
Thermal energy storage to minimize cost and improve efficiency of a
polygeneration district energy system in a real-time electricity market

Kody M. Powell a, *, Jong Suk Kim b, Wesley J. Cole c, Kriti Kapoor d, Jose L. Mojica e,
John D. Hedengren f, Thomas F. Edgar g

a The University of Utah, Department of Chemical Engineering, 50 S Central Campus Drive, Salt Lake City, UT, 84112, United States
b Idaho National Laboratory, United States
c National Renewable Energy Laboratory, United States
d NXP Semiconductors, United States
e ExxonMobil, United States
f Brigham Young University, Department of Chemical Engineering, United States
g The University of Texas at Austin, Department of Chemical Engineering, United States

a r t i c l e i n f o

Article history:
Received 26 February 2016
Received in revised form
30 May 2016
Accepted 1 July 2016

Keywords:
Polygeneration
Thermal energy storage
Combined heat and power
Dynamic optimization
District energy systems

a b s t r a c t

District energy systems can produce low-cost utilities for large energy networks, but can also be a
resource for the electric grid by their ability to ramp production or to store thermal energy by responding
to real-time market signals. In this work, dynamic optimization exploits the flexibility of thermal energy
storage by determining optimal times to store and extract excess energy. This concept is applied to a
polygeneration distributed energy system with combined heat and power, district heating, district
cooling, and chilled water thermal energy storage. The system is a university campus responsible for
meeting the energy needs of tens of thousands of people. The objective for the dynamic optimization
problem is to minimize cost over a 24-h period while meeting multiple loads in real time. The paper
presents a novel algorithm to solve this dynamic optimization problem with energy storage by
decomposing the problem into multiple static mixed-integer nonlinear programming (MINLP) problems.
Another innovative feature of this work is the study of a large, complex energy network which includes
the interrelations of a wide variety of energy technologies. Results indicate that a cost savings of 16.5% is
realized when the system can participate in the wholesale electricity market.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Concern about energy scarcity and global climate change has
been a driving force for the development of new energy technol-
ogies with an increasing emphasis on emissions reduction and
improved efficiency. This has led to a diverse mix of energy re-
sources and the growing technological challenge to integrate all of
these resources into reliable systems. These systems must ensure
that varying consumer demand for energy is met, while simulta-
neously managing transient and intermittent (in the case of solar
and wind) energy supply. As more diverse energy technologies
become connected to the grid, managing it becomes more difficult.
These technological challenges have led to the implementation of

the smart grid: an electric grid with enhanced flow of information,
which enables intelligent, automated decisions to be made,
ensuring robust and efficient energy distribution [1,2]. The smart
grid, where many different energy technologies interact and
communicate with each other, introduces opportunities for system
optimization [3,4]. Optimization can improve overall system per-
formance by allowing intelligent decisions to be made, so that a
global objective is achieved from the individual components of the
system [5].

The transient nature of both supply and demand of energy has
also led to increased development and deployment of energy
storage technologies, which help to alleviate supply and demand
mismatch [6,7]. In the context of the smart grid, energy storage
technologies provide enhanced flexibility, which can be best
exploited using optimization. Thermal energy storage (TES) is one
of the few energy storage technologies that has proven to be an
economically feasible large-scale storage solution [8e13]. Unlike* Corresponding author.
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electrical energy storage, TES stores thermal energy, and must be
located in close proximity to the thermal loads which it services,
such as in a district energy system, where electric or thermal power
may be generated, distributed, and consumed in a small
geographical area [14,15]. These energy systems are an excellent
test bed for smart grid technologies. Unlike the smart grid, how-
ever, district energy systems may incorporate more than electrical
distribution; they may include district heating and district cooling,
where heating and cooling are generated at central locations and
distributed to the surrounding area. These systems also extend the
opportunities for optimization beyond electrical generation and
distribution, creating the opportunity for a smart and diverse en-
ergy network which provides energy for electrical, heating, and
cooling demands. While there is more opportunity for optimization
in these systems, the optimization problems themselves are more
complex and require models of a diverse range of systems. They
also have additional constraints which must be adhered to,
including meeting other (non-electrical) loads, such as heating and
cooling.

District energy systems take advantage of economies of scale in
order to efficiently and cost-effectively provide heating, cooling, or
electricity for an immediate surrounding area. Many buildings can
be supplied by large centrally-located generation equipment,
rather than smaller individual units for each building [16e19].
Because of the large scales involved in these systems, optimization
is a valuable energy and cost saving tool [20e24]. In addition to the
economies of scale available in central utility generation, a similar
benefit is available for energy storage. Because the generation and
distribution are already in place, large-scale TES can also be readily
implemented in district heating and cooling systems [21,25,26].
The addition of TES provides low-cost energy storage, giving the
system the ability to shift supply and demand of energy. TES can be
used to avoid peak electricity rates by using electric chillers to
generate cooling during off-peak hours, when electricity costs are
lower [27]. This alleviates the cooling needs of the campus during
peak hours. The addition of TES to a district heating or cooling
system also provides additional degrees of freedom, which can be
exploited by optimization. This means the system can be optimized
on a dynamic basis, and loads can be shifted temporally so that cost
or energy usage can be minimized over a finite time interval
[14,28].

District energy systems may also be equipped with combined
heat and power (CHP), where electrical power is produced onsite.
The waste heat from power production is then used in the district
heating loop, making this setup very efficient [29,30]. The oppor-
tunities for optimization in CHP systems is also tremendous. If
power generation capacity exceeds demand, selling excess power
(if regulations permit) can be a source of revenue to help offset
operation and fuel costs. Optimization problems are often solved to
determine the best CHP plant operation for economic dispatch
[31e34]. The addition of TES into a CHP district energy systems
provides additional flexibility [25,35]. TES can be used to shift loads
and free up generation capacity during peak electrical hours, when
prices are highest and maximum revenue can be generated.

The flexibility provided by TES can be exploited by dynamically
optimizing the system. Using this methodology, loads on equip-
ment can be shifted temporally to more efficient points so that the
system achieves optimality over a time horizon, rather than just at
steady state. In a real-time power market, economic benefits are
also realized as the storage gives the system the ability to shift loads
to times when it is most economical to do so. The introduction of
storage and the solution of a dynamic optimization problem over
24-h, however, presents a difficult mathematical problem to solve.
One of the novelties presented here is an algorithm which greatly
simplifies the solution of this problem by decomposing the

dynamic problem into a set of thousands of static optimization
problems which coordinate with the larger, dynamic, master
problem. This work is also innovative in that it explores the concept
of a smart energy system beyond the electrical components, which
is an approach that has been under-utilized in smart grid research.
By considering the mechanical and thermal components of the
system in addition to the electrical components, a smart energy
system can be realized.

2. System overview

This district energy system located at the University of Texas at
Austin and detailed in this study contains all the elements dis-
cussed above: CHP, district heating, district cooling, and TES. The
CHP plant utilizes a gas turbine (43.1 MWe capacity) for primary
power generation. The exhaust gas from this turbine is fed to a heat
recovery steam generator (HRSG), which converts the waste energy
to superheated steam. The HRSG is also equipped with duct
burners, where additional gas can be burned to ensure that the
appropriate superheated steam temperatures are always reached.
This high pressure superheated steam (at 30 bar) is then throttled
to 11 bar for distribution to campus. During this process, additional
power is generated using an extraction steam turbine, which gen-
erates power during steam expansion. In the turbine, enough me-
dium pressure (11 bar) steam is extracted to meet heating
demands. The rest is dropped to near ambient pressure at satura-
tion conditions. With the combination of a gas and steam turbine,
the power plant can effectively operate in combined cycle. The
plant is a combined cycle and a tri-generation system, providing
electricity, heating, and cooling (as shown in Fig. 1)

The system is equipped with an auxiliary boiler, which burns
natural gas and produces additional superheated steam at 30 bar.
The steam output from the HRSG and the auxiliary boiler is com-
bined in a high pressure header before steam is fed to the steam
turbine. The auxiliary boiler is necessary during winter months
when HRSG steam generation is insufficient to meet campus
heating loads. The boiler can also be used to increase power pro-
duction in the steam turbine.

In addition to providing electricity directly to campus, the CHP
plant must also power nine electric chillers, which are used to
produce chilled water to meet the campus's cooling needs. The
chillers are each located in a central station, which house three
chillers each. Each station is equipped with a set of cooling towers,
which provide cooling water for heat rejection in each chiller as
well as multiple chilled and cooling water pumps. The combined
electricity consumption from the cooling system can be significant,
consuming up to half the total electricity output of the CHP plant.

In addition to the CHP plant providing power for the cooling
system, the two are also linked by the turbine inlet cooling (TIC)
system. The TIC system is used to pre-cool the ambient air before
it is fed to the gas turbine [36]. This increases the air density so
that both the throughput and the efficiency of the gas turbine's
compressor can be increased. The use of TIC allows the gas turbine
to produce more power. However, it also consumes power
because it requires additional cooling from the electrically-
powered chillers. The chilled water from the cooling system is
distributed via pipeline to the campus buildings, where it is used
for space cooling. With the addition of chilled water TES, the
cooling loads can be shifted, giving the system an important dy-
namic element.

As Fig. 2 shows, natural gas is used in three places: in the gas
turbine, in the HRSG duct burners, and in the auxiliary boiler. The
gas turbine feeds exhaust gas to the HRSG which, in conjunction
with the auxiliary boiler, produces superheated steam that is fed to
the steam turbine. The steam turbine produces additional power,

K.M. Powell et al. / Energy 113 (2016) 52e63 53



Download English Version:

https://daneshyari.com/en/article/1730720

Download Persian Version:

https://daneshyari.com/article/1730720

Daneshyari.com

https://daneshyari.com/en/article/1730720
https://daneshyari.com/article/1730720
https://daneshyari.com

