
ABSTRACT

KESKAR, ADITYA. Enhancing Grid Flexibility by Efficiently Using Distributed Energy
Resources on the Power System in the United States and India. (Under the direction
of Jeremiah. X. Johnson).

Efficiently leveraging new sources of flexibility is critical to mitigating load balancing
challenges posed by variable renewable resources. Distributed energy resources (or
DERs) are small modular supply-side or demand-side resources that can provide grid
services individually or in aggregate. In this dissertation, I investigate the strategies
that can be used to efficiently leverage distributed energy resources on the power
systems in the United States and India. In Chapter 1, I provide an introduction to the
three chapters that form the core of my doctoral research.

Chapter 2 of my dissertation focuses on providing load flexibility services from
commercial building air conditioning systems. These systems, with their vast thermal
inertia and inherently sophisticated control systems, allow us to shift the power
consumed by the building on minute to hourly timescales to provide balancing
services, or demand response, to the grid while maintaining occupant comfort. Global
thermostat adjustment (GTA) provides a readily available and scalable approach for
implementing load shifting demand response using commercial heating, ventilation,
and air conditioning (HVAC) systems, since it leverages the inherent sophistication of
modern building automation systems. However, there is an incomplete understanding
of GTA’s performance for this purpose and its impact on building systems and
occupant comfort. In this chapter, I address this gap by assessing the performance of
GTA by analyzing results from nearly nine hundred experiments on eight university
campus buildings in Michigan and North Carolina. Using GTA to manipulate each
building’s thermostat setpoints and thereby causing the building to shift its power
consumption with respect to its baseline. The work quantifies the magnitude of HVAC
power response, energy use of HVAC subsystems, and impact on occupant comfort.
Finally, I connect the experimental results with power system operation using an
optimization model that coordinates GTA actions across a large collection of buildings
to reduce high ramp rates on the grid and mitigate renewable energy curtailment.

The role of distributed energy resources can be important as our electricity system



evolves. In Chapter 3, I explore the planning of winter peaking power grids in the
United States. Most regions in the United States experience peak electricity demand
during the summer months. Several regions, however, are dual peaking with distinct
summer and winter peaks of roughly equal magnitude. Deep decarbonization of
our energy system could lead to greater instances of dual or winter peaking power
systems across the country. This seasonal shift has important implications for grid
operations. Furthermore, the compounding impacts of decarbonization strategies
and climate change could introduce new challenges in ensuring sufficient generator
availability during peak demand. This chapter provides policy recommendations to
plan for a shift to dual or winter peaking power systems. I first analyze the seasonal
peak demand trends between 2016 and 2021 at the regional and subregional levels.
Then I show key examples of how regulators and system operators plan for winter
resource adequacy, focusing on the measures undertaken by different stakeholders,
post-Winter Storm Uri. I then detail the challenges posed by the multilevel regulation
framework in planning for winter peaking power systems for both extreme cold events
and a gradual shift due to electrification.

Distributed energy resources can also advance clean energy services in the Global
South. In Chapter 4, I explore the use of solar water pumps as distributed energy
resources for irrigation in India. Farmers have adopted solar water pumps across
India to address challenges with irrigation. The Government of India seeks to deploy
2.75 million solar water pumps to farmers across the country who often lack access to
electricity or face unreliable power supply. The central Indian state of Chhattisgarh
deployed over 100,000 solar water pumps from 2016 to 2022, the highest amongst all
states in the country. Improving the use of these solar pumping systems could yield
benefits to farmers in Chhattisgarh and the overall Indian power system. I investigate
farm-level impacts and opportunities with primary survey data and a large real-time
pump operation dataset. Furthermore, I estimate the excess solar energy available by
modeling potential solar generation.

The dissertation presents several new findings. In my second chapter, I found that
the impacts on HVAC subsystems are often complex, and may result in additional
energy being consumed by fans and terminal reheat systems of commercial buildings.
These effects must be considered when using GTA for load shifting. Additionally, my
findings demonstrated that occupant comfort, as assessed by indoor temperature and
humidity, can be maintained during GTA-based load shifting events. From a societal



perspective, the modeling work found that the additional renewable energy that can be
integrated through the use of GTA strategies eclipses any additional energy consumed
by buildings. My third chapter highlighted the geographic disparity of emerging
summer-to-winter peaking shifts and how existing institutions have successfully and
unsuccessfully managed both gradual seasonal transitions and extreme weather events.
The chapter also provided policy recommendations to improve winter peaking power
systems planning. The recommendations emphasized demand-side management
options (including demand response and energy efficiency), supply-side options, and
approaches to mitigate the challenges posed by overlapping regulatory authorities.
In my fourth chapter, the primary survey found that while farmers report increased
revenues and ease of pump operation, unsolved challenges concerning the lack of
panel cleaning and tracking remain. Pump operation data show pump usage in
summer and monsoon seasons and an expansion of irrigation to grow crops in winter.
My work estimated 300-400 kWh of monthly unutilized solar energy per pumping
system, which represented up to 95% of potential generation. Relative to emissions
associated with the use of diesel pumps, solar pumps that are highly utilized reduced
life cycle CO2-eq emissions by 93% on average. Moderately used pumps decrease
emissions by 78%, while the pumping systems with the lowest use result in a net
increase of 26% relative to the diesel alternatives. Given the clear environmental
benefits when the solar pump is highly utilized, the chapter found a significant
opportunity to increase use of solar generation for non-pumping purposes. These
findings are summarized in Chapter 5, along with their implications, and the areas of
future work that emerge from their implications.

Thus, the dissertation encompasses important aspects of distributed energy resources
and the unique challenges faced while deploying them in both developed and devel-
oping countries.
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CHAPTER 1

INTRODUCTION

In this dissertation, I investigate the strategies that can be used to ef�ciently leverage

distributed energy resources (or DERs) on the power systems in the United States

and India. The energy system has been changing at a rapid pace over the last decade.

The power grid that was traditionally powered by thermal generators is progressively

transitioning to a cleaner grid, powered by variable renewable generating resources

like wind and photovoltaic solar power. The power grid needs to maintain supply-

demand balance across a wide range of time scales, and balancing variable generation

due to high penetration of renewable resources will require a simultaneous increase in

the �exibility on the grid. The need for �exibility will become increasingly important

as fossil-fuel-based resources that previously provided �exibility on the grid (i.e.,

existing thermal generators on with high rotational inertia and governor systems) are

slowly displaced.

My dissertation is motivated by the need to investigate the vital role distributed

energy resources can have in providing �exibility to the grid, and the strategies we

can use to ef�ciently deploy them in our efforts to transition to a decarbonized energy

system. The dissertation is comprised of three chapters that contribute to our collective

knowledge of distributed energy resources and their role in a decarbonized energy
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system. My personal motivations behind writing this dissertation were: a) conducting

real-world building experiments that complement the robust modeling efforts ongoing

in the building demand response research community, b) a keen interest in exploring

the distinction between planning for summer versus winter peaking power grids, and

c) investigating the role of distributed energy resources in propelling the clean energy

transition ongoing in India. The overarching theme of my dissertation focuses on

grid services designed for an evolving grid, that include energy and �exible services

from non-traditional sources like an aggregate of commercial buildings (which are

generally passive consumers of energy) and new technologies like solar water pumps.

I �rst explored the role of an aggregate of commercial buildings providing grid

balancing services in Chapter 2.

Chapter 2: Assessing the performance of global thermostat adjustment in commer-

cial buildings for load shifting demand response 1

Considerable research effort has been devoted to investigating the potential of commer-

cial building heating, ventilation, and air conditioning (HVAC) systems for providing

�exibility in the form of a variety of grid services. Commercial buildings consume

nearly 37% of electricity generated in the United States (Energy Information Ad-

ministration, 2018) and, while traditionally passive consumers of energy, they offer

great potential to provide �exibility to the power grid through demand response

(DR), which is de�ned as a change in electricity consumption by the consumer in

response to a price signal or a command by the grid operator (Neukomm et al., 2019).

Global thermostat adjustment (GTA) is one of the most readily available strategies to

shift HVAC power consumption using existing building automation systems (BAS).

This is because GTA only involves manipulating temperature setpoints of building

thermostats by broadcasting a signal to them through the BAS. The signal causes

the HVAC system to increase or decrease its power consumption, depending on

the direction of the temperature setpoint change. The building-agnostic nature of

GTA makes it an attractive strategy for providing a range of grid services. Given the

1This work was published in 2022: Keskar, A., Lei, S., Webb, T., Nagy, S., Hiskens, I.A., Mathieu,
J.L. and Johnson, J.X., 2022. Assessing the performance of global thermostat adjustment in commercial
buildings for load shifting demand response. Environmental Research: Infrastructure and Sustainability,
2(1), p.015003.
Contribution: methodology, experimental setup, data collection and curation, original draft preparation,
formal analysis, review, and editing.
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timescales over which GTA best operates, it could be an especially effective strategy

for addressing emerging challenges caused by high renewable penetration, including

increased power system ramping and renewable energy curtailment.

The performance of GTA in providing load shifting on sub-hourly to hourly timescales

has not been fully studied. Speci�cally, there has not been a comprehensive examina-

tion of the ability of GTA to elicit desired responses, its impact on occupant comfort,

and its impact on energy used by HVAC subsystems. For Chapter 2, nearly 900

experiments were conducted on eight campus buildings at the University of Michigan

(UM) and North Carolina State University (NCSU). The chapter describes the in-depth

experimental and modeling investigation into the performance of GTA-based load

shifting DR on hourly and sub-hourly timescales, offering new insights on: (1) the

factors in�uencing the magnitude of fan power and chilled water system response,

for a range of commercial-scale buildings, (2) the net impact on building energy

consumption, (3) the impact on occupant comfort and cooling service provided, and

(4) the implications of scaling up load shifting DR to mitigate power system ramping

and renewable energy curtailment.

Chapter 2 reinforced the role of an aggregate of demand-side resources (e.g., commer-

cial buildings) in providing balancing services. The role of demand-side resources

will be even more important as we electrify previously fossil-fuel dependant sectors

of our economy, like space heating and transportation. However, to understand the

scope of demand-side resources' role in providing balancing, I �rst investigated the

impact electri�cation of end-use sectors can have on power system planning, with an

emphasis on the change in the seasonal timing of peak demand.

Chapter 3: Planning for winter peaking power systems in the United States 2

The 2021 winter storm in Texas (“Winter Storm Uri”) resulted in widespread extended

blackouts and devastating human consequences, underscoring the need for power

system planning that ensures reliable grid operation during extreme winter weather

events. One key aspect of reliably operating the grid is ensuring adequate available

generation during times of peak electricity demand and predicting when that peak is

2This work was published in 2023: Keskar, A., Galik, C. and Johnson, J.X., 2023. Planning for winter
peaking power systems in the United States. Energy Policy, 173, p.113376.
Contribution: methodology, data collection and curation, original draft preparation, formal analysis,
review, and editing.
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likely to occur during the year. Currently, most regions in the United States experience

peak demand during the summer months, largely driven by space cooling loads (En-

ergy Information Administration, 2022a). Several regions, however, are dual peaking

(predominately in the Northwest and Southeast), with distinct summer and winter

peaks of roughly equal magnitude. The potential for more regions to shift to dual or

winter peaking systems is increasing due to changing mix of end uses for electricity

and changing climatic conditions. While winter peaking itself is not a unique phe-

nomenon for some regions, the transition of a region from summer to dual/winter

peaking has important implications for grid operations and planning. Europe, for

example, has been a dominant winter peaking region, with nearly thirty countries

exhibiting historically winter peaking behavior. This seasonal shift has important

implications for grid operations. The changing climate also presents multiple and

complex challenges for meeting future peak demand (Ralston Fonseca et al., 2021).

In Chapter 3, I address the following questions: 1) What regions are more likely to

move towards winter peaking in the near future? 2) How should utilities and system

operators plan for this multilevel uncertainty in reliably meeting peak demand? 3)

How do their different governance paradigms dictate the planning required for winter

peaking systems? In this chapter, I �rst analyze the seasonal peak demand trends

between 2016 and 2021 at the regional, subregional, and balancing authority (BA) levels

and develop several metrics to characterize the magnitude and timing of peak demand.

The analysis provides insights into regions that have experienced winter peak demand

and regions closer to tipping to winter peaking power systems. Finally, I provide our

policy recommendations for utilities, system operators, and regulators on how they

can robustly meet the challenges of winter peaking systems. The recommendations

emphasize demand-side management options (including demand response and energy

ef�ciency), supply-side options, and approaches to mitigate the challenges posed by

overlapping regulatory authorities.

Deploying distributed energy resources can also advance clean energy services in

the Global South, but must overcome implementation challenges to achieve their full

potential. While cost is an important factor to consider while deploying distributed

energy resources at scale, understanding their usage patterns is equally important to

consider. While Chapters 2 and 3 explored the role of distributed energy resources in

current and future grid scenarios in the United States, Chapter 4 investigated their

role in a developing country context.
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Chapter 4: Tapping the unused energy potential of solar water pumps in India 3

Solar water pumps for irrigation are being deployed in India to address challenges

with existing irrigation methods like electric and diesel pumps. The central Indian

state of Chhattisgarh deployed over 100,000 solar water pumps from 2016 to 2022,

the highest amongst all states in India, bringing water access to tens of thousands of

farmers. This uptake of distributed solar marks a departure for this fossil fuel-rich

state which produces and exports coal, steel, and coal-produced electricity in India

(Shukla, 2021).

Successful mass deployment of over one million more solar water pumps warrants a

thorough investigation of how current solar pumps are being used and the identi�ca-

tion of any system inef�ciencies. Many questions regarding the farm-level impacts

of solar water pumps remain unanswered. Prior work has largely relied on survey

data that is self-reported by farmers, which does not adequately capture real pump

operations and opportunities for improvement (e.g., panel cleaning and manual track-

ing). Real-time pump operation data can provide more reliable estimates of seasonal

pump usage patterns, offering policymakers insights into the increase in agricultural

productivity at the farm level and groundwater or surface water usage. While prior

work recommends using the underutilized solar capacity for non-irrigation purposes,

we lack reliable estimates of the magnitude of excess solar energy as well as its spatial

and temporal resolution. Such estimates are essential to determine what farming and

non-farming equipment can be solar powered. Solar powering non-pumping appli-

cations have important implications for grid-level generation, overall power system

emissions, and increasing access to energy services. This chapter addresses these

gaps by using primary survey data and a large real-time pump operation dataset to

investigate farm-level impacts and opportunities. I address the following research

questions in this manuscript: a) How have solar water pumps changed farming op-

erations, and what are the opportunities for operational improvement? b) What are

the daily and seasonal pump usage patterns, and how do they vary with different

farm characteristics? c) What are the environmental bene�ts of solar water pumps

compared to grid-connected and diesel pumps? d) What is the magnitude and timing

3This work is at the submission stage. A. Keskar, V. Soni, J. Shukla, S. Jain, S. Ghosh, R. N. Patel,
and J. X. Johnson, 2023. Tapping the unused energy potential of solar water pumps in India.
Contribution: methodology, data collection and curation, original draft preparation, formal analysis,
review, and editing.
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of excess energy available for non-irrigation applications when the pump is not being

used? Overall, the work investigates the farm-level impacts of solar water pumps

with a primary survey and a large real-time pump operation dataset. In conjunction

with our modeled solar generation, the analyses in this chapter provided several

new insights on the magnitude of the timing of excess solar energy available. The

chapter also shows the impact of pump usage on the lifetime environmental impacts

of solar water pumps, compared to electric and diesel pumps. I conclude the chapter

by providing a discussion on the implication of our results, which are framed in terms

of policy recommendations and future opportunities for improvement.

Chapter 5: Conclusion

Overall, the work presented in the dissertation provides valuable results and insights

that can be used by utilities, building owners, independent system operators, and third-

party demand response aggregators in the United States when developing strategies

to ef�ciently leverage �exibility provided by an aggregate of commercial building

air conditioning systems. The dissertation also provides policy recommendations

for utilities and regulators on how they can robustly meet the challenges of winter

peaking systems. The impact of extreme cold weather events on the grid in recent

years makes this chapter particularly useful for state government agencies by laying

out how different stakeholders are preparing for a transition to winter peaking power

grids. The work presented is also valuable to agencies overseeing the Indian electricity

sector and academics researching energy in the Global South by providing them with

an on-the-ground perspective regarding the deployment of off-grid solar water pumps.

Thus, the dissertation encompasses important aspects of distributed energy resources

and the unique challenges faced by the power system in the United States and India.

The dissertation is structured as follows: Chapters 2, 3, and 4 detail the background,

methods, and results of the three projects. Supporting information for all three chapters

has been included as appendices at the end. I conclude the dissertation with Chapter

5, which provides: a summary of my �ndings from the previous three chapters, a

discussion on the implications of the work, and areas of future work that arise from

the �ndings.
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CHAPTER 2

ASSESSING THE PERFORMANCE OF

GLOBAL THERMOSTAT ADJUSTMENT

IN COMMERCIAL BUILDINGS FOR

LOAD SHIFTING DEMAND RESPONSE

2.1 Abstract

Ef�ciently leveraging new sources of �exibility is critical to mitigating load balancing

challenges posed by variable renewable resources. The thermal inertia of commercial

buildings allows us to shift their power consumption on minute to hourly timescales

to provide demand response to the grid while maintaining occupant comfort. Global

thermostat adjustment (GTA) provides a readily available and scalable approach for

implementing load shifting demand response using commercial heating, ventilation,

and air conditioning (HVAC) systems, since it leverages the inherent sophistication of

modern building automation systems. However, there is an incomplete understanding

of GTA's performance for this purpose and its impact on building systems and
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occupant comfort. In this paper, we explore the performance of GTA by analyzing

results from nearly nine hundred experiments on eight university campus buildings in

Michigan and North Carolina. Using GTA, we manipulate each building's thermostat

setpoints causing the building to shift its power consumption with respect to its

baseline. We quantify the magnitude of HVAC power response, energy use of HVAC

subsystems, and impact on occupant comfort. Finally, we connect our experimental

results with power system operation using an optimization model that coordinates

GTA actions across a large collection of grid-interactive ef�cient buildings (GEBs)

to reduce high ramp rates on the grid and mitigate renewable energy curtailment.

Overall, our work �nds that the impacts on HVAC subsystems are often complex,

and may result in additional energy being consumed by fans and terminal reheat.

These effects must be considered when using GTA for load shifting. Additionally, we

demonstrate that occupant comfort, as assessed by indoor temperature and humidity,

can be maintained during GTA events. From a societal perspective, our modeling

work �nds that the additional renewable energy that can be integrated through the

use of GTA strategies eclipses any additional energy consumed by buildings.

2.2 Introduction

Critical challenges remain along the path to a decarbonized electricity system. One

such challenge, that of balancing supply and demand over multiple time-scales,

is addressed in this paper. As the penetration of renewable resources on the grid

increases, achieving this balance will require greater responsiveness of both generation

and demand. The challenge of ensuring suf�cient grid �exibility is further exacerbated

as fossil-fuel based resources that previously provided such �exibility, e.g., existing

thermal generators with high rotational inertia and load-following governor systems,

are increasingly displaced (Grubert, 2020). Ef�ciently leveraging new sources of

�exibility to ensure reliable and economic power grid operation is a critical step in

achieving deep decarbonization of our energy system (Davis et al., 2018; Taylor et al.,

2016).

In recent years, considerable research effort has been devoted to investigating the

potential of commercial building heating, ventilation, and air conditioning (HVAC)

systems for providing �exibility in the form of a variety of grid services (Callaway

and Hiskens, 2010; Watson et al., 2006; Zhao et al., 2013; Hao et al., 2014; Yin et al.,
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2016; Cai and Braun, 2019a; Cai et al., 2018). The United States Department of Energy

Building Technologies Of�ce released a series of reports in 2019-2021 (Neukomm et al.,

2019; Goetzler et al., 2019; Nubbe and Yamada, 2019; Roth and Reyna, 2019; Harris,

2019; Satchwell et al., 2021) on the development of grid-interactive ef�cient buildings

(GEBs), laying a roadmap for improving connectivity and communication capabilities

of buildings to better manage building comfort, while simultaneously providing grid

services. Commercial buildings consume nearly 37% of electricity generated in the

United States (Energy Information Administration, 2018) and, while traditionally

passive consumers of energy, they offer great potential to provide �exibility to the

power grid through demand response (DR), which is de�ned as a change in electricity

consumption by the consumer in response to a price signal or a command by the

grid operator (Neukomm et al., 2019). A 2018 survey of 190 U.S. utilities found that

among the 20.8 GW of enrolled DR capacity, 13.4 GW of capacity was provided by

commercial and industrial customers (Chew et al., 2018).

DR from commercial buildings can be achieved through load shedding or load shifting.

Traditionally, both have been used to reduce the system load at times when the grid

is operating near its peak (typically on hot summer days) or during contingency

events (Perry et al., 2019). Typically load is shed or shifted for long time periods, e.g.,

2-6 hours. However, commercial buildings can also load shift over faster timescales,

including those of frequency regulation (seconds) (Lin et al., 2015; Vrettos et al.,

2016a,b; Cai and Braun, 2019b; Beil et al., 2016) and real-time energy markets (sub-

hourly) (Beil et al., 2015; Keskar et al., 2019, 2020). Neukomm et al. (2019) details

the many bene�ts of load shifting DR. DR can be achieved through load control or

by eliciting changes in consumption due to price signals (e.g., time of use pricing or

critical peak pricing), although the latter approach has limited applicability for fast

timescale applications.

Global thermostat adjustment (GTA) is one of the most readily available strategies to

shift HVAC power consumption using existing building automation systems (BAS).

This is because GTA only involves manipulating temperature setpoints of building

thermostats by broadcasting a signal to them through the BAS. The signal causes

the HVAC system to increase or decrease its power consumption, depending on

the direction of the temperature setpoint change. The building-agnostic nature of

GTA makes it an attractive strategy for providing a range of grid services. Given the

timescales over which GTA best operates, it could be an especially effective strategy
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for addressing emerging challenges caused by high renewable penetration, including

increased power system ramping and renewable energy curtailment.

The performance of GTA in providing load shifting on sub-hourly to hourly timescales

has not been fully studied. Speci�cally, there has not been a comprehensive examina-

tion of the ability of GTA to elicit desired responses, its impact on occupant comfort,

and its impact on energy used by HVAC subsystems. Perry et al. (2019) note that

a potential technological barrier to the deployment of GEBs is the complexity of

interconnected building systems within commercial buildings, meaning that a change

made to one building system can affect others in complex ways. In particular, GTA

can impact the electricity and gas consumption of multiple HVAC subsystems.

In this paper, we conduct an in-depth experimental and modeling investigation into

the performance of GTA-based load shifting DR on hourly and sub-hourly timescales,

offering new insights on: (1) the factors in�uencing the magnitude of fan power and

chilled water system response, for a range of commercial-scale buildings, (2) the net

impact on building energy consumption, (3) the impact on occupant comfort and

cooling service provided, and (4) the implications of scaling up load shifting DR to

mitigate power system ramping and renewable energy curtailment. Expanding on

prior work (Keskar et al., 2020), we conducted nearly 900 experiments on eight campus

buildings at the University of Michigan (UM) and North Carolina State University

(NCSU), and provide detailed analysis of the impacts of GTA-based load shifting DR

at subhourly timescales.

Some prior work has investigated how DR affects building energy consumption and

occupant comfort. Previous experimental work (Beil et al., 2015; Keskar et al., 2019,

2020) found that HVAC fans can consume signi�cantly more energy when providing

GTA-based load shifting DR than under normal operation. However, previous model-

ing work provided contradictory results, �nding that energy use could increase or

decrease (Lin et al., 2017), or would increase but by only by a small amount (Raman

and Barooah, 2018, 2019). MacDonald et al. (2020) provide a comprehensive review

of prior literature in this domain and hypothesize that the asymmetry of fan power

response (i.e., poor tracking response of the reference signal) and baseline error could

be dominant contributing factors to the signi�cant increase in energy reported in the

experimental work, and emphasized the need for further experimental work. They

also highlighted the need for a deeper understanding of the comfort implications
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of DR. The impact on occupant comfort is critical for building owners who wish to

participate in DR but want to ensure there are no adverse impacts on employees or

residents. Poor indoor comfort has signi�cant cost implications for building owners

compared to additional utility costs 1 and is cited as a high source of dissatisfaction

for building occupants (Graham et al., 2021). Previous research quanti�es the impact

of temperature setpoint changes on occupant comfort, though this has largely been

conducted for traditional DR shed events and not load shifting DR (Aghniaey and

Lawrence, 2018).

Our study makes several novel contributions. We provide an empirical assessment

of building response to GTA-based load shifting DR experiments on a wide variety

of commercial buildings. Furthermore, our analysis at the HVAC subsystem level is

more comprehensive than prior studies in this domain. We develop metrics to quantify

impacts on comfort and unmet cooling service, providing new ways to verify that

occupant comfort is maintained – a critical attribute of GEBs. Finally, we explore the

use of load shifting DR with GEBs to provide services, beyond traditional peak load

management, that mitigate grid challenges posed by high renewable penetration.

The paper is organized as follows: Section 2.3 describes the building-level methods

used to assess the performance of GTA for load shifting demand response. We �rst

pose three building-level research questions, describe the characteristics of typical

commercial HVAC systems, detail our experimental design, and describe the processes

of building selection and data collection. We then detail the metrics that we use to

quantify the magnitude and ef�ciency of building response, and occupant comfort.

Section 2.4 describes the results from the building-level methods using experimental

data from eight campus buildings. In Section 2.5, we pose a grid-level research question

and present an optimization model that investigates the power system implications of

our experimental results. We conclude by providing our key �ndings and an in-depth

discussion of the key gaps that require further research.

1The 3-30-300 rule of thumb is often use to estimate (in $ per square foot per yer) the utility, rent,
and employee salary costs respectively for a typical commercial building (Lawrence and Aghniaey,
2019).
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2.3 Experimental methods

We address the following building-level research questions (RQs) to investigate the

performance of GTA in providing load shifting DR in commercial buildings.

RQ1. What factors in�uence the magnitudes of the HVAC fan and chilled water system

responses to GTA setpoint changes?

RQ2. How much additional energy do building HVAC subsystems (fan, chilled water,

and terminal reheat) consume when they provide load shifting DR using GTA?

RQ3. What are the impacts on occupants in terms of the temperature, comfort, and

overall cooling service when buildings provide GTA-based load shifting DR?

Section 2.3.1 provides a brief overview of the architecture of a single duct variable air

volume (VAV) HVAC system. Section 2.3.2 then describes the GTA setpoint signals that

were designed to address the above research questions. In Section 2.3.3, we describe

the buildings included in this study and detail our data collection methods. Finally, we

de�ne the metrics used to quantify the performance of GTA to provide load shifting

DR in Section 2.3.4. We connect each metric detailed in Section 2.3.4 to the research

question (RQ1, RQ2 or RQ3) that it addresses.

2.3.1 HVAC architecture

Commercial HVAC systems are composed of multiple subsystems that can exhibit

complex interactions. Figure 2.1 shows a typical layout of a single duct VAV HVAC

system with terminal reheat. The chilled water loop, hot water loop, and air distribu-

tion loop work cooperatively to regulate the temperature of the conditioned spaces of

the building. In responding to room temperature setpoint changes, components within

the loops exhibit response times that span multiple time-scales. First, the change in

temperature setpoints (referred to as VAV setpoints) triggers VAVs to adjust damper

positions to control the amount of supply air entering a thermal zone 2 to achieve and

maintain the newly commanded setpoint. The supply air provided by air handling

units (AHUs) to VAV units is at a constant temperature (usually set between 55-60 � F,

depending on the sensible and latent cooling demand of the building). Modulation

2The term zonerefers to a collection of conditioned spaces with similar conditioning requirements
and the same heating and cooling VAV setpoint.

12



of the dampers causes changes in the static duct pressure. To return the static duct

pressure to its constant setpoint, variable speed drive fans respond. The response

of VAV dampers to room temperature setpoint changes and the resulting increase

or decrease in fan power consumption occur on a minute timescale (Goddard et al.,

2014). The terminal reheat coils operate as a corrective measure when the adjustment

of dampers alone cannot maintain the setpoint, in particular when a damper, despite

operating at its minimum opening, is still overcooling a space. Terminal reheat systems

also respond on a minute timescale (Goddard et al., 2014). While some HVAC systems

have a reheat coil at the output of the AHU, all of the buildings in this study have

terminal reheat systems which are served by hot water loops fed by natural gas-�red

boilers3. The chilled water system is generally the largest consumer of electricity in the

HVAC system. It provides the cooling tons needed by the AHUs to extract heat from

the conditioned spaces. To avoid mechanical wear and tear, its response to changes in

cooling demand is slower than that of the fans.

2.3.2 Experimental design

We implemented GTA by adjusting VAV setpoints through the BAS. In our experiments,

we controlled a majority of the VAV setpoints, only omitting building zones with

sensitive loads, such as lab equipment, which require tight temperature control.

Different approaches were used to implement GTA across the two universities, as

shown in Figure 2.2. At NCSU, a Python program running on a cloud-hosted virtual

server was used to change VAV temperature setpoints in all the buildings, with each

building receiving the same command for changing setpoints. At UM, the tests were

coded into the BAS on �eld panel(s) of each building to control VAV setpoints of that

building. Appendix B describes the relative advantages and disadvantages of the two

GTA approaches.

We conducted experiments using three types of setpoint signals, as shown in Fig-

ures 2.3(a)-(c). The setpoint adjustments were broadcast to building thermostats within

the test window tw. We also analyzed the response of the building after the test, over

an assumed settling window ts during which the building returned to its baseline

(setpoints unperturbed) operation. The total window of analysis t t is the sum of the

test and settling windows ( t t= tw+ ts).

3Terminal reheat systems can also be electric, in keeping with the trend to electrify space heating in
an effort to decarbonize buildings (Deason et al., 2018).

13



Figure 2.1: Typical layout of a single duct VAV HVAC system with terminal reheat. The �gure
also indicates the data collection methods and locations. We collected data from the BAS and
from submeters that were installed to monitor fan current.

The symmetrical setpoint signal, shown in Figure 2.3(a), is the same as the signal used

in previous experimental work (Keskar et al., 2019), which was based on experimental

work conducted at Los Alamos National Laboratory (Beil et al., 2015). Provided

symmetric setpoint changes elicit approximately symmetric power responses 4, this

signal achieves load shifting DR. Prior studies (Beil et al., 2015; Keskar et al., 2019)

found that the increase in overall fan energy usage was less when the fan power was

increased and then decreased with respect to its baseline (i.e., Up-Down power), than

when the power was �rst decreased and then increased (i.e., Down-Up power). We

refer to the direction and sequence of a power deviation pattern as its polarity. The

results of the symmetrical setpoint signal tests were used to address RQ2 and RQ3.

The second type of setpoint signal, shown in Figure 2.3(b), is the unipolar setpoint

signal (i.e., setpoint changes in a single direction, either Up or Down). These signals

do not achieve load shifting DR, but rather result in a load shed or load increase. They

4This assumption is discussed in detail later in this section.
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Figure 2.2: The global thermostat adjustment approaches implemented at the two campuses.

were used to investigate the change in fan power and chilled water system response

as a function of the magnitude of the setpoint change and as a function of the outdoor

air temperature. Unipolar tests were also used to determine whether the building

responded more in the Up direction or the Down direction. The results of the unipolar

setpoint signal tests were used to address RQ1.

The third type of setpoint signal, shown in Figure 2.3(c), is the successive setpoint

signal inspired by the modeling work of (Raman and Barooah, 2018, 2019). The

successive setpoint signal replicates the symmetric setpoint signal multiple times,

and therefore also achieves load shifting DR. The energy use impacts of successive

GTA-based load shifting DR have received little prior experimental investigation

(Keskar et al., 2020). The results of the successive setpoint signal tests were used to

address RQ2 and RQ3.

Table 2.1 summarizes the experimental test parameters, including the signal type,

polarity, duration of the test and settling windows, and full magnitude (FM, see Figure

2.3) of the setpoint change. Different FMs were used at UM and NCSU because initial

experiments found different setpoint perturbations were required to elicit responses

that were clearly visible in the BAS data.

The assumption that symmetric setpoint changes in Figure 2.3(a) elicit approximately

symmetric power responses was justi�ed by Beil et al. (Beil et al., 2015) on the basis of

empirical data from one building that showed approximately equal Down and Up

fan power responses to equal Up and Down setpoint changes (Goddard et al., 2014).
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Table 2.1: Experimental test parameters.

Signal type Polarity (power)
Test
window tw

Settling
window ts

Full magnitude
(FM)

Symmetrical
Up-Down,
Down-Up

1 hour 1 hour
4� F at UM,
6� F at NCSU

Unipolar
Up,
Down

30 minute 1 hour
1, 1.5, 2� F at UM,
1, 2, 3� F at NCSU

Successive
Up-Down-Up-Down,
Down-Up-Down-Up

1 hour
or 2 hour

1 hour
4� F at UM,
6� F at NCSU

However, we would not expect this to be true for all buildings, and so we explore the

validity of this assumption in Section 2.4.1. If symmetrical setpoint changes do lead to

symmetric power responses, load shifting within the test window tw is energy neutral

with respect to the baseline. Here we use the term neutral to describe situations where

the changes in the Up and Down directions, with respect to an estimated baseline,

balance, i.e., the integral of the changes over the time period is zero. If load shifting

within tw is approximately energy neutral, then the energy-use impacts of GTA-based

load shifting DR can be estimated from the additional energy consumed over the total

window t t , which is approximately equal to the additional energy consumed in the

settling window ts.

All experiments were open-loop, i.e., the GTA setpoint was adjusted by a predeter-

mined amount and the HVAC system responded accordingly. There was no feedback

mechanism. This experimental approach allowed us to observe the inherent (natural)

response of the HVAC system. It also had the advantage of simple implementation as

no BAS modi�cations were required. This provided a good representation of opera-

tions that could be practically implemented for wide-scale deployment on commercial

buildings.

2.3.3 Building selection and data collection

We selected buildings which had a large number of VAVs with controllable tempera-

ture setpoints. We also chose diverse buildings of different sizes, types, HVAC system

layouts, and number of fans, as shown in Table 2.2. This diversity is important since we

expect different buildings to have different responses to the experiments. Seven of the

eight buildings have multi-zone single duct VAV systems with terminal reheat. Their
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chilled water is supplied by chilled water plants, each serving multiple buildings, and

air is cooled using air-to-water heat exchangers. The DNA building also has chilled

water beams that provide radiant cooling for some conditioned spaces. The remaining

building (SS at NCSU) has a direct expansion system in which the refrigerant cools

the air directly. In the United States, direct expansion systems (or packaged air condi-

tioning units) condition 52% of commercial building �oorspace (Energy Information

Administration, 2015). Five of the buildings have �oorspace more than 100,000 ft2.

While buildings of this size account for less than 3% of commercial buildings 5, they

represent 34% of commercial building �oorspace (Energy Information Administration,

2020). The NCSU buildings are located in Raleigh, North Carolina (mixed-humid,

IECC region 4A) and the UM buildings are located in Ann Arbor, Michigan (cold,

IECC region 5A), representing two vastly different climate zones (Baechler et al., 2010).

BBB and THY both have a steel and glass insulated envelope and a �at insulated

EPDM roof. NQ has a brick/block insulated envelope, triple-pane windows, and a

standing seam steel roof with interior insulation. Dana has a brick/block envelope,

double-pane windows, a standing seam steel roof with interior insulation. It also has

a large skylight over an atrium. The NCSU buildings are all concrete construction

with a composite roof construction including a galvanized metal deck.

Load shifting DR using GTA is scalable to a wide swath of the U.S. commercial build-

ing stock, as it only involves the manipulation of temperature setpoints of building

thermostats. The only requirements are a) the building has a way to automatically

adjust thermostat setpoints through a BAS and b) the building has VAV boxes (as

opposed to constant air volume boxes) that allow fans to respond to any changes in

static duct pressure. However, this approach does not generally scale to residential

buildings. In the U.S. residential air conditioning systems typically cycle (on/off) to

maintain the temperature within a small range of the setpoint. Therefore, GTA cannot

elicit the desired sub-hourly to hourly load shifting DR from individual buildings.

However, the responses of individual residential air conditioners can be aggregated

and coordinated to provide load shifting.

5The median size of commercial buildings in the U.S. is 5,400 ft2 (Energy Information Administration,
2020).
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Figure 2.3: Thermostat setpoint shapes implemented using global thermostat adjustment on
the eight buildings and the resulting aggregate fan power response relative to the baseline. A
Down setpoint change leads to increased fan power consumption, and vice versa. We expect
the chiller to respond similarly, but on a slower timescale. Opposite polarity tests were also
conducted.
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Table 2.2: Characteristics of the buildings included in the study.

Building name EB2 EB3 PS SS BBB THY NQ DNA
Location NC NC NC NC MI MI MI MI
Year built 2005 2010 1914 2011 2005 2006 2010 1901

Building type
Classroom/
of�ce/ lab

Classroom/
of�ce/ lab Of�ce Of�ce

Classroom/
of�ce Of�ce

Classroom/
of�ce

Classroom/
of�ce

Area (ft 2) 202,400 175,000 50,000 13,500 104,100 59,800 288,400 117,100
Annual energy
consumption (MWh) 4284 4649 761 Unavailable 3160 508 3979 1595

HVAC system
type

Chilled
water

Chilled
water

Chilled
water

Direct
expansion

Chilled
water

Chilled
water

Chilled
water

Chilled
water

#Temperature
setpoints controlled 265 335 85 15 193 94 124 162

BAS manufacturer Metasys Metasys Metasys Metasys Siemens Siemens Siemens Siemens
BAS installation year 2006 2008 2009 2010 2006 2006 2010 2002
#Air handling units 6 10 2 1 3 2 16 3
#Fans instrumented
(#supply fans) 16(10) 14(7) 4(2) 1(1) 7(3) 2(1) 4(2) 3(2)

Test
periods

Apr-Oct 2019,
Aug-Oct 2020

Apr-Oct 2019,
Aug-Oct 2020

May-Oct 2019,
Aug-Oct 2020

Jun-Oct 2019,
Aug-Oct 2020

Jun-
Sep 2019,
Sep 2020

Aug-
Sep 2019,
Sep 2020

Aug-
Sep 2019,
Sep 2020

Jul-
Sep 2019,
Sep 2020

Test times
9 am-12:30 pm,
1-3:30 pm

9 am-12:30 pm,
1-3:30 pm

9 am-12:30 pm,
1-3:30 pm

9 am-12:30 pm,
1-3:30 pm

9-11 am,
1-3 pm

9-11 am,
1-3 pm

9-11 am,
1-3 pm

9-11 am,
1-3 pm

#Total tests
conducted 166 147 132 116 98 77 79 83

EB2: Engineering Building 2; EB3: Engineering Building 3; PS: Park Shops building; SS: Sullivan Shops building;
BBB: Bob and Betty Beyster building; THY: Thayer building; NQ: North Quadrangle complex; DNA: Dana building
NC: Raleigh, North Carolina, United States; MI: Ann Arbor, Michigan, United States;
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Figure 2.1 illustrates the HVAC data collection points and methods. We submetered

the supply and return air distribution fans to estimate their three-phase power con-

sumption. Speci�cally, we installed current sensors ( Onset CTV-D 20-200A) on a single

phase of each of the supply fans and return fans associated with the AHUs serving

conditioned spaces included in our experiments. The current sensor probes were

attached to data loggers (Onset HOBO 4 Channel U120-006) that stored the collected

data. Using constant voltage and power factor assumptions (480 V, and a power factor

for the supply and return fans of 0.95 and 0.99 lagging, respectively), we estimated

per-minute three-phase fan power consumption. Installing three-phase power meters

on each of the fans was impractical due to the large number of fans and associated

high cost. Even though voltage and power factor varied throughout the day, data

collected from one building at NCSU indicated such variation was minimal ( � 1% for

voltage and � 4% for power factor). BAS data collected from each building included:

zone temperature setpoints, room temperatures and humidity; VAV damper positions;

reheat valve positions; supply fan air�ow rates; return fan air�ow rates; chilled water

�ow rate; chilled water supply temperature; chilled water return temperature; building

steam �ow; outside air temperature and humidity; return air humidity; and some

electrical load data. Chilled water system data for PS was unavailable on the BAS.

Additionally, we collected the rated valve capacity (in gallons) of the terminal reheat

valves from the mechanical schedules of each building, along with the entering and

leaving hot water temperatures.

2.3.4 Metrics for quantifying GTA performance

This section describes the metrics used to quantify the performance of GTA in pro-

viding load shifting DR. The metrics quantify the response magnitudes, impact on

energy use of HVAC subsystems, and impact on occupants. In order to compute some

of the metrics, we need to establish baseline values (i.e., the power consumption that

would have occurred without the experiment), and so we �rst describe our baseline

estimation method. Then, we describe our outlier �ltering criteria. Finally, we de�ne

each metric.

Estimating a counterfactual baseline is necessary to assess the impact of GTA. We

estimated the fan power baseline by �rst computing the aggregate fan power con-

sumption from all fans submetered in the building, and then using least squares to �t
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a linear baseline to the fan power data collected over the 5-minute period just before

and the 5-minute period immediately after the total window t t , as proposed in (Beil

et al., 2015). Refs. (Lei et al., 2019, 2021) provide a comprehensive overview of a variety

of methods commonly used for DR baselining. Those studies show that this linear

baseline method performs well in baselining fan power.

We use the same method to compute baseline chiller power, but we use data from

the 15- or 20-minute period just before and after the total window t t because the time

constant of the chilled water system is around 15 minutes (Goddard et al., 2014).

The choice of time period (15 or 20 minutes) was made based on the coef�cient of

variation (CV, quantifying the accuracy) and normalized mean bias error (NMBE,

quantifying the bias), computed by applying the method to baseline days. The time

period yielding lower CV and NMBE values was chosen. We present the results of our

chiller baseline error analysis in Appendix D. We also baseline the terminal reheat

energy consumption, average zone temperature, and cooling service using the same

method, with data from the 5-minute period just before and immediately after the total

window t t . The errors associated with this method for baselining the zone temperature

and reheat energy consumption were detailed in (Keskar et al., 2020).

We next describe the process for �ltering outliers. We �ltered unipolar tests in which

the building showed unusually small or large responses, possibly due to atypical

events not captured by the baseline model, e.g., shutting down of an AHU during

the test window to replace the air �lter. Responses are computed as the actual power

consumption minus the baseline consumption, averaged over the test window tw. We

used Tukey's method (Hoaglin et al., 1986), where responses outside minimum and

maximum thresholds (selected as the 25th and 75th percentiles respectively) were

classi�ed as outliers. A test was removed if classi�ed as an outlier based on either its

fan response or its chiller response. We present the results of the non-outlier tests in

Section 2.4.1.

We also �ltered symmetrical and successive tests that were, 1) without an observable

response, or 2) without an approximately symmetrical fan power response during

the test window, as in (Keskar et al., 2019). For this, we �rst computed the Up and

Down energy responses over tw, i.e., the integrals of the positive and of the negative

fan power responses over tw, respectively (both responses are de�ned as positive). The

�rst criterion is evaluated by calculating the magnitude of the response as the sum of
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Up and Down energy responses, and comparing it to a magnitude tolerance em, which

was determined per building by inspecting the time-series data. (Values of em are

provided in Table F.1 in Appendix F.) The second criterion is evaluated by computing

the response symmetry. If the Up energy response is smaller than the Down energy

response, then the response symmetry is the Up energy response divided by the Down

energy response, and vice versa. This value is compared to a symmetry tolerance

es = 20%, and the test is classi�ed as an outlier if the response symmetry is below

that tolerance. We further de�ned z as the ratio of the non-outlier tests to total tests of

a speci�c type for a speci�c building. Thus, z re�ects the ability of each building to

provide desired responses to each test type.

Magnitude of fan power response

To address RQ1, we quanti�ed the magnitude of the fan power response to temperature

setpoint changes using unipolar tests, computed as the average fan power (kW) change

(relative to the baseline) over tw. To compare the fan power response magnitudes

across all buildings, we normalized each test's response magnitude by its average

baseline fan power over tw.

Additionally, we investigated the magnitude of the fan power response as a function of

the outdoor temperature. For this, we normalized each building's fan power response

by the maximum absolute value of the responses of all unipolar tests conducted on

that building, which allowed a comparison of the responses as a function of outside

temperature.

Magnitude of chilled water system response

To further address RQ1, we quanti�ed the magnitude of the chilled water system

response. We �rst estimated the electric power consumed by the chilled water system.

For this estimation, we determined the cooling load tonnage of a building by multiply-

ing the difference between chilled water return temperature and supply temperature,

the chilled water �ow rate, and a constant that accounts for the speci�c heat capacity

(see Appendix C). At NCSU, we also collected the electric power (kW) consumed

per ton of cooling load supplied by the central utility plant serving EB2 and EB3.

The product of the tonnage and the electric power consumed per ton of cooling load

results in the electric power consumed by the chilled water system. The central utility
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plant data included the power consumption of the chiller compressor (the plant has a

10,000 ton chiller system), as well as the primary and secondary pump systems. Since

equivalent central plant data was unavailable at UM, we assumed 0.8 kW/ton (the

average of the NCSU central plant data) for the buildings at UM.

We then quanti�ed the magnitude of the chilled water system response to temperature

setpoint changes and outdoor temperature for unipolar tests. Similar to quantifying

the fan power response magnitude, the chilled water system response is computed as

the average chiller power (kW) change over tw compared with the baseline.

Impact on fan energy use

To address RQ2, we quanti�ed the additional energy consumption (AEC) in kWh of

HVAC fan(s) during symmetrical and successive tests. The AEC was de�ned as the

extra energy consumed by the fan(s) compared with the baseline (Keskar et al., 2019,

2018). We separately assessed the AEC over the test windowtw, the settling window

ts, and the total window t t . Higher AEC values indicate more energy consumed by

fans over the test cycle, and thus an overall increase in fan energy use Keskar et al.

(2019). If the tests were to achieve energy-neutral load shifting, then the AEC over

tw would be zero (though the AEC over the settling window ts, and hence over the

total window t t , may be non-zero). However, due to asymmetrical response in the Up

and Down directions, the AEC over tw is generally non-zero. Note that we used AEC

instead of round-trip ef�ciency (RTE, a standard metric for quantifying the ef�ciency

of an energy storage system) because previous work demonstrated limitations of this

metric in building applications (Keskar et al., 2019).

Impact on chilled water system energy use

To assess the impact on energy used by the chilled water system (see RQ2), we

compute the additional chiller consumption (ACC) in kWh over t t with respect to

the estimated chiller baseline. A higher ACC indicates more energy consumed by the

chilled water system.

Impact on terminal reheat system energy use

Additionally, we addressed RQ2 by quantifying the impact on energy used by terminal

reheat systems. Time series data of the supply and return water temperatures and �ow
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rate of the hot water loop, or the entering and leaving air temperatures and air�ow

rate going through each VAV terminal reheat coil, are needed to precisely calculate the

reheat system energy consumption. However, data on the hot water loop and HVAC

terminal reheat systems were not broadly available from the BAS.

Consequently, to compute the impact on terminal reheat energy consumption, we

used the rated valve capacity (in gallons) and Btu ratings of terminal reheat systems

obtained from building mechanical schedules. We also collected the time-series reheat

valve position data from the BAS for a subset of valves in the building. Using these

parameters and data, we �rst calculated the sum of all reheat valve capacity ratings.

We then computed the weighted average reheat valve position (using the available

valve position data) for the building, where the weighting was given by each valve's

capacity rating. This enabled the �ow rate (gallons per minute) of the building's

hot water loop to be estimated. That was then used to assess the total reheat energy

consumed in therms per hour based on the Btu ratings. Finally, we computed the

additional reheat consumption (ARC) in therms over t t with respect to the baseline.

A higher ARC indicates more energy consumed by terminal reheat systems. Further

description of this approach and associated equations are provided in Appendix E.

Effective temperature deviation

We addressed RQ3 by quantifying the impact on occupant comfort. For each building,

we averaged a subset of zonal temperature trends to quantify the effective temperature

deviation across the conditioned spaces. This deviation was calculated as the tem-

perature difference with respect to the estimated baseline. Speci�cally, we subtracted

the mean room temperature time-series from its baseline estimate and then averaged

those temperature differences over time t t to obtain the effective temperature deviation

in degrees. A higher value of the effective temperature deviation indicates warmer

conditioned spaces.

Occupant comfort analysis

To further address RQ3, we used psychrometric charts to analyze the impact on occu-

pant comfort for a subset of buildings where relative humidity data were available. We

plotted the baseline building operational data on the psychrometric chart to indicate

the region in which the building operates under normal (non-testing) conditions. We
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then plotted measured data from symmetrical and successive load shifting DR events.

The ideal comfort zone differs for each building based on factors such as clothing

level, occupant activity, and ventilation, (see Tartarini et al. (2020)). This complicates

assessment of individual building comfort zone boundaries that are compliant with

the ASHRAE Standard 55 (a standard specifying conditions for an acceptable ther-

mal environment in buildings). Consequently, we plot the same comfort zone for

all buildings on the psychrometric charts, approximating ASHRAE 55 compliance.

A signi�cant deviation from baseline operating conditions, due to load shifting DR

events, would indicate a large deviation from normal occupant comfort.

Unmet cooling service

We propose a new method of assessing occupant comfort that quanti�es unmet cooling

service using psychrometric principles (addressing RQ3). The cooling service is a

function of the temperature, humidity, and air �owing into the conditioned spaces.

Quantifying the cooling service gives us another way to investigate the relationship

between the quality of service (occupant comfort) and the cost of service (additional

energy consumed by HVAC subsystems).

We �rst compute the enthalpy of the air in conditioned spaces using the mean room

temperature and mean relative humidity of a subset of conditioned spaces within the

building. We then compute the product of the air enthalpy and the supply fan air

mass �ow rate to quantify the cooling service provided to the building in MMBtu

per hour. The unmet cooling service (MMBtu) over t t is calculated by integrating

the difference between the computed cooling service and its estimated baseline. A

higher unmet cooling service implies that load shifting DR has increased the cooling

required by the building to return to baseline levels of service. (Equations for enthalpy

calculations are presented in Appendix G.) Due to the limited availability of BAS data

for this method, we present these results for only one of the eight buildings.

2.4 Building-level results

Here we present the results from nearly 900 GTA-based load shifting DR experiments,

conducted on eight buildings at UM and NCSU. To provide an initial overview

of HVAC behavior, Fig. 2.4 shows the responses of the HVAC subsystems when

25



thermostat setpoints are shifted using GTA. The �gure shows time series plots for

three types of GTA experiments at EB2 at NCSU: Up-Down symmetrical (left column),

Up unipolar (center column), and Up-Down successive (right column). We see that

the change in setpoints (row one in Fig. 2.4) causes the dampers (row �ve) to adjust,

which causes the aggregate fan power consumption (row two) to vary to maintain

the desired static duct pressure. Static duct pressure values in this building ranged

from 0.8 to 1.2 inches of water column depending on the AHU size. Furthermore,

the change in zone temperature (row one) and reheat energy consumption (row four)

show that their shifts with respect to their estimated baselines follow the polarity of

the setpoint signal, as expected. Hence, the terminal reheat typically responds with the

opposite polarity to the fans. We also see the response of the chilled water system (row

3) to the three different GTA test types. Appendix H provides the time series plots for

both polarities of setpoint signals across all eight buildings. Those time series plots

show that fan power response times vary from within a few minutes (e.g., BBB) to

over 30 minutes (e.g., EB2, EB3). While some buildings exhibit near classical �rst-order

step response (e.g., DNA), other buildings display more complex behavior (e.g., NQ).

The following three subsections report results, organized by the research question

they address.

2.4.1 Factors in�uencing response magnitude (RQ1)

Magnitude of fan power response

To address RQ1, we �rst quanti�ed the magnitude of the fan power response for each

building in both the Up and Down directions using unipolar tests. Fig. 2.5 shows

the change in the magnitude of the fan power as a function of these unipolar GTA

setpoint changes. As observed from the �tted lines' slopes (shown in red), we found

that increasing the magnitude of the GTA signal leads to a larger fan power response.

In a majority of our buildings, we also found that fans responded more in the Up

direction (caused by a temperature setpoint decrease) than in the Down direction

(caused by a temperature setpoint increase of the same magnitude), indicating an

asymmetry in fan response to the polarity of the setpoint signals. The BBB building

had approximately equal magnitudes of fan response in the Up and Down directions.

The response asymmetry for the majority of the buildings, however, suggests the

assumption that setpoint signal neutrality leads to energy-neutral fan power response
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does not necessarily hold true across commercial buildings.

When comparing the responses of larger buildings to the smaller buildings, we found

heterogeneity in building responses. The fans in EB2 and EB3, two of the largest

buildings, consumed around 200 kW and 300 kW, respectively, during baseline opera-

tion, but typically responded to the tests with less than 5 kW change in fan power.

Conversely, the smallest building we tested (SS, which has a direct expansion system

with a single 5.6 kW rated supply fan), responded with 50% of its baseline fan power.

However, when we consider both the UM and NCSU buildings we �nd no clear

trend between building size and the magnitude of the response. The heterogeneity

in building responses can at least partially be explained by the lack of a universal

relationship between a building's inherent energy consumption/ef�ciency level and its

ability to provide DR. This lack of a universal relationship was one of the key �ndings

of Satchwell et al. (Satchwell et al., 2020), which detailed the complex interactions be-

tween energy ef�ciency investments by building owners and the building's capability

to provide DR. The lack of a relationship was further corroborated by Andrews et

al. (Andrews et al., 2021), who found, using empirical building-level DR event data,

that ef�ciency, as measured by traditional metrics like energy use intensity (EUI), does

not correlate with DR capabilities, though buildings with more operational �exibility

(such as being able to reduce more load during the night or weekends) can provide

more DR.

We also examined the variation in the magnitude of the fan power response with

the outdoor temperature, as shown in Fig. 2.6. We found that the fan response from

some, but not all, buildings varied with the outdoor temperature and signal polarity.

For example, in the BBB and SS buildings (Fig. 2.6, left panels), we found that the

amount of Down response provided by the buildings (due to a GTA setpoint rise)

increased with the outdoor temperature, i.e., for the same setpoint increase, the fans

decreased their power consumption more on hotter days. Additionally, in EB2, EB3,

NQ, and DNA buildings, we detected an increase in the amount of Up fan power

response (due to a GTA setpoint decrease) at higher outdoor air temperatures. The

increase in response (both Up and Down) on hotter days, for some buildings, can

be explained by the higher heat transfer between the outdoor and indoor spaces,

which requires more fan energy to condition the space. In (MacDonald et al., 2020),

MacDonald et al. detail this as one potential mechanism impacting the overall energy

consumed by fans during DR events.
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Figure 2.4: Representative results from EB2 for symmetrical, unipolar, and successive events.
The �ve rows (top to bottom) show the setpoint signals broadcast using GTA (and the

corresponding changes in the average zone temperature), aggregate fan power consumption,
chilled water system power, reheat system power, and average VAV damper position,

respectively. The darkened lines show the average response of each subsystem. Appendix H
provides the complete time series results for all eight buildings.
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BBB DNA THY NQ

SS EB2 EB3 PS

Figure 2.5: Average fan power response over tw for unipolar tests (normalized by the average baseline fan power over tw). With
outliers �ltered based on both fan and chilled water response data, each red cross is the average fan power response for the tests
with the same GTA signal, and each red line is the least squares �t of data points with the same sign (negative or positive) of GTA
signals.
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Figure 2.6: Average fan power response over tw for unipolar tests for all eight buildings as a
function of the outside temperature. The polarity (Up/Down) shown is the direction of the

power deviation. (Each Up or Down power response data point is normalized by the
maximum power response in the Up or Down direction, respectively.)

Magnitude of chilled water system response

To further address RQ1, we quanti�ed the magnitude of the chilled water system

power response for six out of the eight buildings, in both Up and Down directions

using unipolar tests, as shown in Fig. 2.7. For all buildings except BBB, we found no

signi�cant changes in chiller response with increasing setpoint changes. As indicated

by the slopes of the �tted lines in Fig. 2.7, for BBB, we see that increasing the GTA

signal magnitude does result in more pronounced chiller power response.

We also examined the variation in the magnitude of the chilled water system power

response against the outdoor temperature, as shown in Fig. 2.8. We found that the Up

response of the chilled water systems at BBB and THY and the Down response of the

chilled water system at BBB increased with higher outdoor temperature conditions.
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Other buildings did not show clear trends.
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BBB DNA THY

NQ EB2 EB3

Figure 2.7: Average chilled water system power response over tw for unipolar tests (normalized by the average baseline chilled
water system power over tw). With outliers �ltered based on both fan and chilled water response data, each red cross is the average
chilled water system power response for the tests with the same GTA signal, and each red line is the least squares �t of data points
with same sign (negative or positive) of GTA signals.
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Figure 2.8: Average chilled water response over tw for unipolar tests for six of the eight
buildings as a function of the outside temperature. The polarity (Up/Down) shown is the

direction of the power deviation. (Each Up or Down power response data point is normalized
by the maximum power response in the Up or Down direction, respectively.)

Table 2.3: Values of z for symmetrical and successive tests of each building.

Building zUD zDU zUDUD zDUDU

EB2 35/39 28/41 10/11 9/11
EB3 18/32 11/29 9/11 4/11
PS 9/21 13/24 3/11 4/11
SS 8/14 7/17 7/9 2/9
BBB 16/16 16/16 7/8 8/8
THY 5/8 8/8 6/6 6/6
DNA 11/12 14/16 3/6 3/6
NQ 5/5 5/5 9/9 8/9
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2.4.2 Impact on energy used by HVAC subsystems (RQ2)

Impact on fan energy use

To address RQ2, we used symmetrical and successive load shifting events to quantify

the impact of DR on fan energy use. Only those tests which were not deemed outliers

(i.e., showed meaningful response) were considered. Recall that z provides the ratio

of non-outlier tests to total tests. Table 2.3 provides the z values for the four types of

load shifting DR tests. We found for PS, EB3, and SS that a large number of tests were

removed by the outlier �ltering criteria, as indicated by the low z values, whereas

nearly every test was deemed viable for BBB, THY, and NQ.

Fig. 2.9 shows the AEC values, computed over t t , for symmetrical and successive load

shifting DR experiments for the eight buildings. These results show that the change in

fan energy use can differ greatly across buildings and for different types of tests.

As shown in the �rst two boxplots in every panel of Fig. 2.9, Down-Up symmetrical

events have higher AEC values than Up-Down events on average, for six of the

eight buildings, the exceptions being NQ and SS. This trend is consistent with prior

experimental results (Keskar et al., 2018, 2019, 2020). The SS building (which has a

direct expansion system) fan responded with nearly zero AEC, on average, for both

symmetrical and successive events, indicating a minimal net impact on the fan energy

use of that building. Similarly, we found that NQ showed negligible AEC values, on

average, and PS had negative AEC, on average, for all types of tests.

We also observed that the successive Down-Up experiments, on average, had higher

AEC values compared to successive Up-Down events. However, when comparing

the AEC values for symmetrical events with those of successive events, no consistent

trends were found; the results varied across buildings. This suggests that successive

events need not necessarily lead to more ef�cient fan power response, in contrast to

the results obtained in (Raman and Barooah, 2018, 2019).

Overall, we found the polarity of the GTA signal (Up-Down or Down-Up) to be a

signi�cant factor impacting the change in energy consumption of fans over the sub-

hourly to hourly time-frame of interest. The positive fan AEC can also be explained

by the asymmetry in the response to Up and Down GTA setpoint changes, as shown

in Section 2.4.1. Since a majority of buildings responded more in the Up than the

Down direction for the same magnitude of GTA setpoint change, a setpoint neutral
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Figure 2.9: HVAC additional energy consumption (AEC) of fans over t t for symmetrical and
successive load shifting events for the eight buildings. Each dot represents the metric value of

each event. (UD: Up-Down; DU:Down-Up; SUD: Successive Up-Down; SDU: Successive
Down-Up.)

test can cause more response in the Up direction and increase the overall fan energy

consumption with respect to the baseline.

Impact on chilled water system energy use

The impact of symmetrical and successive load shifting DR experiments on the energy

used by the chilled water system is presented in Fig. 2.10, for six of the eight buildings.

The BBB, DNA and THY buildings show a generally small impact of GTA-based load

shifting DR on the electricity consumed by their chilled water systems. Likewise, the

NQ building's chilled water system varied very little, though on average consumed

slightly less energy compared with the baseline. However, EB2 and EB3 were more

responsive and on average incurred an increase in the electricity consumed by their

chilled water systems. In particular, the symmetrical Down-Up experiments at EB2, on
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Figure 2.10: HVAC additional chiller consumption (ACC) over t t for symmetrical and
successive load shifting events for six of the eight eight buildings. Each dot represents the

metric value of each event. (UD: Up-Down; DU:Down-Up; SUD: Successive Up-Down; SDU:
Successive Down-Up.)

average, had much higher ACC values compared to the symmetrical Up-Down events.

In this case, the chiller ACC dominates the fan AEC (e.g., for symmetrical Down-Up

events, the median chiller ACC was 32.6 kWh while the median fan AEC was only 4.9

kWh).

Impact on terminal reheat system energy use

In further consideration of RQ2, we quanti�ed the impact on terminal reheat energy

consumption using symmetrical and successive load shifting DR experiments. Fig. 2.11

presents the change in the energy used by the terminal reheat system, for seven of the

eight buildings. Note that the upper row in Fig. 2.11 shows results for UM buildings,

whereas the lower row shows results for NCSU buildings, where humidity is much
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Figure 2.11: HVAC additional reheat consumption (ARC) over t t for symmetrical and
successive load shifting events for seven of the eight buildings. Each dot represents the metric

value of each event. (UD: Up-Down; DU:Down-Up; SUD: Successive Up-Down; SDU:
Successive Down-Up.)

higher.

As shown in Fig. 2.11, there was minimal impact on the energy use for the NQ, THY

and SS buildings. Moreover, BBB exhibited a decrease in terminal reheat energy use.

However, Fig. 2.11 shows on average a sizable increase in the terminal reheat energy

use of EB2, EB3, and to a lesser extent PS. This can be attributed to the larger latent

cooling load for NCSU buildings due to the higher need for dehumidi�cation. The

higher latent cooling load requires the discharge AHU air temperature setpoint to

be lower (for NCSU buildings this setpoint was 53–55 � F; for UM buildings it was

57–60� F). Therefore, more reheat energy was needed for NCSU buildings to bring their

conditioned spaces to the desired setpoint. This greater requirement for reheat energy
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is ampli�ed when the GTA-based load shift tests are implemented. This �nding is

important since terminal reheat systems typically respond with the same polarity as

the setpoint signal, i.e., the opposite direction to the fan power response. For such

buildings where the electric terminal reheat systems are quite responsive to load

shifting GTA signals, there can be an unintended impact on the ability of the building

to follow the desired power signal. Furthermore, the results also suggest that climate

zone conditions affect the extent to which GTA-based load shifting impacts terminal

reheat energy usage.

2.4.3 Impact on building occupants (RQ3)

Impact on zone temperature

To address RQ3, we �rst quanti�ed the impact of symmetrical and successive load

shifting DR experiments on building zone temperatures. In Fig. 2.12, we show the

effective temperature deviation caused by symmetrical and successive load shifting

DR tests. As seen by the small effective temperature deviation values in a majority

of the buildings, we did not �nd a signi�cant change in zone temperatures over t t

for our buildings, indicating that the high thermal inertia of the buildings prevented

signi�cant deviations of zone temperatures from their baseline conditions during

our experiments. In SS, PS, and EB3, we observed that successive DR events led

to larger effective temperature deviations, indicating warmer conditioned spaces of

these buildings during our experiments. Section 2.4.3 explores the reasons behind this

warming during successive tests at EB3.

Impact on comfort

We further address RQ3 using psychrometric chart analysis. As shown in Fig. 2.13,

we found that our tests did not cause the buildings to deviate from their baseline

operating conditions (baseline operation is indicated by dark grey dots in the �gure)

and generally maintained the occupant comfort within ASHRAE Standard 55 thermal

comfort bounds. The similarity to baseline operation on the psychrometric chart shows

that load shifting DR using GTA generally has minimal impact on occupant comfort,

assessed from temperature and humidity, which is a vital requirement for wide-scale

deployment of grid-interactive buildings. In addition, none of our experiments resulted

in a rate of indoor temperature change that would violate Section 5.4.3.2 of ASHRAE
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Figure 2.12: Effective temperature deviation over t t for symmetrical and successive load
shifting events for the eight buildings. Each dot represents the metric value of each event.
(UD: Up-Down; DU:Down-Up; SUD: Successive Up-Down; SDU: Successive Down-Up.)

Standard 55. It is important to note that full consideration of occupant comfort may

include factors beyond temperature and humidity, such as ventilation, lighting, noise

level, and air quality. Alternative methods can more fully re�ect occupant comfort

across a range of building designs (e.g., adaptive thermal comfort models for naturally

ventilated buildings).

Impact on cooling service provided

We also address RQ3 by quantifying the impact of the symmetrical and successive

tests on the cooling service provided to the building. Fig. 2.14 shows the unmet

cooling service values for the symmetrical and successive texts at EB3. The successive

events have positive unmet cooling service compared to the symmetrical events, which

have negative unmet cooling service. Note that successive events at EB3 also have
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Figure 2.13: Pychrometric charts for four buildings showing the impact of load shifting DR
events on occupant comfort. The experiments did not cause the buildings to operate outside
of the comfort bounds. Each dot represents a data point from the t t time-series of an event.

higher fan additional energy consumption, higher additional terminal reheat energy

consumption, and higher effective temperature deviation, on average (as shown in

Figs. 2.9, 2.11 and 2.12, respectively), compared with symmetrical events.

The higher unmet cooling service observed for successive events may be explained by

its complex relationship with AEC consumed by the fans and ARC of the terminal

reheat. The higher fan AEC corresponds to more air �owing into the conditioned

spaces to provide cooling. However, the higher ARC indicates that the terminal reheat

system responds to counter the increased air �ow. The net result is an increase in the

effective temperature deviation of the space. This leads to an overall increase in the

unmet cooling service for successive events, compared to symmetrical events.
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Figure 2.14: Unmet cooling service over t t for symmetrical and successive tests at EB3
building. Each dot represents the metric value of each event. (UD: Up-Down; DU:Down-Up;
SUD: Successive Up-Down; SDU: Successive Down-Up.) A positive unmet cooling service
value indicates that the conditioned spaces have received less cooling service compared with
the baseline.

2.5 Power system implications

This section considers the implications of our building-level experimental results at the

power system level. Speci�cally, we evaluate the capability of GTA-based load shifting

DR, applied across a large number of commercial buildings, to assist in achieving

supply-demand balance on the grid. The following research question is addressed:

RQ4. Is it technically plausible, in terms of the required number of buildings and

cost-bene�t trade-off, to use GTA-based load shifting DR to improve renewable

energy integration?

In the following, we �rst explain the motivation for the study and the approach taken.

Results are then presented.
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2.5.1 Motivation and approach

The response of building HVAC systems to GTA fundamentally impacts their ability

to provide DR that can assist in grid operations. The form of their response must be

taken into account in strategies that coordinate the participation of the large number

of buildings that are required for HVAC-based DR to play a meaningful role in power

system operation.

Moreover, it is necessary to understand the impact of building response and addi-

tional energy consumption on the cost-bene�t trade-off of HVAC-based load shifting.

Accordingly, this section connects our building-level experimental results with power

system operations.

Of particular interest is the use of GTA-based load shifting DR for mitigating high

ramp rates, i.e., extended periods of rapid change, in the grid's net demand 6. Ramp

rate issues are becoming increasingly common across power systems with high re-

newable generation. Speci�cally, we consider the “Duck Curve” challenge being faced

by the California Independent System Operator (CAISO) (California Independent

System Operator (CAISO), 2016). As shown in Fig. 2.15, the net demand has large

ramps during the early morning and the evening, mainly due to timing mismatches

between peak demand and high solar energy production. Large ramps are dif�cult

for grid operation. They require fast power output adjustments which are onerous for

traditional power plants due to their limited ramp-up and ramp-down capabilities.

Ramping can also require quick start-up of off-line generating units (during evening

ramps) or short-term shut-down of operating units (during morning ramps). We

investigate the use of HVAC-based load shifting to assist in reducing such ramping.

Mitigating this issue enables greater integration of renewable generation.

To assess the ability of GTA to reduce ramping, we developed an optimization

formulation that was informed by our HVAC DR experiments and designed to

mitigate the rapid changes in demand shown in Fig. 2.15. Let pud
u , pud

d and pud
sett be

the average load change (in kW) of a building actuated by an Up-Down power event

in the �rst half of the event window, the second half of the event window, and the

settling window, respectively. The equivalent load changes induced by a Down-Up

power event are given by pdu
d , pdu

u , and pdu
sett. We divide a day into a set of time-steps

6Net demand is de�ned as the total electrical demand minus variable renewable generation.
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Figure 2.15: The net demand (30-min average) and ramp rate of CAISO on May 15, 2020.
Data from California Independent System Operator (CAISO), Folsom, CA, USA (May 2021).

T = f 1, 2, ...,jT jg, and let t 2 T index those time-steps. Let Dt be the time-step

interval, with Dt = 0.5 h used throughout our study. The optimization formulation

determines the number of buildings actuated by Up-Down and Down-Up events, Nud
t

and Ndu
t respectively, at time t. Let Pnd,0

t be the system's uncontrolled (baseline) net

demand at t, and Pnd
t be the net demand adjusted by HVAC-based DR. Let R+ and

R� be the system's ramp-up and ramp-down rate limits (in MW/h), respectively.

Minimizing the DR required to achieve the speci�ed ramp rates can be achieved

through the formulation:

min
Nud

t ,Ndu
t ,Pnd

t

å
t2T

(Pnd
t � Pnd,0

t )Dt (2.1)
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subject to,

Pnd
1 = Pnd,0

1 + Nud
1 pud

U + Ndu
1 pdu

D (2.2)

Pnd
2 = Pnd,0

2 + Nud
2 pud

U + Ndu
2 pdu

D + Nud
1 pud

D + Ndu
1 pdu

U (2.3)

Pnd
t = Pnd,0

t + Nud
t pud

U + Ndu
t pdu

D + Nud
t � 1pud

D + Ndu
t � 1pdu

U

+ Nud
t � 2pud

sett + Ndu
t � 2pdu

sett, 3 � t � jT j (2.4)

� R� �
Pnd

t � Pnd
t � 1

Dt
� R+ , 2 � t � jT j (2.5)

maxf Pnd
t : t 2 T g � maxf Pnd,0

t : t 2 T g (2.6)

min f Pnd
t : t 2 T g � min f Pnd,0

t : t 2 T g, (2.7)

where (2.1) is the objective function minimizing the additional energy consumed by

HVAC systems when providing load shifting DR and (2.2)-(2.4) give the modi�ed net

demand (adjusted by building DR) over the time horizon. Note that (2.4) implicitly

assumes that HVAC power consumption settles back to its baseline within the settling

window Dt.

The ramp rate limits are enforced by (2.5), while (2.6)-(2.7) ensure the DR actions do

not induce a higher load peak or a lower load valley. Once a building is actuated, it

follows a full cycle, including the settling period. When a building has completed its

cycle, it can again be actuated. However, we assume that the building is actuated only

once so we can evaluate the upper bound on the number of buildings required (to

address RQ4). We refer to this optimization formulation as the load shifting model.

By solving this optimization problem, using parameters appropriately set from our

building experimental results and the Duck Curve scenario depicted in Fig. 2.15, we

obtain the optimal schedule for Up-Down and Down-Up events across a large number

of buildings. This schedule bounds the net demand ramp rate within the speci�ed

limits and minimizes the additional energy consumed due to inef�ciency in building

HVAC load shifting. Thus, energy ef�ciency, along with cost-bene�t trade-offs, can be

analyzed accordingly.

Limiting the net demand ramp rate can also be accomplished by curtailing renewable

generation. Hence, we also built another optimization formulation to compute the

minimum renewable energy curtailment required in order to satisfy the speci�ed ramp

rate limits. This allows us to compare the cost-bene�t trade-offs of the two approaches
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– building HVAC load shifting and renewable energy curtailment – to mitigating large

ramps in the net demand.

Let Pd
t be the system's gross demand at time t, Prg,0

t be the system's available renewable

generation at t, and Prg
t be the system's post-curtailment renewable generation at t.

The following optimization problem can be used to compute the minimum renewable

energy curtailment required to satisfy the ramp rate limits:

min
Pnd

t ,Prg
t

å
t2T

(Prg,0
t � Prg

t )Dt (2.8)

subject to,

Pnd
t = Pd

t � Prg
t , t 2 T (2.9)

� R� �
Pnd

t � Pnd
t � 1

Dt
� R+ , 2 � t � jT j , (2.10)

where (2.8) is the objective function minimizing the system's renewable generation

curtailment, (2.9) gives the net demand at each time-step, and (2.10)enforces the net

demand ramp rate limits. We refer to this formulation as the renewable curtailment

model.

The load shifting model does not curtail any renewable generation but results in

additional energy consumed system-wide. The renewable curtailment model does

not result in any additional energy being consumed, but does result in curtailment of

renewable energy. With the same values of R+ and R� in the two models, the objective

value of the load shifting model can be seen as the cost (in energy units) of using

GTA-based load shifting DR to enforce the ramp rate, while the objective value of the

renewable curtailment model can be seen as the bene�t (in energy units) of avoiding

renewable curtailment by using GTA-based load shifting DR to limit the ramp rate.

2.5.2 Results

Base Case

We �rst show the results of a base case, which uses the parameters listed in Table 2.4.

The time-step Dt = 0.5h, and the data is obtained from CAISO California Independent

System Operator (CAISO), Folsom, CA, USA (May 2021) and depicted in Fig. 2.15.
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Figure 2.16: Number of buildings used for Up-Down and Down-Up events at different
time-steps.

(a) (b)

Figure 2.17: (a) Net demand with and without DR from buildings; (b) Ramp rates of the net
demand with and without DR from buildings.
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Table 2.4: Optimization parameters of the base case.

Parameter Value

pud
u , pdu

u 15 kW
pud

d , pdu
d � 15 kW

pud
sett 2 kW

pdu
sett 4 kW

R� , R+ 4000 MW/h

Fig. 2.16 shows the number of buildings actuated Up-Down or Down-Up at each

time-step. Fig. 2.17 compares the net demand and ramp rates of the system with

and without DR from buildings. By using GTA-based load shifting DR to slightly

adjust the system's net demand in the early morning and the evening, the ramp rate

is effectively bounded within both ramp-up and ramp-down limits. Considering the

vast footprint of commercial buildings (Energy Information Administration, 2015),

along with their DR potential and availability pro�les (Olsen et al., 2014; Alstone et al.,

2017), Fig. 2.16 indicates that the approach is technically plausible in the sense that

the order of magnitude of buildings needed is achievable.

For some time-steps in which the net demand increased due to DR (e.g., see 17:00-

18:30 in Fig. 2.17), the renewable production is high. Without DR from buildings,

renewable curtailment might be necessary to mitigate the high ramp rate during those

periods. Hence, using GTA-based load shifting DR to reduce ramp rates may improve

renewable energy integration.

Using the renewable curtailment model, we estimate that the base-case system would

require 2810 MWh of renewable energy curtailment (on that one day) to satisfy

the same ramp rate limits. It is clear that the HVAC load shifting strategy avoids

signi�cant renewable curtailment. Doing so incurs a cost though, as the DR strategy

induces system-wide additional energy consumption of 325 MWh. However, that cost

is small relative to the avoided renewable energy curtailment. Dividing the above

two numbers by the total number of buildings that were utilized, the per-building

contribution to the avoided renewable energy curtailment and the average additional

energy consumption were 9.2 kWh and 1.1 kWh, respectively. Hence, a building may

consume a little more energy in GTA-based load shifting DR but on average helps

integrate a much larger amount of renewable energy.
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Figure 2.18: The total number of buildings used for Up-Down or Down-Up events as a
function of the ramp rate limit.

Impact of building HVAC response magnitude

The load shifting model and the renewable curtailment model can be used to explore

the sensitivity of the results to variations in the magnitude of the building HVAC

response. In the base case, the response magnitude (i.e., the absolute value of parame-

ters pud
u , pud

d , pdu
u and pdu

d ) was set to 15 kW. We varied this value, while adjusting the

settling power parameters pud
sett and pdu

sett proportionally, i.e., the settling parameters

were changed by the same percentage as the response magnitude. However, due to the

structure of the optimization formulations, such parameter adjustments change the

values of the optimal Nud
t and Ndu

t but make no difference to the renewable energy

curtailment nor the additional energy consumption.

Impact of ramp rate limit

We also conducted a sensitivity analysis with respect to the ramp rate limit. Recall

parameters R+ and R� were set to 4.0 GW/h in the base case. This value was varied to

investigate the impact of the ramp rate limit on the number of participating buildings

and the cost-bene�t trade-off.

As shown in Fig. 2.18, although the ramp rate limits can be satis�ed over a wide range
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(a) (b)

Figure 2.19: (a) The total avoided renewable curtailment and the total system-wide additional
energy use as a function of the net demand ramp rate limit; (b) The per-building contribution
of avoided renewable curtailment and the average additional energy use of each participating
building as a function of the net demand ramp rate limit.

using GTA-based load shifting DR, tight ramp rate limits cause the total number of

actuated buildings to increase signi�cantly. Satisfying stringent ramp rate limits would

rely on participation and coordination of a large number of commercial customers.

Fig. 2.19(a) shows the variation of system-wide additional energy consumption and

avoided renewable curtailment for a range of ramp rate limits. It can be seen that even

with stringent limits on the ramp rate, the GTA-based DR strategy remains effective

and avoids an increasing amount of renewable energy curtailment. The system-wide

additional energy use also increases, but both its magnitude and rate of increase are

smaller than those of the avoided renewable curtailment.

Fig. 2.19(b) shows the per-building cost-bene�t trade-off over a range of ramp rate

limits. It shows that the change in the average additional energy consumption of

participating buildings across different net demand ramp rates is small, while the

change in the per-building contribution to avoided renewable curtailment is larger. Ac-

cordingly, the bene�t (i.e., per-building contribution to avoided renewable curtailment)

is always larger than the cost (average additional energy consumption per building).
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2.6 Conclusions and future work

This work investigated the performance of GTA for load shifting DR by conducting

nearly 900 experiments across eight buildings at North Carolina State University and

the University of Michigan. Our experiments and analyses, based on a wide range of

metrics, identi�ed a variety of factors that impact building HVAC subsystems and

their energy use. These factors include the asymmetric nature of fan power response

and additional energy consumed by fans and terminal reheat systems. These effects

demonstrate that the complex and interdependent operation of subsystems within

commercial HVAC must be carefully considered when assessing the performance

of GTA for providing load shifting DR. Importantly, we found that load shifting

DR using GTA can be deployed in a manner that maintains indoor temperature

and humidity within bounds suitable for occupant comfort. Achieving load shifting

capability while maintaining comfortable conditions for building occupants is essential

for the wide-scale deployment of grid-interactive ef�cient buildings.

Our study of power system applications of GTA-based HVAC load shifting DR showed

that high ramp rates, caused by high renewable penetration on the grid, can be

mitigated using a practical number of buildings. More importantly, it showed that any

additional energy consumed by the buildings in providing load shifting DR is much

smaller than the renewable energy that would otherwise be curtailed. Overall, our

work shows promising results for using load shifting DR from commercial building

HVAC systems for grid services. If implemented correctly, we �nd that the service can

lead to clear bene�ts for participating building owners and the grid. However, we note

that our quantitative results are speci�c to solar curtailment used to satisfy ramping

limits in California. Possible reductions of renewable energy curtailment will differ

from grid to grid depending upon the mix of renewable resources and the nature of

the critical grid constraints. For example in some regions, wind is curtailed more than

solar, and wind curtailment is driven by transmission constraints not ramping limits.

Buildings still have a role to play in mitigating this situation, but the costs/bene�ts

would be different.

This study has broad implications for key stakeholders. Our results offer new insights

into the additional building energy consumption that could occur due to participation

in load shifting DR, providing guidance on compensation for building operators to

cover the associated energy costs. As full electri�cation of building HVAC systems
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gains impetus, the interplay between subsystems will become increasingly important.

Our investigation has, for example, identi�ed mechanisms whereby the reheat subsys-

tem may have a detrimental effect on the building's ability to track the DR reference

signal. In this regard, this research is of signi�cance to third party DR aggregators for

designing control strategies that enable buildings to ef�ciently track grid operational

requirements. Furthermore, our demonstration of load shifting DR across a wide range

of commercial buildings has identi�ed key challenges that must be addressed before

system operators can fully access this largely untapped source of grid �exibility. This

demonstration may also be helpful to state and local regulators to bolster participation

of demand-side resources by encouraging utilities to include pilot load shifting DR

programs in their grid planning.

Work remains to fully understand the physics of load shifting demand response,

its potential applications, and its energy-use implications. Our recommendations

for future research include: a) modeling building HVAC systems in appropriate

simulation software to investigate the dynamic interactions that underpin GTA-based

load shifting DR and address seemingly contradictory results obtained from the

experimental and modeling work conducted so far; b) designing and deploying

load shifting DR schemes that more closely track energy neutral power trajectories,

including closed loop feedback strategies that modulate the GTA signal to achieve

improved performance across the metrics developed in this paper; and c) conducting

experiments in other climate zones and on other commercial building types; d)

investigating the impact of advanced energy ef�ciency measures such as demand

control ventilation and economizers on the performance of GTA-based load shifting

demand response.
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CHAPTER 3

PLANNING FOR WINTER PEAKING

POWER SYSTEMS IN THE UNITED

STATES

3.1 Abstract

Most regions in the United States experience peak electricity demand during the

summer months. Several regions, however, are dual peaking with distinct summer

and winter peaks of roughly equal magnitude. Deep decarbonization of our energy

system could lead to greater instances of dual or winter peaking power systems

across the country. This seasonal shift has important implications for grid operations.

Furthermore, the compounding impacts of decarbonization strategies and climate

change could introduce new challenges in ensuring suf�cient generator availability

during peak demand. This paper provides policy recommendations to plan for a shift

to dual or winter peaking power systems. We �rst analyze the seasonal peak demand

trends between 2016 and 2021 at the regional and subregional levels. We provide key

examples of how regulators and system operators plan for winter resource adequacy,
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focusing on the measures undertaken by different stakeholders, post-Winter Storm Uri.

We then detail challenges posed by the multilevel regulation framework in planning

for winter peaking power systems for both extreme cold events and a gradual shift

due to electri�cation. Finally, we provide our policy recommendations for utilities and

regulators on how they can robustly meet the challenges of winter peaking systems.

Keywords: Electricity Regulation; Peak Demand; Power System Planning; Reliability

3.2 Introduction

The 2021 winter storm in Texas (“Winter Storm Uri”) resulted in widespread extended

blackouts and devastating human consequences, underscoring the need for power

system planning that ensures reliable grid operation during extreme winter weather

events. One key aspect of reliably operating the grid is ensuring adequate available

generation during times of peak electricity demand and predicting when that peak is

likely to occur during the year. Currently, most regions in the United States experience

peak demand during the summer months, largely driven by space cooling loads (En-

ergy Information Administration, 2022a). Several regions, however, are dual peaking

(predominately in the Northwest and Southeast), with distinct summer and winter

peaks of roughly equal magnitude. Deep decarbonization of our energy system could

lead to greater instances of dual or winter peaking power systems across the country.

This seasonal shift has important implications for grid operations. Resource adequacy

ensures the generation portfolio is available to meet demand at an acceptable level

of reliability throughout the year (Wolak, 2022), requiring proper consideration of

generator availability during high demand times. The seasonal timing of peak demand

can in�uence a generator's contribution to resource adequacy. For example, solar

resources tend to contribute more to meeting summer peaks, which often occur in the

late afternoon, compared to their contribution to winter peak demand occurring dur-

ing the cold winter mornings. During periods of high ambient temperature, thermal

power plants are often partially derated and, in extreme cases, are shutdown alto-

gether due to the high temperature of water required in the cooling process (McCall

and Macknick, 2016). Thus, ensuring resource adequacy for reliable grid operation

requires different treatment of generators when the system is winter/dual peaking

versus summer peaking, which underscores the importance of accurately predicting
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the annual timing of peak demand.

The potential for more regions to shift to dual or winter peaking systems is increasing

due to changing mix of end uses for electricity and changing climatic conditions.

In this aspect, load growth caused by electri�cation differs from historical load

growth in the United States. The NREL Electri�cation Futures Study study's high

electri�cation scenario (Mai et al., 2018) found that the historical compounded annual

growth rates (CAGRs) of electricity demand from 1950-2016 (4%/year) and 1981-

2016 (1.8%/year) were higher than their projected load growth from widespread

electri�cation (1.6%/year). Several studies (Bistline et al., 2021; Specian et al., 2021)

demonstrate that decarbonization efforts in the United States could increase peak

winter power demand as we electrify heating in residential and commercial buildings,

particularly in regions that have previously relied on natural gas, home heating oil,

or wood for space heating. The potential magnitude for increased demand is large

since the temperature differentials between indoors and outdoors are greater during

winter than summer (Waite and Modi, 2020). Additionally, the electri�cation of the

transportation sector will increase electricity consumption throughout the year, the

magnitude and timing of which will depend on the level of adoption and charging

behaviors. Qiu et al. (2022) analyzed the smart meter data of 1,600 homes with electric

vehicles in Arizona, �nding that the household's electricity demand can increase by

7-14% during system peak hours during the evening.

The changing climate also presents multiple and complex challenges for meeting

future peak demand (Ralston Fonseca et al., 2021). Climate change drives up extreme

temperatures, increasing space cooling demand that further increases summer peak

demand (Yalew et al., 2020). However, more energy-ef�cient air conditioners could

mitigate the additional summer peak demand (Auffhammer et al., 2017). Climate

warming could also decrease the winter peak demand due to warmer winters. On

longer timescales, it could lead to climate migration of people among regions, thereby

increasing the residential cooling and heating demand in the destination regions

(Maxim and Grubert, 2021). Climate change exacerbates hot summer weather, impact-

ing thermal power plant operation due to derating caused by warmer temperatures

and water availability (Craig et al., 2020). Thus, the compounding impacts of decar-

bonization strategies and climate change pose important challenges in meeting peak

power demand.
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Figure 3.1: Key factors that will in�uence the timing of and ability to meet peak electricity
demand

Figure 3.1 summarizes these key factors and their impact on summer and winter

peak demand, both from the supply and demand sides. Overarching questions for

power system operation and policy design remain: 1) What regions are more likely to

move towards winter peaking in the near future? 2) How should utilities and system

operators plan for this multilevel uncertainty in reliably meeting peak demand? 3)

How do their different governance paradigms dictate the planning required for winter

peaking systems?

In this paper, we analyze recent trends in the timing of peak electricity demand,

identify conditions that may lead to shifts to winter peaking, and provide policy

recommendations to plan for a shift to dual or winter peaking power systems. We

�rst analyze the seasonal peak demand trends between 2016 and 2021 at the regional,

subregional, and balancing authority (BA) levels and develop several metrics to

characterize the magnitude and timing of peak demand. The analysis provides insights
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into regions that have experienced winter peak demand and regions closer to tipping

to winter peaking power systems. We use residential heating electri�cation data to

compare the timing of peak electricity demand across regions with varying levels

of electri�ed heating since the residential energy sector tends to have the greatest

seasonal variation in electricity use (Energy Information Administration, 2017). We

then provide key examples of how regulators and system operators plan for winter

resource adequacy, focusing on the measures undertaken by different stakeholders

post-Winter Storm Uri in Texas. We use this review to detail challenges posed by the

multilevel regulation framework in planning for winter peaking power systems for

both extreme cold events and a gradual shift due to electri�cation. Finally, we provide

our policy recommendations for utilities, system operators, and regulators on how they

can robustly meet the challenges of winter peaking systems. Our recommendations

emphasize demand-side management options (including demand response and energy

ef�ciency), supply-side options, and approaches to mitigate the challenges posed by

overlapping regulatory authorities.

3.3 Insights from previous studies

Previous studies have provided valuable insights on how climate change and electri�-

cation of residential heating systems can impact the timing of annual peak demand

(Waite and Modi, 2020), with many focusing on a single region. White et al. (2021)

analyzed the impact of complete electri�cation of space heating with heat pumps

in Texas, �nding that the winter peak demand could increase by as much as 12 GW

and �ip the region from summer peaking to winter peaking. In Ralston Fonseca et al.

(2019), the authors investigated the isolated impact of climate change on seasonal

electricity demand in Tennessee, �nding that winter electricity consumption could

decrease on average by 6% by the end of the century, whereas average summer

electricity consumption could increase by 20%. Ralston Fonseca et al. (2021) found

that while climate change in isolation (i.e., without additional electri�cation) could

have a negligible effect on overall electricity consumption in the Southeastern United

States, it could have a signi�cant impact on summer peak demand due to increased

cooling demand caused by warmer temperatures. Some studies have recognized the

importance of planning for winter peaking systems. Bistline et al. (2021) system-

atically explored the impact of deep decarbonization on regional load shapes and
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peak demand using a capacity expansion model, �nding that decarbonization shifts

colder regions towards winter peaking systems, with important implications for wind

and solar capacity value. Additionally, the study found that while light-duty vehicle

transportation signi�cantly reduces emissions while simultaneously increasing annual

electricity consumption, the impact of space heating electri�cation propels the �ip

from summer to winter peaking in colder regions. A recent ACEEE report (Specian

et al., 2021) modeled a three-day polar vortex event in New England to identify

demand-side solutions to reduce winter peak demand, �nding the greatest impacts

due to residential weatherization and, under a high-heat pump deployment scenario,

the ef�ciency of air-source heat pumps. The Electri�cation Futures Study (Murphy

et al., 2021) assessed the impact of different electri�cation scenarios, showing signi�-

cant changes in annual demand pro�les caused, in part, by an increased dependence

on heat pumps. They also found that while electri�cation of the transportation sector

would yield a larger increase in annual electricity consumption than the electri�cation

of building heating systems, its impact on timing of peak demand is less than that

of building heating system electri�cation. These studies indicate the need to better

understand the likelihood of a shift to winter peaking systems and its implication for

power system planning.

While winter peaking itself is not a unique phenomenon for some regions, the tran-

sition of a region from summer to dual/winter peaking has important implications

for grid operations. Europe, for example, has been a dominant winter peaking region,

with nearly thirty countries exhibiting historically winter peaking behavior. However,

a recent study found that warming due to climate change could �ip twenty-two

currently winter peaking EU countries to summer (Wenz et al., 2017). Another study

found that existing generation capacity in Europe could meet increased demand for

space heating at adoption levels for heat pumps of 29-45%, beyond which would

require additional power capacity (Thomaßen et al., 2021). The study noted that

additional electri�cation of space heating could increase the winter peak demand

across the region and emphasized the need to make strategic policy decisions such

as cost-effective demand �exibility to ensure resource adequacy in the region. These

studies on Europe's experience indicate that, despite previous consistency in annual

peak demand timing, the compounding impacts of climate change and electri�cation

make strategic planning for a potential transition of seasonal peak demand timing

vital.
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3.4 Seasonality of peak electric demand

For this study, we merged multiple datasets at regional, balancing authority (BA), and

sub-independent system operator (ISO)/regional transmission organization (RTO)

levels to determine trends on the seasonality of peak demand across the contigu-

ous United States. The U.S. Energy Information Administration Form 930 (Energy

Information Administration, 2022b) provides hourly demand data at the regional

and BA levels. There are thirteen regions for which hourly demand is calculated by

aggregating data from BAs within that region (see Figure I.1 in Appendix I for a map

of the EIA regions). To further disaggregate three large regions, we obtained sub-

ISO/RTO demand data for the Midcontinent Independent System Operator (MISO),

PJM, and the Southwest Power Pool (SPP). We refer to BAs and sub-ISO/RTO regions

collectively as subregions and include those with a median demand >0.5 GW (see

Figure I.1 for a map of the eighty subregions and corresponding EIA regions). At all

spatial resolutions, we consider hourly demand data from 2016 to 2021.

Additionally, we use spatially resolved data on the primary home heating source

(United States Census Bureau, 2021) and the daily minimum and maximum tempera-

tures for 58 weather stations (Diamond et al., 2013). The supplementary information

section includes the full dataset and associated calculations. BA-level EIA-930 demand

data requires the removal of outlier values while computing trends on the timing of

peak demand. Ruggles et al. (2020) assessed the quality of EIA-930 data and produced

a cleaned dataset with the outlier values imputed. EIA �ags anomalous values as

those that exceed 1.5 times higher than the previous demand values of that BA. For

our data cleaning process, we removed these values, comprising 243 demand values

from 16 BAs from 2016-2021. We further used a �lter that accounted for erroneously

high peaks not captured by the EIA since they tend to be more conservative in their

approach to removing outliers (Ruggles et al., 2020). The �lter we used retained

hourly demand values where the demand difference (normalized by the median

peak demand from 2016-2021 of that region) was between -0.3 GW/GW-hr and 0.3

GW/GW-hr, accounting for erroneous peak events that exceeded realistic system ramp

limits. These values were applied based on the normalized demand difference values

of subregional ISO data of PJM and MISO which was veri�ed by the ISOs. We also

applied this �lter to remove anomalous peaks at the regional level EIA-930 demand

data (see Table 3.1 for the number of values removed for each region). On average, we
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removed 0.10% of values for each BA and 0.03% for each region. However, some BAs

had a large number of values missing, as detailed in Table I.2. We did not �lter any

subregional data from MISO, PJM, and SPP because these data were veri�ed by the

respective system operators (MISO Archives, 2022; PJM Data Miner, 2022; Southwest

Power Pool, 2021).

As shown in Table 3.1, for each EIA region, we calculated the median demand across

all hours, annual peak demand for each year between 2016 and 2021, and the summer

peak to winter peak ratio across the six years (with a value above one indicating that

the summer peak is higher than the winter peak). The summer peak demand is the

maximum hourly demand between June 1 and August 31, whereas the winter peak

demand was determined between December 1 and the end of February. From 2016 to

2021, we found that the only regions to experience winter peaks in at least one of those

years were Carolinas (CAR), Southeast (SE), Northwest (NW), and Tennessee (TEN).

In contrast, California (CAL), Florida (FLA), Midatlantic (MIDA), Midwest (MIDW),

Northeast (NE), Central (CENT), New York (NY), and Southwest (SW) were distinctly

summer peaking regions, while Texas (TEX) approached dual peaking status in one

year due to Winter Storm Uri (2021). We provide the yearly results in Appendix J (see

Tables J.1,J.2, and J.3).
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Table 3.1: Peak demand parameters for EIA regions from 2016-2021.

Parameter
CAL

California

CAR

Carolinas

CENT

Central

FLA

Florida

MIDA

MidAtlantic

MIDW

Midwest

NE

Northeast

NW

Northwest

NY

New York

SE

Southeast

SW

Southwest

TEN

Tennessee

TEX

Texas

Median
demand
(GW)

30.1 23.6 29.0 26.2 88.4 78.4 13.4 38.0 17.5 25.9 11.0 17.2 40.3

Annual
peak
demand
(GW)

54.5-
62.8

41.6-
43.0

48.8-
51.1

46.5-
48.8

145.4-
153.0

123.0-
130.3

23.7-
25.8

55.6-
59.4

29.7-
32.1

44.3-
46.9

23.1-
25.6

28.9-
32.5

69.5-
74.5

Summer peak
to
Winter peak
ratio

1.38-
1.61

0.96-
1.09

1.17-
1.28

1.04-
1.37

1.09-
1.27

1.13-
1.20

1.16-
1.35

0.98-
1.20

1.22-
1.37

0.94-
1.12

1.50-
1.85

0.88-
1.06

1.06-
1.33

60



We next analyzed the summer to winter peak ratios for 80 subregions – 41 BAs, 20

sub-ISO areas in PJM, 13 sub-RTO areas in SPP, and 6 sub-ISO areas in MISO, as shown

in Figure 3.2. (Table K.1 in Appendix K provides the yearly results for all subregions).

Figure 3.2 also shows the primary home heating source at the county level, with the

shading representing the percentage of homes heated with electricity. The ACS data is

based on a �ve-year estimate using survey data collected from 2016-2020. The states

with the highest share of households heated with electricity include Florida, South

Carolina, Alabama, North Carolina, Louisiana, Tennessee, Arizona, and Texas. (Table

K.2 in Appendix J contains the electri�cation rates by State). As shown in the histogram

in Figure 3.2, from 2016-2021, a majority of the subregions had their summer to winter

peak ratio between 1.0 and 1.3 (i.e., summer peaks were 0 to 30% higher than their

respective winter peaks). The Southwestern BAs, California BAs, NEVP in Nevada,

and the New Jersey subregions of PJM tended to show consistently dominant summer

peaking characteristics with the summer to winter peak ratio above 1.4 (see Table

K.1). We found that most of the winter peaking subregions were in the Northwestern

and Southeastern parts of the country; some subregions of PJM and SPP also showed

winter peaking behavior. We also observed that 2018 had the highest instances of

winter peaking across subregions (Table K.1). Subregions with winter or dual peaking

behavior were often co-located with counties with high levels of households with

electricity as the primary heating source. For example, while PJM overall is a summer

peaking ISO, some subregions of PJM in states like West Virginia, Virginia, and

Kentucky exhibited winter peaking behavior while having a high share of households

with electri�ed heating systems (see Table K.2). Subregions within the same ISO/RTO

can also have disparate peaking trends. For example, in MISO, the highest summer to

winter peak ratios were seen in load zones serving northern states like Michigan and

Wisconsin. In contrast, the southern state load zones (serving states like Louisiana and

Arkansas, where electri�cation is more than 90% in some counties) had ratios between

1.0 and 1.3. The northern WAUW subregion (serving states including North Dakota,

South Dakota, Iowa, and Montana) of SPP also exhibited winter peaking behavior,

whereas a majority of subregions of SPP showed summer peaking behavior. The

Oklahoma SPP-WFEC subregion also showed winter peaking behavior; Oklahoma has

a 40% home heating electri�cation rate. Additionally, TVA and BPAT, the largest two

subregions to exhibit winter peaking behavior, were in states with high electri�cation

rates for home heating (Tennessee-62%; Washington-56%, see Table K.2).
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Ambient temperature is often used as a determinant of electricity demand and colder

winter days can increase peak winter electricity demand. However, regions with

extremely cold winters can experience mild winter peak demands if the residential

heating sector is dominated by natural gas or oil. Regions with a high penetration

of electri�ed heating can experience high winter peak electricity demand depending

on the severity of winter. For example, while Arizona has 61% of households with

electri�ed space heating, the winters experienced by Arizona are milder compared

to Washington, which has winter peaking BAs like BPAT and a 56% space heating

electri�cation rate. To further explore this relationship, we examined the variation of

the summer to winter peak ratio from 2016-2021 with the winter peak day minimum

temperature at the subregional level, separating the subregions into serving areas

with higher (>40%) and lower (<40%) rates of residential space heating electri�cation

(see Figure K.1). We assigned each subregion a NOAA weather station based on the

station's proximity to both the subregion and its major population centres (see Figure

L.1 and Table L.1 in Appendix L).
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Figure 3.2: Summer to winter peak ratio for 80 subregions in the United States from 2016-2021. The histogram shows the
distribution of the summer to winter peak ratios. The locations of the map's circles are shown to highlight the spatial resolution of
trends and are in the load area they serve. The county-level grey-scale shading shows the share of households with electricity as
the primary heating source.
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Figure 3.3: Summer to winter peak electricity demand ratio considering winter peak day
(minimum) temperature and residential space heating electri�cation

In Figure 3.3, we show the 2016-2021 summer to winter peak ratios based on the

subregions' winter peak day minimum temperature segmented into higher and lower

areas of home heating electri�cation. We �nd that winter peaking BAs tend to have

higher space heating electri�cation. Regardless of electri�cation rates, subregions with

relatively warmer winters (>0 °C winter peak day minimum temperatures) exhibit

strong summer peaking behavior.

We next identify the subregions that currently exhibit or could soon exhibit winter

peaking demand. Heat pump adoption could both decrease summer peak demand

due to increased ef�ciency of space cooling and increase winter peaks due to heating

electri�cation. Informed by previous studies (e.g., White et al. (2021)), we consider net

impacts on the summer to winter peak ratio of widespread heating electri�cation that

could be as much as 40%. We use this estimate to identify subregions that may be at

risk of switching from summer to winter peaking. As shown in Figure 3.4, we identify

three such groups: (1) Subregions that have experienced at least one winter peaking

year from 2016-2021; (2) Subregions with higher rates of electri�cation, summer to

winter peak ratios between 1.0-1.4 (on average, from 2016-2021), and cold winters
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Figure 3.4: Subregions likely to shift to winter peaking power systems as we electrify space
heating systems.

(<0°C) as nearly winter peaking; and (3) Subregions that were not winter peaking in

2016-2021 (with summer to winter peak ratio >1.4, on average) , but have low rates of

electri�cation, cold winters (<0 °C), and which could shift to winter peaking power

systems under higher space heating electri�cation.

We identi�ed 34 subregions that have at least experienced one winter peaking year

from 2016-2021 which also had high residential space heating electri�cation, 9 subre-

gions close to winter peaking that also have high residential space heating electri�ca-

tion, and 24 subregions that could experience winter peaking under high residential

space heating electri�cation. The 13 subregions not included spanned parts of Califor-

nia, the Southwest, and PJM.

3.5 Planning for winter peaking under different gover-

nance paradigms

Planning for winter peaking systems will be different under different governance

paradigms of load serving entities in the United States. Generally, load serving entities

or utilities are classi�ed under three broad categories: investor-owned utilities (IOUs),

cooperatives, and municipal utilities. IOUs serve 72% of the customers in the country

(Energy Information Administration, 2017). IOUs are further classi�ed into those

operating in regulated markets (often referred to as vertically integrated utilities) or

deregulated markets, where power is transacted via wholesale energy markets. In
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some deregulated markets, IOUs also participate in capacity markets where they pay

generators the cleared market price to reliably meet any future peak demand in the

upcoming years.

3.5.1 Regulation of electricity in the United States

The oversight regulation of deregulated and regulated markets is a complex network

of state and federal organizations (Fowler and Johnson, 2017). State utility commis-

sions have regulatory oversight of utilities in their territories. However, the structure

of those commissions can vary, as does the manner in which they operate (e.g., re-

source planning, price setting) and whose operations they oversee (e.g., IOUs versus

municipals or cooperatives). Vertically integrated utilities tend to have a broader

oversight scope by the state utility commissions since they generally operate as a

natural monopoly and both own and operate all three facets of electricity delivery:

generation, transmission, and distribution. In deregulated markets, the operation of

wholesale energy markets is subject to oversight by the Federal Electricity Regulatory

Commission (FERC).

3.5.2 FERC and NERC

FERC also has oversight over the North American Reliability Corporation (NERC),

which enforces and monitors the reliability of the bulk power system across the coun-

try. FERC also oversees interstate electricity transmission and natural gas transport

for deregulated and regulated markets. NERC is the primary electricity reliability

organization in the country and has the authority to enforce its standards on electricity

users, owners, and operators of the bulk power system (Garofalo, 2021). Six regional

authorities operate together under NERC to enforce reliability standards across the

bulk power system of the United States.

This complex governance patchwork creates different challenges and opportunities

for planning for winter peaking. In 2011, a decade before Winter Storm Uri, Texas

faced a similar crisis that led to widespread outages across the state due to freezing

temperatures. FERC and NERC assembled a task force to analyze the outages and

provide recommendations to make the Texas grid, operated by the Electric Reliability

Council of Texas (ERCOT), more resilient to such extreme weather events. ERCOT

is unique amongst other ISOs/RTOs due to the isolated nature of its grid, which
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leaves it largely unregulated by FERC. It is, however, regulated by the Public Utility

Commission of Texas (PUCT). For this 2011 report, the task force also worked with

the Texas Railroad Commission (TRC), the state regulatory agency overseeing the oil

and natural gas industry. The product of this task force was a detailed report that

found a lack of coordination amongst agencies and generator operators being more

reactive than proactive towards winterization (Federal Energy Regulatory Commission,

2011). It also emphasized the need to plan for the winter season as critically as

planning for the summer season. However, due to the lack of implementation authority,

these recommendations were advisory and went unenforced by TRC and PUCT, as

evidenced by the lack of preparedness for Winter Storm Uri in 2021 (Glazer et al.,

2021). Thus, despite FERC's coordinated efforts to prevent a similar disaster after 2011,

its lack of enforcement authority (due to the isolated nature of the ERCOT grid) and

poor preparation by state regulators failed to avoid the widespread outages.

The role of NERC in the winter peak future is critical since it will be the dominant

organization in developing any reliability standards for winter peaking power systems.

Following Winter Storm Uri, in November 2021, NERC published a report for the

2021-2022 winter season (NERC Winter Reliability Assessment, 2022). They identi�ed

low hydro conditions in the Northwest, extreme winter weather in the Midwest

and Texas, and limited natural gas infrastructure in California and the Northeast as

the reliability risks to the bulk power system during extreme winter events. Their

recommendations called for: 1) system operators to take stock of potential supply

shortfalls and BAs to poll the generating units in their region to gauge their readiness

for adverse weather conditions, 2) BAs to conduct drills with alert protocols to ensure

the systems are in place when needed, and 3) distribution companies to review their

rolling blackout procedures to ensure that critical infrastructure like natural gas

networks is not disrupted. While the above recommendations were more detailed, the

overall thrust of recommendations is similar to the 2011 report that recommended

that ERCOT have more robust planning for extreme cold events.

3.5.3 Winter peak management in ISOs/RTOs

Most ISOs are attentive to potential seasonal demand changes, with some preparing

for winter peaking power systems. The vigilance was heightened post-Winter Storm

Uri. In a press release, NYISO, in response to the 2021 report by NERC, stated that
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they had conducted surveys of nearly all generators in the region to ensure that

they had suf�cient fuel supply for the next winter season (NY-ISO Press Release,

2021)). As shown in Section 3, the region has historically been a summer peaking

region. However, their recent estimate for future load �ips the region to a winter

peaking region between 2033 and 2035 due to electric vehicles and building heating

electri�cation (NY-ISO Baseline Forecast, 2022). PJM has also historically been a

summer peaking region, with some dual peaking subregions in Kentucky, Virginia,

and West Virginia. Being the largest power grid in the United States that serves

nearly 65 million customers, the ISO performs a winter readiness assessment every

year involving different stakeholders such as utilities, natural gas operators, and

state regulators (PJM, 2022). The 2021 ERCOT crisis further focused PJM on taking

stock of generator fuel inventories and reviewing critical load management in the

event of blackouts, similar to NYISO. SPP reviewed its response to the 2021 winter

storm, which it called "the most operationally challenging week in its 80-year history"

(Southwest Power Pool, 2021). They had �ve teams review the operations, �nance,

communications, resource adequacy, and their market behavior during the winter

storm, where they maintained service in the region besides two curtailment calls that

slightly reduced demand by 1.5% and 6.5% for a duration of 50-mins and 3-hours

respectively. They identi�ed fuel shortages and extremely high natural gas prices

that led to massive spikes in electricity prices. Their report also detailed the critical

importance that they could rely on their neighbors due to a highly interconnected

power system.

3.5.4 Winter peak management in investor-owned utilities

IOUs face unique challenges in winter peak planning. In many states, IOUs must

submit integrated resource plans for review by the public utility commission. Different

stakeholders, including environmental interest groups, can submit �lings that critique

the IOU's plan to meet future peak demand, including the winter peak. For example,

there is a tension in the vision for future winter peak demand in the Duke Energy

Carolinas service territory between the utility and other state stakeholders, centering

on the role of new natural gas capacity in meeting any future winter peak demand.

The 2020 Duke Integrated Resource Plan (IRP) proposed new natural gas capacity

additions in all but one of its six scenarios (Duke Energy Carolinas, 2020). They have

also highlighted the low contribution of solar on the winter peak day morning as one of
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the reasons for new natural gas power plants. In their IRP, Duke Energy Carolinas also

included studies it commissioned to investigate demand-side management solutions

for winter peak planning, signalling to the commission that it is investigating a variety

of solutions to meet future winter peak demand. Synapse energy, as a part of the

utility stakeholder �lings, released a report that was commissioned by the North

Carolina Sustainable Energy Association. The report challenged the assumptions

made by Duke Energy Carolinas to justify new natural gas power plants, especially

highlighting the overestimation of the cost of solar and storage (Wilson and Shober,

2020). Tensions like this between different stakeholders can play an important role in

regulated markets, while the scrutiny provided by the public utility commissions in

enforcing their state-mandated regulatory authority also facilitates consideration of

future winter peak demand by IOUs under their jurisdiction. Elsewhere, the Brattle

Group conducted an electri�cation study for PEPCO, an electric utility serving the DC

area (Hledik et al., 2021). Our analysis (see Figure 3.4) identi�ed PEPCO as a subregion

close to winter peaking. Their study found that building heating electri�cation and

electric vehicles would shift the peak from summer to cold winter mornings. They

also found that energy ef�ciency and load �exibility could reduce the annual peak

demand growth rate to 0.9%. The report emphasized the long planning horizon as an

advantage for planning new capacity since the load growth due to the decarbonization

efforts would happen over 30 years.

3.5.5 Capacity planning for resource adequacy

While a shift from summer to winter peak may or may not increase the annual

peak demand, it does pose challenges to ensuring resource adequacy due to the

shift in the timing of peak demand. This also has important implications for grid

operators in calculating resource capacity value and planning for outages. While

some ISOs have mechanisms to explicitly consider capacity planning for summer and

winter (e.g., NYISO), a recent study demonstrated how current resource adequacy

approaches like loss of load expectation (LOLE) do not adequately re�ect the rate

of generator outages during extreme temperatures (Murphy et al., 2020). The study

indicated that PJM's additional capacity procurement for extreme weather events,

well beyond NERC standards, while prudent, was a result of the inability of the

current capacity procurement method to account for generator failures associated

with extreme temperatures. Additionally, capacity value calculations for solar power
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in a winter peaking grid are especially important. As recent studies have indicated,

current capacity evaluation methods do not capture the symbiotic relationship between

solar and energy storage (Sodano et al., 2021). Resource adequacy concerns caused

by increasing winter peaks result in some utilities seeking contracts for fossil fuel

generation, which can be at odds with federal and state environmental goals. As a

federal utility, Tennessee Valley Authority has focused on increasing the reliability of

its winter peaking operations and used that as leverage for power companies to sign

long term contracts with them. TVA now serves power to over 100 power companies in

the region; as shown in Section 3,4, it is one of the largest winter peaking grids in the

United States. Post-Winter Storm Uri, TVA emphasized their reliable grid operation

during that period to incentivise power companies to continue their contracts to buy

power from them, despite environmental groups simultaneously pressuring TVA

due to their high dependence on fossil fuels. The utility winterized all its generating

stations from 2019 to 2021 and also raised its reserve margins from 20% to 26% during

the winter to ensure reliable grid operations during extreme cold. The utility has

also emphasized its winter preparedness to the Memphis City Council, which has

deliberated ending its 80-year relationship with TVA to explore lower costs for its

customers by joining MISO (Bennett, 2022; Plautz, 2021).

3.5.6 Relying on neighbors

Importing generating capacity from neighboring regions can be an effective approach

to meet peak demand. However, neighboring grids can also experience periods of

high power demand during cold winter morning peak periods and have little excess

generating capacity to share. Consistent with our �ndings in Section 3, Southern

Alliance for Clean Energy (SACE) report found that, from 1998-2018, utilities in the

Southeast were largely summer peaking in nature, with some utilities exhibiting

winter or dual peaking characteristics (Wilson and Shober, 2020). However, their

report found high variation in the coincidence of utility peaks with the regional peak.

For example, utilities like Duke Energy Carolinas and Tennessee Valley Authority had

a high coincidence with the regional peak during both summer and winter, indicating

a more limited ability to rely on their neighbors during peak periods. In contrast,

utilities in Florida had low coincidence factors in both summer and winter, allowing

other Southeastern BAs to import from them during peak hours despite limited

transmission capacity to the rest of the Southeastern region (Wilson and Shober, 2020).
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The ability to rely on neighbors for power during peak demand times highly depends

on how interconnected the two systems are. SPP was better able to rely on its neigh-

boring grids for power during Winter Storm Uri than ERCOT, which has very few

interconnections to its neighboring grids. It remains to be seen how electri�cation and

climate impacts on demand will change the coincidence of BAs with their regional

peak. Another development that could impact the reliance on neighboring grids in

the Southeast is the proposal by 20 utilities to create the Southeast Energy Exchange

Market (SEEM) to allow more effective coordination between the utilities (Southeast

Energy Exchange Market, 2022). However, the effectiveness of SEEM in improving

winter peak planning in the Southeast remains an open question that needs further

research.

3.5.7 Re�ection and outlook

The experiences highlighted above indicate the strong impact of the devastating con-

sequences of Winter Storm Uri had on the seriousness with which power system

operators across the country plan for winter peaking systems and the challenges of

(and opportunities for) addressing reliability associated with longer-term decarboniza-

tion goals. This underscores the potential value of demand-side solutions that are

particularly tailored to reduce winter peaks, which could obviate the need to build

new natural gas capacity. The studies also highlight that while most operators have a

good sense of year-to-year demand changes, their planning for winter peaking systems

is often driven by a response to extreme cold weather rather than a decades-long

electri�cation-driven shift to a winter peaking system. Given increasing uncertainties,

decadal power system planning can be more challenging than year-to-year planning.

3.6 Policy recommendations

Drawing from the above examples, we offer the policy recommendations below to

improve winter peaking power systems planning:

1. Grid planners should ensure robust policy design that accounts for any impact on winter

peak planning

Importantly, policies contributing to the deployment of many of the activities such

as electri�cation of space heating and transportation stem from a mix of federal and
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state authorities, contributing to a complex jurisdictional landscape that often spans or

exceeds individual utility, BA, or ISO service territories; the ability of these policies to

either improve or complicate planning for winter peaking should likewise be assessed

during policy design. Additionally, replicating successful policies of consistently win-

ter peaking regions with similar governance paradigms can be a pragmatic way for

grid planners to tackle associated challenges posed by winter peaks.

2. ISOs should prepare for both summer and winter peaking systems

Planning for both summer and winter peaking systems would ensure that utilities can

smoothly transition to a winter peaking system. This planning by ISOs/RTOs should

include reviewing annual winter preparedness measures and surveying generators to

ensure resource adequacy during summer and winter peaks.

3. PUCs should expect integrated resource plans that carefully consider shifts to winter peak

power

The role of PUCs is critical in a transition to winter peaking systems. PUCs must ensure

that utilities develop a wide range of scenarios that capture the realistic potential for

shifts to winter peaking systems. In states where IRPs are required, PUCs should

ensure that utilities have adequately considered winter demand-side management

solutions and energy storage potential in their IRPs before building new thermal

capacity detrimental to the ratepayer costs and stymieing regional decarbonization

efforts. This is particularly important in those regions where a shift to winter peaking

is expected (see Figure 3.4).

4. Resource adequacy methods should re�ect the relationship between generator outages and

temperature

Current resource adequacy methods in capacity markets do not suf�ciently capture

the impact of temperature on grid reliability (Murphy et al., 2020). Especially for grids

susceptible to future winter peaking during extreme cold events, such methods need

to be modi�ed to ensure that the resulting reserve margins yield both economical

and reliable grid operation in extreme weather events and winter peaking grids.

Additionally, capacity value calculations should account for symbiotic relationships

between solar and storage, which becomes vital in winter peaking grids since the peak

typically occurs on cold winter mornings when solar capacity is low.

5. Grid planners should incentivize weatherization of generation infrastructure and coordinated

maintenance planning that incorporates the shift to winter peaks
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Section 4 showed the proactive nature with which different utilities have been weath-

erizing their generation infrastructure and assuring customers of their preparedness;

Winter Storm Uri played a key role in the need for this reassurance to customers.

Generator maintenance schedules often follow predictable annual patterns. While

IOUs in regulated areas that own generators might have direct authority over main-

tenance schedules, energy and capacity markets should be designed to incentivize

generators to ensure that they are equipped with fuel supply, properly winterized,

select maintenance outage schedules of generators and coordinate to ensure suf�cient

capacity is available during winter peaking systems.

6. Regional planners of winter peaking regions should increase transmission capacity to neigh-

boring grids with low demand coincidence; expand regional markets

Increased transmission capacity can allow BAs to rely on neighboring power grids bet-

ter during high winter demand times. During winter, the low coincidence of demand,

for example, between north and south MISO, or Florida and other Southeastern states,

can allow grids experiencing peaks during winter to rely on neighboring BAs capacity.

The creation of SEEM and expansion of ISOs could allow for better coordination

amongst BAs for winter peak planning. Increasing connectivity between ERCOT and

the wider grid could likewise help to mitigate losses like those suffered under Winter

Storm Uri (Busby et al., 2021).

7. Utilities should identify and incentivize demand-side management approaches that are

suitable for winter peak management

Demand-side management approaches offer a scalable approach to mitigate the

challenges posed by winter peaks. In their retrospective analysis of Winter Storm

Uri, Busby et al., 2021 discussed the impacts of the blackouts and included demand

response among their recommendations. Specian et al. (2021) likewise found that heat

pumps' ef�ciency and residential weatherization were the most effective demand-side

measures to address winter peak management. Residential weatherization of low-

income households is an especially effective measure for winter peak management

while decreasing the energy insecurity of such households (Baker et al., 2021; Reames,

2016).
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3.7 Conclusion and policy implications

Through this Policy Perspective, we assess the regions at risk to transition to winter

peaking in the United States and offer recommendations to the public and private

sectors to allow for more effective planning. The challenge is exacerbated by the

multilevel uncertainty introduced by a complex energy governance regime in the

country. We highlight the geographic disparity of emerging summer-to-winter peaking

shifts and how existing institutions have successfully and unsuccessfully managed

both gradual seasonal transitions and extreme weather events. We also provided policy

recommendations to improve winter peaking power systems planning.

The United States electricity system will undergo a signi�cant transformation in

the upcoming decade as we seek to electrify greater segments of the economy and

decarbonize the system that provides that electricity. However, the system's multi-

layered governance makes it challenging to guide from a central planning perspective.

In that vein, we underscore the challenges of planning for future winter peaking power

systems. The status quo of governance is unlikely to change through the next decade.

Thus, asking necessary questions of, and providing the necessary information to, the

various authorities in charge of planning and operational decision-making, combined

with building suf�cient redundancies into the system, remains vital as we undergo

this transformation. Winter peak planning requires multiple authorities working in

tandem to ensure reliable and economic grid operation. Here, we offer new analysis

and guidance on the speci�c challenges that winter peaks pose.
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CHAPTER 4

TAPPING THE UNUSED ENERGY

POTENTIAL OF SOLAR WATER

PUMPS IN INDIA

4.1 Abstract

Farmers have adopted solar water pumps across India to address challenges with

irrigation. The Government of India seeks to deploy 2.75 million solar water pumps to

farmers across the country who often lack access to electricity or face unreliable power

supply. The central Indian state of Chhattisgarh deployed over 100,000 solar water

pumps from 2016 to 2022, the highest amongst all states in the country. Improving the

use of these solar pumping systems could yield bene�ts to farmers in Chhattisgarh and

the overall Indian power system. We investigate farm-level impacts and opportunities

with primary survey data (n=292 farmers) and a large real-time pump operational

dataset (n=1,106 pumps). Furthermore, we estimate the excess solar energy available

by modeling potential solar generation. Our primary survey �nds that while farmers

report increased revenues and ease of pump operation, unsolved challenges concerning
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the lack of panel cleaning and tracking remain. Pump operational data show pump

usage in summer and monsoon seasons and an expansion of irrigation to grow

crops in winter. We estimate 300-400 kWh of monthly unutilized solar energy per

pumping system representing up to 95% of potential generation. We also �nd that

farmers who use the panel tracking feature tend to use the pump more. Pump

usage is a key determinant of the environmental bene�ts of solar pumps. Relative

to emissions associated with the use of diesel pumps, solar pumps that are highly

utilized reduced life cycle CO 2-eq emissions by 93% on average. Moderately used

pumps decrease emissions by 78%, while the pumping systems with the lowest use

result in a net increase of 26% relative to the diesel alternatives. Based on observed

usage rates, approximately 70% of pumps had positive environmental bene�ts. The

high unutilized solar energy we �nd indicates a signi�cant opportunity to use the

energy for non-pumping purposes such as crop threshing and domestic-use-enabling

portable storage devices.

4.2 Introduction

Deploying distributed energy resources can advance clean energy services in the

Global South, but must overcome implementation challenges to achieve their full

potential. Solar water pumps for irrigation are being deployed in India to address chal-

lenges with existing irrigation methods like electric and diesel pumps. Approximately

twenty million electric irrigation pumps consumed nearly 18% of India's electricity in

2021, generated by a coal-dominated power system (NITI Aayog, 2022). The electric

pumps often lack access to reliable electricity supply. In addition, Indian farmers

use approximately ten million diesel pumps, consuming considerable amounts of

petroleum and incurring high fuel costs. The Government of India seeks to deploy

2.75 million solar water pumps to farmers across the country who often lack access to

electricity or face unreliable power supply (Ministry of New and Renewable Energy,

2022). The 2021 report by the Ministry of New and Renewable Energy states listed

272,700 solar water pump installations nationwide (Ministry of New and Renewable

Energy, 2021). A report by the Institute for Energy Economics and Financial Analysis

highlighted the disparity in the ambitious targets by the government and on-the-

ground deployment of pumps, identifying affordability and lack of coordination

amongst state agencies as two of the main factors hindering the target achievement
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(Kristoff, 2021). Some states, however, have achieved higher rates of adoption. The

central Indian state of Chhattisgarh deployed over 100,000 solar water pumps from

2016 to 2022, the highest amongst all states in India, bringing water access to tens

of thousands of farmers. The initiative has been led by the state's Chhattisgarh state

Renewable Energy Development Authority (CREDA), a state-level government agency

in charge of deploying renewable energy on the utility and residential scale. This

uptake of distributed solar marks a departure for this fossil fuel-rich state which

produces and exports coal, steel, and coal-produced electricity in India (Shukla, 2021).

Many questions regarding the farm-level impacts of solar water pumps remain unan-

swered. Successful mass deployment of over one million more solar water pumps

warrants a thorough investigation of how current solar pumps are being used and the

identi�cation of any system inef�ciencies. Such studies can ensure effective solar wa-

ter pump deployment that can ameliorate climate change impacts like unpredictable

monsoon seasons on the state's irrigation sector. These climate impacts are becoming

more prominent, as shown by a recent study analyzing Chhattisgarh's rainfall and

temperature trends from 1901-2015, which found a decrease in annual rainfall through

the years (Nema et al., 2018). The state ranks as one of the most polluting regions

of India's power grid, being a net energy exporter with surplus energy supplied by

large coal power plants, with recent estimates showing the highest marginal emission

factors in the country (Sengupta et al., 2022). The high emission rates underscore the

environmental bene�ts of shifting new electricity irrigation demand to decentralized

solar power. Thus, improving the utilization of these solar pumping systems could

yield bene�ts to farmers in Chhattisgarh, regional air quality, and the overall Indian

power system.

Several prior studies have investigated solar water pumps used for irrigation in

India and other countries. Chandel et al. (2015) reviewed the state of the technology

and identi�ed key research gaps and barriers to the wide-scale use of solar water

pumps in India. The study found that solar pumps for irrigation and community

water supplies were an economical alternative to diesel and grid-connected pumps.

Rathore et al. (2018) investigated the government of India's policies and supporting

infrastructure behind the growth of solar water irrigation pumps in India, �nding

that stagnant growth stemmed from weak policies, a lack of awareness regarding the

technology, a lack of skilled workforce required for installation, and poor infrastructure.

Shah et al. (2018) compared the impacts of different solar water pump promotional
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policies on groundwater scarcity. The study found that solar water pumps can have

a lesser impact on groundwater scarcity than alternatives such as diesel pumps by

incorporating appropriate deployment policy mechanisms (e.g., a fee-for-irrigation-

service model). Other studies on solar water pumps in India have also examined the

technical performance of solar water pumps (Jain et al., 2021; Tiwari and Kalamkar,

2016), the impact of solar water pumps on the water-energy nexus (Gupta, 2019), and

the �nancial bene�ts of solar water pumps over diesel and grid-connected pumps

(Purohit and Kandpal, 2005). Machala et al. (2022) used primary survey and �eld data

to identify the barriers to solar dryer adoption by farmers in India, �nding that multi-

seasonal use and service-based models could signi�cantly increase their widespread

adoption. Beyond India, others have examined the techno-economic feasibility of solar

water pumps in Egypt (Armanuos et al., 2016), Sub-Saharan Africa (Hamidat et al.,

2003; Wazed et al., 2018; Saïdou et al., 2013), and the Mediterranean (Reca et al., 2016).

Armanuos et al. (2016) conducted a life-cycle assessment to compare the environmental

impacts of solar and diesel pumps for pumping water to cultivate an acre of rice in

Egypt, �nding that diesel pumps were more harmful to the environment with respect

to natural resources, human health, climate change, and ecosystem quality.

Focusing on Chhattisgarh, Sharma and Jhawar (2018) analyzed self-reported survey

data from CREDA of �fty farmers with subsidized solar water pumps to estimate

satisfaction. The study found an increase in farmer productivity due to water availabil-

ity throughout the year, not just during monsoon season. Overall, the study showed

farmer satisfaction with the technology but emphasized the need to educate farmers

by running awareness programs about the technology, so they do not revert to tra-

ditional methods. The Council on Energy, Environment, and Water has conducted

the most comprehensive studies on solar water pumps in Chhattisgarh (Rahman and

Jain, 2021; Rahman et al., 2021). In their �eldwork in Chhattisgarh, Rahman and Jain

(2021) assessed the equity and sustainability of the pumps being deployed in the state

by conducting surveys of 773 bene�ciaries who were going to/received solar water

pumps that year. While they found the program had achieved signi�cant deployment

with respect to marginalized tribal groups in the state, the lack of women's ownership

of pumps and groundwater depletion were �agged as some of the concerns. They

provided comprehensive policy recommendations, including better coordination with

state agencies like electric distribution companies and only installing high-capacity

pumps in water-depleted areas. Importantly, the work identi�ed that since the pumps
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are used 75 days a year (based on their survey), indicating unused solar capacity

during the other days that could be used for non-irrigation purposes.

Key gaps remain in the literature. Prior work has largely relied on survey data that is

self-reported by farmers, which does not adequately capture real pump operations and

opportunities for improvement (e.g., panel cleaning and manual tracking). Real-time

pump operational data can provide more reliable estimates of seasonal pump usage

patterns, offering policymakers insights into the increase in agricultural productivity at

the farm level and groundwater or surface water usage. While prior work recommends

using the underutilized solar capacity for non-irrigation purposes, we lack reliable

estimates of the magnitude of excess solar energy as well as its spatial and temporal

resolution. Such estimates are essential to determine what farming and non-farming

equipment can be solar powered. Solar powering non-pumping applications have

important implications for grid-level generation, overall power system emissions, and

increasing access to energy services. Our work addresses these gaps by using primary

survey data and a large real-time pump operational dataset to investigate farm-level

impacts and opportunities.

We address the following research questions in this manuscript: a) How have solar

water pumps changed farming operations, and what are the opportunities for opera-

tional improvement? b) What are the daily and seasonal pump usage patterns, and

how do they vary with different farm characteristics? c) What are the environmental

bene�ts of solar water pumps compared to grid-connected and diesel pumps? d) What

is the magnitude and timing of excess energy available for non-irrigation applications

when the pump is not being used?

The paper is organized as follows: �rst, we provide background information below

motivating the location of our study and the different types of solar water pump

technologies deployed in Chhattisgarh. Section 4.3 provides details on the data and

analysis methods. Section 4.4 presents the associated results. Section 4.5 presents

a discussion of our results. We conclude the paper with key �ndings and policy

recommendations for key government agencies.
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Figure 4.1: Spatial distribution of over 100k pumps across the 28 districts of Chhattisgarh,
India. The state accounts for the country's highest number of solar water pumps—data from
the Chhattisgarh Renewable Energy Development Authority (CREDA, 2022).

4.2.1 Location

Chhattisgarh is well suited for our study, given that it has the highest number of

solar water pumps installed in the country. The state of Chhattisgarh is divided into

three agro-climatic zones: the plain, plateau, and hill regions. Agro-climatic conditions

in�uence the cropping pattern of Chhattisgarh. The general cropping seasons followed

in the state are winter (Rabi, November-February), monsoon (Kharif, July to October),

and summer (Zaid, March to June). Farmers without irrigation pumps only cultivate

crops in the monsoon season, whereas farmers with electric or diesel pumps may

also cultivate in the monsoon or summer seasons (Rahman and Jain, 2021). Rice is

the dominant crop grown in Chhattisgarh; 3.79 million hectares of the 13.8-million-

hectare state are used for its production (Ministry of Agriculture, 2021). Despite being

a resource-rich and power-surplus state, one-third of the population was classi�ed

as multidimensionally poor, with the southern plateau and northern-hilly regions

experiencing greater poverty rates than the more urban central-plain region (NITI
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Aayog, 2021). Secondary data for district-wide solar pump installations and associated

bene�ciary information was obtained from CREDA, shown in Figure 4.1. CREDA

targeted the deployment of solar water pumps for marginalized farmers with no

access to grid electricity. The numbers show this was achieved with 66% of the pumps

deployed in the northern hilly and southern plateau regions.

4.2.2 Solar water pump technologies

Two types of solar water pumps were deployed in Chhattisgarh: submersible and

surface pumps. Submersible pumps access groundwater by pumping water out of

deep bore wells, whereas surface pumps draw water from more accessible sources like

lakes, rivers, or ponds (Chandel et al., 2015). The ratings of the pumps deployed were

2HP, 3HP, and 5HP. Two types of motors were used for the surface and submersible

pumps: induction motors and permanent magnet synchronous motors (PMSM). While

PMSM motors are more energy ef�cient (they do not incur inverter ef�ciency losses to

convert DC to AC power like induction pumps), they are more challenging to repair,

particularly for submersible pumps where the motor requires removal from the bore

well (Chandel et al., 2015).

To quantify the different technologies deployed, we obtained detailed secondary data

about the location, application type, and motor type of solar water pumps installed

for a subset of farmers from 2016-2020. Based on data of 69,784 pumps installed

between 2016-2020, we found that 79% of total pump installations were 3HP pumps.

Submersible pumps represented 73% of total pump installations, with nearly 44% of

total pump installations having PMSM.

4.3 Methods

4.3.1 Baseline survey to investigate farm-level impacts

To gauge the farm-level impacts of the pumps and understand solar pump usage

comprehensively, we conducted an initial baseline survey from April 2021-Jan 2022 of

292 farmers across 22 districts in the state. Surveys were conducted over the phone

in Hindi or the local Chhattisgarhi dialect, depending on the farmer's preference.

The study was approved by North Carolina State University's Internal Review Board
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Figure 4.2: The baseline survey covered four key areas to investigate the farm-level impacts
of solar water pumps. The �gure above shows the four key areas and the question topics. The
detailed questionnaire can be found in Appendix M.

(IRB-20854). The selection of farmers surveyed was based on three factors: a) ensuring

representation of solar water pump characteristics such as size, b) ensuring repre-

sentation of different districts, and c) availability of valid phone numbers based on

the secondary data obtained. We asked 24 questions regarding a) farm operations, b)

agricultural productivity, c) seasonal pump usage, and d) technical challenges with

pump operations and maintenance of pumps. Figure 4.2 shows the four key areas and

associated topics on which farmers were surveyed. The survey questions can be found

in Appendix M.

For 65 farmers with 3 HP pumps, for whom pump operational data were available,

in addition to the questions asked in the baseline survey, we asked questions about

a) the farming equipment that they use, b) the distance between the pump and their

house, and c) if they planned to grow any new crops in the upcoming winter season.

4.3.2 Seasonal trends on pump usage

We obtained spatially resolved monthly energy consumption data for 1,106 3 HP

pumps, including monthly energy usage (kWh), days the pump was used, and system

pumping time from January 2019-September 2021. We limit this analysis to 3 HP

pumps because they represent nearly 80% of the pumps installed in the state. The

pump operational data covered 24 of the state's 28 districts, although most of the

data were available in the central plains and northern hilly regions of the state. We

analyzed month-month variation in pump usage as well as the seasonal use of pumps
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in the monsoon (July to October), summer (March to June), and winter (November to

February). Appendix N contains the associated data assessment for this dataset.

We also categorize the seasonal usage patterns of pumps based on their median energy

use: low, moderate, and high. The bottom 10% of pumps are classi�ed as low-usage

pumps, the top 10% as high-usage pumps, and the rest as moderately used pumps.

Additionally, we use the primary survey data, and corresponding pump operational

data of 65 farmers with 3 HP pumps to analyze the difference in median monthly

pump usage of farmers based on three categories: a) panel cleaning frequency, b) panel

tracking frequency, and c) previous irrigation source. For the panel cleaning frequency

category, we classi�ed the farmers into three groups based on the responses from the

survey: farmers who clean the panel frequently (at least once a week), farmers who

clean the panel infrequently (once every few weeks), and farmers who never clean

the panel. We compare the pump usage for each category using the median monthly

pump usage and use a bootstrap method (sample size=100) to compute the 95% CI of

the median.

4.3.3 Solar generation data

We use the National Renewable Energy Laboratory's System Advisor Model to esti-

mate the potential monthly generation, relying on typical meteorological year data

from the National Solar Radiation Database. The inputs to the model are shown

in Table 4.1. Our inverter assumptions were based on the speci�cations of a 3 HP

universal drive from Shakti Pumps, a pump vendor in Chhattisgarh (Shakti Pumps,

2022).

We modeled three scenarios for PV system design to get a range of estimates for the

excess solar energy available: 1) �xed-tilt panels representing a majority of farmers

who do not use any tracking mechanism, 2) seasonal tracking for farmers who tilt the

panels in summer, monsoon and winter accordingly, 3) two-axis tracking being the

hypothetical “best case scenario” if there was perfectly automated daily and seasonal

tracking.
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Table 4.1: Input assumptions for the solar pump modeling

Location
Raipur: 21.25° N, 81.65° E,
GHI=5.47 kWh/m 2/day

Weather data source NREL-National Solar Radiation Database

Solar module
SunPower SPT-295-Mono-BK: Maximum Power =298.77Wdc;
Nominal Ef�ciency=18.44%; Area=1.62m 2

Inverter

Shakti Solar Pump 3HP controller datasheet

Maximum Pac=2.9kW, Pdc=3kW; Ef�ciency=96.6%,
Nominal DC Volage-400V;
MPPT DC Voltage Range: 200-450V

DC to AC Ratio 1.03

System design
3kW DC; 10 modules; 1 string;
16.2 m2 module area; DC Capacity=3kW

4.3.4 Environmental impacts

To compare the environmental impacts of solar water pumps with electric and diesel

pumps, we consider three scenarios where the energy to operate the pumps was

a) supplied by diesel purchased by the farmer, b) obtained from the grid, and c)

supplied using on-site photovoltaic solar energy with low, moderate, and high usage

patterns. We de�ne the monthly energy requirement as the monthly energy used in

the monsoon season (kWh per pump per month). This approach allows a reasonable

comparison between solar and diesel pumps since a farmer depending on diesel

pumps is unlikely to purchase diesel throughout the year for irrigation. Using the

same methods and input assumptions as Kumar and Kandpal (2007), we use a diesel

emission factor of 1.26 kgCO2/kWh (assuming a brake-speci�c diesel consumption

of 0.33 kg/kWh and a carbon emission factor of 0.0202 kgCO2/MJ). This emissions

factor includes the emissions associated with upstream processes and combustion.

For the second scenario with a grid-connected pump, we assumed an electricity

marginal emission factor of 0.973 kgCO2/kWh for Chhattisgarh (Sengupta et al., 2022),

determined by averaging the marginal emission factors during the morning peak,

midday, and afternoon in the monsoon season. The study by Sengupta et al. (2022)

used low-order power dispatch models of the Indian electricity system to quantify the

marginal emission factors. Importantly, their model used state-level demand data that

accounted for imports, load shedding, and transmission losses. Hence, the emission
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factor we use includes the emissions associated with the marginal operating generation

unit and the transmission losses, which tend to be signi�cant in the Indian power

sector (Tongia, 2022). Since upstream and downstream processes for coal plants tend

to account for less than 2% of life cycle emissions (Spath et al., 1999; Whitaker et al.,

2012), we ignore those emissions for our analysis.

Most emissions associated with photovoltaics arise from upstream processes like raw

material extraction, material production, and construction. Based on the prior work,

we would expect these upstream emissions to be small (see, for example, Burkhardt

et al. (2012); Heath and Mann (2012)) relative to coal and diesel power. We use an

emission factor of 0.048 kgCO2eq/kWh computed by Hsu et al. (2012) for ground-

mounted photovoltaic systems. We convert this value to a life cycle emissions per kW

of installed solar basis, using their harmonized parameter assumptions for irradiance

(1700 kWh/m 2/year), performance ratio (80%), and system lifetime (30 years). The

resulting value (1960 kgCO2eq /kW-lifetime) is the total emissions per unit of installed

capacity.

We calculate the life cycle CO2 emission factor for the solar water pump scenario for

the three categories of usage: low, moderate, and high (see Section 4.3.2). We �rst

compute the life cycle emissions by taking the product of the lifetime emissions per

kW by the rated solar panel system power (3 kW). We then calculate the emission

factors for the low, moderate, and high pump usage scenarios by dividing the resulting

value (5880 kgCO2eq) by the lifetime generation for the three categories. The lifetime

generation is estimated to be the product of the annual generation (obtained by taking

the sum of the mean monthly generations for low, medium, and high pump usage)

and the system lifetime (30 years).

4.3.5 Computing the unutilized solar energy and identifying usage

opportunities

To estimate the unutilized solar energy, we subtract the median monthly pump opera-

tional data from the monthly modeled solar generation. We compute this estimate's

upper and lower bounds using the two-axis and �xed module con�gurations, respec-

tively. We use a bootstrap method (sample size=100) to compute the 95% CI of the

monthly unused solar energy. Based on the unused solar energy estimate, we then

identify opportunities to use unused solar energy by identifying farming equipment
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and non-farming equipment that could be converted to a solar-powered counterpart

and improve the overall utilization of the system.

4.4 Results

4.4.1 Baseline survey �ndings

Our baseline survey results provide context for farm characteristics and pump opera-

tions. The median farm size for farmers surveyed was 3.5 acres, consistent with the

1-acre minimum requirement set by CREDA for a farmer to obtain a solar pump. Rice

was the dominant crop for 94% of farmers. Flood irrigation was the most commonly

practiced irrigation method, with 83% of the farmers irrigating their �elds by �ooding.

Many farmers (34%) previously depended on rainfall for irrigation, thus restricting

their farming to the monsoon season. Amongst those with pumps, diesel pumps

were previously used by 25%, surface pumps from canals by 18%, and 24% used

grid-connected submersible pumps. Additionally, 23 of the 71 farmers (32%) who said

they previously used diesel pumps reported that they still occasionally use diesel

pumps for irrigation purposes, indicating that some farms have not entirely replaced

pre-solar pump diesel for irrigation purposes.

Pump operation survey questions showed that 85% of farmers either never cleaned

the panels or cleaned the panels infrequently, indicating that soiling is likely an issue

at the farm level. Moreover, 88% of the farmers reported never using the daily and

seasonal tracking features to point the panel in the sun's direction. Nearly 96% of

farmers reported increased farming revenue after installing solar pumps. Responses

to questions on daily and seasonal pump usage patterns showed 39% of farmers

using the pumps throughout the year. While 80% of farmers reported switching on

the pump in the morning, 2% reported switching it in the afternoon, and 17% of

farmers reported that the pump always remains on. All farmers surveyed as a part of

the baseline survey reported that the pumps were easy to operate daily. When asked

about any issues they had to report to the pump vendors, 39% of farmers reported that

they had faced an issue with respect to the pump, which included cable malfunction,

controller issues, burning of the motor coil, panel issues, as well as pump jamming

and starter issues. Most farmers reported that the pump vendors resolved these issues

within thirty days. Most farmers (85%) reported that they were provided operational
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training when the pump was installed and were aware of the warranty associated

with the pump.

4.4.2 Pump operation seasonal usage patterns

Figure 4.3 shows the variation of the monthly and seasonal energy used by pumps

based on operational data from 1,106 3 HP pumps. The early summer (March-April)

period had the highest energy consumed by the solar water pumps. Since most farm-

ers previously depended on rainfall for their irrigation (and thus irrigated �elds

only during monsoon), this result provides additional evidence of irrigation during

non-monsoon season. While the use of pumps in winter is less than in summer and

monsoon seasons, non-zero pump usage indicates that the pumps that previously de-

pended solely on rainfall have expanded irrigation to winter months. We also observed

a difference in pump usage based on motor type. Permanent magnet synchronous

motor (PMSM) pumps tended to consume more energy than induction pumps (as

seen in Figure 4.3).

As seen in Figure 4.4, the low-usage pumps were consistently used less throughout the

year (less than 20 kWh/month, on average). The moderate-usage pumps representing

80% of the pumps in the dataset, showed peak usage (nearing 100 kWh/month, on

average) in the early summer months. The high-usage pumps were consistently used

throughout the year, with average consumption ranging from 100 to 300 kWh/month.

On average, the low, moderate, and high usage pumps, used 124 kWh/year, 702

kWh/year, and 2,217 kWh/year, respectively.

We also analyzed the difference in monthly pump usage of 65 farmers based on

panel cleaning, panel tracking, and previous irrigation source. We found that farmers

who used the tracking feature in the pump (11 out of 65) had higher median pump

usage (74.0 kWh/month, 95%CI [58.1-89.4]) compared to farmers who did not use the

tracking feature (median usage 31.3 kWh/month, 95%CI [26.7-35.9]). Manual tracking

of the panel involves loosening the bolts and tilting the solar panel structure. Tracking

increases solar energy available and thereby higher pump usage.

We found that farmers who previously had grid-connected pumps had the highest

monthly solar pump usage (median usage 49.7 kWh/month, 95%CI [38.7-61.8]), and

farmers who previously had diesel had the least monthly solar pump usage (median
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Figure 4.3: Monthly pump usage patterns 2019-2021 for 1,106 3HP pumps (top). The bottom
left �gure shows the monthly consumption by motor type. The bottom right �gure shows the
monthly consumption by season.

Figure 4.4: Monthly pump usage patterns 2019-2021 for 1,106 3HP pumps, classi�ed based
on the median pump usage (low, moderate, and high). The error bars show the standard
deviation of average pump energy per month.
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usage 24.9 kWh/month, 95%CI [17.1-32.6]). Farmers with access to canal water using

surface pumps and farmers who previously depended on rainfall had similar energy

usage (median usage 34.8 kWh/month, 95%CI [24.9-41.7] and 35.1 kWh/month, 95%CI

[24.7-45.2], respectively). Previous irrigation sources can have important behavioral

implications for the way farmers use solar pumps. Our results indicate that farmers

with an irrigation source like grid-connected pumps and access to canal water use

the pumps more, on a monthly basis, than farmers who had to depend on expensive

diesel.

We �nd little difference between farmers who frequently, infrequently, and never

cleaned the panels. This result could be attributed to the limited sample size of

farmers in each category. The result can also be attributed to a potential acquiescence

bias, resulting from how the question was framed to ask if the panel is being cleaned.

We believe that this bias is likely absent from the question on manual tracking since

tracking is a more involved process.

4.4.3 Unutilized solar energy

Based on typical solar resource data, we estimated the excess solar energy available

during the year that could be used for non-irrigation purposes. Figure 4.5 shows the

excess solar energy for the 1,106 3HP pumps. The yellow bars show the estimated

potential solar energy electricity generation with �xed tilt south-facing panels. The

orange and red bars show the additional solar energy potential with seasonal and

two-axis tracking, respectively. The �gure on the right shows the range of excess solar

energy available (dark purple) based on the median pump usage. Since the median

pump usage distribution was right skewed, we used the bootstrap method (sample

size=100) to compute the 95% CI for each month (shown in light purple). Even the

lower bound of our estimate shows 300-400 kWh ( 9̃5% of solar energy potential)

monthly excess solar energy per pumping system that is not currently being utilized.

These estimates would be different for low and high-usage pumps, shown in Figure

4.5. High-usage pump systems (100-300 kWh/month, on average, in all months) would

have lower unused energy compared to pumps with low-usage.

Overall, these estimates show great untapped potential since the average electri�ed

Indian household consumes 50-150 kWh of electricity monthly across different states

(Khosla and Chunekar, 2017). Ef�cient use of solar panels, including seasonal tracking
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Figure 4.5: The �gure on the left shows monthly pump usage patterns for 2019-2021 for 1,106
3HP pumps, and the bars show the solar energy generation �xed modules (yellow), seasonal
tracking (orange), and two-axis tracking (red). The �gure on the right shows the estimate of
the range of monthly excess solar energy consumption in dark purple (using two-axis tracking
and �xed module systems) based on median pump energy consumption. The range shown in
light purple is the upper and lower bound of this estimate using the 95% CI.

and cleaning, would further increase the amount of underutilized solar capacity

available during the year.

4.4.4 Environmental impacts of electric, diesel, and solar water

pumps

Using the emission factors, we estimate the CO2 emissions for three energy sources: a)

diesel pumps, c) electric pumps, and c) solar pumps (with low, moderate, and high

utilization). Since the emission factor of diesel (1.26 kgCO2/kWh) was higher than

the electricity emission factor (0.937 kgCO2/kWh), the CO 2 emissions mitigated by

diesel pumps were 34.5% higher, as seen in Figure 4.6. Since the life cycle emissions

of solar PV are dominated by materials and manufacturing processes, the per-unit

emissions vary based on pump usage. The emissions factors for pumps with low,

moderate, and high usage were 1.58 kgCO2eq/kWh, 0.28 kgCO 2eq/kWh, and 0.088

kgCO2eq/kWh, respectively. Pumps with low usage had life cycle CO 2 emissions that

slightly exceeded diesel pumps. In comparison, pumps with moderate and high usage
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had signi�cantly lower monthly emissions than both electric and diesel pumps. We

�nd that the environmental bene�ts of solar water pumps exceed diesel and electric

pumps only when the annual pump usage for the 3HP system exceeds 155 kWh and

209 kWh, respectively. These positive environmental bene�ts were observed with 70%

and 69% of pumps in 2020 (n=533), and 75% and 70% of pumps from the year 2019

(n=160). Overall, we �nd that relative to emissions associated with the use of diesel

pumps, solar pumps that are highly utilized reduced life cycle CO 2-eq emissions

by 93% on average. Moderately used pumps decrease emissions by 78%, while the

pumping systems with the lowest use result in a net increase of 26% in emissions

relative to diesel pumps.

Figure 4.6: Emissions mitigation by solar water pumps for three scenarios where the pump
energy is supplied by a) solar, b) electric, and c) diesel. The bars show the average emissions,
and the underlying boxplots show the distribution of the estimated emissions based on the
variation in monthly pump usage. The embedded plot shows the solar pump emission factor
variation with the annual energy used by the system. The black crosses on the x-axis show
the low, medium, and high pump annual energy use, on average, based on the solar pump
operational data.
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While we would expect 3HP (2.2 kW) irrigation pumps to have higher annual energy

usage than 209 kWh, our pump operational data shows that some pumps are currently

being operated at lower annual energy usage than this value, as seen in Section 3.2.

However, the avoided operational emissions due to lack of electricity and diesel usage

can be considerable for solar water pumps that exceed these usage limits. We conduct

a simple back-of-the-envelope calculation to understand the scale of avoided emissions

if all the pumps had high usage. If we assume that all 100,000 pumps installed in

Chhattisgarh are 3HP and consume 2,220 kWh/year (i.e., the approximate high pump

average usage), this would displace the equivalent of 0.19 MMT of CO 2 emissions

had the pumping relied on grid electricity and 0.26 MMT if it displaced diesel power.

Additionally, solar water pumps reduce other pollutant emissions, such as NO x, SO2,

PM2.5, and volatile organic compounds (VOCs) associated with burning coal and

diesel. The avoidance of these pollutant emissions has immense local air quality

bene�ts.

4.5 Discussion and Conclusion

This work investigated the farm-level impacts of solar water pumps with a primary

survey and a large real-time pump operational dataset. In conjunction with our

modeled solar generation, our analyses provided several new insights. Our survey

found that farmers report that the pumps offer ease of operation, increased farming

revenue, and access to irrigation in all seasons. However, the survey also found

challenges such as a lack of panel cleaning, lack of use of the solar tracking mechanism,

and the continued use of diesel pumps by some farmers. Our analysis of the pump

operational data showed that the highest solar pump usage occurs in the monsoon

season, followed by the summer and winter seasons. The summer and winter pump

usage �ndings provide evidence of the expansion of irrigation to non-monsoon

seasons, indicating increased farming productivity and increased farmer revenue,

which farmers in our survey also reported. We also found that pump usage drives

the lifetime environmental impacts of solar water pumps compared to electric and

diesel pumps. Relative to emissions associated with the use of diesel pumps, solar

pumps that are highly utilized reduced life cycle CO 2-eq emissions by 93% on average.

Moderately used pumps decrease emissions by 78%, while the pumping systems

with the lowest use result in a net increase of 26% relative to the diesel alternatives.
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Comparing real-time pump operational data with modeled solar generation found

300-400 kWh of monthly unutilized solar energy per pumping system, representing

up to 95% of potential generation. Quantifying this excess solar energy is the �rst step

to tapping the unused energy potential of solar water pumps in India.

Below, we discuss the implications of our results from the survey, pump operational

data analyses, environmental impact assessment, and unused solar energy estimates.

The implications are framed in terms of policy recommendations and future opportu-

nities for improvement.

1. Exploring non-uniformity in pump usage is important for robust policy design

Our operational data showed wide variation in usage patterns across farmers, yielding

heterogeneous bene�ts. The high pump usage farmers had signi�cantly higher annual

pump usage than low usage pumps (2,217 kWh/year and 124 kWh/year, respectively).

The variation has important implications for overall power system emissions quanti�-

cation and groundwater management, which require a clear understanding of current

and future usage patterns. The non-uniformity across pump usage also has important

implications for a robust deployment strategy. Policies that drive low-usage pumps to

high-usage pumps will not only improve the overall life cycle environmental impact,

but also improve the economic bene�ts of the pumps for farmers.

2. Creating periodic educational campaigns could improve overall system use

Our primary survey identi�ed several important bene�ts from the solar water pump-

ing program: they are easy to operate, give farmers access to irrigation throughout the

year, and reduce dependence on erratic rainfall. Our �ndings with respect to panel

tracking suggest that training on how to use the daily and seasonal tracking features

of the module could improve overall system utilization. Developing tracking mecha-

nisms for new pumps that require less manual intervention could also be bene�cial.

Such educational campaigns on ef�cient pump operation strategies can be embedded

within the program design 1.

3. Standardized pump operational data can serve as an effective policy tool

The availability of monthly solar pump data using remote sensor technologies in the

pumps allows state agencies to monitor pump usage. Creating policies that promote

1Based on our �ndings, our team developed an educational video for CREDA to be disseminated to
farmers in Chhattisgarh: “Solar Pump Operation Tips” video by North Carolina State University and
NIT-Raipur (2022) YouTube, Link:https://www.youtube.com/watch?v=aV5HNrATElU
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pump data standardization across different pump manufacturers and improving

the accessibility of data for government agencies can bene�t many areas, including

groundwater monitoring and fault management. Periodic analysis of pump opera-

tional data could also replace in-person maintenance visits if trivial faults can be

detected remotely. Anonymized pump operational data could also be made available

to academics and researchers working on research and development in this area.

4. Using excess solar energy for farming purposes is a currently untapped opportunity

Given the potential to use the excess solar energy, we �rst consider the farming

equipment that can use this energy. Commonly used farm machinery in India include

tractors, power tillers, combined harvesters, threshers, rotavators, rice transplanter,

seed drills, land levelers, and power weeders (Mehta et al., 2014). Farming equipment

that can access unused solar energy would need to be portable, easily electri�ed, and

have a suf�cient energy demand that incentivizes fuel switching (if they are diesel-

powered). Amongst farming equipment, rice threshers offer desirable characteristics

to take advantage of this excess energy available. A thresher is used on a farm to

separate the husk from the paddy once the paddy has been cultivated. Farmers with

small farms tend not to have sophisticated combined harvesters, which are machines

that can be used for both harvesting and threshing rice (Verma and Verma, 2020).

Prior studies have investigated solar-powered threshers (Krithik et al., 2020; Sahu and

Raheman, 2020). Solar-powered threshers can bene�t farmers in hilly regions of the

state where combined harvesters are challenging to use. There are also commercially

available solar-powered threshers, which the government could incentivize for farmers

using a community-ownership model.

5. Using excess solar energy for non-farming purposes is a currently untapped opportunity

The use of the excess energy for direct domestic use in Chhattisgarh may be chal-

lenging due to the distance between the farmer's home and the solar water pump;

our survey estimated a median distance of 1.0 km. Using this energy for domestic

purposes is possible if the farmer were given a portable battery power bank that

could be charged with the solar pump panels. Developing pragmatic strategies to use

the excess solar energy for domestic electricity consumption is an important area of

future work. Domestic use could be particularly bene�cial to farmers in areas with

poor grid reliability who face frequent multi-hour outages. To enable alternative uses,

a universal solar pump controller (USPC) can be critical in harnessing the unused

solar energy for farming and non-farming purposes. A USPC acts as an interface to
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connect the device to the solar panel. With a USPC, solar pumps can run equipment

like sewing machines and �our grinders and charge electronic devices like mobile

phones.

6. The link between the environmental bene�ts of pumps and pump usage has implications for

emissions analysis

Solar water pumps with low usage do not provide the expected environmental bene�ts.

Policymakers should thus consider pump usage patterns in their environmental impact

analyses. One way to improve the life cycle emissions would be to deploy smaller-sized

pumps for farmers with smaller farms, which could increase the pump utilization

factor and improve the overall life cycle emissions of the solar water pump. Another

option is to use the excess solar energy for farming and non-farming purposes to

achieve higher utilization levels, as highlighted above.

In this paper, we demonstrated the bene�ts of solar water pumping, as well as

implementation challenges. The work identi�es several opportunities for future im-

provement and provides policy recommendations to realize those opportunities. Our

�ndings and recommendations can inform the future wide-scale deployment of solar

water pumps in India, yielding bene�ts to farmers and the overall Indian power

system.
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CHAPTER 5

CONCLUSION

The transition to a decarbonized energy system, in developing and developed coun-

tries, will require greater responsiveness of both generation and demand. Ef�cient

use of distributed energy resources can enhance the �exibility of power systems to

maintain reliable and economic grid operation. The potential of distributed energy

resources to provide energy and balancing services is immense. However, whether

it is commercial buildings providing balancing services in the United States or solar

water pumps providing energy services in India, the complexities and location-speci�c

challenges are always important to investigate. The future role of distributed energy

resources in evolving grids (e.g., one that peaks in winter in the United States or one

that retires large amounts of thermal generating capacity in India) is also immense. My

dissertation works combined experimental, modeling, empirical, and survey methods

to answer the different research questions. The interdisciplinary component of the

work presented in this dissertation motivates the need for systems-level thinking of

such research problems from both engineering and non-engineering perspectives. It

also motivates the need for real-world experimentation that identi�es challenges that

can occur on the ground as we scale technologies that advance clean energy services.

My dissertation provided new insights into how they can be ef�ciently deployed on

the power system in the United States and India. Below, I present the key �ndings
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from the three individual chapters, the implications of the �ndings, and future work

areas that were identi�ed based on the �ndings.

Chapter 2: Assessing the performance of global thermostat adjustment in commer-

cial buildings for load shifting demand response

This work investigated the performance of GTA for load shifting DR by conducting

nearly 900 experiments across eight buildings at North Carolina State University and

the University of Michigan.

Key Findings

The experiments and analyses, based on a wide range of metrics, identi�ed a variety

of factors that impact building HVAC subsystems and their energy use. These factors

include the asymmetric nature of fan power response and additional energy consumed

by fans and terminal reheat systems. These effects demonstrate that the complex and

interdependent operation of subsystems within commercial HVAC must be carefully

considered when assessing the performance of GTA for providing load shifting DR.

Importantly, the work found that load shifting DR using GTA can be deployed in a

manner that maintains indoor temperature and humidity within bounds suitable for

occupant comfort. Achieving load shifting capability while maintaining comfortable

conditions for building occupants is essential for the wide-scale deployment of grid-

interactive ef�cient buildings.

The study of power system applications of GTA-based HVAC load shifting DR

showed that high ramp rates, caused by high renewable penetration on the grid, can

be mitigated using a practical number of buildings. More importantly, it showed

that any additional energy consumed by the buildings in providing load shifting

DR is much smaller than the renewable energy that would otherwise be curtailed.

Overall, the work shows promising results for using load shifting DR from commercial

building HVAC systems for grid services. If implemented correctly, the work �nds

that the service can lead to clear bene�ts for participating building owners and the

grid.

Implications

This study has broad implications for key stakeholders. The results offer new insights

into the additional building energy consumption that could occur due to participation

in load shifting DR, providing guidance on compensation for building operators
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to cover the associated energy costs. As full electri�cation of building HVAC sys-

tems gains momentum, the interplay between subsystems will become increasingly

important. The investigation has, for example, identi�ed mechanisms whereby the

reheat subsystem may have a detrimental effect on the building's ability to track the

DR reference signal. In this regard, this research is of signi�cance to third party DR

aggregators for designing control strategies that enable buildings to ef�ciently track

grid operational requirements. Furthermore, the demonstration of load shifting DR

across a wide range of commercial buildings has identi�ed key challenges that must

be addressed before system operators can fully access this largely untapped source of

grid �exibility. This demonstration may also be helpful to state and local regulators

to bolster participation of demand-side resources by encouraging utilities to include

pilot load shifting DR programs in their grid planning.

Future work

Work remains to fully understand the physics of load shifting demand response, its

potential applications, and its energy-use implications. Recommendations for future

research include: a) modeling building HVAC systems in appropriate simulation

software to investigate the dynamic interactions that underpin GTA-based load shifting

DR and address seemingly contradictory results obtained from the experimental

and modeling work conducted so far; b) designing and deploying load shifting

DR schemes that more closely track energy neutral power trajectories, including

closed loop feedback strategies that modulate the GTA signal to achieve improved

performance across the metrics developed in this paper; and c) conducting experiments

in other climate zones and on other commercial building types; d) investigating the

impact of advanced energy ef�ciency measures such as demand control ventilation

and economizers on the performance of GTA-based load shifting demand response.

Chapter 3: Planning for winter peaking power systems in the United States

In this chapter, I assessed the regions at risk to transition to winter peaking in the

United States and offer recommendations to the public and private sectors to allow

for more effective planning. The challenge is exacerbated by the multilevel uncertainty

introduced by a complex energy governance regime in the country.

Key �ndings

The work highlighted the geographic disparity of emerging summer-to-winter peaking
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shifts and how existing institutions have successfully and unsuccessfully managed

both gradual seasonal transitions and extreme weather events. The work also identi�ed

the subregions that currently exhibit or could soon exhibit winter peaking demand.

The chapter also provided policy recommendations to improve winter peaking power

systems planning.

Implications

The United States electricity system will undergo a signi�cant transformation in

the upcoming decade as we seek to electrify greater segments of the economy and

decarbonize the system that provides that electricity. However, the system's multi-

layered governance makes it challenging to guide from a central planning perspective.

In that vein, this chapter underscores the challenges of planning for future winter

peaking power systems. The status quo of governance is unlikely to change through

the next decade. Thus, asking necessary questions of, and providing the necessary

information to, the various authorities in charge of planning and operational decision-

making, combined with building suf�cient redundancies into the system, remains

vital as we undergo this transformation. Winter peak planning requires multiple

authorities working in tandem to ensure reliable and economic grid operation. This

chapter offered new analysis and guidance on the speci�c challenges that winter

peaks pose.

Future work

Future work should address designing scalable demand-side management measures

for residential and commercial buildings for winter peak management. Developing

resource adequacy approaches that adequately re�ect the rate of generator outages

during extreme temperatures is also in important area of future research.

Chapter 4: Tapping the unused energy potential of solar water pumps in India

This work investigated the farm-level impacts of solar water pumps in India with a

primary survey and a large real-time pump operation dataset.

Key �ndings

In conjunction with the modeled solar generation, my analyses provided several new

insights. The survey found that the pumps offer ease of operation, increased farming

revenue, and accessibility to consistent irrigation in all seasons. However, the survey

also found challenges such as a lack of panel cleaning, lack of tracking, and some

99



farmers' continued use of diesel pumps. The analysis of the pump operation data

showed that most farmers use solar water pumps in the summer and monsoon seasons,

providing evidence of the expansion of irrigation to non-monsoon seasons. We also

found that solar pumps mitigate CO 2 emissions associated with burning diesel and

energy delivered by a coal-dominated power system. However, these environmental

bene�ts are contingent on higher pump usage. Comparing real-time pump operation

data with modeled solar generation found that over 90% of available solar energy (our

most conservative estimate found 300-400 kWh per month per pump) is currently

untapped. Excess solar energy quanti�cation is the �rst step to tapping the unused

energy potential of solar water pumps in India.

Implications

Our study has several implications for future solar water pump deployment in India.

our �ndings show that exploring non-uniformity in pump usage is important for

robust policy design and creating periodic educational campaigns could improve

overall system use The availability of monthly solar pump data using the remote

monitoring system presents additional opportunities for nodal agencies to monitor

pump usage and can also serve as an effective proxy to monitor groundwater depletion

in water-scarce regions. Developing tracking mechanisms for new pumps that require

less manual intervention could also be bene�cial.

Future work

The availability of monthly solar pump data using remote sensor technologies in the

pumps allows state agencies to monitor pump usage. Creating policies that promote

pump data standardization across different pump manufacturers and improving

the accessibility of data for government agencies can bene�t many areas, including

groundwater monitoring and fault management. Developing strategies to use excess

solar energy for domestic electricity consumption is an important area of future work.

Domestic use could be particularly bene�cial to farmers in areas with poor grid

reliability who face frequent multi-hour outages.
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