40% by 2040 (EIA, 2014). Most of the renewable energy resources, such as solar and wind, 3 

are intermittent and highly uncertain, posing significant stress on the power grid to maintain real-time electric supply and 4 

demand balance and stable power frequency. Balancing authorities such as the independent system operators (ISO) and 5 

regional transmission organizations (RTO) procure frequency regulation services in the regulation market, where the 6 

participating resources are paid to follow a reference power signal and reduce/increase their instantaneous power supply or 7 

demand in order to offset the electric supply-demand imbalance and to maintain stable power frequency. Due to the fast 8 

growth in renewable energy utilization, the power grid has seen record demand for frequency reserves in recent years (Zhou 9 

et al., 2016 and Makarov et al., 2009). 10 

Buildings consume more than 73% of the total electricity generation in the US and more than one third of the 11 

electrical energy use in buildings is attributed to heating, ventilation and air conditioning (HVAC) systems (EIA, 2018). 12 

HVAC loads are flexible because of the inherent thermal storage associated with the building materials and thus, are perfect 13 

candidates to provide frequency regulation service. This building-grid interactive control opportunity has attracted increasing 14 

research attention in the past few years from both the building and power system research communities. Experimental studies 15 

were performed in investigating the feasibility of various types of HVAC equipment for providing frequency regulation 16 

service. Lin et al. (2015), Vrettos et al. (2017a,b) and MacDonald (2014) evaluated the potentials of using supply fans for 17 

frequency regulation in commercial buildings. Fabietti et al. (2017) developed and tested control strategies to enable 18 

frequency regulation using electric space heaters in a commercial building. Excellent regulation performance was reported in 19 

the aforementioned experimental studies due to the fast power response in fans and electrical heaters. Vapor-compression 20 

type equipment are more widely used for space cooling and heating. Cai and Braun (2018) and Kim et al. (2016) conducted 21 

laboratory-based frequency regulation tests for variable-speed heat pumps, but the two studies reported very different 22 

regulation performance scores which were found to be highly dependent on the unit control accessibility. The system tested 23 

in Cai and Braun (2018) had add-on variable speed drives for all major components, including compressor, condenser and 24 

supply fans. Thus, direct speed control was available and near-perfect performance scores (0.97 to 0.98) were reported. Kim 25 

et al. (2016) developed a regulation strategy that indirectly varies the compressor speed and power by adjusting the supply 26 

water temperature setpoint, due to the lack of direct speed control access. As a consequence, much lower performance scores 27 
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(less than 0.8) were obtained.   1 

Regulation markets require the participants to specify their baseline power and commit certain regulation capacities 2 

prior to each bidding time interval. The baseline power and regulation capacity together represent the power flexibility for a 3 

specific period of time. Identifying the power flexibility or regulation capacity in buildings is not straightforward due to the 4 

building dynamic behaviors and operation constraints. Most of the previous efforts adopted a multi-market cost minimization 5 

approach in determining the regulation capacity in a building: building owners can receive remuneration for the committed 6 

regulation capacity but still need to pay for the purchased electricity to operate the HVAC equipment; thus, the net electricity 7 

cost for a building should be the energy cost less the regulation credit. A multi-market cost minimization solution seeks to 8 

optimally schedule the baseline electrical energy use in sync with the variable regulation capacity to achieve the maximum 9 

economic benefits. The formulation of the scheduling problem is highly dependent on structures of local power (retail or 10 

wholesale) and regulation markets.  11 

Lymperopoulos et al. (2015) and Fabietti et al. (2017) proposed a stochastic model-predictive control (MPC) 12 

solution to determine the optimal baseline building energy trajectory and regulation capacity for the Swiss electricity market. 13 

The Swiss regulation market procures regulation reserves in a weekly auction where the demand-side service providers are 14 

required to provide projected energy use schedule and to bid a single regulation capacity for the following week. Such week-15 

ahead markets are less favorable since it is challenging to offer persistent and fixed-capacity regulation service especially 16 

during night time when buildings have limited or no electrical demand. A similar stochastic MPC approach was utilized by 17 

Vrettos et al. (2017a, 2017b) to optimize the supply fan operation to minimize the net cost considering regulation credits in 18 

an hour-ahead regulation market. The proposed strategy was evaluated in a laboratory-type building and test results showed 19 

that the available regulation capacity was highly dependent on the building load and operation mode: during the night time 20 

with zone temperature setback, the highest regulation reserves could be provided due to relaxed comfort constraints; for cases 21 

without zone temperature setback, limited regulation capacity was available due to stringent comfort requirements. 22 

Maasoumy et al. (2014) proposed a MPC strategy to determine the optimal schedules of supply fan operation and the 23 

resultant demand-side flexibility to minimize the building net utility cost. The optimal results tend to drive the zone 24 

temperature away from the comfort bounds when regulation flexibility is beneficial. Pavlak et al. (2014) incorporated a zone 25 

temperature setpoint perturbation approach within a MPC strategy to evaluate the hour-by-hour regulation capacity available 26 

in commercial buildings. The simulated results showed that the regulation credit could offset 21% to 23% of electricity cost 27 



4 

 

using the proposed control strategy for low demand days.  1 

All the studies mentioned above relied on simulation models to identify the building power flexibility. But the 2 

adopted models were simplified for ease of control implementation and not able to capture the constraints during actual 3 

system operation, such as supply air/water temperature setpoint limits, minimum output speed in variable-speed drives, 4 

compressor cycling etc. Su and Norford (2015a) proposed a more practical regulation control strategy by incorporating a 5 

moving average filter to estimate the quasi-steady-state chiller load that was used as the baseline power. Su and Norford 6 

(2015b) further discussed the constraints and limitations in the chiller regulation capacity, including chilled water supply 7 

temperature limits and compressor cycling issues. But neither of the two papers discussed specific approaches to determine 8 

the regulation capacity.    9 

This paper fills the research gap and presents a practical regulation control solution with a regulation capacity reset 10 

strategy for variable-speed HVAC equipment. A closed-loop regulation control scheme is proposed that varies the 11 

compressor speed for frequency regulation and adjusts the supply fan speed to maintain zone temperature setpoint. A 12 

regulation capacity reset strategy is called prior to each regulation bidding interval to identify the available regulation 13 

capacity. A pseudo-optimization is implemented with a steady-state HVAC performance model in the capacity reset strategy 14 

to find the optimal baseline compressor speed that offers the highest regulation capacity while considering all the equipment 15 

control constraints. The proposed solution was applied to a 5-ton variable-speed rooftop unit (RTU) and laboratory tests were 16 

carried out in a pair of psychrometric chambers. Key results are presented and compared for tests with a fixed regulation 17 

capacity determined heuristically and with the proposed capacity reset strategy to highlight the necessity and effectiveness of 18 

the reset strategy. The overall control strategy was also simulated with a prototypical diurnal load model to investigate the 19 

variation of HVAC regulation capacity throughout a typical summer day. Example daily simulation results and integrated 20 

economic analysis results are reported and discussed.  21 

2. OVERVIEW OF THE REGULATION MARKETS IN THE US 22 

Figure 1 shows the seven ISO/RTO's in the U.S. Different markets have different requirements on the type of 23 

regulation resources (supply versus demand resources), minimum size of regulation capacity and power regulation directions 24 

(symmetric and asymmetric; prices are different for ramp-up and ramp-down services for asymmetric markets). Each market 25 

is operated with its own market clearing schemes (day-ahead, hour-ahead and real-time markets). A comprehensive review of 26 
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the various markets can be found in Zhou et al. (2016).    1 

 2 

Figure 1. Seven ISO/RTO's in the US (source: FERC) 3 

The PJM (Pennsylvania-New Jersey-Maryland Interconnection) market is most favorable for demand-side 4 

regulation resources and its regulation sub-market has the following characteristics: 5 

 Minimum regulation capacity: 0.1 MW; 6 

 Symmetric market, i.e., the ramp-up and ramp-down capacities need to be identical; 7 

 Hour-ahead market; 8 

 Demand-side resources are allowed. 9 

The PJM regulation signal and historical prices were used in this study to evaluate the efficacy of the proposed 10 

regulation capacity reset strategy and to demonstrate the potential of frequency regulation control of HVAC equipment. In 11 

compliance with FERC Order 755 (FERC, 2011), the PJM market determines the regulation credit based on the regulation 12 

performance. A performance score is evaluated by PJM for each procured regulation service. The performance score is an 13 

average of three sub-scores which characterize the accuracy, precision and delay performances, respectively. A minimum 14 

performance score of 0.75 is set forth by PJM for a resource to be eligible to bid in the market. Details of the performance 15 

score calculation method can be found in PJM Ancillary Services (2018) and a summary is given in Cai and Braun (2018).  16 

PJM has two types of regulation services: traditional regulation service (called RegA) and dynamic regulation 17 



6 

 

service (called RegD). RegA is designed for resources that have slow responses but large regulation capacities. RegD is a fast 1 

regulation service which requires the resources to follow an aggressively varying regulation signal. RegD also involves a 2 

higher incentive rate compared to the RegA service. Details of the regulation credit calculation can be found in PJM 3 

Operating Agreement Accounting (2018) or Cai and Braun (2018). The PJM regulation market is an hour-ahead market in 4 

which the regulation capacity and baseline power need to be provided prior to each hour of bidding interval.   5 

3. EXPERIMENTAL SETUP 6 

3.1. Test Unit Instrumentation 7 

A variable-speed RTU was installed and instrumented in psychrometric chambers to evaluate the efficacy of the 8 

proposed regulation control solution. Figure 2 shows the RTU setup in the outdoor chamber. It is a 5-ton unit with an internal 9 

logic that varies the supply fan speed to maintain a zone temperature setpoint and modulates the compressor speed to 10 

maintain the discharge air temperature (DAT) setpoint. Direct speed control was not available. However, the compressor 11 

speed can be indirectly controlled by adjusting the DAT setpoint and the indoor blower speed can be varied by overriding the 12 

blower torque setpoint via BACnet. Condenser fan speeds are internally synchronized with the compressor speed. The unit 13 

has internal constraints to ensure safe and reliable operation: 14 

• DAT setpoint range: 7.2ºC (45ºF) to 18.3ºC (65ºF).  15 

• Compressor/condenser speed range: 39% to 100%  16 

• Blower torque setpoint range: 30% to 100%. 17 

Three power meters were installed to collect real-time power data for the condenser fan, supply fan and compressor. 18 

In addition to power meters, a comprehensive set of sensors was added to the test unit to provide detailed air-side and 19 

refrigerant-side measurements. The detailed sensor layout and BACnet control variables are given in Appendix A.  20 

 21 
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 1 

Figure 2. RTU regulation test setup in psychrometric chambers. 2 

 3 

3.2. Psychrometric Chamber Instrumentation 4 

Figure 3 gives a schematic of the test RTU set up in a pair of psychrometric chambers. The RTU was installed in the 5 

outdoor chamber with the air entering the evaporator coil drawn from the indoor chamber. The temperature and humidity 6 

within the psychrometric chambers were controlled using the re-conditioning air-handling units (AHUs) to reproduce 7 

specified building indoor and outdoor environments. During actual building operation, the HVAC equipment interacts with 8 

the indoor thermal environment in a dynamic manner due to the building thermal inertia. The psychrometric chambers have 9 

very different dynamics compared to an actual building. To characterize realistic HVAC and building envelope interactions, a 10 

virtual building model was developed and used to generate representative temperature and humidity responses for the indoor 11 

environment as illustrated in Figure 4. The virtual model performs energy and mass balances and predicts the zone air 12 

temperature and humidity of the next time-step as follows: 13 
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where ZAT (ZAw) is the zone air temperature (humidity), ∆t is the time step, Csen (Cmoist) is the room air effective sensible 16 

(latent) capacitance, hfh,water is the water vaporization heat, Qint,sen (Qint,moist) is the internal sensible (latent) heat gain, UA 17 

(UAmoist) is the overall heat (mass) transfer conductance between outdoor and indoor air, OAT (OAw) is the outdoor air 18 
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temperature (humidity) and Qcl,sen (Qcl,lat) is the sensible (latent) cooling capacity delivered by the test HAVC equipment. The 1 

virtual building served by the RTU is sized based on a design outdoor dry-bulb of 35˚C and an oversizing factor of 20%. 2 

Details of the virtual building model can be found in Hjortland and Braun (2018) and the model parameter values used in the 3 

tests are given in Cai and Braun (2018). The predicted indoor conditions are used as the indoor chamber setpoints for the re-4 

conditioning equipment so that the return air to the RTU evaporator coil has representative building responses.   5 

Outdoor chamberIndoor chamber

ID AHU OTD AHU

NozzleBooster Fan

T R

T R

RTU

 6 

Figure 3. Test unit setups in psychrometric chambers.  7 

 8 

 9 

Figure 4. Closed-loop testing methodology in psychrometric chambers.  10 

 11 
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4. OVERVIEW OF OPEN-LOOP TEST RESULTS 1 

Our prior study (Cai and Braun, 2018) performed open-loop tests for the same test unit and this section provides a 2 

brief overview of the key open-loop test results. In the open-loop regulation control, both the compressor and indoor blower 3 

contribute to power modulation, providing the maximum regulation capacity; and the indoor comfort control is not 4 

considered. Two separate PI controllers are used to vary the DAT setpoint and blower torque setpoint, respectively, to 5 

indirectly control the compressor and blower speeds and to follow the regulation power signal. The two controllers both take 6 

the total unit power as the target control variable and the regulation signal as the setpoint to track. The supply fan power 7 

responds to a torque setpoint change almost instantaneously, but the compressor's response to a DAT setpoint change is much 8 

slower. To mitigate control interactions between the two control loops, the I gain for the DAT controller is set 10 times 9 

smaller than the I gain in the blower controller, while the same P gain is used for the two PI control blocks. In the open-loop 10 

tests, the indoor and outdoor chamber conditions were maintained constant to eliminate the impact of variable boundary 11 

conditions on the testing performance. The regulation capacity was determined with preliminary tests that set the DAT and 12 

indoor blower torque setpoints to the upper/lower limits: the maximal unit power was determined by setting the blower 13 

torque to 100% and setting the DAT setpoint to its minimum of 7.2ºC; the minimal unit power was estimated by sending the 14 

control commands to the opposite extremes. The reference power is the average of the maximum and minimum unit power 15 

and the regulation capacity is the difference between the maximum (or minimum) unit power and the reference power.    16 
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 1 

Figure 5. RTU RegA open-loop test results. 2 

Figure 5 and Figure 6 show the RegA and RegD open-loop test results. The top subplots give variations of the 3 

regulation power signal, the total unit power, the compressor power (sum of compressor and condenser fan power) and 4 

blower power. The PJM RegA and RegD test regulation signals were used in the open-loop tests.  The middle subplots show 5 

the actual DAT measurements as well as the DAT setpoints generated by the regulation controller. The bottom subplots show 6 

the blower torque setpoints. Prior to each bidding time interval, a regulation resource needs to declare the reference power 7 

(baseline power that the modulation centers around) and available regulation capacity (modulation magnitude around the 8 

reference power). Prior to the open-loop tests, the upper and lower bounds of the total unit power were identified by setting 9 

the control commands to the extreme values. The reference power is the average of the minimum and maximum power, and 10 

the regulation capacity is the maximum unit power minus the reference power. The PJM RegA and RegD test signals were 11 

used in the open-loop tests. It can be seen that the RTU power was able to accurately follow the regulation signal and the 12 

PJM regulation performance scores were 0.92 and 0.95 for the RegA and RegD tests, respectively. These results demonstrate 13 

that HVAC equipment can provide high quality regulation service.  14 
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  1 

Figure 6. RTU RegD open-loop test results. 2 

The prior study in Cai and Braun (2018) also performed first-order economic analysis for the open-loop tests. Figure 3 

7 shows the estimated total regulation credits (sum of performance and capacity credits) relative to the energy costs using the 4 

PJM annual average regulation and wholesale energy prices for the years of 2014 to 2018. The baseline energy costs were 5 

estimated by multiplying the cumulative energy use (kWh) in the tests and the average wholesale electricity price. The test 6 

results reported in Cai and Braun (2018) demonstrated that regulation control has negligible energy efficiency impact 7 

compared to a conventional control with a fixed DAT setpoint. Thus, the estimated baseline costs represent the operation 8 

costs associated with a conventional and non-regulation control strategy under the same load conditions. The results 9 

presented in Figure 7 demonstrate cost savings potentials ranging from 20% to 44% when frequency regulation control is 10 

implemented. The RegD service results in higher credits since the RegD service involves more aggressive power modulation 11 

and a higher performance credit. For the year of 2015, the regulation price was highest relative to the wholesale energy price 12 

and the greatest cost savings could be achieved. It needs to be noted that the open-loop tests were carried out with the highest 13 

possible regulation capacity. In practical regulation control implementation, the available regulation capacity could vary 14 

significantly with variable load and operation constraints. The rest of this paper focuses on the development of a closed-loop 15 
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regulation control strategy to identify the available regulation capacity for each hour of bidding interval. The developed 1 

strategy is also useful to quantify the daily cost savings potential of building frequency regulation control.  2 

 3 

Figure 7. Estimated economic benefits for the open-loop tests. 4 

 5 

5. CLOSED-LOOP REGULATION CONTROL 6 

5.1. Closed-Loop Regulation Control with Fixed Regulation Capacity 7 

Open-loop tests are useful for evaluating the maximum regulation performance and cost savings potential for HVAC 8 

equipment, but open-loop control is not practical to implement due to indoor comfort requirements. A more practical closed-9 

loop regulation control strategy was developed for the RTU as shown in Figure 8. In the closed-loop control, only the 10 

compressor speed is modulated to provide regulation service, while the indoor blower speed is controlled by the original 11 

thermostat controller to maintain the zone air temperature (ZAT) setpoint. Because the indoor blower does not contribute to 12 

power modulation, the available regulation capacity in the closed-loop control is lower than that in an open-loop control but 13 

indoor comfort can be guaranteed.  14 
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Figure 8. RTU closed-loop regulation control diagram with a fixed regulation capacity. 2 

The closed-loop strategy shown in Figure 8 takes a fixed regulation flexibility which can be determined in a 3 

preliminary test by setting the DAT setpoint to the lower and upper bounds and by assuming a median indoor blower torque 4 

setpoint (65%). Figure 9 gives example test results for the closed-loop control with a predetermined regulation capacity. The 5 

test was carried out with an outdoor temperature of 35˚C. The top two subplots show variations of the unit power response, 6 

the regulation signal, the DAT and its setpoint. The third and fourth subplots gives the ZAT and supply airflow trajectories. 7 

The last subplot shows the instantaneous sensible cooling rate delivered by the RTU and the sensible cooling load dictated by 8 

the virtual building model. The cooling load and capacity difference drives the zone temperature variation. The zone 9 

temperature setpoint was kept constant at 23.6ºC during the test. It can be observed that the unit was able to provide 10 

satisfactory regulation service for a majority of the test period. However, starting from 1100 sec, the unit power was 11 

consistently lower than the regulation signal because the test started with a low airflow rate leading to a DAT setpoint close 12 

to its minimum of 7.2 ºC and the compressor speed could not be further increased due to the DAT setpoint saturation 13 

(compressor speed was significantly lower than 100%). An increase of supply airflow would increase the DAT and lead to a 14 

greater operation margin to the DAT setpoint lower limit; however, the supply fan speed was already close to its minimum 15 

level due to a coincidental high power request and space overcooling. The DAT setpoint saturation led to significantly 16 

degraded regulation performance for a 4-minute period. As an attempt to increase the supply airflow and to improve the 17 

regulation performance, the sensible cooling load was increased from 10kW (equipment load ratio of 0.71) to 12.5kW 18 

(equipment load ratio of 0.88) at time 1200 sec by setting a higher internal heat gain in the virtual building model. Driven by 19 

the load increase, the zone temperature started rising slowly and as a consequence, the indoor blower speed ramped up which 20 
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steered the DAT away from the lower limit. For the remaining test period, the DAT stayed in the middle of its modulation 1 

range and satisfactory regulation performance was obtained. The ZAT variation also showed that the closed-loop regulation 2 

controller was effective in regulating the indoor temperature: the zone air temperature was maintained close to its setpoint 3 

with deviations smaller than 0.3ºC, even with significant compressor power fluctuation. The negligible comfort impact of 4 

closed-loop frequency regulation control is attributed to 1) regulation service requires high-frequency power modulation 5 

while a building has significant thermal inertia leading to stable indoor conditions even with significant cooling modulation 6 

(buildings are low-pass filters) and 2) the strong relationship between DAT and dehumidification capacity allows the latent 7 

capacity to absorb most of the capacity fluctuation (see Cai and Braun, 2018 for more detailed latent behaviors under 8 

regulation control).  9 

   10 

Figure 9. RTU closed-loop test results with a fixed regulation capacity and with a 40-minute PJM test signal.  11 

For the test demonstrated in Figure 9, the 40-min PJM test signal was used and it was shown that the zone air 12 

temperature could be regulated around its setpoint with small control errors. To better evaluate the impact of regulation 13 

control on the indoor comfort, longer closed-loop regulation tests were performed. Historical regulation data from PJM was 14 
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obtained for the day of May 10, 2014 (the only historical regulation data available on the PJM website was for a week in May 1 

2014). Figure 10 shows results of a 2-hour test using the historical PJM regulation signal. The zone temperature setpoint was 2 

23.6ºC throughout the test. For the first 5000 seconds, the regulation control resulted in excellent regulation service and no 3 

control saturation occurred; the RTU sensible cooling rate oscillated around the sensible load and the zone temperature 4 

fluctuation was within 0.3 ºC of the setpoint. At time 5000 sec, the building sensible load was purposely increased from 5 

11kW (load ratio of 0.78) to 13kW (load ratio of 0.93) to investigate whether the blower controller could catch up with the 6 

load increase while providing power regulation. Due to the sudden load increase and load-capacity mismatch, the zone 7 

temperature started rising and deviating from the setpoint. The temperature drift was captured by the thermostat controller 8 

and the supply airflow was increased trying to boost the cooling capacity to match the load. The indoor blower speed reached 9 

100% at time 7000 sec, but the sensible load was still not met mainly because the compressor work was modulating around a 10 

slightly lower reference level (total baseline power was constant but the fan power was higher leading to reduced baseline 11 

compressor power). The zone temperature drifted to 25.6 ºC close to the end of the testing period. Because the DAT setpoint 12 

reached the upper bound of 18.3 ºC at time 7000 sec, the compressor power could not be further reduced and the unit power 13 

was not able to track the low regulation power request, leading to unsuccessful regulation for the last 1000 secs of the test 14 

period.    15 
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  1 

Figure 10. RTU closed-loop test results with a fixed regulation capacity and with 2-hr historical PJM regulation data.  2 

The test results presented in Figure 9 and Figure 10 showed that the closed-loop regulation control had negligible 3 

impact on the indoor comfort even with the highest regulation capacity when the regulation capacity was properly 4 

configured. However, the results also highlighted regulation control issues for strategies with a fixed and inappropriately 5 

specified regulation capacity due to operating constraints of the test RTU. The control issues led to compromised indoor 6 

comfort, degraded regulation performance or even loss of eligibility to participate in the regulation market when the 7 

regulation performance score drops below 0.75. All the control issues originate from inappropriately configured regulation 8 

capacity and a regulation capacity reset strategy is needed to ensure satisfactory regulation performance and indoor comfort. 9 
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5.2. Regulation Capacity Reset Strategy 1 

 2 

Figure 11. RTU closed-loop control diagram with a regulation capacity reset strategy.  3 

To prevent the aforementioned issues in the regulation control, a model-based regulation capacity reset strategy was 4 

developed that updates the regulation capacity prior to each bidding interval (1 hour for hour-ahead markets such as PJM). 5 

Figure 11 illustrates the incorporation of the proposed regulation capacity reset strategy in the closed-loop regulation 6 

controller. The strategy monitors the RTU sensible load and other operating conditions in real-time and uses a pre-developed 7 

RTU model to determine the appropriate regulation capacity for the following bidding interval. The RTU model was adapted 8 

from an ASHRAE Toolkit-type model (Cai and Braun, 2015) and calculates the steady-state cooling rates (sensible and total) 9 

and unit power consumption for given ambient conditions, evaporator inlet air conditions, and compressor and blower 10 

speeds. The model parameters were estimated via nonlinear regression based on manufacturer performance data. The model 11 

details including the coefficient values are given in Appendix B. The model has the following input-output form: 12 

 [ ] RT, , , , ,U , ,tot esen tot amb ca mpeQ DAT P T RH T m SpdQ   13 

where Qtot and Qsen are the total and sensible cooling rates, DAT is the discharge air temperature, Ptot is the total unit power, 14 

Te is the evaporator inlet air dry-bulb temperature, RHe is the evaporator inlet air relative humidity, Tamb is the ambient 15 

temperature, ma is the supply airflow and Spdcmp is the compressor speed. The model calculates cooling rates and unit power 16 

based on compressor and fan speeds, and other operating conditions. The regulation capacity reset strategy solves the 17 

following pseudo-optimization problem for each bidding interval: 18 
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       (1) 1 

where ∆ is the compressor speed modulation band, ma,opt and Spdcmp,opt are the reference supply airflow and compressor speed 2 

corresponding to the baseline power, around which the actual unit power modulates to provide frequency regulation service. 3 

The function subscript indicates the specific function that outputs the corresponding variable (e.g., RTUDAT represents the 4 

sub-function of “RTU” that calculates DAT as the output). The obtained ∆ represents the maximum compressor speed ramp-5 

up/-down range around the reference compressor speed Spdcmp,opt. Lsen is the instantaneous RTU sensible load and the first 6 

constraint ensures that the average (quasi-steady-state) sensible cooling rate within the bidding interval equals the sensible 7 

cooling load. This constraint assumes linear relationships in the sensible cooling rate and compressor power with respect to 8 

the compressor speed, i.e., 9 
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. 10 

This assumption might not be valid over the full speed range since the cooling capacity is nonlinear with compressor speed 11 

for typical HVAC equipment. However, local linear approximation should be reasonable around the reference compressor 12 

speed Spdcmp,opt because the compressor speed variation range is often limited due to the unit internal control constraints. The 13 

second constraint makes sure the quasi-steady-state airflow falls within the feasible region dictated by the indoor blower 14 

speed limits, while the third constraint ensures the instantaneous compressor speed complies with the speed limits during 15 

power modulation. The thermostat controller has a very slow response for the indoor blower speed control and thus, the 16 

second constraint is only imposed on the average airflow instead of instantaneous airflow. The compressor speed changes 17 

aggressively due to the regulation needs and that is why the speed limits need to be enforced for the instantaneous 18 

compressor speed. The last two constraints consider the DAT setpoint upper and lower limits for the instantaneous DAT. 19 

Constraining the instantaneous DAT leads to a conservative estimate of the regulation capacity since it neglects the buffering 20 
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effect associated with the thermal inertia inside HVAC equipment; most of the HVAC thermal inertia resides in the 1 

evaporator and condenser coils and Cai et al. (2016) showed that a cooling coil typically has a time constant of 5 to 10 2 

minutes. To characterize the full regulation capacity, a dynamic vapor-compression system model is needed and it will be 3 

studied in future work.  4 

  Once the optimal values for ma,opt, Spdcmp,opt and ∆ are obtained, the regulation power upper and lower limits can be 5 

determined with the compressor speed upper/lower bounds as follows, 6 
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 7 

and the regulation capacity is  8 

, ( ) /2reg cap upp lowererP P P  . 9 

The reset strategy takes the evaporator inlet air conditions, ambient temperature and sensible cooling load for each 10 

bidding interval and generates the power regulation upper and lower limits. It should be noted that the RTU model functions 11 

are highly nonlinear and non-convex, making the optimization problem difficult to solve directly. To obtain more reliable 12 

control solutions, the optimization problem was reduced to a single-variable problem with two manipulations: 1) eliminate 13 

the airflow variable ma,opt using the first constraint in the optimization problem (to meet a given sensible load, there is at most 14 

one ma,opt value for any given compressor speed Spdcmp,opt); 2) eliminate the modulation band variable ∆ by setting 15 

∆=min(Spdcmp,opt - Spdcmp,min , Spdcmp,max - Spdcmp,opt), since the problem tries to maximize ∆ so it should take the speed margin 16 

between the reference compressor speed and the speed limits. With these two steps, only one decision variable stays, which is 17 

Spdcmp,opt. An exhaustive grid search was used to find the optimal value. In the laboratory tests of the proposed reset strategy, 18 

the average sensible load for the current hour was used in estimating the regulation flexibility for the following hour. The 19 

hour-by-hour building load variation could cause suboptimal estimation of the regulation capacity. A potential improvement 20 

is to incorporate an hour-ahead load prediction model and to use the predicted load in determining the regulation capacity for 21 

the next hour. However, the test results have shown satisfactory performance using the current strategy, mainly because of 22 

the relatively smooth variation in the building sensible load that was considered in the test.  23 

 24 
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 1 

Figure 12. Test performance of the regulation reset strategy.  2 

Figure 12 shows results of a 6-hour test of the proposed regulation capacity reset strategy. The test was carried out 3 

with the closed-loop scheme where the DAT setpoint was varied for power regulation and the supply fan speed was adjusted 4 

with the original thermostat controller to maintain the zone temperature setpoint. In the test, the internal heat gains were 5 

assumed to be constant while the ambient dry-bulb temperature was increased gradually based on the diurnal weather model 6 

for a typical summer morning (the diurnal model is elaborated in Section 5.3). Thus, the ambient temperature increase was 7 

the only driving force for building load variation. The internal moisture gain and outdoor absolute humidity were kept 8 

constant leading to almost constant moisture load in the test (small variation existed due to the varying ventilation/infiltration 9 

load caused by indoor humidity variation). The test was preceded with a 1-hour warm-up operation in which the same driving 10 

conditions as for the first hour of the regulation test were used but the DAT setpoint was fixed at 12.8ºC.Figure 13 shows the 11 

load, ambient temperature and indoor humidity variations for the test. The outdoor temperature was increased from 27.5ºC to 12 

35.6ºC during the 6-hour test period. As a consequence, the sensible building load was increased from 7kW to 13kW by the 13 

end of the testing period. It can be seen that the unit sensible capacity modulated around the load curve and the general trend 14 

of the RTU sensible cooling rate closely followed the load variation. The sensible capacity modulation was caused by the 15 

power modulation in regulation control. Close tracking of the load in the RTU sensible capacity was attributed to the blower 16 
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feedback control and to the appropriately assigned regulation capacity. The zone relative humidity floated between 35% and 1 

42% since the zone RH was not actively controlled, which is typical for current HVAC equipment. The zone humidity 2 

variation was well aligned with the DAT fluctuation shown in Figure 12 because DAT has a direct impact on the unit’s 3 

dehumidification performance: lower/higher DAT results in greater/less moisture removal.   4 

 5 

Figure 13. Load and other operating conditions in the regulation reset test.  6 

 7 

The top subplot of Figure 12 shows the regulation power along with the determined regulation upper and lower 8 

bounds. It can be observed that the available regulation capacity during the first hour was much smaller because the sensible 9 

load was close to the lower end of the unit's capacity modulation range and the PJM market requires symmetric power 10 

regulation, i.e., the ramp-up and ramp-down bands have to be identical. Although the regulation capacity was minimum 11 

during the first hour, the zone temperature showed the most significant fluctuation which was caused by the transition from 12 

warm-up operation to the regulation test. The 6-hr regulation reset test was preceded by a 1-hr warm-up operation with the 13 

same ZAT setpoint of 23.3C and a constant DAT setpoint of 12.8˚C. With the load increase in the subsequent hours, the unit 14 

was able to provide more regulation capacity. But the regulation capacity reached the peak and started dropping after the 5th 15 

hr because the building load was approaching the maximum cooling capacity the unit could provide and the power ramp-up 16 

range was limited.  17 

The second subplot of Figure 12 gives the actual DAT and its setpoint generated by the regulation controller. The 18 

DAT upper bound (18.6ºC) was never reached. During the intermediate load periods from hours 1 to 4, the DAT setpoint was 19 

close to but hardly touched the lower bound (7.2ºC) because the setpoint constraints were considered explicitly in the 20 
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regulation capacity optimization in Eq. (1). The third subplot shows the zone air temperature variation and the fourth subplot 1 

depicts the trend of the supply airflow. A constant zone temperature setpoint of 23.3ºC was used throughout the 6-hour test. It 2 

can be seen that the actual ZAT fluctuated within a 0.3ºC error band around the setpoint, which again proves that regulation 3 

control has negligible impact on indoor temperature control. However, the zone temperature showed a slowly increasing 4 

trend caused by the delay in the load estimation used in the regulation capacity reset strategy: the regulation flexibility for the 5 

next hour was determined based on the load for the current time step so the estimated load was always lower than the actual 6 

cooling demand when the load was increasing. This was also reflected in the supply airflow trajectory: the unit controller 7 

captured this small load imbalance from the zone temperature deviation and kept increasing the supply airflow to catch up 8 

with the load increase. However, the load imbalance was small and the indoor temperature only increased by less than 0.3ºC 9 

by the end of the 6-hour test period.  10 

Figure 14 shows the regulation capacities along with the PJM performance scores obtained in the 6-hour test. The 11 

variation of the available regulation capacity described in the preceding paragraph can be clearly seen in the top subplot: the 12 

regulation capacity was most significant for hours 2 to 4 when the cooling load was intermediate and the capacity was limited 13 

when the load was low or high. The performance score was around 0.9 for the hours with moderate regulation capacities. For 14 

the first hour when the regulation capacity was small, the performance score was much lower, mainly caused by a low 15 

precision score of 0.63 due to the significant control errors relative to the regulation capacity. The less satisfactory 16 

performance during low regulation capacity hours was also observed in the field tests performed by Su and Norford (2015b). 17 

The achieved regulation performance scores in the closed-loop test were lower than those reported for the open-loop tests 18 

because in the closed-loop control, only the compressor participated in the power modulation but the compressor speed was 19 

not directly controllable.  20 
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 1 

Figure 14. Regulation capacities and performance scores in the closed-loop test with the regulation capacity reset strategy. 2 

 3 

5.3. Evaluation of Integrated Regulation Capacity 4 

As demonstrated in the previous section, the available regulation capacity of HVAC equipment is highly dependent 5 

on the building load and other operating constraints. The cost savings potential presented in Section 4 only considered the 6 

maximum possible credit one could receive with the highest regulation capacity. However, the integrated regulation capacity 7 

and economic benefit would be lower due to reduced power flexibility under extreme load conditions. To capture the 8 

integrated regulation performance and benefit, the regulation capacity reset strategy was simulated with the developed RTU 9 

and virtual building models to quantify the integrated regulation capacity a HVAC unit can provide throughout a typical 10 

cooling day. The RTU model is elaborated in Appendix A and details of the diurnal load models are given in Cai and Braun 11 

(2018) and Hjortland and Braun (2018). Erbs et al. (1985) developed diurnal weather profiles for different locations in the US 12 

that are characterized by two simple parameters. For a specific location, the corresponding typical meteorological year 13 

weather data can be used to estimate the parameter values. The diurnal weather model has the following form:  14 
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where Tamb is the hourly ambient temperature, Tamb,m is the mean ambient temperature for a specific location, t indicates the 16 
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hour of a day, Am is the ambient temperature variation magnitude, RHm is the mean ambient relative humidity, and KT is the 1 

local clearness index defined as the ratio of daily horizontal radiation to the daily extraterrestrial horizontal radiation. The 2 

model assumes a constant absolute ambient humidity which is determined based on the mean relative humidity RHm and the 3 

mean ambient dry-bulb Tamb,m. Tamb,m  and KT are the only two parameters that characterize typical diurnal weather pattern for 4 

a specific location.  5 

The Miami weather model for July was used in the simulation, with Tamb,m = 29ºC and KT = 0.5. The RTU size was 6 

scaled according to the peak sensible load of the simulated July day with an oversizing factor of 20%. Since the exact 7 

weather data was known for each hour, the actual building load was used in the regulation capacity reset strategy. It was 8 

assumed in the simulation that regulation control would not cause any difference in the quasi-steady-state performance, i.e., 9 

the hourly average cooling rates and unit power were assumed identical between the cases with and without frequency 10 

regulation control. Although Cai and Braun (2018) showed that regulation control could cause slight latent capacity 11 

degradation and sensible efficiency increase for humid climate locations, the performance difference was neglected in this 12 

study for ease of analysis. Future simulation studies could capture this effect by incorporating a model to quantify the 13 

capacity and efficiency impacts of regulation control. Figure 15 gives the simulation results. The red curve corresponds to the 14 

baseline unit power consumption (also equivalent to unit power without regulation control). The shaded area represents the 15 

available regulation capacity for different hours of the day. At 8am, the building load is below the lower end of the unit's 16 

capacity modulation range and the unit cycles between the minimum compressor speed and the off-stage to match the 17 

building load; there is no regulation capacity available. When load is moderate, e.g., from 10am to 1pm, the available 18 

regulation capacity is highest. During the high load period (e.g., 3pm), the regulation capacity drops since the reference 19 

power is close to the higher end of the unit capacity modulation range.  20 

From the simulation results, the integrated regulation capacity for the simulation day is 14.8kWh (shaded area) 21 

while the total daily energy consumption is 63kWh (total area underneath the red dashed curve). Figure 16 shows the PJM 22 

hourly average regulation and wholesale energy prices for the years of 2014 to 2017. It can be seen that the prices vary 23 

significantly from year to year but the general diurnal trends are similar. The wholesale electricity price is lowest during night 24 

time and highest in late afternoon due to the high electrical demand on the grid. The regulation price is also lower in early 25 

morning but exhibits a daily peak around 7am to 8am. During the day time, the regulation price is relatively constant. The 26 

hourly average prices were used with the simulated diurnal HVAC power and regulation capacity shown in Figure 15 to 27 
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evaluate the integrated daily electricity cost and regulation credit. A constant performance score of 0.9 was assumed and the 1 

PJM credit accounting method (PJM Operating Agreement Accounting, 2018) was used in the integrated economic analysis. 2 

Figure 17 shows the daily utility cost savings potential with the regulation control for the different years and for RegA and 3 

RegD services. It can be observed that the integrated regulation credit could offset 12% to 26% of the daily electricity cost. 4 

The RegD service results in consistently greater cost savings due to higher performance credits. For the years with relatively 5 

higher regulation prices such as 2014, 2015 and 2018, the relative cost savings is also greater. These results represent the 6 

integrated economic benefits for a building by providing frequency regulation service. Compared to the economic analysis 7 

results presented for the open-loop tests, the integrated cost savings potential is lower due to 1) reduced regulation capacity 8 

for the hours with extreme load conditions, 2) reduction of available regulation capacity since supply fans do not participate 9 

in power regulation in closed-loop regulation control and 3) lower performance scores in the closed-loop control because the 10 

compressor speeds cannot be directly controlled and only compressor power is used for frequency regulation. However, the 11 

integrated economic benefits that were estimated are still significant.  12 

 13 

Figure 15. Diurnal simulation results with the regulation capacity reset strategy: an average day in July, Miami.   14 

 15 
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 1 

Figure 16. Hourly average regulation and wholesale electricity prices in the PJM market.   2 

 3 

Figure 17. Integrated utility cost savings potential with frequency regulation control: a typical day in July, Miami.   4 

 5 

6. CONCLUSIONS & DISCUSSIONS 6 

In this paper, a regulation capacity reset strategy was developed for variable-speed HVAC equipment to participate 7 

in hour-ahead regulation markets. The reset strategy uses a steady-state HVAC performance model and incorporates a 8 

pseudo-optimization that seeks the maximum regulation capacity while respecting load and other operating constraints. The 9 

strategy is implemented prior to each bidding interval to determine the baseline power and regulation capacity for the 10 

following regulation time block, e.g., 1 hour for hour-ahead markets. To evaluate the efficacy of the proposed reset strategy, 11 
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laboratory tests were carried out for a 5-ton variable-speed RTU in psychrometric chambers under a closed-loop testing 1 

scheme, where the chamber conditions were varied according to a prototypical virtual building model. The experimental tests 2 

showed that the proposed strategy is able to provide satisfactory frequency regulation service while satisfying the operating 3 

constraints and indoor comfort requirements. The results also show that the available regulation capacity in HVAC 4 

equipment is highest when the building load is intermediate; for high or low load conditions, the HVAC regulation capacity 5 

is limited due to the unit operating constraints, such as compressor speed and DAT setpoint limits.  6 

The laboratory test results indicate that the available regulation capacity is highly dependent on the building load 7 

and other driving conditions. To quantify the integrated regulation capacity for a typical summer day, the reset strategy was 8 

also simulated with diurnal load models that were derived from typical meteorological year weather data and representative 9 

building dynamics. It was shown that the integrated regulation capacity for a typical summer day in Miami is close to 25% of 10 

the daily HVAC electrical energy use. Historical regulation and wholesale electricity prices for the PJM market were used in 11 

combination with the simulated regulation capacity and HVAC power to evaluate the integrated economic benefits. The 12 

estimated daily percentage cost savings for regulation control ranges from 12% to 26% based on the annual average PJM 13 

prices for the years of 2014 to 2018. The estimated daily savings is lower than the hourly cost savings evaluated for open-14 

loop tests (21% to 44%), mainly due to the reduced regulation capacity during high and low load periods. However, the daily 15 

savings still indicate significant economic benefits for buildings to participate in the regulation markets.   16 

The PJM historical prices show significant year-to-year differences. However, there is a clear pattern in the diurnal 17 

price variation as shown in Figure 16. The regulation price variation is not in sync with the wholesale energy price: the 18 

regulation price typically sees a peak in early morning (7am to 8am) while the peak electricity price usually occurs in the late 19 

afternoon when the grid electrical demand is highest. The frequency regulation control could be combined with optimal load 20 

scheduling strategies to further increase the utility cost savings potential by leveraging the energy and regulation price 21 

variation patterns. The combined control strategy could utilize the building thermal mass residing in the building materials 22 

and indoor furniture, and precool a building when the electricity price is lower but regulation price is higher; the stored 23 

‘cooling’ energy in the building thermal mass can be used later in the day when the electricity price is high. In addition, the 24 

optimal load scheduling strategy is expected to operate the HVAC equipment at the most favorable baseline power level 25 

(middle of the continuous modulation range) to increase the integrated regulation capacity and regulation credit. The 26 

combined regulation and load shifting control strategy will be investigated in future studies.  27 
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 13 

NOMENCLATURE 14 

AHU   Air handling unit 15 

DAT   Discharge air temperature 16 

FERC   Federal energy regulatory commission 17 

HVAC   Heating, ventilation and air conditioning 18 

ISO   Independent system operator 19 

PJM   Pennsylvania-New Jersey-Maryland Interconnection 20 

RH   Relative humidity 21 

RTO   Regional transmission organization 22 

RTU   Packaged rooftop unit 23 

MPC   Model predictive control 24 

ZARH   Zone air relative humidity 25 

ZAT   Zone air temperature 26 

 27 

Am   Magnitude of daily outdoor temperature fluctuation 28 

BF   Bypass factor 29 

EIR   Energy input ratio 30 

KT   Local clearness index 31 

Lsen   Sensible cooling load 32 

ma   Supply airflow rate 33 

ma,opt   Reference supply airflow rate 34 

NTU   Number of transfer unit 35 

OAT, Tamb  Outdoor air dry-bulb temperature 36 

Tamb,m   Mean outdoor air dry-bulb temperature 37 

Ptot   Total unit power consumption 38 

Preg,cap   Regulation capacity 39 

Powfan   Fan power consumption 40 

Qtot/Qcap  Total cooling rate 41 

Qsen  Sensible cooling rate 42 

RHe   Evaporator inlet air relative humidity 43 

RHm   Mean outdoor air relative humidiy 44 

SHR   Sensible heat ratio 45 

Spdcmp/Sp  Compressor speed 46 

Spdcmp,opt  Reference compressor speed 47 

Te   Evaporator inlet air dry-bulb temperature 48 

Ta,ent,wb   Evaporator inlet air wet-bulb temperature 49 

V   Volumetric airflow rate 50 

 51 

∆     Compressor speed modulation band 52 
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 1 

Subscripts 2 
min/lower Minimum value 3 

max/upper Maximum value 4 

rate   At rated conditions 5 

 6 

APPENDIX A. RTU SENSOR LAYOUT 7 

Figure 18 and Figure 19 give the measurement points instrumented in the test RTU for the refrigerant-side and air-8 

side, respectively. Table 1 provides detailed information about accuracy and type of sensors used in the experiments. The 9 

chambers have custom built nozzle airflow stations, but the readings were not used in this study due to duct leakage issues; 10 

instead, the unit internal virtual airflow reading was used that could be accessed via BACnet. Other BACnet points that were 11 

used in this study include discharge air temperature and its setpoint, supply fan speed and the supply fan torque setpoint. 12 

Table 1. Sensor model and accuracy 13 

 14 

Symbol in 
schematics 

Sensor type Variable Manufacturer and model Rated accuracy 

T Thermocouple Refrigerant- & air-
side temperatures 

Omega T-type  ±0.5ºC 

P Piezoresistive pressure 
transducer 

Refrigerant-side 
pressure 

Honeywell 
PX2AS1XX500PAAAX 

±0.25% full scale 
(1.25 psia) 

Differential air pressure 
transducer 

Air-side differential 
pressure 

Setra M2601MS4 ±1% full scale 

R Capacitive thin film 
polymer 

Air relative humidity Vaisala HMD112 ±2% 

m Coriolis mass flow 
meter 

Refrigerant mass flow 
rate 

Micromotion R025S1113UR ±0.5% reading 

V Nozzle airflow station Supply air flow - - 

- AC watt transducer Power for 
compressor, indoor 
and outdoor fans 

Ohio Semitronics PC5 ±0.5% full scale 

 15 
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 1 

Figure 18. RTU refrigerant-side measurement points. 2 

 3 

 4 

Figure 19. RTU air-side measurement points. 5 

 6 

APPENDIX B. RTU PERFORMANCE MODEL 7 

Performance data for a 5-ton variable-speed RTU was obtained from a manufacturer. The performance data covers a 8 

wide range of operating conditions and different combinations of compressor and supply fan speeds. Rated capacity (Qcap,rate 9 

= 18.86 kW) and EIR (EIRrate = 0.22) were extracted from performance data at an ambient dry-bulb temperature of 35ºC 10 

(95ºF) and indoor wet-bulb of 19.3ºC (66.7ºF). Rated supply airflow rate (Vrate) is 1.08m3/s (2300 CFM). The adopted model 11 

form is based on the ASHRAE Toolkit model (Brandemuehl et al., 1993) but considers additional correction terms associated 12 
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with compressor speed.   1 

At 'wet' conditions, the following correlation form is used to calculate total cooling rate: 2 
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where Qcap is the total cooling capacity at the specific operating conditions, V is the actual supply airflow rate and Sp is the 4 

compressor speed.  5 

At 'wet' conditions, EIR (at any compressor speed) is assumed to follow the form: 6 
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            (3) 7 

The dry-coil points in the performance data were filtered out and only the wet-coil data was used to estimate the coefficients 8 

in Equations (2) and (3). Since cross multiplicative terms exist between different coefficients, a Levenberg-Marquardt-based 9 

nonlinear regression algorithm was used to estimate all the coefficients (Madsen et al., 1999). Table 2 and Table 3 list the 10 

estimated coefficient values for the capacity and EIR models, respectively. There were 545 training points in total (wet-coil 11 

data points only). The root mean square of the relative fitting error is 3.6% and the maximum relative error is 7.8% for the 12 

total capacity fit. For the EIR model, the root mean square of the relative fitting error is 4% and the maximum relative error is 13 

11.7%.  14 

Table 2. Capacity model coefficients estimated based on manufacturer's performance data 15 

 a0 a1 a2 a3 a4 a5 

Cap 9.82175e-2 9.14209e-3 -1.8701e-5 8.3976e-4 -2.3424e-5 -6.4213e-5 

 b1 b2 f1 f2 f3  

Cap 2.8239 -1.5465 -1.006 2.3899 -0.4317  

 16 

Table 3. EIR model coefficients estimated based on manufacturer's performance data 17 

 c0 c1 c2 c3 c4 c5 

EIR 0.6852 -2.813e-2 6.3019e-4 3.658e-3 4.2505e-4 -4.6407e-4 

 d1 d2 e1 e2 e3  
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EIR -0.6496 0.2454 2.5374 -3.6662 2.4688  

 1 

A cubic correlation is used to calculate the fan power (Powfan) based on airflow fraction as below. Table 4 lists the 2 

fitting coefficients.  3 
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Table 4. Fan model coefficients estimated based on manufacturer's performance data 5 

 g0 g1 g2 g3 

Fan 0.004436 0.08417 -0.1816 1.2774 

 6 

In the sensible heat ratio (SHR) calculation, the bypass factor method is adopted, which assumes the leaving air to 7 

be a mixture of air that bypasses the coil and air that reaches equilibrium with the surface at an apparatus dew point 8 

condition. Details of this bypass factor method can be found in Brandemuehl et al. (1993). The model takes evaporator 9 

entering air dry-bulb and wet-bulb temperatures, airflow rate and total cooling capacity as inputs and outputs the SHR. The 10 

bypass factor is determined based on correlations with respect to airflow rate using the following form:  11 

 exp 
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rate
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V
NTU NTU
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      (4) 12 

where the exponent n is an estimated parameter. Table 5 lists the estimated parameter value along with the rated NTU value, 13 

which was extracted from the rated performance data. When the calculated SHR is above one, the evaporator coil is dry. 14 

Iterations are required to find a fictitious evaporator air inlet wet-bulb that leads to a SHR equal to one and the calculated 15 

performance with this fictitious wet-bulb is used as the final model output.  16 

Table 5. Coefficient estimates in the bypass factor method. 17 

 NTUrate n 

SHR parameter values 1.8871 -0.3819 

 18 

 19 

 20 


