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Abstract

To improve on-site power generation capacity and efficiency in process facilities, the thermal coupling of an industrial gas turbine cycle
with a bottoming organic Rankine cycle for power plant flue gas waste heat recovery in a process facility is investigated. Using
1,1,1,3,3-pentafluoropropane (R245fa) as heat carrier in the Rankine cycle, 5.2 MW of additional electric power is generated, enhancing
on-site power generation capacity and energy/exergy efficiency by approximately 23% and 6%, respectively. The overall energy and
exergy efficiencies of the waste heat recovery system are estimated at 9% and 24%, respectively. Primary energy savings of
approximately 1.3 million standard cubic feet per day (MM SCFD) of natural gas, or net annual operating expenditure savings of 1.6
million USD, could be realized with the proposed flue gas waste heat recovery system based on subsidized industrial electricity tariffs

in the UAE, with 457 tons of avoided CO2 emissions per year.
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Introduction

Rapid economic and popul ation developments in the past decade
have led to a surge in power demand and environmental
emissions in the Arabian Gulf. Decentralized industrial
electricity production enables power generation in remote areas
with substantial savingsin infrastructure and fuel transportation,
while eliminating power distribution losses. However, in
conventional gas power cycles used for on-siteindustrial power
generation, less than 30% of the fuel energy is typically
converted to useful power, with the rest lost essentially through
the exhaust flue gases. In addition, gas turbine efficiency decays
in high ambient temperatures relative to ISO standard
conditions, mainly due to increased compressor work [1]. To
reduce domestic fossil fuel consumption and environmental
emissions, energy-intensive industrial process fecilities have a
need for enhanced on-site power generation capacity at
improved efficiency. To date, the use of waste heat recycling
technologies has generally been limited in the region’s process
industry. This may have arisen from factors including energy
availability and affordability, practical challenges in assessing
process plant energy performance and implementing energy
efficiency enhancement technologies, and permitting
environmental policies[1]. However, recent
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shortages of natural gas for domestic power generation, volatile
fossil fuel prices and environmental concerns are prompting
changesinindustrial energy production and utilization practices.

Existing industrial gas turbines (GTs) can be thermally coupled
with bottoming power cycles and/or waste heat recovery
equipment to produce additional power at a higher efficiency.
Organic Rankine cycles (ORC) offer several advantages over
conventional bottoming steam Rankine cycles, including
compactness, flexibility and safety, with lower operating
pressure and maintenance requirements[2]. Recent studies have
demonstrated their capability to recover thermal energy from
distributed, medium-grade (i.e., 250-650°C) sources[3]. Inthis
study, the thermodynamic performance and economic feasibility
of retrofitting an existing industrial gas cycle with a bottoming
ORC is evaluated as a potentia solution to enhance power
generation capacity and reduce primary energy consumption in
a hydrocarbon process plant.
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Waste Heat Recovery System

The existing power plant is an industrial natural gas turbine
power plant operated at a base load and €electrical efficiency of
222 MW and 26.9%, respectively [4]. At yearly-average
ambient conditions in the United Arab Emirates (i.e., 28.4°C,
57% RH [5,6]), the power plant rejects flue gases to the
environment at a temperature and combined mass flow of
approximately 490°C and 113 kg/s, respectively, representing
approximately 58.4 MW of waste heat ideally available relative
to the environmental temperature. The existing GT plant isto be
thermally integrated with a bottoming organic Rankine cycle
(ORC) for power generation capacity and efficiency
enhancement, as illustrated in Figure 1. For system safety and
operational stability, an intermediate heat transfer fluid (HTF) is
used to transfer power plant waste heat rejected in the flue gas
heat exchanger (FGHX) to the Rankine cycle working fluid,
namely 1,1,1,3,3-pentafluoropropane (R245fa) in the heat
recovery vapor generator (HRVG). R245fa and the saturated
Rankine cycle T-s diagram are represented in Figure 1(b). In
addition, key R245fa properties are listed in Table 1. R245fais
a non-chlorinated, non-ozone depleting hydrofluorocarbon with
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good heat transfer capability and thermal stability, and low
viscosity [7]. Although alternative working fluids could offer
higher ORC power output and efficiency, R245fa also offers the
advantages of non-flammability, availability and affordability,
as R245fais one of the most widely employed working fluidsin
commercialy-available ORC systems. In addition, Rf245fa
condenses above atmospheric conditions (Table 1), which
reduces the risk of ambient gas leakage into the heat recovery
system. The flue gas temperature at the outlet of the FGHX is
controlled to 150°C to safeguard heat recovery equipment
reliability, resulting in an amount of actually recovered flue gas
waste heat of approximately 43 MW. R245fa is classified as
isentropi ¢ based on the slope of its saturated vapor curve (Figure
1(b)). To promote high power output and efficiency, the ORC
turbine (ORCT) inlet pressure is set at approximately 2.3 MPa,
which corresponds to the highest pressure on the fluid saturation
vapor curve permitting expansion of the working fluid in the dry
region (Figure 1(b)). This pressure is less than 90% the fluid
critical pressure, Pc, to ensure fluid stability. Expansion of
R245fain the ORC turbine produces additional €l ectrical power.
The expanded working fluid is cooled and condensed by water
in the condenser, and pumped back to the HRVG.
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b) R245fa Rankine Cycle T-s Diagram

Note: COND = ORC condenser. HRV G = heat recovery vapor generator. HTF = intermediate heat transfer fluid. HTFP = heat transfer
fluid pump. FGHX = flue gas heat exchanger. NG = natural gas. ORCP = ORC pump. ORCT = ORC turbine. WP = water pump.

Figure 1. Compound gas and Rankine cycle power plant

Table1l. R245fa ORC Working Fluid Properties
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M T.  P. Lewat23  Lenaat45°C  Cpyat45°C Py at 45°C
(g/mol) (°C) (MPa) MPa (ki/kg) (kJ/kg) (kJ/kg-K) (kPa) HH PH FH — GWP
134 153 3.6l 97.8 177.9 091 294.8 2 10 1,050

Note: Latent heat of evaporation, Leva, and condensation, Lcond, given at or near the expected evaporation and condensation conditions,
respectively. Vapor specific heat capacity, Cpyv, and saturation pressure, Pst, given near the expected condensation conditions. HH, FH
and PH refer to health, fire and physical hazard classification based on Hazardous Materials Identification System (HMIS) developed
by the American Coatings Association. The HMIS rating chart ranges from 0 (minimal hazard) to 4 (severe hazard). GWP refers to

global warming potential (100-year) stability [8].

Table2. Compound gas and Rankine power cycle modeling parameters

Par ameter Value
Environmental

Ambient air temperature (°C) [5] 28.4
Ambient water temperature (°C) [10] 27.6
Ambient pressure (MPa) 0.1
Relative humidity (%) [6] 57
Air molar composition: Na; O; (-) 0.79; 0.21
Gas power plant [4]

Net power output at yearly-average ambient conditions, Whe et (MW) 22.2

Flue gas molar composition: Ny; Os; H,O; CO; (-)

0.77; 0.13; 0.07; 0.02

Flue gas mass flow rate, m; (kg/s) 113
Flue gas temperature, T; (°C) 490
Waste heat recovery system

Flue gas temperature at FGHX outlet, T, (°C) 150
Organic fluid pressure at turbineinlet, P; (MPa) 23
Organic fluid vapor fraction at HRVG outlet, x7 (-) 1
Pumps’ isentropic efficiency (%) 75
Organic turbine isentropic efficiency (%) 80
Heat exchangers’ minimum approach temperature difference, ATmin (°C) 10
Organic fluid temperature at condenser outlet, T (-) 45
Organic fluid vapor fraction at condenser outlet, o (-) 0
Hesat exchanger pressure drop, AP (%) 3
Generator efficiency (%) 95

Thermodynamic M odel

The thermodynamic model of the compound gas and Rankine

power cycleis based on mass and energy balances implemented

using Aspen software Version 8.4[9]. Thefollowing commonly

used assumptions are made:

e  Steady state conditions

e  Fluid thermo-physical properties are temperature- and
pressure dependent

e Air and combustion gases are considered as ideal gas

mixtures

Adiabatic components

Negligible potential and kinetic energy effects

No gas |eakage

Pressure drop of 3% in heat exchangers.

The system modelling parameters are listed in Table 2.

Energy Analysis

Gas turbine power plant
The GT cycle electrica power output, heat rate, and both
exhaust gas mass flow and temperature at yearly- average

ambient conditions (Table 2) were derived from manufacturer
performance maps [4]. GT electrical efficiency is calculated as:

— f"l'"'rzer.GT (1)
GT my LHVy

where my and LHV: are the mass flow rate and lower heating
value of the fuel, respectively.

Waste heat recovery system

The amount of flue gas waste heat that would be dissipated to
the atmosphere in abscnce of heat recovery, Quax renx. 18
estimated as:

Qnmx.:—'mm = 1iy (hy — ho) 2

The amount of flue gas waste heat that is actually recovered at a
vented gas temperature of 150°C, Q gy, is calculated as;

Qreux = 1y (hy = hy) (€)]

where hz is the specific enthalpy of the vented exhaust gas at
150°C.

55



Eveloy et al. / Int. J. of Thermal & Environmental Engineering, 12 (2016) 53-60

The ORC net power output is given by:
Whet.orc =My [(hy — hg) — (hy — hg) = (hg — ho) —
(hi1 — hio)] 4

The overall thermal efficiency of the waste heat recovery system
is defined here as the product of the Rankine cycle efficiency
and HRV G heat recovery efficiency [11];

hFGHX—ORC = '!}FGHX ??ORC (5)

where the Rankine cycle efficiency is defined as:
h — wﬂer,DRC (6)

ORC T, (hy — hg)
and the FGHX heat recovery efficiency is the ratio of the flue
gas waste heat actually recovered to the amount of waste heat
ideally recoverable [11]:

h - IQJ-’rTHX 7
FGHX QmaxFoHX ( )

Compound gas and Rankine power plant
The net power output of the compound cycle is evaluated as:

Whetor—orc = Whetor + Whetore (8)

The compound power cy_clr: energy efficiency is evaluated as:

W, ot GT—0ORC
h _— i
GT—-0RC g LHV ¢ (9)

Exergy analysis

The exergy destruction and exergy efficiency of the compound
GT-ORC system and its components are eval uated with the dead
state at the environmental temperature and pressure (To, Po).
The generzl steady-state exergy balance of a control volume is
expressed as:

2 (1 = ;Tf:) Q?t + (Zn E‘xph,ch)m iz (En E‘xph,ch)out + W +
Exd (10)

The first and second term on the | eft hand side of Equation (10)
are the exergy transfer rate by heat transfer through the system
boundaries and by mass flow at the control volume inlets,
respectively. Thefirst term on the right hand side is the exergy
transfer rate by mass flow at the control volume outlets, W is the
rate of exergy transfer by work through the system boundaries,
and Exq is the exergy destruction rate.

The exergy of a stream is calculated as the sum of its physical
and chemical exergies:
Exph,ch = E‘xph + E‘xch (11)

where in absence of potential and kinctic effects, the stream
physical exergy is calculated as:

ExP" =~ m|(h— hy) — To(s ~ 50)] (12
The fuel chemical exergy is defined as:

Bt ¥r e LHVE (13)

where ys is the fuel exergy grade.

The chemical exergy of a gas mixture is evaluated as:
Exi =T i Ex{" +RTo Ly Iny; (14)

The exergy destruction in a steady-state processis the

difference between the sums of the exergy flow rates into and
out of the system:
YExg= ZEXin— ZEXpu: (15

ORC exergy efficiency is evaluated as:

H M’"‘i.rr ORC
' = — 16
J ORC Exf”— Exz“ ( )

The overall exeray efficiency of the waste heat recovery sub-
system is defined as:

B Whet,ore
' = e——— 17
J FGHX-0RC E"xff'— E‘x;’“ ( )

The exergy efficiencies of the existing gas power plant and
compound gas-Rankine cycle are calculated as the ratio of the
useful exergy output, which is the net work, to the paid exergy
inputs [12], which are the exergies of the feed fuel and air
streams:

F— Whet
J - E;xpfl_n'fl‘_'_ E;xph (18)
f alr

Results

Thermodynamic performance

The calculated waste heat recovery system performance
parameters are summarized in Table 3 for the operating
conditions under analysis (Table 2). The sensitivity of the waste
heat recovery system performance to ORC turbineinlet pressure
up to approximately 90% of the fluid critical pressure (Pc) is
assessed in Figure 2. T-Q diagrams of the heat exchange
between the flue gas, intermediate heat transfer fluid and organic
fluid in the FGHX and HRV G are shown in Figure 3 at nominal
turbineinlet pressure. The exergy destruction distribution in the
compound gas-Rankine power cycleis shown is Figure 4. The
net power outputs and thermal/exergy efficiencies of the
compound power cycle and its components are displayed in
Figure5.

At the operating conditions summarized in Table 2, the ORC
provides an additional net power output of 5.2 MW, at thermal
and exergy efficiencies of approximately 12% and 57%,
respectively (Table 3), relative to the existing gas power plant.
As indicated in Figure 2, ORC net power output increases
monotonically with turbine inlet pressure. However, both the
thermal and exergy efficiency of the ORC cycle alone, and
overall waste heat recovery system (i.e., FGHX-ORC), display
minimal improvement beyond the operating turbine inlet
pressure applied (i.e., 2.3 MPa).

The heat recovery efficiency of the flue gas heat exchanger
(~74%, Table 3) is limited by the imposed vented gas
temperature. If account is made of the FGHX heat recovery
efficiency, the overall waste heat recovery system energy
efficiency is approximately 3% lower than ORC energy
efficiency (Table 3). The overall waste heat recovery system
exergy efficiency indicates that only 24.4% of the exhaust gas
exergy loss in the FGHX is converted to useful power. The
specific volume ratio of the working fluid at ORC turbine inlet
to outlet (i.e., ~ 10) is favorable in terms of system size,
compared to those for other organic working fluids, such as
aromatic hydrocarbons, siloxanes and akanes, for similar
operating conditions.
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Table 3. Waste Heat Recovery System Perfor mance Parameters

Teva Weross,ORC Wnet,ORC NORC NFGHX TFGHX-ORC (PORC (FGHX-ORC (P7 / P8)
(°O) (kl’kg)  (MW) (%) (%) (%) (%) (%) )
129.7 29.4 5.2 12.0 73.6 8.8 56.7 24.4 10.1

Note: FGHX = flue gas heat exchanger. (p7/ ps) = R245fa volumetric expansion ratio at ORC turbine inlet / outlet.

= <ORC (EN) = =ORC(EX)
FGHX-ORC (EN) FGHX-ORC (EX)
= Net power
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Note: EN and EX refer to energy and exergy efficiency, respectively.

Figure2. Net Power Output, Energy and Exergy Efficiencies of the ORC and Waste Heat Recovery Sub-System asa
Function of ORC Turbine Inlet Pressure
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Figure 3. T-Q diagram of Heat Exchange between the Flue Gas, I ntermediate Heat Transfer Fluid and Organic Fluid in the
FGHX and HRVG
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Note: COND = ORC condenser. GT = gas turbine power plant. FGHX = flue gas heat exchanger. HRVG = heat recovery vapor
generator. HTFP = heat transfer fluid pump. ORCP = ORC pump. ORCT = ORC turbine. WP = water pump.

Figure4. Exergy Destruction Distribution in the Compound Gas — Rankine Cycle
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Note: GT = gas turbine power plant. FGHX = flue gas heat exchanger. FGHX-ORC = waste heat recovery system. GT-ORC =
compound gas — Rankine power plant. ORC = organic Rankine cycle.

Figure5. Net Power Output, and Energy and Exer gy Efficiencies of the Compound Gas— Rankine Cycle and its Sub-Systems

The T-Q diagram of heat exchangein Figure 3 reveals a good
match between R245fa and the intermediate heat transfer
fluid in the HRVG. However, a significant temperature
difference between the intermediate heat transfer fluid and
flue gas exists. This is partly attributable to R245fa’s
combination of both modest evaporation temperature and
latent heat at the imposed maximum ORC pressure. This
results in the majority of the waste heat recovery system
exergy destruction occurring in the FGHX (Figure 4). The
intermediate heat transfer fluid — flue gas temperature
difference adversely impacts the exergy efficiency of the
FGHX and therefore of the overall waste heat recovery sub-
system (Figure 5). Considering the waste heat recovery sub-
system alone, exergy destruction in the HRV G, condenser
and turbine are comparable. For the compound gas-Rankine
power cycle, most of the exergy destruction occursin the GT
cycle, which is essentially attributable to the combustion
process and the difference between the combustion chamber
feed air and flame temperatures.

The compound gas-Rankine cycle improves the plant net
power generation output and thermal/exergy efficiency to
approximately 27.4 MW and 33%, respectively. This
represents approximately 23% and 6% improvement relative to
the existing gas cycle.

Economics of Waste Heat — Powered Electricity Generation

The economic feasibility of supplemental electricity
generation from recovered waste heat is assessed using the
input economic analysis parameters listed in Table 4. Based
on typicad ORC capital and operating costs, and UAE
subsidized industrial electricity tariffs, the net annual savings
associated with electricity generation from waste heat are
estimated at 1.6 million USD for the process facility
considered. The payback period of the waste heat recovery
system would exceed 5 years. Primary energy savings would
amount 1.3 million metric standard cubic feet per day
(MMSCFD) of natural gas, and avoided CO2 emissions, 457
tons of CO; per year.
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Table 4. Economic Analysis | nput Parametersfor the Waste Heat Recovery System

Item Cost
ORC CAPEX 3,000 USD/kW [13]
ORC O&M 0.013 USD/KWh [13]
GT CO; emission rate 0.58 kgCO2/kWh [14]
CO2 emission tax rate 20 USD/ACO2 [15]
Electricity price 0.042 USD/kWh [16]
Plant availability 90%

Note: CAPEX = capital expenditure. O& M = operating and maintenance costs. Electricity prices are subsidized average prices based

on two months peak and eight months off-peak tariffs per year.

Conclusions

Using a R245fa Rankine cycle to recover waste heat from an
existing industrial gas turbine power plant, an additional 5.2
MW (23%) of net power is produced, at Rankine cycle thermal
and exergy efficiencies of 12% and 57%, respectively. When
accounting for the heat recovery efficiency of the intermediate
heat transfer loop, the thermal and exergy efficiencies of the
overall waste heat recovery system are of approximately 9%
and 24%, respectively. Most of the exergy destruction occurs
in the gas turbine cycle and intermediate flue gas heat
exchanger. The combined gas-organic Rankine cycle
improves the overall energy/exergy

efficiency of the existing power plant by approximately 6%.
This is estimated to result in 1.6 million USD net annual
operating cost savings, or 1.3 million metric standard cubic feet
per day (MMSCFD) of natural gas primary energy savings,
with 457 tons of avoided CO2 emissions per year.
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Nomenclature

A = surface area (m?)

Co = specific heat capacity at constant pressure
(Ykg-K)

Ex = exergy transfer rate (W)

h = specific enthalpy (kJ/kg)

G = latent heat (kJ/kg)

73 = lower heating value (kJ/kg)

M = mass flow rate (kg/s)

M = molar mass (g/mol)

P = pressure (Pa)

Po = environmental dead state pressure (Pa)

Q = heat transfer rate (W)

R = universal gas constant (8.314 JK-mol)

8 = specific entropy (kJ/kg-K)

T = temperature (°C)

To = environmental dead state temperature (Pa)

W = power (W)

v = molar fraction (-)

Greek

D = difference

e = heat exchanger effectiveness (%)

g = Fuel exergy grade (-)

h = energy efficiency or isentropic efficiency (%)

r = mass density (kg/md)

J =

exergy efficiency (%)
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