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ABSTRACT 

Buildings are the main consumers of electricity across 

the world. In the electricity system, it is critical to have 

a realistic forecast of buildings’ demand for adequate 

power planning and management. However, in the 

research and studies related to building performance 

assessment, the focus has been on evaluating energy 

efficiency of buildings whereas the instantaneous 

power consumption of systems has been overlooked. 

This paper argues that the power performance of 

buildings should be modelled and evaluated as a 

function of both electrical (e.g., voltage) and thermal 

characteristics of systems. This allows capturing 

reactive power in addition to active power and 

understanding how different motor types in buildings 

respond to electrical variations.  The main objective of 

this paper is to estimate building’s load profile as a 

function of voltage variations coupled with thermal 

response of the building. Modelling power as a 

function of voltage enables studies related to 

cascading power failure due to excessive reactive 

power, conservation of voltage reduction (CVR) as a 

demand response method for demand side 

management, and uncertainty quantification in 

thermal energy calculated in absence of electrical 

variations. Thermal-electrical models of buildings 

support more effective design, selection, and 

operation (i.e., control) of motor-driven building 

systems for energy and power conservation goals in 

addition to better planning and management of the 

electricity system. This paper presents different 

scenarios that show the impact of voltage variations on 

peak load reduction depending on different motor 

types in building systems. 

INTRODUCTION 

In 2011, residential and commercial building sectors 

used 38% and 36% of electricity sold in the United 

States respectively (EIA, 2012). Buildings as the 

major consumers of electricity, play a significant role 

in design, operation, planning, and management of the 

power system.  However, to reduce the complexity of 

power models, buildings are traditionally modelled as 

aggregated load models and represented as “dumb” 

nodes in the power grid. Recent efforts for grid 

modernization and the need to use buildings as 

resources to support the power grid have raised the 

interest to have better understanding of buildings in 

the electricity system, which cannot be achieved 

without developing more detailed load models. 

On the building side and in the discipline of building 

technology, the main focus has mostly been on energy 

(kWh) performance of buildings and not much 

attention has been given to the power demand (kW), 

which is the amount of energy at a given time step. 

Concerns about demand peaking have increased the 

number of studies related to large scale building stock 

modelling to capture peak load.    However,  power 

variations as a function of electrical characteristics of 

systems are not yet captured in conventional building 

energy models. One of the disadvantages of lack of 

modelling electrical energy flow is that it limits 

studies related to reactive power and peak load 

management using strategies such as conservation of 

voltage reduction (CVR). This limitation also 

contributes to uncertainty in energy consumption 

calculations carried out in absence of voltage 

variations. Inaccuracy in energy and power 

performance evaluations affects design decisions, 

HVAC systems sizing, operation, and control.  

Historical energy usage data in the U.S. (EIA, 2012) 

indicate that although we are moving towards energy 

efficiency goals, our buildings are consuming more 

power during peak times. This means implementation 

of energy efficiency measures (i.e., kWh savings) and 

implementation of renewables have possibly had a 

rebound effect on power efficiency (i.e., kW usage). 

The emerging technologies of the smart grid and 

integration of intermittent and unpredictable 

generators (e.g., wind and solar) make it more critical 

to investigate different factors that affect power 

performance of systems to better understand load 

profile of buildings. This is important for effective 

load management and control. 

Consolidated Edison Company of New York (Con 

Edison), a regulated utility proving electric service to 

most of New York City (NYC), has published a chart 

that shows the number of hours in a year vs. load in 

MW. For most hours, the load is 7600 MW or less. 

The curve presents a sharp increase in load for 1000 

hours in the year and consumption larger than 12,000 

MW for only about 36 hours in the year (Logsdon, 

2013). This represents a power concern (i.e., 

instantaneous power consumption during peak hours) 
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and not just energy (i.e., power use over a period of 

time). A simple example to show the importance of 

studying instantaneous power consumption is to 

compare power and energy usage in two different 

scenarios. In the first scenario, there are ten 2kW fans 

in a building, but only one comes on at each hour 

during operation hours (their duty cycles alternate). In 

the second scenario, all ten 2kW fans cycle at the same 

time. In both scenarios, the energy consumption is 200 

kWh at the end of the day assuming 10 hours of 

operation.  However, in the first scenario, the 

instantaneous power consumption is 2kW at each hour 

while in the second scenario, it is 20kW, which is 10 

times more. This is the underlying cause of spikes in 

power demand during the ‘peak hours’.  Although, we 

can capture these power peaks using current energy 

assessment methods, this study is concerned with 

understanding impact of electrical performance of 

systems and more specifically voltage variations on 

peak power. This would support control and 

management of power peaks at system and device 

level in buildings.  

The major concerns about peak demand are economic 

efficiency, environmental quality, fuel security, and 

facility siting (Koomey et. al, 2002). According to 

ConEdison results (Logsdon, 2013), peak hours occur 

in less than 0.5% of time in the year (36 out of 8760 

hours in a year). Utilities size their systems based on 

peak load. Therefore, the generation, transmission, 

and distribution infrastructure that supports peak load, 

sit idle for more than 99% of time in the year. These 

are the utility’s highest marginal cost plants, which are 

usually the inefficient and air polluting generators as 

well. In addition to that, these back-up generators are 

fired by either natural gas or fuel oil, raising issues of 

fuel security and price instability respectively for each 

fuel type (Koomey et. al, 2002)  

We believe the instantaneous power efficiency and 

challenges related to it should also be evaluated and 

addressed in studies carried out under building science 

and technology discipline. As work related to urban 

and large scale building energy assessment grows, 

power concerns should not be left out. The 

instantaneous power use (kW) is a challenge of smart 

cities as much as their energy consumption (kWh) is. 

This is concerned with capital resources rather than 

just benefits of energy savings to individual building 

owners and facility managers.  

To better understand the power efficiency of building 

systems, the first step is to construct models that can 

yield to better evaluation of buildings power 

performance in the electricity system. Coupling of 

power models constructed using electrical parameters 

(e.g., voltage) with existing thermal models allows 

assessment of power efficiency of building systems as 

a function of their electrical behaviour and 

performance in addition to the current energy 

evaluation methods that are carried out based on the 

thermal behaviour of buildings and their energy 

systems.   To fully capture the behaviour of buildings 

in the power system and study the impact of grid 

technologies on building energy performance, power 

models that capture electrical characteristics of 

buildings (e.g., voltage and current) are developed in 

this work. These power models also improve current 

building energy simulations by capturing electrical 

behaviour of systems in addition to their thermal 

behaviour. EnergyPlus is used as a platform to 

implement these models. However, these voltage-

based power models can be coupled and integrated 

with any building energy simulation tool. 

BACKGROUND 

Since the 1970’s energy crisis, the interest in using 

buildings as energy assets initiated and work related to 

demand side management (DSM) began in 1980’s 

(Gellings, 1985). DSM introduced peak clipping, 

valley filling, load shifting, flexible load shape, and 

energy conservation as strategies to reduce power use 

during peak load hours. Since then, demand response 

(DR) programs launched to achieve DSM and control 

load to reduce peak demand. Demand side control 

methods can be categorized as direct load control 

(DLC), price-based, and transactive-control or 

market-based (Kosek, 2013).   

Demand related to the use of buildings to support 

power system objectives (e.g., stability, sustainability, 

and resiliency) has increased in the past years. 

Buildings do not have constant load and therefore they 

introduce variations to the power system. 

Furthermore, commercial buildings have a big 

contribution to summer peak demand (Koomey, 

2002). As a result, research and development (R&D) 

concerned with impact assessment of HVAC systems 

on performance of the power grid have been 

undergoing (Tomiyama et. al 1998, Hood, 2004, 

Kiliccote et al., 2006, Lin et. al, 2013, MacDonald et. 

al, 2014). Methods and strategies related to integration 

and interactions of buildings with the power grid have 

been growing in number and complexity. 

One of the advanced technologies that is involved with 

the use of building assets for power management is 

Auto-DR using Open Automated Demand Response 

(OpenADR) developed by Demand Response 

Research Center (DRRC, 2015). Auto-DR is widely 

adopted and implemented by utilities. In Auto-DR, 

different strategies are used for HVAC control, which 

range from global temperature set-point adjustment to 

supply air temperature increase, supply fan speed 

reduction, duct static pressure reduction, chilled water 

temperature increase, to rooftop unit shutdown, chiller 

demand reduction, boiler lockout, and pre-cooling of 

building thermal mass (Kiliccote et al., 2006). 

Although this represents the potential of buildings to 

provide support to the grid, we lack adequate models 

that can be used to evaluate and compare the impact 

of a wider range of strategies including ancillary 

services such as frequency regulations and CVR 

(MacDonald et al., 2014 and Zhao et al., 2015). 

Furthermore, design and evaluation of power efficient 
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HVAC systems (e.g., pump motors) that can provide 

maximum benefit to the grid while reducing demand 

charges for buildings, cannot be achieved without the 

right system modelling and simulation tools.  

LITERATURE REVIEW 

It has long been known that variations in the power 

system affect power quality and energy consumption 

of building electricity users.  Hood (2004) looked into 

the effects of voltage variations on power 

consumption and running cost of domestic appliances. 

This study reported that voltage increase results in 

power increase (kW) in most appliances, but it does 

not necessarily translate into an increase in energy 

consumption (kWh). For example, in resistive loads, a 

voltage rise of 10% resulted in more than 20% 

increase in power, but less than 20% in energy. This 

shows that power cannot always be directly derived 

from thermal energy calculations e.g., those carried 

out in building energy simulation tools.   

The research and literature related to electrical 

modelling of systems coupled with thermal energy 

modelling is limited. Kelly (1998) discussed the lack 

of a power flow modelling capacity in building 

simulation tools and addressed this by developing a 

network solver and coupling that into ESP-r modelling 

and simulation tool. The disadvantage of this method 

is that it was developed to the specifications of ESP-r 

and not with a generic method that can be used in 

wider range of building and grid tools. It is also mainly 

concerned with calculation of power flow for 

applications that involve on-site power generation 

such as PV or small CHP system. 

Beside the power flow model used in ESP-r, some 

utilities also model ‘loads’ in the power system, which 

are usually simplified and not coupled with thermal 

characteristics of buildings (Kosterev, 2008; IEEE, 

1993; IEEE, 1995). Schneider et al. (2011) looked into 

integration of thermal and electrical models and used 

these for power distribution simulation. However, the 

building thermal models used in this work were 

derived from equivalent thermal parameter (ETP) 

approach. These   simplified models can be used to 

model only single zone (e.g., residential and small 

commercial) buildings.  It is well known that more 

detailed load models are required to understand the 

behaviour of a building and its systems (e.g., HVAC) 

in the power grid (Schneider et al., 2011). To evaluate 

power efficiency and assess the impact of system 

power profile, the electrical characteristics of systems 

should be modeled and simulated in smaller time 

scales (e.g., minutes) compared to hourly energy 

calculations that are normally carried out to assess 

energy performance of buildings. The system collapse 

of 1987 in Tokyo was partly because of 

underestimating the characteristics of the reactive 

power consumption of air-conditioning loads (IEEE, 

1993). The cascading outage that took place in the 

North American Eastern Interconnection (interrupting 

about 63GW of load which is about 11% of the total 

load distributed in the Eastern Interconnection) was 

also associated with significant amount of reactive 

power and inadequate understanding of the system 

behaviour (He, 2011). ‘Load’ in the power system 

may carry different meanings. The definition of load 

is an electricity-consuming device or equipment 

connected to the power system (IEEE, 1993). In load 

flow studies, a load model is a mathematical 

representation of the relationship between a bus 

voltage (magnitude and frequency) and the active and 

reactive power (IEEE, 1993). Load modelling and 

load characterization studies have been performed for 

a long time. In 1992, an IEEE Task Force published a 

paper on “Load Representation for Dynamic 

Performance Analysis,” summarizing the current 

status on power system load modelling (IEEE, 1993). 

Definitions of basic load modelling concepts were 

explained and the importance of further developments 

in load modelling was discussed. 

In the current power system, load models represent the 

aggregation of hundreds or thousands of individual 

component devices such as motors, lights, and 

electrical appliances, which are usually modeled at 

representative substations or feeder levels (Choi et al., 

2006; Sadeghi and Abdollahi, 2009). Load models 

used in the power system can be categorized as 

dynamic and static load models (IEEE, 1993). 

Dynamic models are those that express the active and 

reactive powers at each time step as functions of the 

voltage magnitude and frequency at past time steps 

(usually the current timestep is also included). 

Differential equations have been used to represent 

such models, but dynamic load models in general are 

not employed as commonly as static load models. 

Static load models are those that express the power 

(active and reactive) at each timestep as a function of 

voltage and frequency at that timestep. In addition to 

representing static load devices such as lighting, these 

models are also usually used for approximation of 

dynamic load devices such as motor-driven loads 

(IEEE, 1993). These static load models, known as ZIP 

models, are the most commonly used methods to 

model electrical systems in the power grid (Bokhari et 

al., 2013; Sadeghi and Abdollahi, 2009; Schneider and 

Fuller, 2010; Schneider et al., 2011). 

Coupling thermal and electrical behaviour of 

buildings  is a challenging task. This is because of the 

very distinct thermal, electrical, and electromagnetic 

properties of systems and motors with different 

governing physics. One way to achieve this is by 

adding multi-state time variant power models (i.e., 

ZIP models) to the building energy thermal model 

(Schneider et al., 2011). Literature suggests that using 

a multi-state ZIP model allows the complete behaviour 

of the load to be represented and the impact be 

assessed. These models are limitedly used for detailed 

end use load modelling of systems such as residential 

heat pump, appliances, and plug-in electric vehicles 

(PEVs) (Bokhari et al., 2013; Schneider et al., 2011, 

Sortomme et al., 2012). In the case of heat pump for 
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instance, the model was constructed for different 

operating states: off, cooling, heating (Schneider et al., 

2011). These can also be used to describe electric 

behaviour of more complex systems such as 

commercial HVAC systems. The main challenge is 

that electrical data is not readily available at system 

and especially at component level (e.g., fan, pump). 

MODELLING METHODOLOGY 

In this work, ‘load’ refers to a power-consuming 

device that serves the building thermal demand and is 

considered to be part of the building energy systems. 

To model load, ZIP models are used to describe the 

static behaviour of electrical loads. A ZIP model  is a 

static model that represents the power-voltage 

relationship as a polynomial equation of voltage 

magnitude and consists of three load components: 

constant impedance (Z), constant current (I) and 

constant power (P). There are different forms of 

mathematical representation of the ZIP model. In the 

form used in this study, the frequency variations are 

not considered. These models can be used to describe 

real power (Equation 1) and reactive power (Equation 

2) consumption of loads as a function of the system 

voltage.    

𝑃 = |𝑃0|. [𝑍%. 𝐶𝑜𝑠(𝑍𝜃).
|𝑉2|

|𝑉0
2|

+  𝐼%. 𝐶𝑜𝑠(𝐼𝜃).
|𝑉|

|𝑉0|
+

   𝑃%. 𝐶𝑜𝑠(𝑃𝜃)]             (1) 

 And, the reactive power can be expressed as: 

𝑄 = |𝑄0|. [𝑍%. 𝑆𝑖𝑛(𝑍𝜃).
|𝑉2|

|𝑉0
2|

+  𝐼%. 𝑆𝑖𝑛(𝐼𝜃).
|𝑉|

|𝑉0|
+

   𝑃%. 𝑆𝑖𝑛(𝑃𝜃)]                (2) 

Z% + I% + P% = 100             (3) 

 

Where, 

P,  real power consumption of load; 

P0,  apparent power of load at nominal voltage; 

Q,  reactive power ; 

Q0,  nominal reactive power; 

V,  actual terminal voltage; 

V0,  nominal terminal voltage; 

Z%,  percent of the load with constant impedance; 

I%,  percent of the load with constant current; 

P%,  percent of the load with constant power; 

Zθ,  phase angle of the constant impedance;  

Iθ,  phase angle of the constant current 

component; 

Pθ,  phase angle of the constant power 

component. 

In this work, ZIP models are developed for an Air 

Handling Unit (AHU) and a roof top unit (RTU) with 

heat pump. Then, these models were used to model 

multi-state time variant power models of similar 

systems in other buildings. In the time-variant load 

representation, the coefficients of the ZIP model 

remain constant for each device, but the active and 

reactive power consumptions of the load change with 

the terminal voltage. Therefore, they can describe the 

real and reactive power consumption of loads as a 

function of system voltage.  This would allow to 

evaluate impact of voltage variations on power use of 

buildings and enables comparison of that with power 

calculations carried out in building energy simulation 

engines that are solely based on thermal characteristics 

of systems. 

The polynomial equation of voltage magnitude is used 

to represent the power-voltage relationship of systems 

selected. To do this, an AHU was monitored in a 

controlled lab environment and an RTU and a chiller 

monitored in field. Time-variant data for energy 

consumption, power use, and voltage were recorded. 

10-second data were collected for the AHU, 5-minute 

data for the RTU, and 30-minute data for the chiller. 

Data was gathered at different time intervals for 

systems under study because voltage data is not 

readily available for in field systems and it is not easy 

to access such data. Data collected from the AHU fan 

is shown in Figure1. Although fan is not a resistive 

load, the motor has really low torque and therefore, the 

power follows voltage. Such loads are referred to as 

voltage leading. 

 
Figure 1 Voltage and Power Time Series Data of AHU Fan 

Data collected from the RTU does not reveal the same 

behaviour as the AHU fan. First, data was not 

collected for each motorized component in the RTU (a 

data collection limitation). Secondly, these systems 

have inductive motors with higher torque. In such 

motors, because of the magnetic field, voltage does 

not lead the power; such loads are referred to as 

voltage lagging. Figure 2 below shows the behaviour 

of voltage and power in relation to each other.  

 
Figure 2 Voltage and Power Data Collected from RTU 

Time series data collected provided a discrete voltage 

profile, which was then used to construct a voltage  

dependent power model for each load using the 

Time [min] 

Time [min] 
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polynomial equations of voltage magnitude in (1) and 

(2).  To determine the ZIP coefficients, a constrained 

least squares fit approximation to the measured values 

are estimated. The objective used to find the best fit is 

to minimize the residuals, J(x), defined as: 

 

J(x)= 𝑚𝑖𝑛 ∑ √(Ṕ𝑖 − 𝑃𝑖)
2

+

𝑛

𝑖

√(�́�𝑖 − 𝑄𝑖)
2

      (4) 

 

After finding the best fit ZIP coefficients, they are 

inserted in Equations 1 and 2 to construct voltage 

dependent equations for active and reactive power of 

each system.   Figures 3 and 4 depict the estimated real 

and reactive power of the AHU fan plotted. The 

residual for this estimation was 2.47. 

   

 
Figure 3 Estimated vs Measured Real Power Consumption 

of AHU Fan 

 
Figure 4 Estimated vs Measured Reactive Power 

Consumption of AHU Fan 

Figures 5 and 6 show the estimated real and reactive 

power of the RTU plotted. The residual for this 

estimation is 12268. The large residual and the plots 

clearly show that in this case, the power is not 

following the voltage all the time although at most 

time-steps voltage is still leading the load. This also 

indicates that the system has more than one sub-

system and if data were collected at each of those 

components, a more accurate model could be derived 

for the RTU. 

 

Figure 5 Estimated vs Measured Active Power 

Consumption of RTU 

 

Figure 6 Estimated vs Measured Reactive Power 

Consumption of RTU 

Coupling Electrical and Thermal Models 

EnergyPlus is a detailed building energy simulation 

program that is widely used in the U.S. by architects, 

engineers, and researchers to evaluate building 

thermal energy performance. Similar to other transient 

building simulation models, EnergyPlus emulate 

energy performance of systems by solving the full set 

of dynamic heat balance equations using numerical 

methods. However, the energy and power 

consumption in buildings as a function electrical 

characteristics (e.g., voltage) cannot be captured in 

transient simulation tools such as EnergyPlus. Figure 

7 shows energy use of an AHU modeled in EnergyPlus 

(similar AHU as the one used earlier to derive the ZIP 

models described in Equations 1 and 2, but not the 

same). As it is depicted, momentary variations in 

power are not captured when power (kW) is derived 

from thermal energy (kWh) simulated using building 

thermal energy simulation engine.  Figure 8 represents 

the actual metered power data and how it compares 

with power simulated using EnergyPlus. Therefore, 

using only thermal energy analysis methods do not 

allow us to find the uncertainty and error introduced 

because of voltage variations in the power system. The 

impact of such errors on energy usage and more 

specifically on instantaneous power consumption is 

not well understood.  
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Figure 7 Power Use of an AHU Modeled in EnergyPlus 

 
Figure 8 Measured vs. EnergyPlus Simulated Power 

One way to tackle this problem is to use the voltage 

dependent ZIP power models to calculate the 

instantaneous active and reactive power as a function 

of voltage within each thermal cycle and operation 

mode of the system as modeled in EnergyPlus. 

Although this introduces a loose coupling of 

electrical-based power models with existing thermal 

models, it provides a simplified method to generate 

some information about impact of voltage variations 

on instantaneous power use of electrical and thermal 

systems in buildings, which cannot be captured in 

current building simulation tools.  

RESULTS AND DESCUSSION 

Figure 9 depicts how measured power data of the 

AHU fan compares with simulated (EnergyPlus) and 

estimated (ZIP + EPlus). As shown, the ZIP model 

following load cycle better captures instantaneous 

variations in power as a function of voltage.  

 
Figure 9 Measured and Simulated Power Compared with 

the Power Calculated Using both Thermal and Electrical 

Models 

Mean square error (MSE) was used to measure the 

error between power measured, simulated, and 

estimated using Eand results are shown in Table 1. 

 

MSE  = 
1

𝑛
∑ (Ṕ𝑖 − 𝑃𝑖)

2
  

𝑛

𝑖=1
             (5) 

 
Table 1 

MSE Calculated to Measure Error Between 

Simulated and Measured Power as well as Estimated 

(ZIP + EPlus) and Measured  
 

SYSTEM MSE 

(Simulated and 

Measured) 

MSE 

(Estimated and 

Measured) 

AHU Fan 0.0744 0.002 
 

As results indicate, the MSE of simulated vs measured 

and that of estimated (ZIP + EPlus) vs measured are 

both small. However, the absolute error at each 

timestep is larger if we compare simulated results with 

measured data. Estimated instantaneous power usage 

is closer to measured values. Furthermore, it should be 

kept in mind that the main point here is capturing the 

momentary variations of power as a function of 

voltage and not necessarily the accuracy of 

calculations. EnergyPlus would not be able to respond 

to voltage changes at all while ZIP models can show 

the magnitude of change in power as a measure of 

voltage. This is useful for studying applications such 

as CVR that are concerned with achieving energy 

efficiency by controlling voltage using either a central 

control signal (i.e., from the utility) or a building level 

signal from building automation systems used to 

manage load. 

The next section gives an overview of building loads 

that are voltage dependent to estimate the percentage 

of load that can be controlled by toggling voltage 

during peak hours. 

APPLICATION IN DEMAND MANAGEMENT 

Knowing that voltage dependent load models can be 

used to generate more information about 

instantaneous power behaviour of electricity end users 

in buildings, it would be helpful to better understand 

load types in buildings. In general, load can be 

categorized as voltage leading or voltage lagging. 

Resistive loads are voltage leading because power 

variations follow voltage variations. Therefore, 

reducing or increasing voltage affects power 

consumption of such loads. On the other hand, 

inductive loads are considered to be voltage lagging 

because the magnetic field of the stator in an inductive 

motor creates a torque to rotate the shaft. Hence, such 

loads are not only voltage dependent and their power 

consumption cannot solely be controlled by varying 

voltage.  

Figures 10-12 show electricity consumers in a small 

office with heat pump, a small office with RTU, and a 

large office with chiller. Data shown are derived from 

DOE prototype buildings modelled in EnergyPlus. 

Loads in buildings are categorized as voltage leading 

(e.g., resistive load) or voltage lagging (e.g., inductive 

load) to see what percentage of instantaneous power 
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use in buildings with similar specifications and layouts 

can be managed by controlling and varying voltage 

using strategies such as conservation of voltage 

reduction (CVR).  

It was found that, roughly, about 50% of load in these 

commercial buildings can be categorized as voltage 

leading. This means using CVR methods (a strategy 

used by utilities for energy conservation), only about 

50% of load would be responsive to the control signal.  

 

 

Figure 10 Small Office with Heat Pump (56% of load 

is voltage leading and 44% is voltage lagging) 

 

 

Figure 11 Small Office with Rooftop Unit (46% of 

load is voltage leading and 54% is voltage lagging) 

 

 

Figure 12 Large Office with Chiller (in 50% of load 

voltage leads and in 50% voltage lags) 

Next, the power consumption of the prototype small 

office with heat pump is evaluated in extreme and 

typical weather months in one year. As shown in 

Figure 13, load is categorized as voltage leading and 

voltage lagging. Results indicate that most of the 

summer peaks are actually because of voltage lagging 

loads which do not respond well to voltage control 

signals. Therefore, methods such as CVR are not 

relevant to reduce peaks in a building with heat pump 

during summer. Field studies also show that in regions 

with high concentration of heat pumps, CVR methods 

do not yield to the desired power reduction objectives 

(PNNL Northwest Demo Ongoing Project). 

 

Figure 13 Power Consumption of Prototype Small 

Office During Different Months. Load is Categorized 

as Voltage Leading and Voltage Lagging. 

However, in winter time, some load curtailment can 

be achieved using CVR. Similarly, other scenarios can 

be defined to evaluate the potential of voltage toggling 

for demand side management. These scenarios can be 

used to give recommendations about most effective 

methods to reduce peak load. For example, a group of 

commercial buildings can be modelled with different 

sizes and system types to evaluate the potential in a 

community of buildings (e.g., university campus) for 

CVR. Such scenarios support facility managers with 

decision making in regard to energy efficient 

operation of their buildings.  

CONCLUSION 

This paper argues that the electrical energy and power 

performance of buildings should be evaluated in 

addition to their thermal energy. The major objective 

of this study is to look into impact of voltage variations 

on instantaneous power performance of different 

HVAC components or systems. To achieve that, ZIP 

models are derived to model voltage based power of 

AHU fan and RTU. Models constructed were used in 

conjunction with EnergyPlus models to model both 

electrical and thermal energy of an AHU fan. Results 

indicate that the MSE of power estimated (using the 

method introduced in this work) is lower that power 

simulated when compared with metered (i.e., 

measured) power.  

Results discussed in this paper illustrates the 

significance of considering building electrical energy 

modelling in addition to thermal energy. Thermal-

electrical models support different studies such as 

evaluating power efficiency of building systems in 

terms of both active and reactive powers, 

understanding power and energy reduction methods 

such as CVR. In the last section, load categories 

(voltage leading or lagging) in different building types 

were assessed to show how electrical characteristics 

(e.g., voltage) can support building-grid related 

studies.  
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