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Abstract

Electricity markets allow manufacturing facilities to provide energy, ancillary services, and virtual prod-

ucts in day-ahead and real-time settings. A recently developed multi-scale market participation model

reveals that a large fraction of these economic opportunities are provided by real-time markets (updated

every 5 minutes). We also observe that this trend is likely to persist as more intermittent and nondis-

patchable power (e.g., wind, solar) is injected into the power grid as system operators will require faster

and more flexible demand and supply resources. These observations indicate that there is a need to more

closely integrate decision-making layers as well as to coordinate utility systems and process operations to

maximize dynamic flexibility.
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Introduction

Manufacturing facilities use hierarchical decision-
making architectures to perform functions at different
time scales. These architectures are usually composed
of a planning layer that sets production and invento-
ries targets over weeks to months, a scheduling layer
that seek to reach those targets over weeks and days, a
real-time optimization (RTO) layer that optimizes pro-
cess conditions over hours to days to reach scheduling
signals in a cost-optimal manner, a supervisory control
layer (usually MPC) that tracks set-points over minutes
to hours, and a regulatory control layer that tracks MPC
set-points within seconds to minutes. Several studies
recognize the necessity to integrate these layers to ob-
tain more coherent architectures (Biegler and Zavala,
2009; Baldea and Harjunkoski, 2014; Engell, 2007). Au-
tomation architectures of energy-intensive manufactur-
ing facilities are already being re-designed to exploit
time-varying electricity prices. For example, the Alcoa
Point Comfort Power Plant, which is a utility plant that
provides electricity and steam to the adjacent aluminum

manufacturing facility, re-optimizes its operations every
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15 minutes in response to electricity and natural gas
price fluctuations (Valadez et al., 2008). These emerging
automation architectures coordinate utility and man-
ufacturing systems to provide load flexibility to the
power grid in exchange for monetary payments or de-
ferred costs. Traditionally, electricity has been pur-
chased through special agreements with utility compa-
nies and/or electricity resellers, but now large industrial
consumers are beginning to participate in wholesale elec-
tricity markets by directly transacting with independent
system operators (ISOs).

Exploiting the flexibility of utility and manufactur-
ing facilities requires careful consideration of the struc-
ture of wholesale electricity markets. Modern electricity
markets are highly sophisticated, with electricity and
ancillary services (i.e., regulation and reserves) being
transacted on multiple timescales. Figure 1 shows time-
varying prices from the California Independent System
Operator (CAISO) for three consecutive days. Energy is
transacted at three timescales: in the integrated forward
market (IFM) (day-ahead market with 1-hour intervals),
in the fifteen minute market (FMM), and through the
real-time dispatch (RTD) process (5-minute intervals).

Histograms for energy prices at different markets are



presented in Figure 2. As can be seen, prices are less
volatile in the day-ahead market are nearly unbiased.
In the real-time market (FMM, RTD) prices are biased
and volatile (frequently negative and at times exceeding
$150/MWh). Energy systems with fast dynamics can
exploit these fluctuations. As with manufacturing facil-
ities, a hierarchical automation structure is used by ISOs
to ensure that generation balances the network loads at
all times. Generators/loads providing regulation capac-
ity to the ISO allow their load set-point to be adjusted
by the power grid Automatic Generator Control (AGC)
The AGC
layer updates load set-points every 2 to 15 seconds. The

layer in exchange for monetary payments.

regulation service provider is compensated both for the
amount of regulation capacity provided (a load flexi-
ble band is offered) plus the amount of mileage, which
is the sum of the absolute distance between consecu-
tive load set points. Order 755 of the Federal Energy
Regulatory Commission (FERC) provides incentives to
participants capable of tracking fast changing load set-
points. As additional non-dispatchable wind and solar
power is absorbed, requirements for ancillary services
are expected to grow. In February 2016, CAISO dou-
bled its regulation capacity requirements to account for
non-dispatchable sources. As a consequence, the market
price for regulation capacity doubled (Mullin, 2016).

Manufacturing facilities may also participate in mar-
kets through Demand Response (DR) programs. DR is
typically classified as dispatchable and non-dispatchable
(see (Dowling et al., 2016) for details). For dispatchable
DR, the ISO directly controls the load (e.g., sends new
set points through AGC system to regulation resources),
whereas non-dispatchable loads are coordinated through
a variety of pricing signals including real-time electric-
ity markets, which are updated every 5 to 15 minutes.
In Texas, load resources provide 2,400 MW of energy
and ancillary services, including half of the spinning re-
serve capacity. Around 1,000 MW of this capacity is
obtained from a single electrochemical processing facil-
ity that provides regulation and other services. Medium
(10 to 50 MW each) and small (less than 10 MW) size in-
dustrial /commercial facilities provide the remaining 820
MW and 550 MW of capacity, respectively (Kirby et al.,
2011). The Alcoa facility in Warrick, IN offers several
ancillary services in markets run by the Midcontinent
ISO. An aluminum smelter provides 70 MW of regu-
lation capacity, which is 15% of its average load (470
MW). This type of operation represents a paradigm shift

in the use of manufacturing loads for ancillary services.

The same plant also provides 75 MW of interruptible
load, which has been dispatched around 55 times per
year for an average length of 42 minutes (Todd et al.,
2009). Alcoa generates up to 120,000 $/day of addi-
tional revenue by participating in electricity markets,
and has identified potential for 10% energy cost reduc-
tions through more targeted operations (Todd, 2013).
Based on data from CAISO, a system providing 10 MW
of regulation capacity for every hour in 2015 would have
received 500,000 $/year plus mileage payments. Regula-
tion capacity prices currently reach up to 59 $/MW and
this number might increase as more renewable power
is adopted. Moreover, shifting 10 MW of load during
the 1% most extreme prices (in the 97 to 1,621$/MWh
range) in the CAISO real-time energy market to the av-
erage price (30 $/MWh) would yield savings of 400,000
$/yr. The savings for large manufacturing facilities can
reach millions of dollars per year. For instance, the
pumping system of an oil pipeline comprised of 50 pump
units with 6,500 horsepower electric motors has a load
of 200 MW. Large refineries in Texas have generation fa-
cilities of up to 500 MW and usually have excess power

capacity installed.

Electricity Market Organization

Wholesale electricity markets, including those run
by CAISO, PJM, Midcontinent ISO, ISO New England,
and New York ISO in the United States allow for energy
transactions at multiple timescales and carefully coor-
dinate operational schedules for generators and loads
while considering transmission network limits, genera-
tor capacity limits, and ramping constraints. Markets
normally follow a two-settlement system: the day-ahead
market commits transactions based on expected (fore-
casted) system performance while a real-time market
allows for corrections when the system deviates from ex-
pected performance due to forecast errors or contingen-
cies (Zavala et al., 2015). Market settlements set prices
for multiple products and at different times. The loca-
tional marginal price (LMP) reflects the marginal cost of
serving an additional unit of energy at a specified node
in the transmission system, typically with units $/MWh.
Ancillary service marginal prices (ASMPs) are primarily
used in CAISO to compensate ancillary service awards.

Economic Value of Manufacturing Flexibility

The day-ahead market (DAM) seeks to schedule
sufficient generation capacity and ancillary services to
meet the forecasted demand for the next day. Real-

time markets are used to mitigate discrepancies between
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Figure 1. Energy and ancillary service prices for a node
in CAISO January 1 - 3, 2015.
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Figure 2. FElectricity prices for 2015 for a CAISO node.
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Figure 3. Structure and timeline of the real-time mar-

kets (RTM) run by CAISO.

forecasted and actual demand, unplanned outages, and
transmission and generator failures by adjusting sched-
ules and procuring additional capacity. The RTM struc-
ture is more complex than that of the DAM, as shown in
Figure 3. Market participants submit energy and ancil-
lary service 75 minutes before the start of each trading
hour. Every 15 minutes, the Real-Time Unit Com-
mitment (RTUC) runs and dispatches fast and short

start resources. Next, the Fifteen Minute Market
(FMM) uses these results to establish binding sched-
ules and prices for energy (LMPs) and ancillary services
(ASMPs) for 15-minute intervals. Once every hour the
Short-Term Unit Commitment process dispatches
short and medium start resources. Finally, every 5 min-
utes, the Real-Time Dispatch process schedules addi-
tional energy and sets 5-minute energy prices (LMPs).
The FFM and RTD layers set real-time prices.
Real-time markets are implemented as intricate lay-
ers of optimization problems. The RTUC solves a Se-
curity Constrained Unit Commitment (SCUC) problem
One RTUC run is
started every 15 minutes, and the results are used for
the HASP and to settle to FMM. As such, FMM settle-

ments are based on the data available 37.5 minutes be-

over a 60- to 105-minute horizon.

fore each 15-minute interval. This structures introduces
errors from lag, and necessitates a faster layer; the RTD
runs 7.5 minutes before the start of each 5-minute in-
terval and solves a Security Constrained Economic Dis-
patch (SCED) problem. It establishes binding energy
prices and schedules for the next interval and advisory
information for subsequent intervals in the trading hour.
Energy payments are settled using the LMPs from the
corresponding market. Thus, energy procured in the
IFM is settled using LMPs from the IFM.

Diverse studies have analyzed market participation
of a variety of technologies such as combined heat and
power (CHP) plants (Mitra et al., 2013), steel furnaces
(Castro et al., 2013), cement plants (Castro et al., 2011),
air separation units (Cao et al., 2015), electrochemical
manufacturing facilities (Babu and Ashok, 2008), and
HVAC systems (Hao et al., 2012). Economic opportu-
nities for simultaneous energy and ancillary service pro-
visions at multiple timescales, however, remain largely
unaddressed in the literature. We recently developed an
optimization framework to identify the most lucrative
revenue streams provided by day-ahead and real-time
markets through energy, ancillary services, and virtual
bidding products (Dowling et al., 2016).

Here, we use the proposed multi-scale model to as-
sess revenue opportunities for an industrial CHP system
that interacts with the CAISO electricity markets while
providing electrical and heat energy (e.g., steam) to a
manufacturing facility. We also explore the benefits of
coordinating CHP operations with ISOs and manufac-
turing facilities to allow for electricity and steam de-
mand flexibility. We optimize the operating policy of
the CHP system to minimize the net operating costs.
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Figure 4. Overall efficiency (Top) and nominal demand
profiles for CHP system (Bottom,).

The net costs capture fuel usage and market product
sales, which are calculated using real CAISO settlement
prices for all of the year 2015. We use the nominal time
demand profiles shown in Figure 4 for each day. Due to
the need to capture multiple time scales over the entire
year (with both coarse and fine resolutions), the result-
ing linear optimization problems include up to 200,000
equality constraints, 1.8 million inequality constraints,
and 1 million bounded continuous variables. We exam-
ine the distribution of revenues from different market
timescales by comparing three participation schemes:
day-ahead (DAM) only, real-time (RTM) only, and full
participation (DAM and RTM). Figure 5 (top) summa-
rizes both the absolute fuel costs and revenues and Ta-
ble 1 compares net operating cost savings. As expected,
participating in markets at all timescales realized the
greatest savings. We observe that net operating costs
decrease from nearly 160,000 $/year under no market
participation to nearly 100,000 $/year under full mar-
ket participation (a reduction of over 35%). Further-
more, introducing ancillary service sales more than dou-
bled net operating cost savings relative to energy-only
market participation. Restricting participation to only
DAM markets limits cost savings to only 34% - 85% of
those available from full market participation (Table 1).
In contrast, participating in RTM markets alone limits
cost savings to 86% - 91% of the possible savings. We
conclude that the magjority of the economic opportunities

are obtained at faster timescales (5 to 15 minutes).

The previous results assume that onsite electricity
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and steam demands are completely inflexible (are fol-
lowed exactly by the CHP system). Such demands are
often dictated by processing plants that need electric-
ity and steam to drive production. With inflexible de-
mands, the CHP system can only use the (unused) resid-
ual capacity to participate in the markets. CHP systems
are also physically constrained because steam and elec-



Table 1. Absolute savings relative to no participation

and percent savings relative to full participation.

DAM + RTM DAM RTM

Energy 25.8 k§/yr 8.7k$/yr  23.5 k$/yr
100% 34 % 91%

Energy & 57.9 k§/yr 20.2 k$/yr  50.6 k$/yr
Regulation 100% 35 % 87%

All 58.8 k$/yr 20.7 k$/yr  50.4 k$/yr
100% 35% 86%

tricity are produced simultaneously (steam being nor-
mally the driving product). We now seek to capture
effects of additional flexibility in revenue. Sources of
flexibility include steam demands (represented by factor
0s), electrical demands (), and additional regulation
capacity (6,). The dominant time constants in many
industrial unit operations (e.g., separation systems) are
on the order of hours. As such, these systems may be in-
sensitive to small steam supply fluctuations on the order
of seconds or minutes. Steam distribution headers also
act as small storage volumes and help attenuate high
frequency variations. Utility demand flexibility can also
be increased by adjusting production schedules. Finally,
some loads from mechanical equipment (e.g., pumps,
fans) may also be adjusted at high frequency to provide
regulation services without compromising performance
of other units at slower timescales. From an implemen-
tation perspective, however, one area of concern is po-
tential wear and tear of equipment.

We investigate flexibility by individually varying 6,
6., and 6, between 0% and 10% and resolving the opera-
tional optimization problem for different market interac-
tion schemes. We highlight that total on-site steam and
electricity demands are still satisfied: demand profiles
are only shifted in time. As shown in Figure 5 (bottom),
we find that additional costs savings of +1.4% to +3.5%
are obtained by moving from 0% to 10% flexibility. The
benefits of flexibility are derived from complex trade-
offs between CHP system efficiency and market oppor-
tunities. In particular demand flexibility allows synchro-
nization of on-site steam and electricity demands, which
are often out of phase. Without market participation,
steam (05) and electrical demand flexibility (6. ) increase
overall energy efficiency from 62.7% to 63.1-63.4%. In-
creased energy efficiencies translate to fuel conservation.
In contrast, overall energy efficiency with market partic-
ipation is approximately 2%-points lower. These trends
are explained through Figure 6, which shows the fre-
quency of operation in the steam-electricity space. For
more detailed figures, please see Dowling et al. (2016).

Even without market participation, exploiting steam de-
mand flexibility allows the utility system to operate in
more efficient regions by synchronizing steam and elec-
tricity loads. With market participation, in contrast,
operation is shifted to maximize electricity generation

and exploiting capacity (at the expense of efficiency).

Redesigning Hierarchical Decision-Making

The previous analysis reveals that: i) Real-time mar-
kets provide the most revenue opportunities. ii) Increas-
ing flexibility of steam and electricity demands from
processing plants increases revenue (by synchronizing
steam, electricity, and potentially chilled water). These
observations imply that decision-making layers making
economic decisions should be updated at timescales of
5-15 minutes. This would represent a major shift in op-
erations, as real-time optimization layers are currently
updated every few hours (to allow processing plants to
reach the steady-state set-point). Our analysis indicates
that these infrequent updates are only capable of ex-
ploiting day-ahead markets with hourly resolutions. Al-
lowing for more frequent updates would require integra-
tion of RTO and MPC and in some cases MPC with
fast regulatory control layers. The integration of RTO
with MPC can be achieved using economic MPC tech-
nology (Rawlings and Amrit, 2009) while integration of
MPC and regulatory requires capturing fast dynamics of
equipment in MPC formulations (e.g., valves, compres-
sors, pumps). These new formulations pose challenges
in algorithms, as they will result in computationally ex-
pensive optimal control problems with drastically differ-
ent time scales. Consequently, finer time discretizations
and command signals will be needed, likely yielding in-
tractable problems. Such complexity can possibly be
overcome using model reduction and timescale decompo-
sition techniques (Zavala, 2016; Baldea and Daoutidis,
2007).

archies with control layers that can be coordinated to

Here, the challenge is to design control hier-

achieve close-to-optimal performance (as opposed to us-
ing existing ad-hoc schemes). These observations also
point towards the need to coordinate processing plants
and central utility plants, leading to site-wide economic
MPC formulations. Scattolini (2009); Rawlings and
Stewart (2008); Arnold et al. (2010) all proposed coordi-
nation schemes for MPC controllers. These techniques
have seen limited use in operations, perhaps because
the economic benefits have not been fully explored. We
highlight that some coordination schemes do not need
to be fully deployed to provide insights on benefits. As
a first step, such schemes could estimate internal prices



for resources, as coordination variables are usually prices
(dual variables) that reflect the value of steam or elec-
tricity at different times. This helps utility systems un-
derstand the value of its different products to different
processing plants at different times. Likewise, dual vari-
ables can help processing facilities understand how their
production schedules ultimately affect central perfor-
mance. This is critical in situations where a new boiler
need to be started to satisfy a small increase in utility
demand. Another case is demand flattening: uncoordi-
nated facilities may maximize production at the same
time, leading to high peak electricity usage.

Conclusions

We argue that allowing simultaneously participating
in day-ahead and real-time energy and ancillary ser-
vice markets provides manufacturing facilities signifi-
cant economic opportunities. We use market participa-
tion model based on historical prices to illustrate that
70 - 90% of revenue opportunities are provided by real-
time markets (updated every 5 minutes). Exploiting
fast price fluctuations will require a tighter integration

of decision-making layers in hierarchical architectures.
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