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Expanders can take advantage of pressure reductions to drive rotating machines. Information
on how to assess the potential benefits of installing expanders is provided here
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ften in the
chemical pro-
cess indus-
tries (CPI), “a
considerable  amount
of energy is wasted in
pressure control valves,
where high-pressure
fluids must undergo a
pressure reduction” [7].
Depending on various
technical and economic
factors, it may be fea-
sible to transform this
energy into rotational
mechanical energy that
can be used to drive
an electrical genera-
tor or another rotating
machine. In the case of
incompressible fluids (liquids), this is accom-
plished by using hydraulic power-recovery
turbines (HPRTs; explained in Ref. 1). For
compressible fluids (gases), expanders are
the appropriate machine.
Expanders are a mature technology with
a host of successful applications, such as
fluid catalytic cracking (FCC), refrigera-
tion, natural-gas city gate-valve stations,
air separation or off-gas venting, to name
a few. Basically, any gas stream subject to
a pressure reduction can be used to drive
an expander, yet “the energy output is pro-
portional to pressure ratio, temperature and
flowrate of the stream” [2], and the technical
and economic feasibility of implementing
expanders in a process depends on these
and other factors, such as the local price of
energy and the availability of suitable ma-
chines from manufacturers.
While turboexpanders (which function in
a manner similar to that of turbines) are the
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FIGURE 1. This image shows a three-dimensional rendering of an inline turboexpander

best-known type of expander (Figure 1),
there are other types suitable for different
process conditions. This article describes
the main types of expanders and their com-
ponents, and summarizes how operations
managers, consultants or energy auditors in
various sectors of the CPI can assess the
potential economic and environmental ben-
efits of an expander installation.

Expander types

There are many different types of expanders,
varying widely in geometry and capability.
The main types are shown in Figure 2, with a
brief description of each given below. Further
details and a chart comparing the operating
regimes of each of these types as a function
of specific diameter and specific speed can
be found in Ref. 3.

Piston turboexpander. Piston and rotary-
piston turboexpanders operate like back-
ward combustion engines, taking high-
pressure gas and converting its stored
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energy into rotational energy through a
crank shaft.

Drag turboexpander. Drag turboex-
panders consist of a concentric flow cav-
ity with scoop-shaped fins fixed to the
periphery of the rotating element. These
are designed much like a water wheel,
but the concentric cavity gradually in-
creases in cross section from inlet to out-
let, allowing for expansion of the gas.
Radial turboexpander. Radial turboex-
panders are designed with axial-flow in-
lets and radial-flow outlets, such that the
gas is expanded radially through the tur-
bine wheel. Similarly, axial-flow turbines
expand gas through the turbine wheel,
but the direction of flow remains parallel
with the axis of rotation.

The main focus in this article is on ra-
dial and axial turboexpanders, discuss-
ing their various subtypes, components
and economic benefits.

Turboexpanders recover energy from
high-pressure gas streams and con-
vert the energy to drive a load. Gener-
ally, the load is either a shaft-coupled
compressor or an electric generator.
Compressor-loaded  turboexpanders
compress a fluid in other parts of the
process stream requiring a compressed
fluid, and thus increase the overall plant
efficiency by utilizing otherwise wasted
energy. Generator-loaded turboex-
panders convert the energy into elec-
tricity, which can be used in other plant
processes or returned to the local elec-
trical grid for sale.

Turboexpander generators can
be configured with a direct-drive
shaft from the turbine wheel to
the electric generator or through a
gearbox, which effectively reduces
the input speed from the turbine
wheel to the generator through
a gear ratio. Direct-drive turbo-
expanders are superior in terms
of efficiency, footprint and main-
tenance costs. Gearbox turbo-
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expanders are much heavier and FIGURE 2. Different types of expanders vary widely
require a larger physical footprint, in their geometries and their capabilities

auxiliary oil lubrication equipment
and regular maintenance.

Flow-through turboexpanders can be
designed with radial or axial turbines.
Radial flow-through expanders contain
an axial inlet and a radial outlet such
that the gas flow exits the turbine radially
from the axis of rotation. Axial flow tur-
bines allow the gas to flow axially along
the axis of rotation. Axial turbines extract
energy from the gas flow via inlet guide
vanes to the expander wheel, while the
cross-sectional area of the expansion
chamber gradually increases to maintain
constant velocity.

Components

A turboexpander generator has three pri-
mary components: turbine wheel, spe-
cialized bearings and generator.

Turbine wheels. The turbine wheels
are typically designed specifically for the
application, in order to optimize aerody-
namic efficiency. Application variables
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FIGURE 3. The diagram shows an example of an overall process arrangement for an expander generator

affecting turbine wheel design include
inlet/outlet pressure, inlet/outlet tem-
perature, amount of volumetric flow and
flud characteristics. Turboexpanders
with several turbine wheels are required
when the pressure ratio is too large to
reduce via a single stage. Both radial
and axial turbine wheels can be de-
signed with multiple stages, but the axial
turbine wheel has a much shorter axial
length and thus is more compact. A ra-
dial multi-stage turbine requires the gas
to flow from axial to radial, then back to
axial again, and thus produces higher
friction losses than the axial turbine.
Bearings. Bearing design is critical for
efficient turboexpander performance.
Bearing types associated with turbo-
expander designs vary widely and can
include oil lubrication, fluid film, conven-
tional ball and magnetic. Each has its
own advantages and disadvantages, as
summarized in Table 1.

Many turboexpander manufacturers
are transitioning to magnetic bearings
as the “bearing of choice,” due to their
distinct advantages. Magnetic bearings
provide frictionless operation for the
dynamic components of the turboex-
pander, dramatically reducing operating
and maintenances costs over the life of
the machine. They are also designed to
adapt to a wide range of axial and radial
loads and surge conditions. Their higher
upfront costs are offset by much lower
lifecycle costs.

Generator. The generator takes the ro-
tational energy from the turbine and con-
verts the energy into useable electricity

Signals to DCS

through an electromagnetic generator,
which can be either an induction or
permanent magnet (PM) generator. In-
duction generators are rated for lower
speed, and thus require gearboxes
for high-speed turbine applications,
but are capable of being designed
to match the frequency of the grid,
thereby eliminating the need for a vari-
able frequency drive (VFD) to transfer
the generated electricity. PM genera-
tors, on the other hand, can be directly
shaft-coupled to the turbine, and can
deliver electricity to the grid via a VFD.
The generator can be designed to out-
put the maximum amount of electricity
according to the available shaft power
of the system.

Seals. Sealing is also a critical com-
ponent in designing a turboexpander
system. To maintain high efficiency and
meet environmental standards, sys-
tems must be sealed to prevent poten-
tial process gas leaks. Turboexpanders
can be designed with dynamic or static
seals. Dynamic seals, such as labyrinth
seals and dry gas seals, provide seal-
ing around the rotating shaft, usually
between the turbine wheel and the rest
of the machine where the bearings and
generator are located. Dynamic seals
wear over time and require regular
maintenance and inspection to ensure
they are working properly. Static seals
may be used when all components of
the turboexpander are contained inside
one housing, protecting any lead wires
exiting the housing, including leads for
generators, magnetic bearing actua-
tors or sensors. These hermetic seals
provide permanent protection against
gas leaks and do not require any main-
tenance or servicing.

Expander process arrangement
From a process point of view, the basic
requirements for an expander installa-
tion are a high-pressure compressible
(non-condensable) gas being delivered
to a lower-pressure system at a suffi-
cient flowrate, a pressure differential and
a use factor to maintain the equipment’s
working parameters within safe and ef-
ficient levels.

From a pressure-reduction function,
expanders can be used to replace a
Joule-Thomson (J-T) valve, also known
as a throttling valve. Given that the
J-T valve follows an isenthalpic path,
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whereas the expander follows a nearly

a J-T valve is shown in

TABLE 1. BEARING TYPES FOR TURBOEXPANDERS

isentropic path, the latter reduces the Figure 3. Category Ball FF'i‘I'ri": Air  Magnetic
gas enthalpy, with the enthalpy differ- In. other PrOCESS  pjantive to variable loads v
ence being transformed to shaft power, configurations, the e o e v v
achieving a lower eut]et temperature energy recovered in High stiffness v v v
than the J-T valve. This is useful in cryo-  the expander can be | o cost v
genic processes aiming to reduce the directly transferred t0 |y parasitic load v v
temperature of the gas. a compressor. These _

. - . . Maintenance Free Operation (4 (4

In cases where there is a lower limitto  machines, sometimes

the outlet-gas temperature (for example, referred to as “com- Minimal wear v v v
in pressure letdown stations, where the panders,” typically Moisture tolerance v v
temperature.of the gas must remain havethee'xpanderand No auxiliary pumps/compressors v v
above freezing, hydrate-formation or compression stages \ hric
minimum design-material temperature),  linked via one or mul- o fetor contact/friction v v v
at least one heater is added to con- tiple shafts, which may Particulate tolerance v
trol the gas temperature. When a pre-  also include a gearbox  ysed in process fluid stream v v

heater is located ahead of the expander
inlet, part of the energy supplied to the
gas is also recovered in the expander,
thus increasing its power output. In
some configurations where outlet tem-
perature control is essential, a second
post-heater can be installed after the
expander to ensure a faster control.

A simplified diagram of the overall pro-
cess arrangement for an expander gen-
erator with a preheater used to replace

to adjust for speed
differences  between

both stages. It may also include an ad-
ditional motor to supply more power to
the compression stage.

Described below are some of the
most important components that en-
sure the proper operation and stability
of the system.

Bypass or pressure-reduction valve.
A bypass valve allows service continu-
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ation when the turboexpander is taken
out of service (for example, to perform
maintenance or during an emergency),
whereas a pressure-reduction valve is
used in continuous operation to deliver
excess gas, when the total flow exceeds
the expander design capacity.
Emergency shutdown (ESD) valve. An
ESD valve is used to stop gas flowing
into the expander during a contingency
to prevent mechanical damage.
Instruments and controls. Important
variables to monitor include inlet and
discharge pressures, flowrate, rotational
speed and power output.

Overspeed trip. This device shuts off
the flow to the turbine, which causes the
turbine rotor to decelerate, protecting
the equipment from an excessive speed
derived from unexpected process condi-
tions that could damage the equipment.
Pressure safety valve (PSV). A PSV is
usually installed downstream of the tur-
boexpander to protect the low-pressure
line and the equipment. The PSV must
be sized for the worst contingency, with
typical cases including bypass valve fail-
ure open. In cases where the expander
is added to an existing pressure let-
down station, the process design team
should determine if the existing PSV al-
ready provides adequate protection.
Preheater. A preheater compensates
for the temperature decrease caused by
passing gas through the turbine, mak-
ing it necessary to preheat the gas. Its
main role is to increase the temperature

of the upstream flow to maintain the
temperature of the gas at the expander
discharge above minimum values. The
temperature increase has the added
benefit of increasing power output while
also avoiding corrosion, condensates
or hydrates that can have a detrimental
effect on the nozzle of the equipment.
In systems containing heat exchangers
(such as the one shown in Figure 3),
gas temperature is typically controlled
by regulating the flow of heating fluid to
the preheater. In some designs, a fired
or electric heater may be used instead
of a heat exchanger. In existing J-T
valve stations, a preheater may already
exist, and the addition of an expander
may not require further preheaters to
be installed, but rather an increase in
heating-fluid flowrate.

Lube oil and seal gas systems. As de-
scribed above, expanders may use dif-
ferent seal designs, which may require
lube oil and seal gas. Where applicable,
the lube oil must be maintained at high
quality and purity as it encounters pro-
cess gas, and the viscosity levels of the
oil must be maintained within the required
operation ranges of the oil bearings. A
seal gas system generally accompanies
a lube oil installation to prevent the oail
from the bearing housing from entering
the expander housing. In the particular
case of companders for use in the hy-
drocarbons industry, it is common to de-
sign lube oil and seal gas systems to AP
617 [5] Part 4 specifications.
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Variable frequency drive (VFD). When
the generator is asynchronous, a VFD
is typically included to adjust the alter-
nating current (a.c.) signal to match the
frequency of the grid. Typically, designs
that rely on VFDs have higher overall
efficiencies than those with gearboxes
or other mechanical components. Sys-
tems based on VFDs also can accom-
modate a wider range of process varia-
tions that may result in varying expander
shaft speeds.

Gearbox. In some expander designs, a
gearbox is used to reduce the rotational
speed of the expander to match the
generator’s nominal rotational speed.
The use of a gearbox comes at the ex-
pense of a reduction in overall efficiency,
and hence output electrical power.

Expander process design

When preparing a request for quotation

(RFQ) for an expander, process engi-

neers must first define the service condi-

tions, including the following information:

e Operating conditions (inlet and outlet
pressure, differential pressure, flow-

rate, inlet temperature)

e Fluid properties (including gas com-
position, molecular weight, viscos-
ity, specific heats ratio, dewpoint,
presence of corrosive or condens-
able components)

e Design conditions (inlet and outlet de-
sign pressure, design temperature
and rating)

e Site and utility data (location, eleva-
tion, atmospheric conditions, utility
conditions, such as electricity, cool-
ing fluid, instrument air or steam or
heating fluid). Where multiple oper-
ating cases are foreseen, process
engineers should clearly identify
these cases, as well as extremes of
process parameters (for example,
minimum and maximum inlet pres-
sure) and provide process data
for each. They may also provide a
sketch of the proposed facilities,
such as a process flow diagram
(PFD) or piping and instrumentation
diagram (P&ID)

Mechanical engineers typically com-

plete the expander generator data
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sheets and specifications with the in-

puts from other engineering disciplines.

These inputs may include the following:

¢ Design code requirements

e Electrical area classification

e Electrical and instrumentation
requirements

e Civil/structural design with seismic
and wind design data

The specifications should also in-
clude a list of documents and drawings
to be supplied by the manufacturer as
part of the bidding process and as part
of the scope of supply, along with test
procedures, as applicable, according
to project requirements.

Technical information to be provided
by the manufacturer as part of the bid-
ding process should typically include the
following items:

e Predicted performance  (hydraulic
power, power output at generator
terminals, outlet gas conditions) at
each specified case

e Performance curves, utility require-
ments and auxiliary electrical con-
sumption

¢ Preliminary drawings

e Technical description

e Scope of supply

e A list of spare parts

¢ A list of engineering deliverables to be
supplied and warranties

If any aspects of the proposal differ
from the original specifications, then the
manufacturer should also provide a list
of deviations along with the reasons for
the deviations.

The project design team, upon re-
ceipt of the proposals, must then check
compliance with the RFQ, and deter-
mine whether any deviations are techni-
cally justifiable.

Other technical considerations that
should be taken into account when eval-
uating proposals include the following:

e Space and utility requirements

e Warranties offered

e | ead times

e Operational limits

e Technical support and remote moni-
toring capabilities

e Past performance

e Maintenance requirements

e Other criteria as valued by the project
team

Finally, an economic analysis should
be performed. Since different options
may present different initial costs, it is

recommended to perform a cash-
flow or lifecycle-cost analysis to
compare long-term project eco-
nomic performance and return
on investment. For instance, a
higher initial investment can be
compensated in the long run by
better performance or by reduced
maintenance requirements. For
guidance on this type of analysis,
see Ref. 4.

Calculating power potential
All turboexpander generator ap-
plications require an initial cal-
culation of total power potential
to determine the total amount of
available energy that can pos-
sibly be recovered in a specific
application. For turboexpander
generators, the power potential
is calculated as an isentropic
(constant entropy) process. This
is an ideal thermodynamic case
considering a frictionless, revers-
ible adiabatic process, but it is
the proper process for estimating
realistic power potential.

Power potential is dependent
on the following input parameters:
e Gas composition
® Inlet pressure, kPa-gage
e Exit pressure, kPa-gage
e |nlet temperature, °C
e Normalized volumetric flowrate

(0°C and 1 atm), Nm3h

The isentropic power potential
(IPP) is calculated by taking the
difference between the specific
enthalpy between the inlet and
exit of the turboexpander, and
multiplying the result by the mass
flowrate. This power potential will
be expressed as an isentropic
value (Equation (1)):

IPP = (hin/et_h(/',e)) X mX1 1)

Where, hj;¢) represents the spe-
cific enthalpy, considering isen-
tropic exit temperature, and m is
mass flowrate.

Although the isentropic power
potential is useful in estimating
power potential, all real-world
systems contain friction, heat and
other auxiliary energy losses. Thus,
a realistic power potential calcula-
tion should consider the following
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additional inputs:

e Desired exit temperature, °C

e Total turboexpander system effi-
ciency, %

In most turboexpander applications,
the temperature is limited to a minimum
value to prevent unwanted issues, such
as freezing pipelines, as mentioned pre-
viously. In the case of natural gas flow,
hydrates are almost always present,
which means the pipes downstream
from a turboexpander or J-T valve will
freeze internally and externally if the exit
temperature drops below 0°C. Freezing
causes restrictions in flow and eventually
downtime to defrost. Thus, a “desired”
exit temperature is used to calculate a
more realistic power potential scenario.
However, for gases such as hydrogen,
temperature limitation is much lower be-
cause hydrogen does not change phase
from gas to liquid until it reaches cryo-
genic temperatures (-253°C). Specific
enthalpy is calculated using this desired
exit temperature.

Turboexpander system  efficiency
must also be considered. System effi-

ciency can vary widely depending on the
technology being used. For example, a
turboexpander that utilizes a step-down
gearbox to transmit rotational energy
from the turbine to generator will expe-
rience far greater friction losses than a
system that uses a direct drive from the
turbine to the generator. Total turboex-
pander system efficiency is expressed
as a percentage and is considered when
estimating actual turboexpander power
potential. The realistic power potential
(PP) calculation is as follows:

PP = (Nipjet — Nexit) X m x 1 2

Where:

hie = specific enthalpy, considering is-
entropic exit temperature

m = mass flowrate

1 = turboexpander system efficiency

Example 1: Natural gas PP calc.
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pipeline and distributes the gas to a

local municipality. At this station, inlet

gas pressure is 40 bar, while the exit

pressure is 8 bar. The inlet temper-

ature of the gas with pre-heating is

35°C, and the gas is pre-heated to

prevent freezing pipelines. Thus, the

exit temperature of the gas should be

controlled such that it will not drop

below 0°C. In this example, we will

use 5°C as a minimum exit temper-

ature to add a factor of safety. The

normalized volumetric flowrate of

the gas is 50,000 Nm3/h. To calcu-

late power potential, we will assume

all the gas flows through the turbo-

expander and calculate a maximum

power output. The following calcula-

tion is made to estimate the total out-

put power potential:

Natural gas mixture:

e Methane: 95.1%

¢ Nitrogen: 0.1%

® COs: 2.5%

e Fthane: 3.3%

e Propane: 0.6%

e |sobutane: 0.1%

e Butane: 0.1%

e |nlet pressure: 40 bar (4,000 kPa-
gage)

e Exit pressure: 8 bar (800 kPa-gage)

e |nlet temperature: 35 °C

e Exit temperature: 5 °C

e Normalized volumetric flowrate (0°C
and 1 atm): 50,000 Nm3h

e Turboexpander system efficiency:
93%

The power potential available in this
case is 342 kW at 5°C. The isentropic
power potential is 1,754 kW, which in-
dicates that further optimization may
be considered. Further optimization
may include increasing the tempera-
ture of the inlet gas stream by provid-
ing additional pre-heating. Doing so
will increase the amount of recover-
able energy from the stream, but it
only makes sense if the spark spread
is significant enough for a beneficial
economic case. The spark spread is
the difference between the wholesale
price of electricity and its cost of pro-
duction using natural gas.

Example 2: H, PP calculation

Another applicable gas for turboex-
panders is H,. With the global energy
industry looking more at hydrogen as
a long-term clean-energy solution,

development of a Hy, infrastructure
is rapidly growing. As with natu-
ral gas, H, pressure is transmitted
at high pressures and let down at
specific locations for production,
storage and consumption. The dis-
tinct pressure let-down cases for
H, are the cryogenic liquefaction
process from liquid transportation
to gas storage, from gas storage
to gas distribution and from gas
distribution and local transporta-
tion to consumption. During the
hydrogen liquefaction process, Hy
is compressed and cooled to its
inversion point, where the tempera-
ture is further reduced while the gas
expands to finally reach its liquefac-
tion temperature of —253°C. This
liquefaction process allows efficient,
high density transportation of H,
throughout its infrastructure.
Consider a Hs fueling station ex-
ample where gaseous Hs is trans-
ferred from a fuel tanker to a stor-
age tank. In this case, hydrogen’s
storage pressure in the tanker
is 275 bar with a temperature of
60°C. The storage tank required
pressure is 18 bar. The gaseous
Hs is dispensed into the filling sta-
tion storage tank at a rate of 5,000
Nm3/h. The trailer is emptied in 3.5
hours, with a turboexpander op-
erating during the first half of this
timeframe, while a compressor op-
erates during the second half.
¢ Process fluid: gaseous Ho
e |nlet pressure: 275 bar (27,500
kPa-gage)

e Exit pressure: 18 bar (1,800 kPa-
gage)

e Inlet temperature: 60°C

¢ Exit temperature: not critical

e Normalized volumetric flowrate
(0°C and 1 atm): 5,000 Nm3h

e Turboexpander system efficiency
93%

The power potential available from
Equation (2) is 318 kW and would
be dispensed into the storage tank
at a temperature of —124°C. In this
case, the power produced would
be returned to the electrical grid or
to provide supply for the immediate
facility. During the second half of the
emptying process, the compressor
will be activated to fully dispense
the hydrogen from the tanker. This
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case is an example of a net-zero pro-
cess. Using a turboexpander, we can re-
cover energy losses and offset electrical
requirements and CO, emissions.

Example 3: Economic case

Recovery of lost energy through tur-
boexpanders is beneficial to overall
plant efficiency, and it offsets electrical
requirements and reduces CO, emis-
sions, but decisions on whether or not
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to use a turboexpander must include a
financial component of the equation as
well. Installation of a turboexpander is
a capital expenditure (CAPEX), so the
payback period should be carefully
evaluated to ensure the CAPEX makes
financial sense. There may also be po-
tential government incentives for offset
of CO, emissions and sale of electric-
ity to the grid. These variables are the
building blocks for a valuable economic

case for a turboexpander. To build a

simple and straightforward economic

case, the following inputs and out-
puts should be considered:

Inputs:

e Technical specifications (pressures,
temperatures, flowrate and so on)
System purchase price
System installation price
Wholesale price of electricity
Price of natural gas (for pre-heating
in natural gas PLD)

e Plant capacity factor (what percent-
age of a day does the plant run?)

Qutputs:

e Payback period

e Electricity produced

e CO, emissions offset

e Annual revenue

Using the natural gas example
from company ABC (Example 1), we
can build an economic case for the
purchase and installation of a turbo-
expander. First, we look for market
availability of a turboexpander with
the appropriate power production for
our application. In this example, we
will use a 280-kW turboexpander. The
price for this system is $300,000 and
the installation costs are $50,000.
The wholesale price of electricity for
the region where this plant is located
is $0.16/kWh, while the price of natu-
ral gas for pre-heating is $0.06/kWnh,
bringing the spark spread to $0.10/
kWh. The plant operates about 20
hours per day, which we will round to
85% of the day, with an average flow-
rate of 50,000 Nm3/h.

We will need to optimize the flow
through the turboexpander to achieve
maximum power production. Since
there is 342 kW of available power,
we will divert 41,000 Nm3/h of flow
through the turbo-expander, while the
remaining 9,000 Nm3/h flows through
the pressure-reduction valve.

Based on the power production
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and wholesale price of electricity,
we will generate a total of $334,000
per year of electrical revenue. The
cost for pre-heating the gas from
20°C to 35°C is $175,000 per
year. Subtracting the two, we get
a net revenue after pre-heating of
$159,000 per year. To calculate
the payback period, we divide the
CAPEX ($350,000) by the net rev-
enue, yielding a payback period of
2.2 years. This amounts to quite an
expeditious payback period for a
capital expenditure.

The annual electricity produced
can be calculated by multiplying
the kilowatt-electric produced by
the number of hours per day times
the number of days per year. We
get about 2.0 Gigawatt-hours of
power production per year, which
is equivalent to 1,000 tons of CO,
emissions offset per year [5].

Concluding remarks
Turboexpander generators are a
mature technology and an ideal
candidate for gaseous pressure
let-down (PLD) applications. Tur-
boexpander generator design has
become more efficient and cost-
effective through the integration
of magnetic bearings, permanent-
magnet motors and variable-speed
drives. As global energy demand
continues to increase, it is impera-
tive for plant processes to be opti-
mally efficient. Recovering lost en-
ergy from PLDs can reduce CO»,
emissions, increase overall plant
efficiency, offset electrical costs and
generate additional revenues. |
Edited by Scott Jenkins
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