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Enabling Grid Integration of Combined Heat and Power Plants

Sangeetha Rajasekeran

ABSTRACT

In a world where calls for climate action grow louder by the day, the role of renewable energy
and energy efficient generation sources has become extremely important. One such energy
efficient resource that can increase the penetration of renewable energy into the grid is the
Combined Heat and Power technology. Combined Heat and Power (CHP) plants produce
useful thermal and electrical power output from a single input fuel source and are widely
used in the industrial and commercial sectors for reliable on-site power production. How-
ever, several unfavorable policies combined with inconsistent regulations have discouraged
investments in this technology and reduced participation of such facilities in grid operations.
The potential benefits that could be offered by this technology are numerous - improving
grid resiliency during emergencies, deferring transmission system updates and reducing toxic
emissions, to name a few. With increased share of renewable energy sources in the generation
mix, there is a pressing need for reliable base generation that can meet the grid requirements
without contributing negatively to the environment. Since CHP units are good candidates
to help achieve this two-fold requirement, it is important to understand the present barriers
to their deployment and grid involvement. In this thesis work, we explore some of these
challenges and propose suitable grid integration technology as well as market participation
approaches for better involvement of distributed CHP units in the industrial and commercial
sectors.
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GENERAL AUDIENCE ABSTRACT

Combined Heat and Power is a generation technology which uses a single fuel source to
produce two useful outputs - electric power and thermal energy - by capturing and reusing
the exhaust steam by-product. These generating units have much higher efficiencies than
conventional power plants, lower fuel emissions and have been a popular choice among several
industries and commercial buildings with a need for uninterrupted heat and power. With
increasing calls for climate action and large scale deployment of renewable based energy
generation sources, there is a higher need for reliable base-line generation which can handle
the fluctuations and uncertainty of such renewables. This need can be met by CHP units
owing to their geographic distribution and their high operating duration. CHPs also provide
a myriad of other benefits for the grid operators and environmental benefits, compared to
the conventional generators. However, unfavorable and inconsistent regulatory procedures
have discouraged these facility owners from actively engaging in providing grid services.
Therefore, it is imperative to look into some of the existing policies and understand where
the changes and incentives need to be made. In this work, we look into methods that can
ease CHP integration from a technological and an economic point of view, with the aim of
encouraging grid operators and CHP owners to be more active participants.
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Chapter 1

Introduction

Climate change has become an intangible and undeniable truth of our lives. The energy
sector is the leading contributor of global carbon dioxide emissions and the second largest
contributor to the United States carbon dioxide emissions, following the transport sector [1].
The race to tackle climate change has created a marked change in energy generation and
consumption trends. Renewable Energy Sources (RES) are increasingly replacing conven-
tional fuels like coal and oil in the generation mix, with several utilities and independent
producers deploying large scale solar, wind and other renewable energy sourced energy farms.
Even at the consumer level, adoption of rooftop solar and other forms of Distributed En-
ergy Resources (DER) have become commonplace. Several economic incentives and policy
regulations have been introduced to improve the integration of such DERs as a strategy
to reduce emissions and reduce the stress of increasing load demand on the power grid by
moving generation closer to the point of consumption. Combined Heat and Power (CHP)
plants are an example of a highly efficient DER. These units are popularly used in indus-
trial and commercial sectors where there is consistent demand for concurrent electrical and
thermal energy requirements. Most CHP units are operated for long hours throughout the
year to provide uninterrupted power to their facility and are often over-sized in terms of
their electrical output capacity, making them excellent candidates to provide strategic grid
supporting services. These units can help in improving the resiliency of the power system
and can alleviate many of the challenges faced by grid operators today by aiding lower emis-
sions, reduced transmission congestion and utility costs to name a few. The inflexibility of
base generation units and their large start-up and shut down times has often resulted in
the curtailment of renewable generation sources, especially during times of over-generation
and high renewable energy output. Efficiently utilizing the existing CHP DERs might help
alleviate this problem.

Despite the overwhelming advantages that CHP units can offer to the grid, several technical
challenges and regulatory shortcomings have deterred new CHP deployments and their en-
gagement in such grid support services. According to [2], there exists about 240 Gigawatts
of untapped CHP potential in the United States. It is therefore crucial to understand the
status quo in terms of technological availability and policy regulation to reflect on why such
a highly energy efficient DER is so overlooked by policymakers and grid operators.

In this work, the various technical and regulatory challenges faced by CHP operators are re-
viewed and methods to increase their active participation in the power system are analyzed.

1



Chapter 1. Introduction 2

In light of this, we explore a new emerging technology that could ease grid interconnection
and communication of CHP units with the grid operator; and two different ways of suc-
cessfully incorporating CHP DERs into the grid - at the wholesale energy market level and
through demand response programs at the distribution utility level.

This chapter outlines the operational principles of CHP units, their benefits and the present
barriers that prevent their successful integration.

1.1 Combined Heat and Power

Cogeneration (or CHP) plants are energy efficient units that use a single fuel source to pro-
duce useful electric power and thermal energy simultaneously. Unlike conventional Thermal
Power Plants (TPP) and Thermal Boilers (TB) which reject a large amount of excess /
exhaust heat, CHP units trap this rejected heat and produce useful thermal energy for pro-
cess/space heating applications. The overall efficiency of CHP units, measured in terms of
useful thermal and electrical output for a given fuel input, is approximately 75 to 90% - a
number much higher than the efficiency of stand-alone boilers and power plants [3].

Figure 1.1: Layout of a Combined Heat and Power plant

CHP units are a reliable source of on-site power for those sectors which have continuous
and uninterrupted coincident heat and power supply requirements. For some host facilities,
it is also a more economically feasible option to generate power on-site than to purchase such
large quantities of energy from the grid. Their reliability and economic viability have made
CHPs a popular choice in the industrial, institutional and commercial space. CHP units can
also use a variety of input fuels - from natural gas to bio-fuels - making them versatile for
usage in different applications. Examples of facilities that widely use CHP systems to meet
their load requirements include - food manufacturing industries, metals manufacturing and
refining industries, hospitals, supermarkets, strip malls and university campuses to name
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a few across the different sectors. Because the heat and power outputs from a CHP unit
are inter-dependent, since one is a by-product of another, most CHP units have a feasible
operating region that indicates the region in which the CHP can operate safely with respect
to both the outputs, as shown in Fig. 1.2.

Figure 1.2: Feasible Operation Region of a CHP

CHP units can be categorized based on several different criteria. A brief summary of the
various CHP configuration and types is presented in Table 1.1.

Table 1.1: Classification of CHP Units

Parameter CHP Classification
Input fuel Fossil fuel based: Natural Gas, Coal

Renewable based: Biomass, Waste
Prime Mover Technology Internal Combustion Engine, Gas Turbine,

Steam Turbine, Fuel Cells, Microturbine
Application Industrial, Commercial, Institutional
Primary Output Topping Cycle, Bottoming Cycle

The main difference between CHP units arises depending on when the electric power is
produced during the thermodynamic cycle of the CHP operation.

• Topping Cycle Units - In these units, electric power is the main output. The input
fuel is used to drive a prime mover to generate electric power and its low pressure
exhaust heat can then be used for hot water needs, process or space heating either
directly or in tandem with a heat recovery unit. They are commonly used in those
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establishments that have continuous power and heat energy requirements like paper
processing and food processing industries, hospitals, data centers etc.

• Bottoming Cycle Units - Such units primarily use the input fuel to produce thermal
energy to be fed into burners and industrial furnaces. A part of excess/rejected heat
from this process is recovered and used to drive a prime mover to generate electrical
energy. Such units find importance in thermal energy intensive industries such as
petroleum refineries, chemical processing plants which have a heavy dependence on
heat and requirements for auxiliary power for their facility.

In a technical report prepared by the Department Of Energy [2], it was found that natural
gas was the most widely used fuel input with the topping cycle configuration. In this work,
the primary focus will be on such units utilized in the industrial & commercial sectors.

1.2 Benefits of CHP

There are several advantages to deploying CHP units - both for the host facility and the
power system operator. This section gives a brief outline of the myriad of benefits that CHP
units can offer. Examples of successful implementation and utility demonstration are also
included in the appropriate subsection.

1.2.1 Environmental Benefits

CHP units produce more useful output power for every unit of input fuel. High operating
efficiencies result in lower fuel consumption, which in turn lead to lower emissions. The
Affordable Clean Energy rule, combined with rules like the Boiler-MACT place emission
guidelines for electricity generating units and set significant carbon-dioxide emission reduc-
tion target by the year 2030. Such policies act in favor of installing more CHP units - with
their significantly lower emission rates compared to other generating units and their ability
to use renewable energy based fuel input. The CHP system installed at South Oaks Hospital
in Amityville, NY reported an annual reduction in carbon dioxide emissions in the order of
2,600 tons [3].

1.2.2 Host Facility Benefits

Facilities with CHP installations enjoy the freedom of continuous uninterrupted power sup-
ply. For industries with high coinciding thermal and electrical requirements, such units
prove economical in the long run and reduce the dependence on the power grid. The higher
efficiency of CHP units also ensures lower operating costs. Although the units are sized to
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meet their local demands, depending on the criticality of the facility, grid connection is still
established. This allows the facility to receive backup power from the grid during emer-
gencies, and also provides an opportunity to sell power to the grid during times of excess
local power production. The South Oaks Hospital CHP system reported a reduction in fuel
consumption by 29%, resulting in savings of nearly $900,000 annually [3].

1.2.3 Utility Benefits

CHP units are usually sized to meet their thermal needs in order to ensure reliability and
high operating efficiencies. In most industrial installations, the thermal load is much larger
than the electrical load, making the CHPs oversized with respect to their electric power
capacity. By providing this power to the grid, CHP units can offer several benefits:

1. Deferred Transmission & Generation Planning: The existing transmission and
distribution system capacity is being pushed to its limits with demand increase and
more generation installation at transmission levels. CHP units, by nature of being
located closer to demand centers, can help in lowering transmission congestion. FERC
Order 1000 also encourages utilities to consider CHP DERs as potential transmission
assets serving as Non Wire Alternatives (NWA) to transmission expansion projects,
saving utilities millions in expenditure [4]. This also reduces losses incurred in the
transmission lines as generation is now more distributed - especially during periods of
high load demand. This can obviate the need for peaking units and transmission system
upgrades. An example of a success story comes from the south, where customer-owned
CHPs saved Alabama Power from constructing 1700 MW worth of generation units
[5].

2. Ancillary Services: CHP units can help in providing ancillary services such as volt-
age and frequency regulation and improved power quality to the grid. Since most CHP
units are already connected to the grid, they can be used for ancillary service provi-
sion with ease. The update of the IEEE 1547 standard also provides greater scope for
CHP DERs to regulate the grid at the point of connection. With a successful control
and dispatch scheme which accurately forecasts weather and tracks market prices, the
Princeton University CHP was able to provide services to the grid and simultaneously
make return on its investments[6].

3. Energy Efficiency Standards: As high efficiency units, CHPs can contribute to-
wards helping utilities realize energy efficiency goals established by the states. CHP
units that use renewable fuel sources such as biomass and waste can add to the util-
ity’s renewable generation fleet, helping them meet the Renewable Portfolio Standards
as well. For example, the Massachusetts Green Communities mandated that utilities
purchase cost-effective CHP units as part of their energy efficiency fleet. As of 2019,
20 states across the U.S. have implemented policies that encourage this inclusion [4].
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4. System Resiliency: Despite the devastating impact that Hurricane Sandy had on
New Jersey, affecting millions of people and causing widespread power outage, the
Princeton CHP unit continued to be operational and provided electric power and
heat to its connected facilities. Such benefits provided by CHP units during times of
emergencies and natural disasters have made them an attractive option for utilities to
include them in their resilience and reliability planning [6].

1.3 Barriers to CHP

Cogeneration units only account for 8% of the U.S power generation facilities, in stark
contrast with countries like Denmark where 50% of its electricity is co-generated with heat.
In order to understand why there is a huge gap that is left to be filled, it is important
to review a few existing policies and some regulatory recommendations made to the state
policymakers reviewed in [4], [7] and [8].

1.3.1 Favorable policies

Several attractive policies and regulatory framework have been put in place to encourage
development of CHP units. A few of them are listed below.

1. Deployment Incentives: States offer a variety of CHP deployment incentives in the form
of grants, rebates, tax credits and revolving loan funds to name a few. For example,
the Bipartisan Budget Act of 2018 has incentivized CHP units by offering a tax credit
of 10% of the project costs. Similarly, Pennsylvania has seven grant/rebate incentive
programs in place to encourage CHP deployment.

2. Resource Planning: Some states encourage CHPs as a production resource, setting
generation targets. Across 18 states in the US, CHP units have been integrated into
the resiliency planning efforts. Connecticut and New Jersey have pioneered CHP-
based microgrid projects for enhancing resilience. States are also including CHPs in
their energy security plans, installing them at critical sites.

3. Revenue Streams: Few states have production incentives, Net Energy Metering (NEM)
tariffs and Feed-In Tariffs (FIT), which incentivize CHP facilities to earn credit for their
operation and power export. However, NEMs and FITs for CHP units are enforced
only in few states.
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1.3.2 Roadblocks

It is easy to identify that these policies should motivate CHP deployment. The two main
stakeholders in this process are the CHP facility owner and the power system operator.
Increased power export from CHP is a loss of revenue for the utility, and interconnection
technology and control systems are an investment gamble for CHP units. Several conflicting
objectives and policy irregularities across the states act as roadblocks towards realizing a
grid enriched by CHP DERs.

1. Standby rates - Most CHP units are connected to the main grid in cases of emergency
and backup power requirement. In order to be connected to the grid, utilities charge
CHP owners high standby rates - which includes: Energy Charge ($/kWh) for the
amount of energy actually supplied by the utility to the CHP and Demand Charge
($/kW) which is charged by the utility for owning enough capacity to meet the CHP
unit’s peak annual demand.

2. Lack of proper interconnection standard - There is no uniform interconnection pro-
cedure for integrating CHPs into the grid. Such interconnection agreements vary by
state and often do not contain specific technical requirements pertaining to CHP units.
The IEEE 1547 standard is widely used but since its revision in 2018 offering the DERs
more flexibility in providing grid services, the interconnection standards have not been
clearly updated to reflect these changes with respect to CHP units.

3. Lack of incentives - Currently, very few states offer incentives to CHP owners to provide
their services to the grid in the form of Net Energy Metering Tariffs (NEMs) or Feed-In
Tariffs (FITs). California is the only state in the US where CHP units are eligible for
FITs. Only a handful of states offer production incentives to CHP units. NEM policies
across states also contain strict capacity limits and restrict the type of customers that
can be eligible for such a program.

Even efforts made to actively involve DERs in the ISO process have not proved successful
when implemented. For example, in 2016, through its Distributed Energy Resource Pro-
gram (DERP), CAISO allowed DERs to be aggregated through DER Aggregators (DERA)
to participate in the day ahead and real time energy markets. DERAs could aggregate any
number of DERs in a pricing node, with a minimum aggregated capacity of 0.5 MW. Each
of the participating DERs must conform with the interconnection requirements set forth
by the Utility Distribution Company (UDC) While there is no upper limit on the aggre-
gated capacity, several constraints regarding interconnection telemetry and DER capacity
are placed on the participating DERs. As of 2018, only four companies had registered as
a DERP participant and none of them have actually competed as a DERA in the market
till date. [9] provides a detailed explanation of the barriers faced by DERAs in this market
arrangement, some of which are listed below:
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1. Mandatory 24x7 settlement ties DERs to the grid like a conventional generator, not
allowing flexibility to the DER operator to act in self-interest. This burdens the DERs,
which end up paying twice - retail price and wholesale price for buying electricity, and
sometimes end up paying a price to the ISO during negative market clearing price
when serving energy to its own facility.

2. Expensive telemetry requirement at each individual DER level pose a significant in-
vestment requirement

3. Cumbersome and lengthy interconnection requirements in conformance with Wholesale
Distribution Access Tariff (WDAT) to allow distribution facilities access to wholesale
markets

4. Unfavorable economics caused by the prevention of DERs from enjoying simultaneous
revenue streams from programs like retail NEM and wholesale Proxy DR, both of which
require lesser equipment and control; lower individual DER profit at the wholesale level

Apart from the challenges posed to CHP owners, utilities also have reason to be discouraged
from investing in CHPs. Since utilities in deregulated markets cannot own generation units,
it becomes difficult to invest in CHP projects. They can however engage in power purchase
agreements with third party generation units. Regulated utilities can utilize CHP units and
include them in their generation fleet. However, for both deregulated and regulated utilities,
lack of guidance, interconnection standard clarity and absence of incentives demotivate them
from investing in CHP units.

Several recommendations have been made in [4] to improve the CHP-Utility relationship.
Some suggestions include adding CHPs as a rate base unit, incorporating them into the
utility’s Integrated Resource Planning (IRP) process and also providing performance incen-
tives to utilities that can achieve energy savings through proper usage of DERs and CHPs
(Massachusetts Green Communities Act, for example).

1.4 CHP Potential

Topping cycle CHP installations are more common across all the sectors that usually employ
CHP units - residential, commercial and industrial. This is owing to the lower efficiencies
associated with bottoming cycle CHPs. The latter have a good potential in thermal energy
intensive industries such as chemical, paper or metals manufacturing. However, even in those
sectors, the majority of the installations are topping cycle CHPs [10]. Most topping cycle
industrial and commercial CHPs are sized to meet their peak thermal load. If the facility
has greater electric load than thermal load, like in most commercial installations such as
hospitals, data centers etc, then the CHP will be undersized to meet all of its local electric
load and would be required to purchase power from the grid during peak times. Those
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industrial facilities that utilize topping cycle CHPs for thermal energy intensive applications
- chemical, paper, metals manufacturing industries - oversize their electric capacity. Similarly,
bottoming cycle plants used in energy intensive sectors, are sized to meet the primary thermal
requirements and sometimes end up producing an excess of electric power.

The majority of the 240 GW of untapped CHP potential in the United States belong to
the topping cycle category [2]. This study also showed that the most common technology
employed in these topping cycle units were gas turbines or combined cycle turbines with
natural gas as the input fuel. Since natural gas fired combined cycle CHP units are topping
cycle units by default, they would make good candidates to participate in grid integration.

1.5 Contributions of thesis

A lot of research in the area of CHPs have focused on improving system performance, unit
commitment strategies and related computational solution techniques. In this work, we take
a different approach and explore solutions that address both the technical and regulatory
challenges facing CHP units. We do not consider CHPs as utility owned but as third party
generating units that produce power to meet their own requirements. The primary focus of
the CHPs considered is to meet its local load without any compromise. In order to decouple
the electric and thermal output of the CHP units, thermal energy storage capacity has been
considered for the CHP units. The main contributions of this work can be summarized as
follow:

1. Introduction of a power electronic interface for grid integration: As a poten-
tial technical solution to navigate the intricate interconnection requirements, a power
converter interface is proposed for interconnecting CHP units to the grid as DERs.
The proposed technology will be in communication with a microgrid controller and
seamlessly provide various grid support services and islanding functionality, in full
accordance with the IEEE 1547 Standard for DER Interconnection.

2. Discussion of a DER-based approach for increasing grid participation of
CHPs: Two approaches have been introduced to increase CHP participation at the
wholesale market level and the distribution utility level. We study the effects of in-
cluding these CHP DERs in the market and analyze the impact of thermal storage
and the CHP participation level. At the distribution utility level, we study the im-
pact of incorporating CHP units in Demand Response programs on the utility and the
CHP facilities. We also compare commercial and industrial CHP DR participants and
elaborate on the effectiveness of each of these in realizing benefits for the CHP facility
operators as well as the grid operators.
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1.6 Thesis Outline

The rest of the thesis is organized as follows. Chapter 2 gives a detailed overview of the
existing research on CHP planning and interconnection techniques and approaches. Chapter
3 presents the CHP interconnection technology proposed in our work along with a description
of the hardware framework that was developed for testing this technology. Chapters 4 and 5
present the developed CHP integration approaches and detail the mathematical formulation
along with some discussions and insight on the results obtained. Finally, Chapter 6 provides
some concluding remarks and summarizes the findings of the work. Suggestions for future
research themes are also presented at the end of this chapter.



Chapter 2

Literature Review

This chapter presents an outline of existing research into the operational planning of CHP
units. An overview of literature on CHP interconnection technology, along with their inclu-
sion in power system planning and demand response programs is also presented.

The importance of cogeneration units has long been acknowledged and active measures for
their proliferation came about when efforts to cut back on carbon dioxide emissions ramped
up. This has led to the establishment of various policies and organizations that encouraged
CHP deployment worldwide - COGEN Europe [11], CHP TAPS in the United States [12]
and Energy Efficiency Council in Australia [13], to name a few. Extensive research has been
carried out to understand how to best optimize CHP performance both at the individual
system level as well as in the power system planning and operational level. At the plant level,
works have focused on how to improve efficiency of CHP units and enhance the modeling for
simulations. [14] describes a detailed CHP model featuring a gas turbine, synchronous gen-
erator and absorption chiller accounting for the impacts of ambient temperature variations
on the various thermodynamic processes of the CHP. The authors also developed a new gov-
ernor control strategy for the CHP for usage in microgrid applications. In [15], the authors
propose a modeling method for CHP units considering the heat exchanger capabilities.

2.1 Interconnection Methods

At present, most CHP units are connected to the external grid for standby and emergency
services. In a bid to encourage distributed CHP units to provide grid support and ancillary
services, the Department of Energy introduced the concept of Flexible-CHP units [6] (pre-
sented in more detail in Chapter 3). Power electronic interface for solar, wind and storage
systems have been extensively studied in literature. However, the exploration of such an
interface for application with cogeneration units is very limited. [16] introduces an voltage
source inverter model for interfacing micro-turbine CHP units. The proposed inverter is
tested on a high voltage brushless DC generator. The authors in [17] developed an inverter
based interface for CHP units in a microgrid environment. The CHP was modeled as a
Variable Speed Generator and the ability of the CHP to transition between islanded and
grid connected operation modes was demonstrated. However, both these works have not
demonstrated any grid support functionality nor provided a mechanism in which to test the

11
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physical inverter model. It is equally important to verify the functionalities of any inverter
interfaced DER and automate its response to changes in the system conditions. Very few
works have focused on developing a real-time testing platform for power electronic interfaced
CHP units.

In this work, we present a proposal for an inverter-interfaced CHP DER that is capable
of providing grid support services in full compliance with the IEEE 1547-2018 DER In-
terconnection Standard. A power hardware in the loop testbed is developed to verify the
capabilities of the proposed inverter in a fully automated manner in real-time.

2.2 Planning Methods

Unlike conventional power generation units, the output electrical and thermal energy of
CHPs are highly coupled - making it more difficult to solve the problem of dispatch and
planning. Many works in literature propose different techniques and solution approaches for
effective dispatch and commitment of CHP units. A detailed review on such research works
has been outlined in [18]. Lagrangian Relaxation techniques, stochastic programming, arti-
ficial intelligence based methods - ant colony optimization, genetic algorithms, evolutionary
programming and Tabu search algorithms, to name a few - have been employed in different
works to solve the CHP short-term operation planning problem. [19] proposed a CHP dis-
patch algorithm based on a Lagrangian relaxation technique that decoupled the problem into
two levels - heat dispatch and power dispatch, while still maintaining the feasible operating
region constraints. In order to approach the global solution faster, [20] uses a approach that
employs a sequential quadratic programming technique to test if the solution lies within
the feasible region. A static dispatch algorithm using a Newton-based iterative process is
proposed in [21], where the Lagrangian multipliers are initialized and updated until all the
global equality and inequality constraints are satisfied.

In the medium-term unit commitment planning problem, several exploratory research works
have been published. Many works also explore additional environmental aspects such as
emission constraints. Using genetic algorithms, the efficiency and feasibility of a mixed 0-1
linear programming method for planning district heating operations was demonstrated in
[22]. A multi-objective UC formulation for Dual Mode CHP units to minimize costs and
total emissions using particle-swarm optimization approach was demonstrated in [23]. [24]
proposes a novel envelope based dual algorithm to deal with the asymmetry of the power-
heat characteristics of CHP units. The proposed algorithm was found to be faster than
Power Simplex and CPLEX solvers. The same authors have also explored other approaches
to solving the CHP UC problem - a sequential dynamic programming approach was taken
in [25] with relaxed on/off state of CHP units, [26] proposes a dynamic regrouping based
sequential dynamic programming method.

Considerable work has been carried out to improve the flexibility of CHP units by consider-
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ing additional storage - thermal energy storage (TES) and electrical energy storage (EES).
Several works carried out by researchers in China explore the problem of wind curtailment
due to the inflexibility and highly coupled output nature of CHP units. [27] developed an
integrated CHP dispatch method considering TES and EES with an objective function that
minimizes operation costs and penalty cost of curtailed power. The method was tested on a
6 bus network and substantial reduction in curtailment and operating costs were observed.
A similar approach was taken in [28], however the thermal storage was modeled in greater
detail and regional heat dispatches were considered in a test system that closely resembled
that of Northern China. A similar outcome was reported in [29] in which it was found
that CHPs with optimally sized storage could boost wind power integration up to 24% of
Finland’s power generation.

However, in most of these works the CHP units are not treated as DER entities. The
commitment status of CHP units is determined in most of these works, indicating that the
CHP units are treated as either utility-owned entities or as units that participate in the
planning process with the primary objective of selling power to the grid. In this current
work, the focus is on already existing, pre-committed industrial and commercial CHP units
whose main purpose is to meet their own local demand, but can export power to the grid
when most required by the grid. This work also considers that each of the CHP plant has
TES capacity in order to provide flexibility and decouple its heat output from power.

2.3 Demand Response Methods

Demand response methods are commonly employed at the distribution level as a key demand
side management strategy. Incorporating CHPs into such DR based programs have been
adequately explored in literature. [30] proposes a CHP based microgrid with storage and a
virtual generator based DR program and uses a multi-objective approach to minimize fuel
costs and CO2 emissions. It was found that integrating demand response programs decreased
operation cost more than 9.1%. [31] presents a multi-objective DR based UC formulation for
incorporating CHPs in order to reduce wind curtailment. It uses the Analytical Hierarchy
Process combined with the Entropy Method to determine objective function weights using
criteria such as environment, policy and economics. Implementing the DR approach helped
smoothen the demand curve and reduced peak-valley gap. This work considers both time
based and incentive based DR programs. Researchers from the University of Tabriz have
carried out a few works in DR modeling considering CHP units in [32] and [33]. In both
these works, the DR model is formulated such that there is no load curtailment. In [32],
a seasonal auto-regressive integrated moving average (SARIMA) method is used to predict
price uncertainty whereas [33] uses a a multistage stochastic programming procedure to
model the price and load uncertainties for industrial customers with an aim to participate
in DR programs and maximize profits with minimal risk.

Integrated demand response programs considering heat and electric loads are discussed in a
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few works in literature. [34] investigates a DR model for controllable electric HVAC loads
in a building and uses an energy management system to optimize the operation of the CHP
unit serving that load. The electric and heat demands are met while staying in the feasible
operation region of the CHP unit. In [35], a demand response model has been developed
for thermal loads, using the first order thermodynamic thermal load model of a building.
The building loads were part of a microgrid environment served by CHP units as well as the
external grid. The work demonstrated increased flexibility of the CHP unit and resulted in
peak load shaving and economic benefits.

One aspect that is not considered in several works is the modeling of CHP units as individual
DR participants. Most works consider DR participants having a certain load, energy storage
and power and heat generation units but do not consider a standalone CHP unit along
with its local load. When dealing with CHP units which produce coupled power and heat
energy, it is important to consider DR modeling for the heating loads as well - an aspect very
few works have captured. In this current work, we aim to model individual industrial and
commercial CHP establishments and model its local heat and power loads for DR programs.
The CHP power and heat production is then optimized to meet local load and export the
remaining for profit.



Chapter 3

CHP Interconnection Technology

With sufficient incentives and policies, it is possible to extract a great wealth of benefits
and services from existing CHP units. However, technological barriers and cumbersome in-
terconnection requirements have thus far impeded CHP units from connecting to the grid
and providing DER services. The 2018 update of the IEEE 1547 Standard for Interconnec-
tion and Interoperability of Distributed Energy Resources with Associated Electric Power
Systems [36] requires DERs to provide grid support functionalities such as Voltage Ride
Through (VRT), Frequency Ride Through (FRT), voltage and frequency regulation as well
as added control and communication capabilities. This presents a great opportunity for
CHP owners to invest in suitable technologies that could provide seamless and automated
grid services. The Department of Energy has identified this potential and has encouraged
advancements in control techniques, power electronics, data analytics and system integra-
tion to build ’plug-and-play’ systems, which when connected to the CHP units can enable
them to flexibly provide such services without much inconvenience to the unit operators and
guarantees quick return of investment.

In a collaborative effort, the Center for Power Electronics Systems (CPES) and Power
and Energy Center (PEC) at Virginia Tech are working towards realizing this goal of a
Flexible-CHP (FCHP) system in the sponsored project titled High-Efficiency Modular
SiC-based Power-Converter for Flexible-CHP Systems with Stability-Enhanced
Grid-Support Functions. This chapter describes the efforts undertaken in this project
and some of the preliminary results obtained at the end of its first year.

3.1 Proposed Methodology

The primary goal of this collaborative effort is to develop a modular multilevel converter
(MMC) equipped with stability-enhanced grid-support functions for enabling easy interface
of flexible CHP units for both microgrid and standalone applications. The grid support
features offered by the converter will be fully compliant with the IEEE 1547 Interconnection
Standard. The proposed converter is to be dispatched and controlled by a Microgrid Con-
troller (MGC) as an inverter-interfaced DER to provide the required grid-support functions
under consideration, during both the grid connected and islanded conditions. The MGC will
be fully compliant with the IEEE 2030.7 Standard for Microgrid Controller Specification and

15
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have the capability to communicate signals and commands with the F-CHP converter. In or-
der to demonstrate the proposed support features, the hardware converter will be interfaced
with a real-time emulated power system testbed in a low-voltage, Power Hardware-in-the-
Loop (P-HIL) arrangement and dispatched by the MGC. The following sections describe
each component of the proposal in depth.

3.2 Implementation

3.2.1 Hardware Construction

A scalable, medium voltage, modular multilevel converter (MMC) has been proposed to
interface the F-CHP units for seamless grid integration. It can be scaled in voltage and
current magnitude by interconnecting power-cell building blocks made up of Silicon Car-
bide (SiC) MOSFET switches. This makes the proposed converter ideal for usage in CHP
systems ranging in the 1-20 MW capacity. High power conversion efficiencies (greater than
98%), and a power density value greater than 10 kW/L, makes the design of this MMC eco-
nomical and an attractive investment choice for CHP systems. For the purpose of hardware
demonstration, the converter is constructed to operate at 480 V, with a power rating of 100
kW and 75 kVAR. The converter will be interfaced with a real-time emulated power system
testbed in a low-voltage, 100 kW Power Hardware-in-the-Loop (P-HIL) arrangement and
dispatched by a MGC. The layout of the testbed is shown in Fig. 3.1. The power amplifier
hardware chosen for this demonstration is the COMPISO System Unit (CSU) 200-1GAMP6
by EGSTON. This power amplifier will receive its setpoints from a real time power sys-
tem simulator. The OP4510 simulator by Opal-RT was used as the real time simulator.
The setpoints for amplification are sent to the EGSTON unit through Simple Form-Factor
Pluggable (SFP) communication using a fiber optic channel. The SICAM CP8050 automa-
tion unit by Siemens was used as the secondary level MGC. The red lines indicate physical
hardware connection and the black lines indicate communication interface.

3.2.2 DER Functionality

The converter controller, which is the primary control at the DER level, is developed to
provide grid support functionalities as specified in the IEEE 1547-2018 standard. These
functions will be monitored and dispatched as necessary by the MGC, the secondary level
control. A brief overview of the implemented support features are described below:

1. Reactive Power Generation - the MMC can generate reactive power in the over-excited
and under-excited mode upto 60% of the base rating, which is higher than the 44%
required by the standard.
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Figure 3.1: Overall Testbed Setup

2. Voltage and Frequency Regulation - Reactive power support is provided in the constant
power factor, voltage-reactive power (Volt-VAR), active power-reactive power (Watt-
VAR), active Power-Voltage (P-V) and constant reactive power modes. This reactive
power support helps in voltage regulation at the Point-of-Interconnection (POI) of the
CHP. Frequency regulation is achieved by implementing frequency - real power (f-P)
droop controls, similar to the conventional generators.

3. Grid Forming Control - Using VSM principles, the converter can operate as the grid
forming entity and synchronize with the grid. This will be used in the islanded mode
of operation when the microgrid is disconnected from the power system.

4. Stability Monitoring - The controller can measure the grid side and terminal impedance
at the POI and use this information to always operate within the static and dynamic
boundaries established by the area power system. This feature aids in monitoring the
system stability and keeps its operating boundaries in check.

5. Integrated µPMU - By efficiently utilizing the voltage and current sensors on the
converter, a PMU functionality has been implemented to provide GPS synchronized
time signals which would improve system monitoring and resiliency.

3.2.3 System modeling

In order to test the support functions provided by the converter, a test power system was
developed. A modified version of the IEEE 13 Node Test Feeder was chosen as the base
system model. This system has highly unbalanced loading and can be used to test the
impact of the FCHP, and study the converter behavior in unbalanced settings. The system,
originally at 4.16 kV level, was scaled down to 480 V for the hardware demonstration. [37]
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was followed to carry out the system voltage scaling process. The test system was developed
and modeled using MATLAB Simulink. The loads were modeled as dynamic current sources
and PI line modeling was adopted for the distribution lines. The Photovoltaic (PV) DER
was modeled as a grid following current source. The CHP was modeled using a synchronous
generator with a speed governor block. The CHP and PV were connected to the local power
system at Node 671, which is the Point of Interconnection (POI) of the microgrid with the
power grid. The overall system, with the microgrid load and DER placement is shown in
Figure 3.2 The residential load and solar power profiles were obtained from the Pecan Street

Figure 3.2: Proposed test system with CHP and PV DER

Dataport and were aggregated and modified to match the test system’s spot load ratings.
The aggregated load and PV profiles for a 24 hour time period are shown in Figure 3.3.
The modeled test system was then built on RT-LAB software for use in the Opal-RT real
time simulator. The simulation was run using a time step of 200µs. The fidelity of the test
system and the real time simulator to run without time overheads was verified. The system
was run during the peak load duration between 1300 hours and 1700 hours. The simulated
load profile was then compared with the historical load curve, as shown in Fig. 3.4. By
providing upto 40% of its rated capacity as a flexible resource to the grid, the FCHP can
provide a myriad of support functions to the grid during times of need. The developed test
system will be used to simulate different scenarios to provide support services to the grid:

1. Reduced grid stress - during peak loading and declining solar output, quick and steep
ramping of conventional generating units are required. This results in higher congestion
and places a lot of stress on the grid. In such cases, FCHP system can meet this loss
of renewable generation by increasing its power output. Being a DER, this is located
closer to the load center and can therefore reduce the stress on the grid. Grid stress
can be computed in terms of percentage overloading on the feeders.

2. Reduced system losses - Since CHP units are located closer to the load centers, the
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Figure 3.3: Daily load and PV profiles

(a) Historical Pecan Street data (b) Opal-RT simulated profiles

Figure 3.4: Test of simulation fidelity - historical data vs. simulated data

amount of power flowing through the transmission lines from farther generation sources
reduces. This leads to lower line losses.

3. Voltage regulation - During high loading conditions or other system events, the grid
voltage may tend to dip. By injecting reactive power strategically, the CHP can
improve the voltage profile throughout the power system.

4. Islanding - During system events which would cause islanding, the CHP unit can use
its grid forming controls and sustain the microgrid and continue to power the local
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loads. This improves the system resiliency and reliability.

3.2.4 Microgrid Controller Programming

The CHP controller is a primary level DER controller and receives information regarding
setpoints and support functions from the secondary level MGC. The MGC monitors the
system conditions and circuit breakers and dispatches the DERs and controllable loads. The
Siemens SICAM A8000 CP8050 controller was chosen to be the MGC. It is a tele-control
and automation unit that has been popularly used for substation automation and SCADA
applications. It uses IEC 61131-3 PLC programming language for the controller definition. It
is equipped with 4 ports - 2 serial and 2 ethernet interfaces for communicating with external
devices. The CP8050 was programmed according to the IEEE 2030.7 Microgrid Controller
Specification standard [38]. The core functions of transition and dispatch were implemented
to operate at 10 millisecond and 1 minute intervals. The MGC was also programmed to send
and receive signals from the CHP converter controller and the Opal-RT using MODBUS over
TCP/IP.

The transition function primarily detects changes in system conditions and determines if
the microgrid is in a connected or disconnected state or if it is transitioning from one steady
state to another. It monitors the POI breaker and checks for islanding or reconnection
commands from the grid operator in order to determine the state of the microgrid. The
Emergency Dispatch Order (EDO) during an unplanned islanding event is also called by
the transition function. A timing chart determining the microgrid states depending on the
signal conditions is shown in Figure 3.5. By monitoring three signals - POI circuit breaker

Figure 3.5: Timing diagram for the transition function logic

status, Reconnection Request (RR) signal and the Islanding Request (IR) signal - the MGC
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determines the operation mode of the microgrid, as marked on the x-axis using the notation
specified in [38].

The dispatch function is used in the steady state conditions to provide reference setpoint
values based on changing system conditions. Apart from the core functions, additional
functions required to be implemented according to the 1547 Standard were also specified.
Table 3.1 summarizes the functions implemented in the MGC (The notations used correspond
to the operating states as specified in [38]). The MGC was tested by providing real time
signal values using MODBUS protocol simulators and the response of the logic functions was
verified for correctness.

Table 3.1: Functions Implemented in the MGC

Transition Function Dispatch Function DER Signals
Microgrid Mode Determination Voltage Ride Through

T1: Unplanned Islanding SS1: Grid Connected Voltage Trip
T2: Planned Islanding SS2: Islanded Frequency Ride Through

T3: Reconnection Frequency Trip

3.2.5 Hardware-in-the-Loop Setup

With the system model and MGC in place, the testing framework for the P-HIL setup was
created. For representational purposes, the test system will be modified such that:

• The grid-side circuit is represented as a voltage source

• The microgrid-side loads and PV are represented as current sink and source respectively

• The CHP is represented by a voltage source

• The CHP converter is modeled using a controlled current source (grid-connected mode)
and as a controlled voltage source (islanded mode).

The EGSTON Power Amplifier receives voltage setpoints – one set of grid voltages, one set
of CHP terminal voltages, from the Opal-RT simulator. These voltages will be amplified
and the power electronic Hardware under Test (HuT) will be connected across the two
terminals. In the Opal-RT, the response of the CHP converter will be modeled as a grid
voltage dependent controlled current source, when operated in grid supporting mode. The
current measurements, taken at the output terminals of the CHP converter will be sent as
feedback signal to the controlled current source representing the converter’s response in the
real time simulator. This arrangement is depicted in Fig. 3.6. The EGSTON amplifier has
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Figure 3.6: EGSTON modeling

multiple operation modes depending on the application it is used for. For this research, it is
operated in the Free Amplifier mode so that all six of its amplifiers can be used independently
- 3 for simulating the grid side voltages and the other 3 for simulating CHP terminal voltages.
For testing purposes, while the converter construction is underway, a back to back power
circulation operation was carried out to verify the simulated test system on the amplifier,
and to test the behavior of the EGSTON to dynamic grid scenarios. In the back to back
circulation mode, the terminals corresponding to each phase of the output (T1, T4), (T2,
T5) and (T3, T6) are shorted so that the amplified power that is sent out from the EGSTON
is pumped back into it without any hardware in the middle. For preliminary testing, the

(a) Voltage waveform (b) Current waveform

Figure 3.7: Breaker closed - Unbalanced waveforms

system voltage level was taken as 400V and the PV inverter behavior was emulated using the
amplifier. The PV terminal voltages and currents were provided as the reference setpoints
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to the EGSTON amplifier. In the test performed, an external circuit breaker command
was communicated to the Opal-RT simulator using the MODBUS TCP/IP interface to
connect/disconnect a few unbalanced loads from the test system. Changes to the power
system conditions would affect the PV terminal voltages and this in turn affects the current
drawn from the source. When the circuit breaker is closed, unbalanced loads are added to
the power system, introducing unbalance in the voltage and current, waveforms. This can
be seen in 3.7 which show three phase unbalanced current and voltage plots at the physical
output terminals of the EGSTON unit. When the breaker is opened, the unbalanced loads

(a) Voltage waveform (b) Current waveform

Figure 3.8: Breaker open - Balanced waveforms

are disconnected, and the system is at a largely balanced state. This is observed in Fig.
3.8 which shows the voltage and current waveforms at the EGSTON terminals as balanced.
This test successfully demonstrated the ability of the EGSTON unit to respond to external
command signals and produce changing output at its terminals without significant time
delay.

3.3 Key Takeaways

An interface for the seamless integration of F-CHP units was tested in real time. The power
grid was simulated using a real time simulator and interfaced with the Siemens MGC to
receive signals and commands. Further testing of the MGC - converter controller communi-
cation interface will be carried out once the physical converter is fully developed. Preliminary
results from the demonstration show that the technological advancements for consolidating
an inverter based CHP DER are underway and successful. Developments in microgrid con-
troller and communication technologies combined with power converter advancements can
facilitate the easy integration of CHP DERs into the grid. With the technological develop-
ments in place, equal focus should be placed on providing the CHP operators with incentives
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and other programs that would motivate them to invest in these technology and participate
in providing grid services. The following chapters will outline two proposed methods in this
regard.



Chapter 4

Energy Market Participation

This proposed approach is for the involvement of CHP units in the wholesale energy markets.
We solve a unit commitment and dispatch problem to identify how the commitment status
and power generation of conventional generators change with the inclusion of CHP DERs.
Large scale industrial CHP plants that are located at the transmission and sub-transmission
levels are good DER candidates to participate in this market. For participating in the
wholesale market, the CHP units would have to be of a considerable rating and have the
capacity to export power to the grid. Topping cycle units with a higher thermal demand
than electrical demand are good candidates for participating in this. Unlike conventional
generation units that operate to competitively produce power, the main objective of the
CHP units is to meet its own local demand at all times through local generation. Since we
consider the CHP units to have TES capacity, we can effectively decouple their local heat
and power demands and suitably export power to the grid when it is needed most, while
maintaining operational feasibility.

The following sections will introduce the methodology, market participants and the problem
formulation. Some results and key takeaways are also presented.

4.1 Proposed Methodology

This formulation involves solving a Security constrained Direct Current - Optimal Power
Flow (DC-OPF) unit commitment problem to obtain the generation commitment sched-
ule using a multi-objective optimization technique. In the traditional unit commitment and
economic dispatch problem, the overall objective is to minimize operational costs and the ob-
jective values of the market participants are simply added together. However, this approach
is skewed towards the conventional generators with their large starting costs and minimum
down time requirements. No consideration is placed on other non-economic factors such as
environmental and policy regulations. In order for DERs to have a competitive chance and
to approach the unit commitment problem in a holistic manner, a weighted multi-objective
optimization approach is taken in this work. Weights are assigned to the different mar-
ket participants based on a variety of factors such as environmental benefits, policy related
targets and financial considerations. Hourly marginal energy prices (MEP) and marginal
congestion prices (MCP) are obtained by solving the hourly economic dispatch problem.

25
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The market participants considered in this formulation include conventional Thermal Power
Plants (TPP), Solar Renewable Energy Sources (RES), and CHP generators.

4.2 Mathematical Formulation

4.2.1 Market Participants

Thermal Power Plants

The conventional coal-fired power plants have been considered in this analysis. As a market
participant, the main objective of TPPs is to competitively produce power while keeping the
production costs low. The production cost function for TPP, i, is a quadratic function of the
output power produced at a given time t, Pi,t and is given by Equation 4.1. The other costs
associated with TPP are the start-up and shut-down costs which are fixed for a generator
of a particular size and would be incurred during each start-up and shut-down cycle. These
costs are expressed as Equations 4.2 and 4.3. In these equations, ui,t is the status variable
that indicates whether a TPP is committed or not.

Ci,t(Pi,t) = aiP
2
i,t + biPi,t + ci (4.1)

SUi,t = CSU
i (ui,t − ui,(t−1)) (4.2)

SDi,t = CSD
i (ui,(t−1) − ui,t) (4.3)

SUi,t ≥ 0 (4.4)
SDi,t ≥ 0 (4.5)

The total cost incurred by the TPP operators includes the fuel and production costs added
with the start up and shut down costs. The TPP’s objective (defined as OT ) would be to
minimize these overall costs. For all TPPs in the system numbered i = 1...NP ,:

OT :=

NP∑
i=1

Ci(Pi,t) + SUi,t + SDi,t (4.6)

A TPP has several operational constraints in terms of its ramping capabilities. Each gen-
erator has its ramping up and ramping down limits between time steps. These constraints
are enforced through Equations 4.8 and 4.9. Each TPP also has minimum and maximum
threshold for power production below/above which the TPP should not be operated. These
generation limits are enforced through Equation 4.7.

ui,tPi ≤ Pi,t ≤ ui,tPi (4.7)
Pi,t − Pi,(t−1) ≤ RU

i (4.8)
Pi,(t−1) − Pi,t ≤ RD

i (4.9)
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Large TPPs cannot immediately start up after a shutdown operation. Similarly, a unit
that has just been started up cannot be shut down before a certain time period. These
time periods are known as minimum down time and minimum up time and these times are
enforced through Equations 4.10 and 4.11.

ui,t − ui,(t−1) ≤ ui,τ ∀τ = t+ 1, ...,min(t+ TMU
i − 1, T ) (4.10)

ui,(t−1) − ui,t ≤ 1− ui,τ ∀τ = t+ 1, ...,min(t+ TMD
i − 1, T ) (4.11)

The emission characteristic of TPPs is a quadratic function of the generated power and is
given by the following equation:

Ei,t(Pi,t) = αi + βiPi,t + γiP
2
i,t + ηiexp(δiPi,t) (4.12)

CHP Units

The CHP units considered in this formulation are industrial topping cycle plants. It is
reasonable to assume that these units are always on (the average run-time of some industrial
CHP plants go up to 8000 hours/year) and therefore do not have start-up or shut-down
constraints. These CHPs are therefore considered as always ON DER units and their power
is exported to the grid as required. Because CHP units produce both electrical and thermal
output simultaneously, their outputs are coupled to each other and the operation of the unit
must lie within the feasible operation region (FOR), as shown in Chapter 1. The feasible
operation region of a CHP unit can be described by four corner points. In order to improve
the flexibility of CHP units and decouple the electric and thermal output power, thermal
energy storage (TES) can be added. With TES, during high thermal load periods, some of
the load can be met by discharging the storage and this can lead to greater electric power
output that can be sold to the grid.

The production cost for CHP unit j at time t, given by Cj,t is a quadratic function of both
the electrical and the thermal power output and is given by the following equation:

Cj,t(Pj,t, Hj,t) =ajP
2
j,t + bjPj,t + cj + djH

2
j,t + ejHj,t + fjPj,tHj,t + Cacc,jHaccj,t

− Self Generation Costs
(4.13)

Here, the first half of the equation represents the total costs incurred in producing the output
power and heat by the CHP. The second line in Cj,t represents the costs that would have been
incurred had the CHP only produced to meet its own local loads. This term is a constant
since PLDj,t, HLDj,t are historic, predetermined values. Therefore, the costs considered in this
formulation are the added costs for the CHP to produce an output of Pj,t and Hj,t that is
greater than the cost to produce its own local load. The CHP units objective (OC) function
would be to minimize these added costs, for all CHP units numbered j = 1...Nc:

OC =

NC∑
j=1

Cj(Pj,t, Hj,t) (4.14)
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As given in Eqn. 4.15, the heat output of the CHP combined with the TES charging/dis-
charging energy is used to meet the CHP local demand. In this formulation, we do not
consider any excess heat production from the CHP. For the power production, however, any
excess power produced at a given time, P∆j,t is exported to the grid and contributes towards
meeting the power system load, expressed in Eqn. 4.16.

Hj,t +Hdj,t −Hcj,t = HLDj,t (4.15)
P∆j,t = Pj,t − PLDj,t (4.16)

Like traditional generators, CHP units also have minimum and maximum power generation
limits. The output heat, output power, and the CHP export power need to be within their
upper and lower bounds.

PLDj,t ≤ Pj,t ≤ PCP
A,j (4.17)

0 ≤ Hj,t ≤ HCP
B,j (4.18)

0 ≤ P∆j,t ≤ PCP
A,j (4.19)

Eqns. 4.17 and 4.18 set the lower and upper limits for the power and heat production of
the CHP units. The power is constrained by the local power demand at the CHP facility.
However, due to the presence of TES, the heat output has a more lenient lower bound. The
amount of power exported by the CHP, given by Eqn. 4.19 should have sensible limits, that
cannot exceed the rated capacity of the CHP unit.

The power produced by CHP units is also subjected to ramping up and ramping down
constraints, given by:

Pj,t − Pj,(t−1) ≤ RU
j (4.20)

Pj,(t−1) − Pj,t ≤ RD
j (4.21)

One of the most important constraints in a CHP unit is to operate within the feasible region.
This captures the interdependence and interaction of the power and heat produced by the
CHP unit. The FOR of a CHP plant j can be represented by 4 corner points - Point A
(HCP

A,j , P
CP
A,j ), Point B (HCP

B,j , P
CP
B,j ), Point C (HCP

C,j , P
CP
C,j ) and Point D (HCP

D,j , P
CP
D,j ), as shown

in Fig. 4.1 This operation constraint can be enforced through three linear inequalities given
by Equations 4.22-4.24.

(Pj,t − PCP
A,j )−

PCP
B,j − PCP

A,j

HCP
B,j −HCP

A,j

(Hj,t −HCP
A,j ) ≤ 0 (4.22)

(Pj,t − PCP
B,j )−

PCP
C,j − PCP

B,j

HCP
C,j −HCP

B,j

(Hj,t −HCP
B,j ) ≥ 0 (4.23)

(Pj,t − PCP
C,j )−

PCP
D,j − PCP

C,j

HCP
D,j −HCP

C,j

(Hj,t −HCP
C,j ) ≥ 0 (4.24)
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Figure 4.1: Feasible Operation Region of CHP Units

The TES units are also subject to their own constraints. The amount of stored thermal power
in the TES at a given time t, denoted as Haccj,t depends on its maximum and minimum
capacity. Since storage is a time-coupled entity, the amount of stored energy at time t
depends on the energy stored at the previous instant. These constraints are given by the
following equations:

Haccj,t = ηaccjHaccj,t−1
+Hcj,t −Hdj,t (4.25)

Haccj
≤ Haccj,t ≤ Haccj (4.26)

In Eqn. 4.25 the storage capacity at time t is equal to the capacity at the previous time
instance, with some thermal losses (given by the efficiency value ηaccj), plus the charging
power allocated, Hcj,t, minus the discharging power, Hdj,t. The charging and discharging
power limits and TES ramping constraints are outlined in Eqns. 4.27 - 4.32. It should be
noted that the TES cannot charge and discharge at the same time. This complementarity
constraint is implemented by introducing binary variables bd,j, bc,j which take a value of 1
when discharging/charging) and 0 otherwise.

0 ≤ Hcj,t ≤ bc,jHcj (4.27)
0 ≤ Hdj,t ≤ bd,jHdj (4.28)
bc,j + bd,j = 1 (4.29)
bc,j, bd,j ∈ (0, 1) (4.30)

Haccj,t −Haccj,t−1
≤ Clim,j (4.31)

Haccj,t−1
−Haccj,t ≤ Dlim,j (4.32)

The emission characteristic of CHP units is given by:

Ej,t(Pj,t) = (αj + βj)Pj,t (4.33)
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Solar Renewable Energy Source

Solar RES that participate in the energy market do not have any active production costs
since the primary source of power - sunlight - is free of cost. The main costs associated with
producing power from solar plants include the operation and maintenance (O&M) costs. In
some cases, a curtailment cost can be added which adds a penalty cost for every unit of
power curtailed from the PV plant whenever its output, Ps,t is lower than the deterministic
output or available maximum capacity, P s,t .

Cs(Ps,t) = COM
s Ps,t + Costcurtail(P s,t − Ps,t) (4.34)

Therefore, the total objective function for solar generators (OR) would be to minimize these
costs, for all RES numbered s = 1...Ns.

OR =

NS∑
s=1

Cs(Ps,t) (4.35)

The maximum power that can be produced by these plants is uncertain and depends on
the amount of available sunlight at that time. In this formulation, we use the deterministic
forecast value to be the upper limit for the maximum output power from a solar plant.

0 ≤ Ps,t ≤ P s,t (4.36)

4.2.2 Weighted Multi-Objective Optimization

With all the unit commitment participants introduced, we aggregate their individual ob-
jectives in a weighted manner for our unit commitment formulation. The overall objective
is to reduce the operating costs for all the participants, while maintaining power system
constraints and the constraints of each of the participating entities and is given by Equation
4.37.

Minimize wiO
T + wjO

C + wrO
R ∀t ∈ [1, T ] (4.37)

where wi, wj, wr are the pre-computed weights allocated to the objective functions of the
thermal units, CHP units and renewable generation units respectively. This objective should
be satisfied such that the following constraints are met:

TPP constraints: Equations 4.2 - 4.11
CHP constraints: Equations 4.22 - 4.19

Solar RES constraints: Equation 4.36

The total power balance between generation and load is given by the following equation:
NP∑
i=1

Pi,t +

NC∑
j=1

P∆j,t +
Ns∑
s=1

Ps,t = Pdem,t (4.38)
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The power system constraints are enforced by the reduced DC-OPF power flow method and
can be encapsulated in Equation 4.39:

−f ≤ Smat × p ≤ f (4.39)

where Smat is the Power Transfer Distribution Factor(PTDF) matrix of the network and p
is the net power injection at each node, equal to net generation minus demand at that node.

Linearization

The above formulation is that of a Mixed Integer Nonlinear Program. The product of
power and heat values in Equation 5.36 makes the problem non-convex. In order to make
it convex, the product of the two continuous variables can be linearized using McCormick’s
linearization technique. In this method, the bilinear term can be replaced using a single
variable accompanied by 4 constraints. For example, the bilinear term xy can be replaced
by:

w = xy (4.40)

where x and y are continuous variables with upper and lower bounds as x ∈ [x, x] and
y ∈ [y, y]. The new term w is subject to constraints given by

w >= xy + xy − xy (4.41)
w >= xy + xy − xy (4.42)
w <= xy + xy − xy (4.43)
w <= xy + xy − xy (4.44)

This linearization technique is used to relax the original problem to make it convex and
convert it to a Mixed Integer Quadratic Program (MIQP).

Determining Weights

In Eqn. 4.37, wi, wj, wr are the pre-computed weights allocated to the objective functions of
the thermal units, CHP units and renewable generation units respectively. The weights for
the objective functions are determined through a combination of subjective and objective
weighting criteria that is commonly used in Multi-Criteria Decision Making (MCDM).
There are several techniques to solve multi-objective optimization problems and a survey of
these techniques can be reviewed in [39]. In the present work, a weighted sum approach will
be considered for the following reasons:

1. Uniform objective units - All the objective functions considered are cost functions that
need to be minimized and can be added directly if desired so. The usage of weights is
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to highlight some implicit criteria that cannot directly be implemented as constraints
in the formulation.

2. Non-negativity and convexity - If all the weights are non-negative and if the objec-
tive function and design space is convex, then according to [40] the minimization of
Eqn. 4.37 will be the pareto-optimal solution. Our current problem formulation, after
the McCormick relaxation (described later in this chapter) becomes convex, so this
condition is satisfied by our problem.

Given a set of alternatives and decision criteria, there are several approaches to determining
the objective function weights, broadly categorized into subjective, objective and inte-
grated. Subjective methods use expert analysis to form the weights, objective methods use
mathematical approaches to calculating the weights whereas integrated approaches combine
the two. In this work, a combination of a subjective approach - Analytic Hierarchical
Process (AHP) [41] and an objective technique - Entropy Method will be employed
to compute the objective function weights [31]. The criteria considered while computing
objective weights are:

1. Financial Considerations - The various costs involved for power generation entites are
the capital costs, O&M costs, and working costs. All of these can be encapsulated in
the levelized cost of energy (LCOE).

2. Environmental Considerations - The impact of generating entities on the environment
can be assessed in terms of emissions released per unit output produced.

3. Policy Regulations - Several regulatory measures have been imposed to encourage re-
newable energy adoption and improve energy efficiency of generating resources. States
have set different targets to achieve these measures, some of which include Energy
Efficiency Resource Standards, Renewable Portfolio Standards, and Non-Wire Alter-
natives, to name a few. Generation sources that contribute towards realizing these
policy standards will be considered with more importance.

Using statistics and inferences from [42], [7] and [8] the weights were computed using the
integrated method. Using the AHP, a pair-wise comparison matrix was computed by com-
paring two criteria at a time and assigning a numeric measure of relative importance of one
criterion over another. A number greater than 1 indicates that one criterion is more impor-
tant than the other to the extent indicated by the numerical value. A value less than one
indicates that the second criterion is more important than the first by the extent indicated
by the value. A value of one indicates that both criteria are equally important. This pair-
wise comparison matrix is symmetric and has diagonal elements of 1. After creation of the
pair-wise comparison matrix, the eigenvalue method is used to obtain the relative weights
of each criteria, which are then normalized.
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Once the relative subjective weights ωi of the criteria are established, all the possible alter-
natives (generation entity, in our case) are compared against each other according to each
criterion. A similar pair-wise comparison matrix is generated for each of the criteria, rank-
ing the alternatives. The consistency of the ranking scheme is evaluated using a consistency
index and evaluating this value against the average index value of a random (AIR) ranking
scheme. The consistency index and ratio are given by Equations 4.45 and 4.46.

CI =
λmax − n

n− 1
(4.45)

CR =
CI

AIR
(4.46)

where n denotes the total number of criteria/alternatives being evaluated in the comparison.
If this consistency ratio is < 0.1 then the subjective ranking approach is considered consistent.
Details on the implementation of this method are elaborated in [41].

The calculated subjective weights are augmented further using the Entropy Method, which
helps analyze the structure of the pairwise comparison matrix and provide an idea about
the amount of significance each criteria has on the alternatives. The entropy value for each
criteria i, across all alternatives j can be computed using

Ei =
−1

ln(n)

n∑
j=1

rijln(rij) ∀i = 1...m (4.47)

The normalized objective weights αi are obtained from the entropy value by using

αi =
(1− Ei)∑m

i=1Ei

(4.48)

The subjective and objective weights are combined to form integrated weights wi using the
following equation:

wi =
αiωi∑m
i=1 αiωi

(4.49)

4.3 Implementation

The proposed methodology was demonstrated on a modified version of the IEEE 24 RTS
system. CHP units were placed at nodes with load centers and the PV units were placed at
locations according to the recommendations specified in [43]. The parameters for the test
system were taken from the MATPOWER case file and modified according to the specifi-
cations in [43]. Data from OpenEI, which contains commercial and residential consumption
data for TMY3 locations in the United States [44], was used to model the hourly profiles for
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Figure 4.2: IEEE 24 Bus RTS System

residential and commercial loads. Data for the state of California was used. Buses with large
load ratings were modeled as commercial loads and smaller rated loads as residential. The
data for the deterministic solar power was obtained from the NREL’s dataset for the state
of California. Data from different utility scale PV plants were aggregated and normalized
and then scaled to the desired capacity. The PV capacity was taken to be 16.5% of the total
system load rating. At a given bus, the CHP representation comprises of either a standalone
large rating CHP or an aggregation of smaller rating CHP units. Three differently rated
CHP units were considered in this formulation and their characteristic data is given below.

Table 4.1 presents the Feasible Operation Region boundaries (in MW) of the three CHP
unit types considered in this formulation. The different corner points presented in the table
correspond to the points marked in Fig. 4.1.

The CHP unit characteristics and emission characteristics for the thermal power plants were
taken from [45]. The cost characteristics of the CHP units considered are presented in Table
4.2. The emission characteristics for the conventional power plants and the CHP units are
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Table 4.1: CHP Feasible Operation Region Points

CHP Type (PA, HA) (PB, HB) (PC , HC) (PD, HD)

1 (74.1, 0) (64.5, 63) (24.3, 31.44) (29.64, 0)
2 (247, 0) (215, 180) (81, 104.8) (98.8, 0)
3 (24.7, 0) (21.5, 18) (8.1, 10.48) (9.88, 0)

Table 4.2: CHP Cost Characteristics

CHP Type aj bj cj dj ej fj

1 0.072 20 1565 0.02 2.3 0.04
2 0.1035 34.5 2650 0.025 2.203 0.051
3 0.0345 14.5 265 0.03 4.2 0.031

presented in Table 4.3. The emission characteristics of the Thermal Power Plants were taken
according to their rated capacity. The characteristics for Thermal Energy Storage considered

Table 4.3: Emission Characteristics

Unit Type α β γ η δ

TPP 33.00056 -0.39023 0.00465 -0.05153 0.00214
TPP 30.0391 -0.40695 0.00509 0.04968 0.00202
TPP 10.33908 -0.2444 0.00312 0.05035 0.00207
TPP 35.00056 -0.39524 0.00465 0.05475 0.00234
TPP 32 -0.38132 0.00344 0.04972 0.002
CHP 0.00015 0.015 - - -

in some simulated scenarios, seen in Table 4.4, were taken from [33] and [31]. The weights

Table 4.4: Thermal Energy Storage Characteristics

Hacc Clim Dlim ηacc

50 5.5 5.5 90
100 11 11 90
10 3 3 90

for the market participants’ objectives were computed to be wr = 0.0871, wj = 0.2459 and
wi = 0.6670 for Solar RES, CHP units and the TPP generators respectively.
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4.4 Results

The proposed algorithm was implemented on YALMIP using Gurobi (version 9.0.1) as the
optimization solver. The weighted optimization problem was solved for each season for a
24-hour time period representing peak loading conditions. The three main power system
conditions to be considered in these simulations were - (i) TPP and RES only, (ii) TPP,
RES and CHP units without TES, (iii) TPP, RES and CHP units with TES.

4.4.1 Effect of CHP and Thermal Storage

Inclusion of CHP units in the unit commitment problem resulted in benefits that can be
reaped by CHP facility owners as well as market operators. Reduction in overall power
generation costs, marginal energy price, total carbon di-oxide emissions and transmission
line overloading percentage are some of the perks that the market operators could enjoy,
while the CHP operators report a net profit from strategic power export revenues. Fig.
4.3 shows a comparison of the marginal energy price value across the simulated conditions.
Across all seasons, the median energy price through the day was observed to be significantly
lesser after the introduction of CHP units. An average 53% reduction in energy price was
observed across the seasons, with maximum reduction in Winter. Table 4.5 outlines the

Figure 4.3: Comparison of Marginal Energy Price

other metrics that show improvement after the inclusion of CHP units. In order to compare
line overloading, the most overloaded line in the system was identified and the percentage of
loading on it was compared across the different scenarios considered. Some key observations
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Table 4.5: Comparison of metrics with CHP inclusion

Metric Winter Spring Summer Fall
% Reduction in Production Costs 66.71 63.48 60.89 62.25
% Reduction in Marginal Price 65.18 62.97 35.69 49.53

% Reduction in Emissions 31.340 24.34 23.10 22.56
% Reduction in TPP usage 34.55 28.39 25.48 26.72

% Reduction in Line Overloading 31.23 17.78 9.80 10.55

from these results are:

1. Industrial thermal energy intensive industries have great potential for power export
and it is this ability to export excess / unused electric power that reflects positively on
the performance of the grid metrics. Aggregated export from distributed CHP units
are crucial in replacing generation that would otherwise come from more polluting,
more expensive TPP generators. This leads to non-commitment of some of the more
expensive TPP units - leading to a reduction in total power production costs and a
reduced energy price.

2. The reduction in the transmission line stress can be mainly attributed to the distributed
nature of CHP locations. These units are situated closer to load centers and transport
the power through shorter distances and therefore reduce the stress on some lines.

Figure 4.4: Comparison of PV Curtailment in Winter

Since CHPs are considered as always committed units whose power export can be varied
through the day, they are not associated with the burden of heavy start-up or shut-down
costs or time, which can result in less curtailment of solar power. This was observed especially
during Winter, when the total power system load was not as high as the sum of rated outputs
of the generation sources available, resulting in a total curtailment of 147.06 MW of solar
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power during the day Inclusion of CHPs resulted in a 100% reduction in curtailment of PV
power, as seen in Fig. 4.4.

The benefits of including CHPs do not stop with just the market operators. CHP facility
owners can make notable returns from the export of excess power to the grid. A cost
comparison was carried out to determine the difference in costs incurred to CHP facility
operators before and after market participation. The projected average annual savings for
CHPs vary with their size and Table 4.6 lists them by CHP rated capacity. For example, an
average 75MW CHP unit would have incurred an annual self-generation production costs of
$27.89 million. Such a unit, after participating in the proposed approach, can make annual
savings in its operating costs of upto $316, 849 dollars.

Table 4.6: Average Annual Savings by CHP size

Large (247 MW) Medium (74.1 MW) Small (24.7MW)
$2,012,456 $316,849 $87,031

Effect of Thermal Storage

The inclusion of TES in CHP operations enhances the flexibility of the CHP units. By
optimally managing the TES charging cycle, CHPs can increase their export capability
during peak load conditions. Fig. 4.5 shows how the power exported by the CHPs increases

Figure 4.5: Comparison of CHP Export Power
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during peak load hours (1800 - 2200 hours) when equipped with TES. As a result of this
shift, the contribution of load serving power from TPP decreases. The stacked power plot
in Fig. 4.6 shows the contribution from each generating source to meet the system load. In
the case of CHP equipped with TES, the contribution of TPP (shaded orange area) becomes
narrower, indicating lesser usage. The inclusion of storage resulted in further reduction in

(a) Without CHP (b) With CHP, without TES

(c) With CHP and TES

Figure 4.6: Stacked Power Plot Comparison

total power production costs and contribution of power from TPP generators. After the
TES addition, the number of times the more expensive TPP units reduces even further than
the scenario with CHPs without storage. The marginal energy price after the addition of
storage is very comparable to the case without storage (as seen in Fig. 4.3). Interestingly,
the reduction in emissions and line overloading was lesser after the addition of the TES. This
is primarily because of the lower power exported during the early hours of the day, as can be
seen in Fig. 4.5. The lower export during these hours results in higher emissions from TPP
and line overloading. Table 4.7 compares the metrics between the scenarios with and without
thermal storage. CHP facilities also reported greater savings with thermal storage. At the
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Table 4.7: Comparison of metric after TES addition

Metric Scenario Winter Spring Summer Fall

% Reduction in Objective Costs Without TES 66.7074 63.4796 60.887628 62.2542
With TES 68.6609 64.9291 62.49199 63.7814

% Reduction in TPP Power Without TES 34.5495 28.3945 25.48464 26.7168
With TES 36.1635 29.9086 26.258945 27.1989

% Reduction in Emission Without TES 31.3965 24.3428 23.104477 22.5598
With TES 30.8885 21.8733 22.240328 20.8846

% Reduction in Overloading Without TES 31.2291 17.784 9.8043261 10.5536
With TES 30.7167 16.9419 6.0418748 8.60172

individual CHP level and at the aggregated level, the total savings earned by CHPs from
their market participation increased after the inclusion of TES. TES capital and installation
costs were not considered in this analysis. The average annual savings reported by CHP size
is represented in Table 4.8

Table 4.8: Average Annual Savings by CHP size - TES included

Large (247 MW) Medium (74.1 MW) Small (24.7MW)
$2,266,621 $462,405 $96,589

4.4.2 Effect of CHP Penetration

The effect of the number and rated capacity of CHP units in the system was studied by
solving the optimization problem for different cumulative rated capacity of the CHPs in the
system. Fig. 4.7 shows the variation in production costs, emissions, line overloading and TPP
usage with changing CHP penetration levels. Higher penetration and participation of CHPs

Table 4.9: Savings (in USD) for different CHP penetration levels

CHP Size Scenario 25% 50% 75% 87.50% 100%

Large (247 MW) With TES 4,724,632 2,197,972 2,417,544 2,266,622 2,542,862
Without TES 4,449,396 2,041,471 2,355,951 2,012,456 2,043,464

Medium (74.1 MW) With TES 281,201 535,013 459,999 462,405 635,131
Without TES 116,889 353,322 325,759 316,849 258,682

Small (24.7 MW) With TES 102,540 122,631 98,141 96,590 170,723
Without TES 92,114 111,921 127,059 87,032 84,373
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lead to greater reduction in most of the metrics considered. Table 4.9 shows the average
savings for different CHP participation levels by CHP size. Although the results indicate
adequate savings in all scenarios, a clear pattern across the penetration levels cannot be
discerned. This could be attributed to the difference in the power system layout with the
addition / removal of CHP units at different buses. The amount of storage present in the
system could also have an impact on the results. Since we did not optimize the location/size
of thermal storage at each CHP facility, the savings in some scenarios might decrease with the
addition of storage. This aspect of the work needs further research to capture the intricacies
of TES operation and costs and is elaborated upon in Chapter 6.

Figure 4.7: Comparison of metrics with varying CHP penetration levels

4.5 Key Takeaways

Including the CHP units in the unit commitment problem in a weighted multi-objective
optimization approach was seen to be beneficial for both the market operators and the
CHP facility owners. Being an energy efficient distributed generation source, CHP units
have the potential to revolutionize the grid operations and help towards achieving some
of the ambitious environmental targets. They have shown to reduce emissions, renewable
curtailment and the cost of producing and purchasing power in the market. This should
encourage market operators and CHP owners to rethink their current level of involvement
and work towards a framework for participation that can prove beneficial for everyone.
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Demand Response Participation

Rapid advancements in technology and standard of living have created an unevenly dis-
tributed surge in electric power demand - leaving utilities with the challenge of meeting high
ramp requirements and huge start up costs during peak consumption periods. Demand Side
Management (DSM) strategies aim to tackle this problem by altering the load profile to
bridge the gap between supply and demand. Demand Response programs are one of the
most effective and commonly used DSM ventures. According to the Department of Energy,
a DR program is ”a tariff or program established to motivate changes in electric use by
end-use customers, in response to changes in the price of electricity over time, or to give
incentive payments designed to induce lower electricity use at times of high market prices
or when grid reliability is jeopardized”. By providing attractive pricing or incentive signals
to consumers, these programs try to shift the loads away from the peak periods to flatten
the profile. Depending on the motivation provided to the participant, DER programs can
be (i) price based or (ii) incentive based. [46] provides a summary of the different types of
DR programs, their applicability and the implementation methods. The subsequent sections
describe the proposed methodology and modeling approaches. The outcome of the proposed
method is presented and the results are summarized.

5.1 Proposed Methodology

In this approach, we seek to find an optimal load schedule for commercial and industrial
CHP units to participate in a demand response program, using the Day Ahead Real Time
Prices (DA-RTP) given to them by the utility. The individual DR participants and their
energy consumption has been modeled to determine the energy management schedule. For
the DR participants, the primary objective would be to minimize their total operation costs.
By adjusting their local load profile, these CHP facilities can alter the manner in which they
interact with the grid through their power import and export behavior. This can lead to
lower facility operating costs for the CHP owners and a lower Peak-Average Ratio (PAR)
of the net load seen by the utility operators. A lower PAR indicates a less steep net load
profile that needs to be supplied by the utility operator.

In this work, we consider two kinds of CHP participants at the distribution system level:

1. Commercial CHPs - Examples of potential candidates in this category include hospi-
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tals, supermarkets, commercial office buildings etc. Their load profiles vary seasonally
and these installations have greater power requirement compared to heat.

2. Industrial CHPs - Potential industrial facilities that can participate in DR programs
include food manufacturing (SIC 20), chemicals manufacturing (SIC 28, 29) and metals
manufacturing plants. These units can adjust their thermal and power loads based on
the demand response flexibility factors (explained in the following section).

5.2 Mathematical Formulation

5.2.1 DR Participants

Industrial CHP

Industrial CHP units are operational throughout the year and can be good candidates to
participate in DR programs. A study conducted in [47] presents a detailed framework on
different industrial load processes and their potential for demand response by category. This
work introduces Industrial Demand Response Flexibility Factor (IRDFF), which indicates
the extent to which the industrial loads can be shifted (depending on the acceptability of
DR in the industrial sector, controllability of the manufacturing process / device within
the industrial plant, and the sheddability of the process in question). DR events related
to industrial processes have minimum and maximum event duration and a restriction on
the number of times such events are called. Thermal process-heavy industries have a large
export power potential, and according to [47] also have good DR flexibility factors, making
them good candidates for DR participation. By adjusting the local load at the industrial
CHP site, the total power production from the CHP will now serve its on site load and the
external grid, while remaining in the Feasible Operation Region. Since industrial loads and
processes cannot be compromised upon, no on-site load is curtailed in the process. The load
DR model proposed in [48] has been slightly modified and used in this work. The industrial
power demand can be modified according to the following equation:

PLDj,t
= (1−DRP

j,t)P
0
LDj,t

+ P shift
j,t (5.1)

Eqn. 5.1 formulates the new local demand at time t as the sum of the original scheduled load
P 0
LDj,t

and the load shifted to t from other time periods P shift
j,t minus the load shifted from the

current time period, given by DRP
j,tP

0
LDj,t

where DRP
j,t is the demand response participation

factor of the particular industrial load.

T∑
t=1

P shift
j,t =

T∑
t=1

DRP
j,tP

0
LDj,t

(5.2)
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Figure 5.1: Load modeling for Industrial CHPs

By equating the sum of all shifted power to the total DR reduced load, Eqn. 5.2 ensures
that there is no on-site load curtailment for the CHP.

DRP
j,t ≤ U i

DR,j,tDRP
max,j,t (5.3)

Equation 5.4 is used to restrict the DR participation factor within the maximum allowable
factor, DRP

max,j,t for a given industry type. U i
DR,j,t denotes the ON/OFF state of a DR event

for industrial CHP unit j at time t. The amount of shifted load from other time periods is
limited by:

0 ≤ P shift
j,t ≤ UDR,j,tP

shift
MAX,j (5.4)

The minimum and maximum DR event duration restriction is enforced using the following
equations:

UDR,j,t − UDR,j,t−1 ≤ UDR,j,τ ∀τ = t+ 1, ...,min(t+ONmin
j − 1, T ) (5.5)∑

UDR,j,t ≤ ONmax
j ∀τ = max(t−ONmax

j − 1, 1), ...t (5.6)

The frequency of occurrence of the DR events can be controlled by counting the number of
0 to 1 transitions in the DR event status vector and enforcing an upper limit on it. This is
given by:

T∑
t=1

max([0, U ′
DR,j]) ≤ DRfreq

j (5.7)
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With the CHP loads being modeled as DR participants, the total CHP power production is
given as follows:

P exp
j,t = Pj,t − PLDj,t

(5.8)
0 ≤ P exp

j,t ≤ PCP
A,j (5.9)

PLDj,t
≤ Pj,t ≤ PCP

A,j (5.10)

In Eqn. 5.8, the power produced by the CHP unit j at time t is used to meet its local
demand PLDj,t

and the excess power is exported to the grid P exp
j,t . Eqn. 5.10 ensures that

the CHP power production always meets the local industrial load.

Participation in DR affects the power produced and locally consumed at the industrial site,
and this in turn affects the amount of heat produced by the CHP. The equations that govern
the heat production and the TES schedule for industrial CHPs are similar to the formulation
used in Chapter 4. The heat production of CHP units can be given by the following equations
for industrial CHP unit j and ∀j ∈ (1...NIC):

HCHP
j,t +Hdj,t −Hcj,t −H0

LDj,t = 0 (5.11)
0 ≤ HCHP

j,t ≤ HCP
B,j (5.12)

Hcj,t = HCHP
j,t −H0

LDj,t (5.13)
Hdj,t = H0

LDj,t −HCHP
j,t (5.14)

0 ≤ Hcj,t ≤ bc,jH̄cj (5.15)
0 ≤ Hdj,t ≤ bd,jH̄dj (5.16)

Haccj,t −Haccj,t−1
≤ Clim,j (5.17)

Haccj,t−1
−Haccj,t ≤ Dlim,j (5.18)
bc,j + bd,j = 1 (5.19)
bc,j, bd,j ∈ (0, 1) (5.20)

Equations 5.11 - 5.18 govern the heat balance constraint, heat production limits, TES charg-
ing and discharging limits, heat accumulator capacity limits and charging/discharging limits.
Equations 5.19 and 5.20 enforce the complementarity requirement between charging and dis-
charging of the TES. The CHP’s power and heat production must lie within the FOR. Those
constraints are given by:

(Pj,t − PCP
A,j )−

PCP
B,j − PCP

A,j

HCP
B,j −HCP

A,j

(HCHP
j,t −HCP

A,j ) ≤ 0 (5.21)

(Pj,t − PCP
B,j )−

PCP
C,j − PCP

B,j

HCP
C,j −HCP

B,j

(HCHP
j,t −HCP

B,j ) ≥ 0 (5.22)

(Pj,t − PCP
C,j )−

PCP
D,j − PCP

C,j

HCP
D,j −HCP

C,j

(HCHP
j,t −HCP

C,j ) ≥ 0 (5.23)
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Commercial CHP

Hospitals, supermarkets or office buildings represent good commercial CHP candidates for
DR participation. In these facilities, the thermal loads are almost always lower than the
electric load. Since CHPs are sized to meet the rated thermal load for efficiency reasons, there
are instances where the commercial facility would need to purchase power from the grid. For
such participants, we need to identify controllable/re-schedulable loads and the base loads.
Unlike industrial facilities, commercial DR participants have seasonal load patterns and have
less stringent requirements with respect to curtailment. Curtailment of loads is acceptable
as long as the amount of curtailed load does not cause the facility too much discomfort. The
commercial load modeling approach is modified from [49]. Figure 5.2 gives a representation
of how the load modeling is carried out. Segment AD represents the expected load (based

Figure 5.2: Load modeling for Commercial CHPs

on historical prediction) at time t in the commercial facility j, given by P 0
LDj,t

. A certain
percentage of the expected load, represented by segment AB, is taken as base load, CBLj,t,
that cannot be shifted or curtailed. The amount of actual load scheduled at the facility,
PLDj,t

, is represented by segment AC. The amount of scheduled load comprises of the base
load as well as an additional amount of allotted load, P allot

j,t . The amount of curtailed load,
PDR
j,t , given by the difference between the expected load and the scheduled load, is indicated

by the segment CD and can be positive, negative or zero depending on whether load was
curtailed from the current time, shifted to the current time or not changed at the current
time respectively. The mathematical formulation of this modeling is shown below for a
commercial CHP unit j and ∀j ∈ (1...NCC):

P allot
j,t = P 0

LDj,t
− PDR

j,t − CBLj,t (5.24)
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The maximum amount of this allotted load is restricted to

0 ≤ P allot
j,t ≤ PDR

max,j,t − CBLj,t (5.25)

where PDR
max,j,t represents the maximum amount of load allowed at any given time, that

is greater than the expected load. Since the amount of curtailed load can be positive or
negative, conditional upper and lower limits need to be placed.{

CLmin
j,t ≤ PDR

j,t ≤ CLmax
j,t if PDR

j,t ≥ 0

PDR
j,t ≥ P 0

LDj,t
− PDR

max,j,t otherwise
(5.26)

An additional restriction on the total amount of allowed curtailment is placed as shown in
Equation 5.27. If P curtail

max,j is taken as zero, then no curtailment of load will take place.

0 ≤
T∑
t=1

PDR
j,t ≤ P curtail

max,j (5.27)

The net load after a DR event is given by the difference between the original scheduled load
and the amount of load that is shifted/removed during the DR event at time t and is given
by Eqn. 5.28.

PLDj,t
= P 0

LDj,t
− PDR

j,t (5.28)

This modeled load can then be incorporated into the power balance equations for the CHP
power production:

Pj,t + P grid
j,t = PLDj,t

+ P exp
j,t (5.29)

Since commercial CHP units are not sized to meet their full power load, they purchase power
from the grid. In Eqn. 5.43, the power load is met by the output power production from
the CHP Pj,t and the power purchased from the grid P grid

j,t . Any excess power produced is
exported to the grid as P exp

j,t . The upper and lower limits for these power values are expressed
in the following equations:

0 ≤Pj,t ≤ PA,j (5.30)
0 ≤P grid

j,t ≤ bg,tPLDj,t
(5.31)

0 ≤P exp
j,t ≤ be,tPA,j (5.32)

It should be noted that power cannot be exported to and purchased from the grid simultane-
ously. Binary variables bg,t, be,t are used to enforce this complementarity constraint through
the following equation:

bg,t + bd,t = 1 (5.33)
bg,t, bd,t ∈ (0, 1) (5.34)
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Owing to the nature of heat loads in commercial installations, we do not consider these
units to have any thermal storage. As a result, the heat production equation for commercial
CHPs essentially boils down to equating the heat output to the heat demand at a given time
instance. The commercial CHPs also need to obey the FOR constraints and these constraints
remain same as Eqns. 5.21 - 5.23.

Hj,t = H0
LDj,t

(5.35)

5.2.2 Overall Problem

DR Objective

The main objective for DR participants would be to minimize their costs without much
inconvenience or discomfort. In our formulation, we have considered DR participation from
only commercial and industrial participants, and not entities from the residential sector. For
such CHP DR participants, the main goal would be to minimize their total operational costs.
This total operational cost includes:

1. Production Cost
Cost incurred as a result of the CHP producing its output heat and power. The costs
associated with producing the output power and heat by a particular CHP unit is a
quadratic function of both the outputs. The cost characteristics are same for industrial
and commercial CHPs and is given by Eqn. 5.36 ∀j ∈ (1...NCC), and ∀j ∈ (1...NIC):

Cj,t(Pj,t, Hj,t) = aj(Pj,t)
2 + bjPj,t + cj + dj(Hj,t)

2 + ejHj,t + fjPj,tHj,t (5.36)

Cprod
t =

NCC+NIC∑
j=1

Cj,t(Pj,t, H
CHP
j,t ) (5.37)

2. Purchase Cost
This cost applies to commercial CHPs only and reflects the costs associated with pur-
chasing power from the grid. Since the industrial CHPs considered in our formulation
are completely self-sufficient, they do not incur any purchase costs. In this formulation,
we consider the commercial facilities to purchase power from the grid at the Locational
Marginal Price Value (LMP) for the different hours of the day. The purchase cost for
commercial CHP unit j and ∀j ∈ (1...NCC) is given by:

Cpur
t =

NCC∑
j=1

LMP(t)P grid
j,t (5.38)
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3. Revenue
This amount corresponds to the earnings of the CHP facility for the power it exports
to the grid. There are two main revenue streams for behind-the-meter generation units
in the distribution grid: (i) Net Energy Metering (NEM) and (ii) Feed-in tariffs. Since
the NEM policies of the state of California do not recognize non-renewable sourced
CHP units, in this work we consider the CHP units to receive revenue for the amount
of power they feed into the grid. In accordance with the California Assembly Bill 1613,
the feed-in tariff was calculated as:

Tariff = (Fixed Price + V ariable Price)× Power Export (5.39)

where the Variable Price is calculated as
V ariable Price = (Monthly bidweek gas price +

Intrastate gas transportation rate)
HeatRate

1, 000, 000

+ V ariable O&M

(5.40)

where the fixed price component and the variable O&M costs are decided several years
in advance and are provided by the distribution utility in the Power Purchase and
Sale Agreement. Using this calculated tariff amount, the revenue obtained from power
export by the CHP units is calculated as:

Crev =Tariff
NCC+NIC∑

j=1

T∑
t=1

P exp
j,t (5.41)

The overall objective of CHP units can be constructed by putting together the above three
terms and minimizing the following:

ODR =
T∑
t=1

(Cprod
t + Cpur

t )− Crev (5.42)

Power System Constraints

The first constraint that must be satisfied is the overall power balance in the system. The
sum of all generation must match the sum of all loads and this is enforced through Equations
5.43 and 5.44 for real and reactive power balance. We do not consider any reactive power
support from the PV plants or from the CHP for the current work.

Pws,t +
NCC+NIC∑

j=1

P exp
j,t + Ps,t = Pdem,t +

NCC∑
j=1

P grid
j,t (5.43)

Qws,t = Qdem,t (5.44)
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The power system network and operational constraints are enforced by using the Linearized
Distribution Flow (LDF) equations. The LDF model ignores the line power losses and
expresses the real and reactive power flow at each node, n as the sum of power entering the
node (from all nodes k connected to n) subtracted from the sum of loads at that node and
power flows leaving that node (from node n to all nodes m connected to it).∑

k:k−→n

Pline = Pload,n +
∑

m:n−→m

Pline (5.45)∑
k:k−→n

Qline = Qload,n +
∑

m:n−→m

Qline (5.46)

The voltages at the different nodes can be calculated by taking the voltage at the previous
node and subtracting the voltage drop across the line connecting the two nodes. Given the
line impedance parameters as rline+ jxline, the voltage drop across the line connecting nodes
n and m can be given as:

vn − vm = rlinePline + xlineQline (5.47)

5.3 Implementation

The proposed method was tested on a modified version of the IEEE 37 node test distribution
feeder. A single phase equivalent model of the feeder was constructed by taking the average
load for each load bus and replacing the three phase impedances of each line by the average
impedance value. PV generation and CHP units (both commercial and industrial CHPs)
were placed in the system as shown in Fig. 5.3. Large load centers were identified and
commercial CHPs were placed at those buses in order to justify their presence. For example,
a large hospital may be located closer to large residential areas than at electrical buses
without any load. The industrial CHP locations were placed at buses without load centers.
The load profiles and the deterministic PV power generation data were generated using
the OpenEI dataset [44] and the NREL Solar Data, in a manner similar to the approach
described in Section 4.3. The total PV rating considered was 25% of the rated system load.
The DA-RTP data was obtained from the CAISO website for the simulated peak load days.

5.4 Results

The proposed methodology was implemented on YALMIP using Gurobi (version. 9.0.1) as
the optimization solver. The problem was solved for a 24-hour window considering the peak
load conditions for each season, and this was repeated for different scenarios in order to study
the effects of various parameters. Primarily, we studied the impact of the DR program itself,
and then the effect of the CHP type on the DR performance.
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Figure 5.3: Modified IEEE 37 Node Feeder

5.4.1 Effect of Demand Response

The proposed methodology was tested for different scenarios and conditions. In order to
test the effectiveness of implementing DR programs, the overall cost minimization objective
function was simulated in the absence of DR and after its addition. In these simulations,
equal number of commercial and industrial CHPs were considered and the total rating of
commercial CHPs was equal to the total rating of the industrial CHPs, in order to eliminate
any potential bias in the observed results. From the DR participant’s point-of-view, cost
minimization would be the top priority. The results show that participation in DR can result
in lower operational costs of CHP units, by an average of 4.4% across all seasons. Significant
reductions were also observed in the Peak-Average Ratio (PAR) of the net load seen by the
distribution utility, indicating that DR can lead to fewer ramping requirements. An average
reduction in PAR of 15.4% was noted across the seasonal profiles.

Table 5.1: Percentage reduction in PAR and CHP costs

Metric Winter Spring Summer Fall
% Reduction in CHP Costs 3.84 2.90 5.29 5.58

% Reduction in PAR 12.63 13.05 16.26 19.66

Fig. 5.4 compares the PAR and the cumulative objective costs of the CHPs for two simulated
seasonal load profiles. Table 5.1 presents the percentage reduction in the observed metrics
across the seasons after CHP DR participation.
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Figure 5.4: Effect of Industrial and Commercial CHP DR

5.4.2 Effect of CHP Type

Further analysis was carried out to determine the impact of DR participation of the two types
of CHPs. The problem described in sub-section 5.4.1 was re-solved, assuming participation
in DR from only one type of CHP unit at a time, and the metrics were compared with the
base scenario of no DR participation. Commercial installations reported greater savings in
operating costs of upto 3.8% on average, compared to the annual average of 1.04% savings
reported from Industrial DR participation. Commercial DR participation led to higher
reduction in the PAR of the net load served by the utility. Fig. 5.6 compares objective costs
and PAR across the seasons in 4 different scenarios - without any DR participation, with
DR participation from Commercial and Industrial CHPs, DR participation from Industrial
CHPs only, and DR participation from Commercial CHPs alone.

Table 5.2 compares the percentage reduction in costs and PAR from DR participation be-
tween Commercial CHPs and Industrial CHPs. The greater comparative benefits of com-

Table 5.2: Percentage reduction in PAR and CHP costs

Scenario Metric Winter Spring Summer Fall
Commercial DR

Participation
% Reduction in CHP Costs 3.10 2.68 4.68 4.83

% Reduction in PAR 11.18 7.30 16.25 16.17
Industrial DR
Participation

% Reduction in CHP Costs 0.96 0.76 1.05 1.41
% Reduction in PAR 5.97 2.63 3.63 2.51
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Figure 5.5: Comparison of different DR participation scenarios

mercial DR participation can be attributed to the following reasons:

1. Load seasonality - Commercial CHPs have less fixed, more seasonal load profiles that
are often similar to that of residential consumers. This allows them to more freely shift
some loads towards their off-peak hours. Since the off-peak hours for a commercial
CHP would likely coincide with the off-peak hours of the power system loads, the
participation from these CHPs directly help in shifting some peak load seen by the
utility.

2. More participation flexibility - Unlike industrial DR participants that have restrictions
with respect to maximum/minimum DR event occurrences and duration, commercial
CHPs are more flexible and have fewer constraints. This plays an important role in
contributing to the benefits seen by the utility.

3. Less export capability - Since commercial CHPs have less export power capability, they
purchase cheap power from the grid during periods of low energy price. The amount
of power they export during peak load duration is also much lower. Since industrial
CHPs export a lot of power during this period, they incur more production costs. The
revenue from the power export does offset their costs, but by a very small margin. This
is why commercial CHPs seem to have a better impact with respect to cost reduction
from DR participation. Their large export capability can help reduce the PAR to a
good extent, and different incentive based DR programs can be explored to study how
best to utilize this property of industrial participants.
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In the results included above, the industrial CHP units considered were considered to be
heat-intensive units, with lower power requirements and greater power export capability. To
explore the extent to which this nature of the industrial CHPs affected their DR participa-
tion, further simulations were carried out considering power-intensive industrial CHP units.
The impact of DR participation was considered among three different scenarios - equal num-
ber of industrial and commercial participants, commercial unit dominant participation and
industrial unit dominant participation.

Figure 5.6: Comparison of different DR participation scenarios

Fig. 5.6 shows the comparison between the simulated scenarios after the change in the
industrial electric power requirement. It can be seen that the observations made regarding
the CHP type still hold true. Commercial DR participants have the most impact in terms of
reducing their operation costs and in reducing the load peaks seen by the utility. A summary
of the results for the three scenarios is given in Table 5.3. The results indicate that the lower
flexibility of industrial CHPs play a very dominant role in determining their performance
in the DR program. Despite reducing their export capability and increasing their low cost
purchase power, the lack of seasonality in their consumption patterns combined with their
participation constraints make them less effective in DR programs than their commercial
counterparts.
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Table 5.3: Comparison of metrics with power intensive industrial CHPs

Scenario Metric Winter Spring Summer Fall

Equal Commercial
and Industrial CHP

%Reduction in Own Costs 6.65716 4.748186 5.4273273 5.39449
%Reduction in PAR 21.3375 16.14775 11.005336 17.9881

Commercial CHP
Dominant

%Reduction in Own Costs 12.3483 7.877867 6.8527518 10.9544
%Reduction in PAR 20.5356 11.68382 14.699774 18.8324

Industrial CHP
Dominant

%Reduction in Own Costs 1.05147 0.118939 0.5570906 0.32771
%Reduction in PAR 6.23934 6.268798 8.5631506 9.79077

5.5 Key Takeaways

The results from the demand response implementation showed that CHPs can have a signifi-
cant benefit from participating in such programs, while also helping the utilities by reducing
their ramping requirements. The CHPs were able to observe considerable reduction in their
operating costs while the utilities gained benefit through lower peak-average ratios of the
load served. We also notice that commercial CHP installations are better suited to partici-
pate in DR than their industrial counterparts. This can serve as a good starting point for
utility owners to think about the type of demand response program that they can implement
in their service area. Further discussion on incentivizing participation in demand response
can be carried out.
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Conclusions and Future Work

In this work, we have presented a potential framework for better incorporating Combined
Heat and Power units in the grid at both the transmission and distribution level. A power
electronic inverter interfaced solution was proposed to dispatch industrial CHP units as
Distributed Energy Resources, complying with the interconnection standards and providing
a myriad of services to the power grid it is connected to. The proposed interface will be
controlled by a microgrid controller with communication capabilities for seamless control
and to lower the active participation requirement from the CHP facility operators. The
preliminary results showed that it was possible to use this interface effectively to respond to
changing grid conditions and support requirements.

In order to motivate investment in and participation from CHP units, two methods were
proposed - one, to increase participation at the wholesale market level through a weighted
unit commitment approach; and the other to increase participation at the distribution grid
level through Demand Response programs. Both the proposed methods showed promising
results that proved beneficial both for the CHP operators as well the market and utility
operators.

Despite the encouraging results that the proposed approaches have yielded, there is much
scope for further research into various aspects of the work. The facets that can be focused
on in future lines of research include:

1. Thermal storage optimization and modeling - Due to lack of adequate and reliable
sources available to model the operation costs of TES, in this work we have considered
a cost model that seemed appropriate using expert knowledge. However, this might
not be the most accurate approach. In order to truly capture the nuances of TES
costs, more descriptive and accurate models are necessary. In this work, we also do not
consider optimizing the TES placement or capacity. Since this might have a significant
impact on the total costs and export capability of CHPs, future work can look into
ways to optimize the storage location and capacity.

2. HVAC load models - Commercial CHP loads modeled for demand response did not
consider in depth modeling of HVAC loads. A more detailed load modeling will give
a better picture on the extent to which commercial CHPs can benefit by their partic-
ipation and capture the nuances of building HVAC. These models can be used to also
study the impact of different types of DR programs designed by the utilities.
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