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The	Future	Energy	Landscape

EU electricity generation trends

TW
h

(taken from “EU Energy, Transmission, and GHG Emissions: Trends to 2050 – Reference Scenario 2013”
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The	Future	Energy	Landscape

Increasing	integration
Into	the	grid!

…intermittent	and	not
on	demand!
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The	Future	Energy	Landscape

environmental	
concerns

finite	resource
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The	Future	Energy	Landscape

Natural	Gas	is	
clean,	cheap,	and	
safe!
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Energy	Independence	in	Israel

Leviathan	- 22	trillion	cubic	feet
Tamar	– 10.8	trillion	cubic	feet
Tanin - 3	trillion	cubic	feet

source:	https://www.greenprophet.com/2012/02/israel-lebanon-natural-gas-discovery/

Natural	Gas	could	transform	
Israel’s	energy	market!
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Natural	Gas	and	the	Smart	Grid

Natural	gas	is	the	ideal near-term	
solution	to	bridge	the	gap	
between	traditional	energy	
generation	and	renewables
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Micro-Gas	Turbines	for	CHP

• runs	on	natural	gas

• high	power-to-weight	ratio

• small	terrain	footprint

• reliable	(few	moving	parts)

• quiet

• agile	and	flexible – on-demand!

Electricity	and	Heating/Cooling	Generation
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MGT	Integration	into	the	Grid
consumer

utility

MGT

Meet	the	consumer	power	demand	
in	an	economically	optimal	way
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The	Economic	Dispatch	Problem

Economic	Dispatch is	a	short-term	scheduling	for	the	output	of	a	number	of	
electricity	generation	facilities	required	to	meet	system	demand	at	the	
lowest	cost	subject	to	operational	constraints

min J(P,H)
s.t. P = DP

H = DH

operational constraints

$$

Power	Balance

DP

DH

Electricity	Demand

Heat	Demand
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The	Economic	Dispatch	Problem
What	is	the	cost	of	operating	an	MGT?

• relation	of	fuel	consumption	to	heat	
and	power	output

• start-up	and	shut-down	costs
• time	constants	for	power	delivery

Electricity	and	Heat	Tariffs
• how	much	does	electricity	cost
• electricity	market	for	buying	and	

selling	power

Consumer	Needs
• what	are	the	power	and	heat	

demand	profiles	for	consumers
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MGT	Modeling
Recuperated	Gas	Turbine	Cycle	Diagram

02	– 03	:	Compressor – flow	pressure	rises.
03	– 031	:	Recuperator – the	temperature	of	
the	flow	is	further	increased	in	the	recuperator	
by	energy	recovering.
031	– 04	:	Combustor – energy	addition.

04	– 05	:	Turbine – the	thermal	energy	is	
converted	into	mechanical	energy	that	is	
provided	to	compressor	and	the	electrical	
power	generator.
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MGT	Modeling
Recuperated	MGT	Simulation	Model

• NASA	DYNGEN	algorithm
• generates	steady-state	maps	

Shaft	Speed

Bypass	Valve

mass	flow

pressure	ratio

efficiency
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MGT	Modeling
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Towards	an	Optimization	Model
Operational	Constraints	as	discretized	state-transition	graph
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Figure 8: A portion of the transition graph of MGT during
online operation.

than the transient dynamics, but short enough to480

capture the scheduling objective for the ED prob-
lem. The constant c is used to emphasize that cer-
tain transitions may require multiple time-steps to
complete.3

The form of the function fGT , therefore, captures485

both the allowable state transitions of the MGT,
and the number of time steps each transition re-
quires. As shown in [48], dynamics expressed in
this form can be represented by a state-transition
diagram leading to a qualitative description of the490

dynamics (19). As an illustrative example, consider
the steady-state operation of the turbine with by-
pass level fixed to h1. The state-transition diagram
representing allowable power level transitions is de-
picted in Figure 8. It can be observed in this ex-495

ample that increasing the speed level requires two
time-steps (i.e., c = 2), while decreasing requires a
single time-step (i.e., c = 1). Furthermore, speed
levels must be increased or decreased sequentially
(for example, the generator can not transition from500

state (p1, h1) to (p3, h1) without passing through
(p2, h1)). However, it is possible to change both
the speed level and the bypass valve setting in the
same time step, provided that the requirement of
sequential speed changes are respected. Note that505

Figure 8 represents only a portion of the complete
state-transition diagram, which contains p

s

h
v

pos-
sible states at each time step. The exact number of
time steps required for changing states depends on
the step-size �T .510

The MGT also requires special start-up and shut-
down procedures. When the generator is in the
‘o↵’ state (corresponding to xGT = (0, 0)), it must
be ramped up to full power (i.e., p

s

with any by-
pass valve setting). Furthermore, the transition515

3Furthermore, the constant is a function of the current
generator state and the control.
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Figure 9: Portion of the start-up transition diagram for
MGT.

from the ‘o↵’ state to the first online state takes
TSU minutes. Hence, if increasing the speed level
takes two time-steps, the complete start-up proce-
dure takes SUt = TSU/�T + 2�T · s time steps.
Similarly, the generator can only be shut down from520

the state (p1, h1) and requires Tsd units of time to
be completely o↵-line. Figure 9 depicts the transi-
tion graph highlighting the beginning of a start-up
procedure where TSU corresponds to 4 time steps.
We assume for this study a start-up time for the525

MGT of 2 minutes, and a shut-down time of 3 min-
utes [15].

Using this state-transition graph representation,
it is possible to embed in the generation cost a
transition cost that models the added cost for
changing states. We assume that the generation
cost, CGT (xGT (t), uGT (t)), includes these transi-
tion costs. This allows to completely characterize
the economic dispatch problem for operating the
MGT in a smart-grid environment as the optimiza-
tion problem

min
xGT ,uGT ,xP

UT ,xH
UT

J(xGT , uGT , x
P
UT , x

H
UT )

subject to xGT (t+ c�T ) = fGT (xGT (t), uGT (t)),

PGT (xGT (t)) + (xP
UT (t)� P (t)) = 0,

HGT (xGT (t)) + (xH
UT (t)�H(t)) = 0,

xGT (t) 2 {(pi(t), hj(t)), i = 1, . . . , s, j = 1, . . . , v}
xP
UT (t) � 0, xH

UT (t) � 0, t = 1, . . . , T.
(20)

In the next subsection, solution methods for (20)
will be discussed.

3.2. Solution Methods - A Shortest Path Approach530

The general form of the optimization problem in
(20) falls under the class of mixed-integer program-
ming (MIP). The description of the dynamics us-
ing a state-transition graph allows for employing

10

• system	“state”	is	shaft	speed	and	bypass	valve
• arrows	indicate	allowable	transitions	to	new	

steady-states,	and	their	time



IACAS 16.03.17

Towards	an	Optimization	Model
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(a) Fuel Mass Flow.
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(c) Heat output.
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Figure 7: Solution grid over the states of the gas turbine model.

from the utility2 at time t with cost functions
CP

UT (x
P
UT (t)) and CH

UT (x
H
UT (t)) respectively. The

ED cost function for a finite time horizon of T units
can be expressed as

J(xGT , x
P
UT , x

H
UT ) =

TX

t=1

(CGT (xGT (t))+

CP
UT (x

P
UT (t)) + CH

UT (x
H
UT (t))

�
. (16)

The minimization of the cost function (16) is
subject to several restrictions capturing both the
power and heat balance of the system, and the
operational constraints of the generator. The en-
ergy balance equations are the thermodynamic and
power restrictions of the microgrid operation. We
denote the nominal demand for power and heat
at time t with the variables P (t) and H(t). For
the turbine state xGT (t), there is a corresponding
power and heat output, denoted by PGT (xGT (t))
and HGT (xGT (t)) respectively (Figures 7(b) and
7(c)). Thus, the energy balance can be expressed

2Heat is not directly sold by the utility, but can be mod-
eled as an additional fuel or electricity cost. This is discussed
in more detail in Section 4.1.2.

as

PGT (xGT (t)) + xP
UT (t) = P (t), t = 1, . . . T, (17)

HGT (xGT (t)) + xH
UT (t) = H(t), t = 1, . . . , T. (18)

In the absence of any additional constraints, the
ED problem aims to minimize (16) subject to the
energy balance constraints (17) and (18).

While one may consider purchasing power and
heat from the utility in an instantaneous manner,465

extracting heat and power from the MGT implicitly
induces dynamics, which we develop here. Recall-
ing that the time constant corresponding to changes
in the MGT state are fast relative to the operat-
ing horizon, this economic dispatch problem con-470

siders transition from one MGT state to another
via steady-state operational behavior only.

In this direction, we introduce a control variable
for the MGT, denoted uGT (t), which is used to de-
termine how the turbine should change state at each475

time-step.
This leads to a discrete-time dynamical system,

represented below as,

xGT (t+ c�T ) = fGT (xGT (t), uGT (t)), (19)

where a fixed step-size of �T seconds is assumed.
As we are concerned with only the steady-state op-
eration, the step-size should be chosen to be faster

9

MGT	Dynamics	can	be	represented	
by	graphs

$$	Costs	can	be	assigned	to	each	
edge

• relates	to	fuel	price
• maintenance	cost
• utility	commitment	and	

consumer	demand
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Towards	an	Optimization	Model

min
xGT ,uGT ,x

P
UT ,x

H
UT

J(xGT , uGT , x
P
UT , x

H
UT )

subject to

(MGT Dynamics) xGT (t+ c�T ) = fGT (xGT (t), uGT (t)),

(Power Balance) PGT (xGT (t)) + (xP
UT (t)� P (t)) = 0,

(Heat Balance) HGT (xGT (t)) + (xH
UT (t)�H(t)) = 0,

xGT (t) 2 {(pi(t), hj(t)), i = 1, . . . , s, j = 1, . . . , v}

xP
UT (t) � 0, xH

UT (t) � 0, t = 1, . . . , T.

Optimization	over	a	directed	acyclic	graph
Shortest	Path	Algorithm	– complexity	is	linear	in	#nodes+edges
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Case	Studies
Full Service Restaurant
commercial medium electricity tariff
511m2

Large Hotel
commercial tall electricity tariff

11, 345m2

Small Hotel
commercial medium electricity tariff
4, 013m2

Residential Building
residential electricity tariff
neighborhood of 20 apartment buildings

Demand and Tariff Data

US DOE 2004
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Case	Studies
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Full	Service	Restaraunt
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(a) Power Demand: Reference Winter
Day
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(b) Power Demand: Reference Spring
Day
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(c) Power Demand: Reference Summer
Day
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(d) Heat Demand: Reference Winter
Day
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(e) Heat Demand: Reference Spring
Day
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(f) Heat Demand: Reference Summer
Day

Demand CHP commitment Utility commitment

Figure 11: Heat and power demand of the full service restaurant and its unit commitment solution for the seasonal reference
days in winter, spring and summer.

solution. During the entire winter day, the opti-
mization sets the bypass valve at a constant 0%,760

while the fluctuation in the power and heat are as-
sociated with MGT speed variations.

On most of the winter day hours (05h-01h), the
heat demand is mainly provided by the CHP, re-
gardless of intermediate and o↵-peak tari↵ rates.765

Thus, the MGT is operated on a heat driven basis.
Consequently, the ensuing CHP power is an arti-
fact of the optimization, and the residual di↵erence
between the electricity production and demand is
either supplied to or bought by the utility. For ex-770

ample, in the first hour of operation (24h-01h), the
heat demand (126kW ) is primarily accommodated
by the CHP unit, and only a small amount is pur-
chased from the utility (10kW ), whereas the CHP
power production (80kW ) is significantly higher775

than the electricity demand (39kW ). If the elec-
tricity and heat demand would have been met en-
tirely from the utility, the cost would be $5.478
(considering the o↵-peak electrical charge and the

utility heat production based on the natural gas780

pricing). Alternatively for the optimal CHP unit
commitment, the total operational cost is $5.702.
However, as the electricity production exceeds the
demand, the surplus is sold back to the grid, re-
sulting in a profit of $1.119. On the other hand,785

the CHP heat production does not fulfil the entire
demand, requiring in an additional utility cost of
$0.398. In total, the net gain in operating the CHP
unit during this hour amounts to $0.497.

From 01h until 05h (which is during the o↵-peak790

tari↵ period), the MGT is operated at an electricity
and heat production level above the demand. This
is a mode of operation which is maintenance-cost
driven. The comparative advantage of the CHP
over the utility should be in time intervals of higher795

heat demand or increased utility electricity pricing.
However, in this o↵-peak time period, the opera-
tional state of the MGT is optimized to minimize
losses. There is a direct low cycle fatigue associated
cost of each shutdown and startup ($3.75), in addi-800

15

Heat Driven Operation
During winter,	electricity is a	byproduct
of meeting the heat demand.

Maintenance	Driven Operation
In	Summer	and Spring,	startup and shutdown
costs are too high	to operate the MGT.

Power

Heat

Winter Spring Summer
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Large	Hotel
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(a) Power Demand: Reference Winter
Day
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(b) Power Demand: Reference Spring
Day
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(c) Power Demand: Reference Summer
Day
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(d) Heat Demand: Reference Winter
Day
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(e) Heat Demand: Reference Spring
Day
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(f) Heat Demand: Reference Summer
Day

Demand CHP commitment Utility commitment

Figure 12: Heat and power demand of the large hotel and its unit commitment solution for the seasonal reference days in
winter, spring and summer.

similar. Operating the unit at a low power com-900

mitment level, the head demand is supplied at a
competitive unit e�ciency (0% bypass). Clearly
the behaviour is heat driven, except in the o↵-peak
hours of the summer, when it is more economical
to continue operation at minimum production level905

instead of shutting down (maintenance driven). In
contrast to summer and winter, the spring day ex-
hibits a low heat demand profile, while the power
demand is at a comparable level with other seasons
(Figures 13(b), 13(e)). The optimization finds that910

it is not profitable to operate the unit, and therefore
the MGT stays o↵ the whole day.

Residential Neighborhood
For the residential neighborhood scenario, the

solution of the CHP unit economic dispatch are915

presented in Figures 14(a)-14(f). On the refer-
ence winter day, the CHP unit operates at constant
heat (193kW ) and maximum electricity production
(110kW ). Between 17h-22h, when the power de-
mand surpasses the MGT capacity, additional elec-920

tricity is bought from the utility. In all other time
intervals, the excess electricity is sold to the grid
according to net metering procedure. It is interest-
ing to note that the heat production is kept at a
constant level (at 20% bypass) throughout the day,925

and it is more economical to purchase additional
heat from the utility when needed. This is in part
associated with the relatively course bypass valve
grid employed in the optimization (see Remark 1).

During the typical spring day, the MGT unit be-930

havior presents a unique operational schedule which
is revenue driven. In the intermediate tari↵ hours
of the day (10h - 20h), the CHP unit operates at
an electricity and heat production level significantly
beyond the consumer demand, selling all the excess935

electricity to the grid while dumping the excess heat
to the atmosphere (see Figures 14(b) and 14(e)).
Therefore, the optimal solution is to take advantage
of the higher electricity rates during this period to
increase revenue. In fact, in order to increase the940

electrical e�ciency, the bypass valve is set at 0%

17

Electricity Driven Operation
Power	demand of the large	hotel exceeds
the maximum capacity of the MGT.	

Optimal	commitment requires
contributions from both MGT	and Utilitiy

Power

Heat

Winter Spring Summer
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Small	Hotel

0 5 10 15 20 25

Time [h]

0

50

100

150

D
e
m

a
n
d
 a

n
d
 c

o
m

m
itm

e
n
t 
[k

W
]

(a) Power Demand: Reference Winter
Day
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(b) Power Demand: Reference Spring
Day
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(c) Power Demand: Reference Summer
Day
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(d) Heat Demand: Reference Winter
Day
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(e) Heat Demand: Reference Spring
Day
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(f) Heat Demand: Reference Summer
Day

Demand CHP commitment Utility commitment

Figure 13: Heat and power demand of the small hotel and its unit commitment solution for the seasonal reference days in
winter, spring and summer.

and the associated heat commitment level is the
lowest possible for the chosen speed setting. In this
particular circumstance, the MGT can clearly pro-
duce electricity at a lower per unit cost than the945

utility. In the late evening from 20h-24h, when the
utility costs are low, the CHP operates at its lowest
possible power and heat state instead of shutting
down (maintenance driven). For the same day, in
the o↵-peak tari↵ hours (24h-7h), the CHP unit950

supplies the entire heat demand at 0% bypass and
varying speed levels (heat driven behavior). The
ensuing excess electricity is sold back to the grid.
Lastly, from 7h-10h, the commitment level of the
CHP changes directly correlated with the electricity955

demand, varying the speed of the engine at 0% by-
pass level in the most thermodynamically e�cient
condition (electricity driven).

During the summer day, the electricity is at peak
rate between 10h-20h, which increases the economic960

advantage of production by the MGT. In fact, be-
tween 10h-11h, the unit produces 110kW electricity

at 0% bypass (greater than the demand) and sells
the surplus back to the grid (revenue driven). From
12h - 20h, the power demand exceeds the capac-965

ity of the MGT, and the additional requirements
are supplied by the utility. However, this time pe-
riod is not entirely electricity driven. Between 16h-
17h, with the increasing heat demand, the bypass
valve position is adjusted to 20% in order to pro-970

duce more heat at the same electricity production
rate (100% speed). Hence, the optimization finds
economic advantage in producing heat through the
MGT at the expense of augmented fuel consump-
tion. In the o↵-peak hours of 20h-24h and 07h-10h,975

the trends are heat driven due to lowered price of
electricity. Once again, in the early hours of the
day between 24h - 07h, the MGT operates in its
minimum electricity and heat production state, in-
stead of shutting down (maintenance driven). In980

this time period, it is more economical to fulfill the
additional electricity demand from the network.

Throughout the various seasons and times of day,

18

Heat Driven Operation
MGT	operates at	low power	commitment
levels,	while heat demand is supplied at	a	
competitive unit efficiency

Maintenance	Driven Operation
During off-peak	hours in	summer,	the
MGT	is operated to avoid additional	
startup/shutdown costs

Power

Heat

Winter Spring Summer
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Residential	Community
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(a) Power Demand: Reference Winter
Day
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(b) Power Demand: Reference Spring
Day
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(c) Power Demand: Reference Summer
Day
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(d) Heat Demand Reference Winter
Day
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(e) Heat Demand: Reference Spring
Day
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(f) Heat Demand: Reference Summer
Day

Demand CHP commitment Utility commitment

Figure 14: Heat and power demand of the residential community and its unit commitment solution for the seasonal reference
days in winter, spring and summer.

the residential neighborhood presents di↵ering opti-
mal commitment trends associated with heat, elec-985

tricity, revenue, and maintenance-cost driven oper-
ation. In contrast to other consumers of energy, the
increased diversity in the neighborhood’s economic
dispatch mode is heavily based on the variations
in the ratio between the power to heat demand,990

which fluctuates between 0.2-6. In contrast, the
heat to power demand ratio of the restaurant varies
between roughly 0 - 1.5 throughout the year. This
increased range of this ratio has strong influence on
the optimization strategies.995

4.3. Economic Analysis

To e↵ectively demonstrate the economic via-
bility of integrating the MGT, Table 4 summa-
rizes the total savings when the natural gas price
moderately deviates from the October 2015 refer-1000

ence of fuel cost 1= $7.74/1000ft3 to fuel cost 2
= $8.85/1000ft3 and fuel cost 3 =$6.80/1000ft3

[60]. The results are aggregated by day (Summer,

Spring/Autumn, Winter) and building types. If the
savings are listed as zero, it is not economically1005

beneficial to operate the CHP unit. To facilitate
the analysis, the data is further broken down to
show the demand charge savings, Table 5 (which
are divided by 30 as the usual billing period is one
month).1010

For the commercial tall and medium buildings,
there are savings resulting from fixed pricing of
electricity and demand charge reduction (Table 5).
The latter is associated with operating the unit at
a nearly constant commitment level that decreases1015

the peak loads met by the utility. For these reasons,
in the large hotel example, using a single CHP unit
is especially advantageous (Table 4), however insuf-
ficient in terms of meeting demand. Therefore, a
bank of CHP units may be more suitable to accom-1020

modate the energy needs. In general for all com-
mercial buildings, increasing the fuel price leads to
a decrease in savings. This is most clearly demon-
strated in the small hotel, where increasing the fuel

19

Revenue	Driven Operation
In	intermediate	tariff hours,	the MGT	
operates above the demand,	selling
electricity back	to the grid

Flexible	Operations
During off-peak	hours,	the MGT	either
operates electricity,	heat,	or maintenance
driven,	depending on	situation

Power

Heat

Winter Spring Summer
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MGT	Economic	Modes

Electricity Driven:	In	case of the large	hotel,	when power	and
heat demand exceed the MGT	capability permanently.

Heat Driven:	Small	hotel and restaurant due	to more
competitive energy generation with respect to the demand
profiles.

Maintenance	Driven:	In	off-peak	hours of the small hotel and
restaurant where utility prices are low to avoid cycle costs.

Revenue	Driven:	Operation	in	residential neighbourhood aims
to generate excess electricity that can be sold to the grid.
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Conclusions

Micro-Gas	Turbines	using	natural	gas	is	an	
economically	viable	solution	towards	a	
distributed	power	generation	economy

Detailed	modeling	required	to	gain	a	better	
understanding	of	the	economic	operational	
modes	of	the	MGT
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Future	Work

a	dynamic	real-time	algorithm	for	integration	
of	the	MGT	into	the	smart-grid		

ECU

NI9263NI9220

Hardware MGT Model
Utility

Demand

Micro-Gas Turbine

Algorithm

Control

Optimization

operation	of	MGT	“banks”	for	distributed	
economic	dispatch
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