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Abstract

The objective of this work is to develop a comprehensive model for the industrial facility’s energy system. In order
to model the current energy system, we simulated each technology including the gas turbines, HRSG, duct burners,
and boilers based on historical data from the company. After finding the hourly energy demand including electricity,
steam, hot water, and cold water, we developed an hourly-based optimization model to determine the operation
strategy of the current technologies to minimize total energy cost. Then we compared the optimization results with
the current situation at the company. The results suggests 4% saving in total utility expenditure and 3% saving in
natural gas consumption which is equal to the saving of 4500 tons of CO2 emission.

Keywords

Mixed integer programming, Operation optimization, Cogeneration system.

1. Introduction

Determining the optimal power dispatch or energy management strategy in a cogeneration facility is a conceptually
challenging task. Consider an industrial plant which requires electricity, -either generated internally or purchased
from the grid, heating, and cooling. This cogeneration facility has gas turbines, Heat Recovery Steam Generators
(HRSGs), stand-alone steam and hot water boilers, steam-driven chillers, and electric chillers. Steam must be
generated to meet the process demand, to operate turbine driven chillers, and may be used in heat exchangers to
generate hot water to meet comfort heating demand. Chilled water must be generated to maintain CHP cooling,
provide the process and comfort cooling demands and condense excess steam.

Equipment efficiencies often vary with ambient temperature, humidity, and operating load, requiring dynamic
models to estimate performance. The plant demand itself (electricity, steam, hot water, and chilled water) may vary
depending on type of day, the time of the day, and the season. Clearly, operating complex cogeneration utility
systems based on heuristic rules may not be optimal; a more systematic approach is needed[1,2].

Given that the utility requirements (steam, heat, electricity, and cooling) for a production period are known, we want
to determine the optimal energy dispatch for the industrial facilities division. The optimal energy dispatch strategy
refers to the total amount of self-generated electricity, purchased electricity, and purchased natural gas consumed by
each technology when costs are minimized. It determines which units in the cogeneration facility should be
operational and at what levels. As we allow the utility requirements to change from period to period, this can also be
considered a multi-period optimal power dispatch procedure.

The objectives of minimizing the energy usage in a process, minimizing the cost of purchased and generated
utilities, and optimally operating the cogeneration system and the process are linked together.
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2. System Description

In order to develop an optimal power dispatch strategy, we suggest a systematic approach that begins by looking at
the energy efficiency of each significant consumer or generator in the cogeneration system. Each unit will have a
power stream in and a power stream out. Initially, we take an approach where the output power of a unit operation
can be modeled as a linear function of the power in. If linear efficiency equations are not sufficiently accurate, then
nonlinear equations such as polynomial approximations may be used. The first improvement on this model will be to
include other factors such as the ambient conditions. A nominal efficiency model of the process can be developed
using both manufacturer’s test data and operational data of highest available resolution and quality. In some cases
where hourly resolution does not exist, daily or monthly profiles can be made to mimic similar equipment’
performance. Moreover, we try to omit data that includes periods prior to either scheduled or unplanned
maintenance. For some units, for example steam or electric driven chillers, very simple energy efficiency equations
will prove accurate. However, for some units, such as a gas turbine, this simple approach will not work. Allowing
that we can account for the operating energy efficiency of each utility component, we must assemble this
information in a fashion that allows us to meet target electrical, steam, and cooling water demands at a minimum
cost. Here, by the construction of a mixed-integer programming (MIP) problem, we can determine an optimal
operational strategy within optimization program.

The need for mixed-integer variables occurs because at the optimal solution, some available energy unit operations
may be on = 1 or off = 0. For example, in the GTG/HRSG assembly, energy enters as natural gas, which fires the
gas turbine to produce electricity. We developed a function, which relates the energy rate out to the energy rate in
for the gas turbine. The same natural gas feed firing the gas turbine also produces steam from the HRSG. The HRSG
only produces steam if the gas turbine is in operation. A function will be developed, which relates the natural gas
energy rate in to the steam energy production rate out.

Table 1 provides unit operation efficiencies for all major energy conversion technologies. For example, from Table
1 for duct burner equation, Im3 of natural gas will produce 15.4 kg steam per hour or 11.86 kW.

Table 1: Summary of Unit Operation Efficiencies

Energy- In Energy -Out
Equipment Electricity Steam Natural Electricity(kW) Steam(kg) cw(cop hot
(kw) (kw) gas ) water(kWh)
Gas 1 -0.0031*NG”2+13.7296*NG
turbines(GT) +2.5306*T-9537
Heat 1 1.56*NG(m3)+7689
Recovery
steam
generators
(HRSG)
Duct burner 1 15.4*NG(m3)
Steam boiler 1 13.6*NG(m3)-23
1
hot water 1 8.5*NG(m3)
boiler
Electric 1 1/.65-
chillers 1/.71
Steam 1 .985
chillers

Based on the historical data for the gas turbines, we found the correlation between generated power, efficiency and
ambient temperature. It was also shown that there is a polynomial correlation between natural gas consumption in
the gas turbine and generated power as presented in Table 1.

The hourly Ontario electricity price (HOEP) and monthly average natural gas is considered for the modeling as
shown in Figure 1 and Figure 2[4].
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Figure 1: Hourly Ontario Energy Price for the 2018 Fiscal Figure 2: Monthly average Price for natural gas in 2018
Year. Fiscal Year.
3. Methodology

We can now provide an overview of our solution approach to the optimal dispatch problem as shown in Figure 3.
We specified the plant electrical, steam, and cooling demands (energy rate out) of the process on an hourly basis.
These demands are fixed and thus independent of how the cogeneration system chooses to operate. For example, if
chilled water is generated from steam chillers, the additional required steam load to do so (above the process needs)
is internal to the cogeneration system and will be accounted for by the equations and the system constraints. The
optimal solution to the energy dispatch problem is derived by varying which units are operational (on/off) and at
what energy input rates, so as to meet the required electrical, steam, hot water, and chilled water demands of the
process while minimizing the cost of purchased natural gas and purchased electricity [5].

EXL/MATLAB

technologies model
Modeling of energy
conversion and storage
technologies

Technology cost &
performance data

Energy demand

Calculation of heat

and electricity demand
Steam/ hot water/ cold water
/ electricity

MIP Operational
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Figure 3: Modelling approach implemented in optimizing TMMC’s integrated energy system

The power dispatch model for the cogeneration system can be formulated as an MIP (Mixed integer programming)
optimization problem with the objective to minimize costs as such:

Minimize Costs= Fixed Natural gas cost+ Variable Natural gas cost+ Fixed electricity cost+ Variable electricity cost
Subject to:
-Material and energy balances

-Equipment efficiencies
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-Equipment capacities

-Logical constraints

3.1 Modelling

The objective function is to minimize the total cost of purchased natural gas and purchased/imported electricity for
the 2018 fiscal year (Apr 2017- March 2018) as shown in Eq. 1. The simulation is conducted over this year with
hourly resolution.

Min cost = ¥ONGP "% x Price¢) + X¥7%(Elecl™™"**** x Pricef'*®) + Global_adjusT_fee + firm_demand_cost )
h d h da - .. . .
Where E lecflmrc a%¢® and N Gy urenased is the electricity and natural gas purchased from the grid. Priceg'c,
Price}¢ are calculated as explained in the previous sections.
h

Electricity Constraint: Electricity demand is met by the generating electricity via gas turbine and by purchasing
some from the utility grid. The hourly demand for the 2018 fiscal year was equal to the sum of generated and
purchased power less the electricity which was sent to the chillers, since this will be decided by the model (Eq. 2).

Demandg'e¢ = Elec,’l’umhased + XET x Elecf™ + X£T? x Elecf"® — ElecR¢ 2)

Where X£™ and X£T2 are the binary variables corresponding to the Off (0) and On (1) conditions of the gas

turbines.

Natural Gas Constraint: Natural gas consumption is defined as the summation of natural gas consumed by the
different technologies including gas turbines, duct burners, steam boilers, and hot water boilers (assumed constant)

in each hour (Eq. 3).

NGPUTERased = X115 NGET! + X572 x NGET2+NGPPY + NGPP2+NGFP! + NGIB2+NGSP3 +NGIWP 3)

Steam Constraint: Steam demand is provided by the operation of HRSGs with and without supplemental firing and
three steam boilers. XPB!, XPB2 x 5Bl x5B2 x3B3are the binary variables corresponding to the off (0) and on (1)

operation of duct burners and steam boilers (Eq. 4).

Demandgt®®™ < XET x steamiIRSG1 + XFT2 x steamlIRS¢2 + XPB1 x steamPPB! + XPB? x steamPB? + X8t x
steampPt + X;B? X steamiB? + X352 x steamiP? — steam;' ¢ “4)

There is a possibility of generating steam more than it is actually needed, the extra steam will be sent to the steam

dump condenser which the model will calculate.

Hot Water Constraint: Hot water is supplied by the hot water boilers and the thermal energy storage system.

Demandi™ = HW,, — QHE"" + Qf14s  in heating seasons )
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Where: HW),, is the hot water that is generated in each hour by hot water boilers and QHE", QH{S represent the

energy that is charged or discharged from the hot water storage tanks.

Chilled water Constraint: Chilled water is supplied by the electric chillers, steam chillers and the thermal energy
storage system (Eq.6).

DemandS” = CW, — QCE"™ + QCH#S  at cooling season (6)
CWy = Ype CWERC + ¥ o CWSTC RC:{RCO1, RC02, RCO3, RCO4, RC203, RC204}, STC:{ STC202, STC301}

Where CW,, is the cold water that is generated in each hour by chillers and QCE"", QC* represent the energy that
is charged or discharged from the chilled water storage tanks.

Note that the hot water storage tanks are only available in heating seasons, and chilled water storage tanks are only
available in cooling seasons.

Storage Constraint: The amount of energy in the storage tanks for each hour is equal to the energy stored in
previous hour plus the amount of energy which is charged or discharged. std_loss is the coefficient for the

efficiency of storage systems (Eq. 7).

Sty = Stdjpss * Stp—q + QM — QIS (7

Energy balance of each technology: The energy generated by each technology is related to the input energy as
shown in Table 1(Eq. 8).

tech)* ™" =7, techﬁlnput 8)

Ramp-up/ Ramp-down Constraint: It takes approximately 1 hour to ramp up the gas turbine and approximately
two hours to ramp down as shown in the following equation.

Elecf” — ElecfT, < Elec§L,, ©
ElecfT — ElecfTt < —ElecSh, +.5

Scheduling Constraints: We considered some equations for the scheduling of gas turbines and HRSGs. Since
HRSGH#1 can operate as an independent boiler with the aid of supplemental firing (guillotine mode), we define this
constraint in the model. This incorporates the 2 hour cool down that is required after GTG #1 shuts down, in order to
start up in Guillotine mode safely (Eq. 10).

(1= X5™). (1= X710 < X7°' + Xp4 (10)

Since HRSG #2 can only operate if gas turbine #2 operates, we defined the following equation:
XPP2 < Xg" (11)

3.2 Solution Method

The nonlinear equations are linearized using mathematical linearization methods. The mathematical formulation of
the aforementioned model is based on the mixed integer linear dynamic programming method which is carried out in
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the General Algebraic Modeling System Software [6]. The MILP dynamic problem is solved by the CPLEX solver
[7].

4. Results

The annual financial savings resulting from the implementation of the optimal energy management dispatch strategy
are shown in Figure 4. Overall the model’s suggestions would result in a 4% decrease in the Company’s energy
expenditure during Fiscal Year 2018, which corresponds to approximately $390,000. As such there is a 4.7%
increase in annual electricity and 16% reduction in natural gas costs.

Annual Energy Cost Comparison

m Purchased Electricity

12.00 9.87 9.48
10.00
8.00
6.00
4.00
2.00
0.00

Cost (M$)

Current Model

Figure 4: Annual energy cost comparison of the TMMC with the optimized result of the model.

The optimization results show that electricity consumption has been increased by 7%, however, there is a 9% of
reduction in natural gas consumption compared to the current situation.

This reduction in natural gas consumed results annually in a 5500 tonne decrease in CO2 emissions, given the Final
Emission Factor of NG to be 2.41 kg CO,,e per m® of NG.

4.1 Optimal operation of gas turbines:

The following figure shows the hourly operation of gas turbines. Each color represents one of the gas turbines.
These figures show how the model chooses to ramp-up and down the gas turbines in different months. Moreover,
they show when the gas turbines should be on or off.

© IEOM Society International

693



Proceedings of the International Conference on Industrial Engineering and Operations Management
Toronto, Canada, October 23-25, 2019

s000 GI1 GIZ Aprﬂ s000 GT1 GT2 May
4500 4500 [
4000 4000
3500 3500
= 3
= 3000 anoo
3 =
= 2500
5 2500 5
H
2 2000 g 2000
E a.
1500
1500
1000
1000
500
500
o
o - - - . - - "R RS8ERS8NRIREIRSEnR3RERE8IRE.
RARE8RE33REERBSSIRRNSRALRERS e RS A
SRS SRS SR8RE MR TISSTRIISNASSEBR our
Hour
5000 5000
T June July
4500 2500 —_—GT1 ——GT2
4000 4000
__3500 3500
= —_
=
= 3000 = 3000
= =
= 2500 =
3 — 2500
3 2000 gzoou
a o
1500 a
1500
1000
1000
500
500
o
"TRBARBEE88RERORABES LIS ERNSRILEZRS 0
S22 ERREXINPEAIISEFASREESR H RN O MONTCXNN N YN TR NN DO DD
Hour RIS BBELIREINRERSIHEIFTERASRER
FEAARARN SRR SSIILASROIGRR
our
5000
August
— — 5000
4500 GT1 GT2 ptember
4500 Gl G2
4000
4000
3500
= 3500
= 3000 =
= = 3000
= 2500 =,
Q = 2500
2 2000 2
o = 2000
4 £
1500 1500
1000 1000
500 500
o o
RN N g EeR e NI NSNS RN e g T R e T T e
N"“*‘Ezzzzizzmmmggggzgﬁmggasz MRS RERUBBEIIBBARIISZISZIIFILFRESBER
Hour Hour
5000 6000
October November
4500 GT1 GT2 GT1 GT2
4000 5000
3500
= —4000
= 3000 <
= E
52500 = 3000
£4 @
2000 ;
=3
a. o
1500 Q. 2000
1000
s00 1000
o
"R Y BB EENIRNERNRESREESEERN2ESR o
S2E2RIRAARLRSLPIIAIRATEEGRR N R R R N N R YT
fiour R R8EE 2SR RBaSe38NSRAIRBERS
SESSSRRNRS e RS ISERFRREBER

© IEOM Society International

694



Proceedings of the International Conference on Industrial Engineering and Operations Management
Toronto, Canada, October 23-25, 2019

6000

6000
December January
—GT1 =——GT2 T .
5000 5000
24000 —=4o000
3 =
= 3000
— 3000 ?g
4
H )
o 8- 2000
Q- 2000
1000
1000
o
mmmmmmmmmmmmmmmmmmmmmmmmmmmm
o T Nt e &8 SR NN © M B8 S O SN S A
RN N e e NI NN e NN T NN ERg AR T P T L
R NSRBI RNERIREREIIBIRAIIRSR our
S222IIRYARRSTEIRIRRSIBRR
Hour
6000
February
11 —2 s000 March

5000

—4000 " ' qu ‘, T h
= 4000
3000

2000

Power (kW

1000

ooooooooooooooooo

Figure 5: Gas turbine electricity generation profile suggested by the optimal model for each month of fiscal year 2018

The results suggest that using electric chillers in heating seasons can be a better option in cost and energy
saving. Moreover, using a steam based electrical generator can be a good option for the future especially during
summer. If gas turbines can ramp up and down within their reasonable part load operation range (40-50% to
110%), they can save on natural gas consumption and reduce the number of start-ups and shut downs.
Therefore, the company can manage the number of start up/ shut down by scheduling the GTs in their part load
operations and they can save on greenhouse gas emissions by scheduling the CHP units.

5. Conclusion

this paper developed a comprehensive model for the industrial facility’s energy system. First, each technology
is simulated including the gas turbines, HRSG, duct burners, and boilers based on historical data from the
company. Then a mixed integer linear programming approach was used to optimize the operation strategy of the
current technologies to minimize total energy cost. Then we compared the optimization results with the current
situation at the company. The results suggest 4% saving in total utility expenditure and 3% saving in natural gas
consumption which is equal to the saving of 4500 tons of CO2 emission.
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