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Abstract: This study investigates the technical and economic feasibility of replacing throttling valves
with smale-scale, oil-free turbomachinery in industrial steam networks. This is done from the
perspective of the turbomachine, which has to be integrated into a new or existing process. The
considered machines have a power range of P = [0.5, ..., 250 kW] and have been designed using real
industrial data from existing processes. Design guidelines are developed, which take into account
the thermodynamic process as well as engineering aspects of such a turbomachine. The results
suggest that steam conditioning prior to heat exchange could be completed by small expanders to
produce mechanical work, reducing exergy destruction and improving site-wide energy efficiency
compared to throttling valves. Cost estimates for such machines are presented, which serve as a
basis for case-specific investment calculations. The resulting payback times of less than 18 months
highlight the economic potential such solutions.

Keywords: industrial steam networks; oil-free; small-scale turbomachinery; process integration;
exergy; energy recovery

1. Introduction
1.1. Theoretical Background and Application Context

Steam is often used in industrial processes to transport heat. In small industrial
installations, steam is typically generated at a single pressure level, according to the needs
of the most demanding process such as an oven, an evaporator, or a reaction vessel.
In larger installations, steam is distributed at multiple pressure levels to service the needs
of various units throughout the plant using pressurized steam [1]. Conversion of steam
to mechanical work is typical for large installations, where central utility plants use large
turbines to manage steam distribution at different pressure levels, while co-generating
electricity. However, steam supplied to the plant is usually done at coarse pressure intervals
determined by the process needs. With hundreds of heat exchange operations carried out
across large plants, steam received at the distribution conditions must be conditioned to
reach the appropriate pressure for each individual heat exchanger. One consequence of
selecting distribution pressures for a variety of processes is that the steam pressure in the
network is determined by the highest pressure and temperature requirement of a process.
For each heating requirement within the network, the steam must be conditioned to the
desired pressure and temperature values prior to entering the steam heat exchanger, which
is typically accomplished by simple throttling [2]. In this study, the potential of adding
small-scale turbomachinery for steam conditioning is investigated to assess the potential
for such technology in large process systems.
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In typical applications, the amount of thermal energy that can be released as heat in the
superheated steam region is significantly smaller than that in the two-phase
region of the steam.

qsup — qsensible < 1 (1)
Ycond Qiatent

The heat release q will therefore essentially take place in the two-phase region, thus
at a constant condensation temperature. This may be advantageous for many processes,
as it simplifies the design of the heat exchanger and the process control. One exam-
ple process is that of an oven, where the smallest possible temperature gradients in the
baking chamber are required.

The conditioning of superheated steam originating from the steam generator is typ-
ically carried out in two steps, as illustrated in a descriptive Temperature-Entropy (TS)
diagram (Figure 1). In the first step (1 — 2), the steam is expanded at constant enthalpy
h to the pressure (p) that corresponds to the required condensation temperature (T) in
the two phase region. In the second step (2 — 3), which is isobaric, heat g = [ Tds is
released up to the saturated vapor pressure line, whereby the steam cools down accordingly.
The saturated steam obtained by the conditioning condenses, releasing heat at constant
temperature T.. The two steps are technically realized by connecting a throttling device
with a heat exchanger or desuperheater in series.
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Figure 1. Steam conditioning with throttle and heat exchanger shown in a TS diagram, SG: Steam
Generator, thr: Throttle, Hex: Heat exchanger.

Reaching saturation after throttling in such industrial applications also typically
includes a desuperheater, where water is injected to achieve saturation conditions and also
increase the steam flow. This part of the application is not considered in this work as the
focus is to valorise the required pressure drop as work instead of by throttling.

An alternative to this conditioning process is to add a turbine, to recover the energy
released as mechanical work. Moreover, the use of a turbine is indicated, if the heat
released in step two of the conditioning process is not further used in another process and
discharged as waste heat. With regard to the imperatively need to reduce CO; emissions in
technical processes, releasing this energy to the environment should be avoided.

1.2. Small-Scale Turbomachinery

Small-scale turbomachinery typically ranges in power from a few watts to a few
hundred kW, with high rotor speeds being a characteristic feature of such machines. Begin-
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ning in the 2000s, advances in small-scale gas turbines were made by various researchers.
In 2004, Epstein [3] described the current status with a comprehensive study of the MIT
“shirt-button” gas turbine project as a whole, with a particular focus on manufacturing.
In 2006, Isomura et al. [4] demonstrated the feasibility of a small-scale compressor rotating
at 720 krpm, reaching a pressure ratio slightly higher than 2 at a measured isentropic
efficiency in excess of 60%, using a 3D impeller wheel. Since then, intensive research has
been carried out in the field of small oil-free turbomachinery, especially for ORC (Organic
Rankine cycle) processes, heat pumps and fuel cell applications. In the power range of a
few kW, Schiffmann [5] showed in 2009 the technical feasibility with an electrically-driven
refrigerant compressor. The shaft was supported by herringbone grooved journal bear-
ings, lubricated by the processed working fluid (R134a), thus offering a fully oil-free and
hermetic solution. The shaft rotated up to 210 krpm and a pressure ratio higher than 3.3
was achieved. The radial compressor shown by Demierre [6] in 2015 was driven by a
radial inflow turbine using gas-lubricated bearings. This oil-free machine was operated
up to shaft speeds of 200 krpm. In their experiments, compressor and turbine pressure
ratios of up to 2.8 and 4.4, respectively, were achieved with an isentropic efficiency of 70%.
A micro steam turbine with a tip diameter of 15 mm was presented recently by Wagner [7].
The partial admission radial steam turbine was connected to a fan to drive an anode off-gas
recirculation loop for solid oxide fuel cell stacks. This rotor was supported on dynamic
steam-lubricated gas bearings and reached a maximum speed of 175 krpm. In the work by
Rosset [8] in 2021, the experimental results of a novel turbogenerator used in an ORC cycle
are presented. The single-stage radial inflow turbine and the generator rotor coupled on
the same shaft were supported with aerodynamic bearings lubricated by the ORC working
fluid (R245fa). The turbogenerator achieved an electrical power output of 2.3 kW with
an overall peak efficiency of 67%. The electromechanical efficiency of the turbogenerator
reached 91%. These examples of gas-bearing supported turbomachinery clearly suggest
that both small-scale turbocompressors and turbines are technically feasible, while offering
competitive efficiency, oil-free operation and high power densities.

The components of small scale turbomachinery, such as the impeller, the rotor with
its bearing arrangement, and the electrical machine can no longer be treated separately.
They have to be considered in a coupled approach in the design phase to obtain feasible
and efficient machines, in particular, because the interrelationships between the different
components are often nonlinear [9]. This means that when designing a small-scale turbine,
not only fluid mechanical and thermodynamic aspects (specific enthalpy difference, volume
flow, rotor speed) should to be taken into account, but also (due to the very high rotor
speeds), rotordynamic aspects, material selection and the entire bearing design. Since
the machines discussed here are inserted into the process as replacements for existing
components, commercial considerations also influence the design as a third factor, leading
to the final selection the machine type.

2. Thermodynamic Process Design

The turbine, which could be used in addition to the throttle valve for conditioning
the steam can be characterized with two process parameters, namely its expansion ratio
7 and its efficiency ;5. Typical stage expansion ratios are up to 71; = 4-5 with acceptable
efficiency [10]. If the required expansion ratio is larger than 77;, more than one stage could be
connected in series. The turbine efficiency has typical values in the range 7;; = [0.7, ..., 0.9].
For the sake of simplicity, the following assumptions in the analysis are made: the isentropic
efficiency is used to characterize the turbine, the expansion is considered adiabatic and the
kinetic and potential energy changes of the steam are assumed to be negligible during the
conversion from thermal to mechanical energy.

To assess the use of a turbine in a given steam conditioning application, a generalized
expansion process can be used. This expansion process can be represented by an expansion
line in a TS diagram, shown in Figure 2 and is constructed as follows: from the initial
conditions (state 1), the steam is expanded by isenthalpic throttling (h = cst) to the turbine
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inlet pressure py, (state 2’) in Figure 2. Contrary to conventional approaches for turbine
calculations, the temperatures and pressures are not all known a priori, as they depend on
the locus of state 3, which defines the turbine outlet conditions and the turbine efficiency
1is. The unknown turbine inlet pressure p,/ can be determined from the given turbine
outlet pressure p; at state 3 and the efficiency of the turbine 7, ;;. Based on the definition
of the isentropic turbine efficiency [11], Equation (2), the turbine outlet state h3;; for
a reversible adiabatic expansion is calculated using Equation (3). The calculations are
included here for completeness.

- (3 —hy)
Mtis = m 2)
h3 — hys
oo = b+ (212 @
Jis

In the next step, the corresponding entropy s; ;s is determined using an equation of
state. If the turbine outlet state /i3 ;; after the adiabatic isentropic expansion is located in
the wet steam area (Figure 2), the entropy s3 ;;, Equation (4), can be computed by means of
the steam quality x, Equation (5).

s3s =8 +x- (5" —¢) 4)
 (hais—H)
STy ®

Because s3 ;s = sy, the entropy at state (2) is known. Finally, the turbine inlet pressure
can be calculated:

pa = p2(hy,sy) (6)

The analysis shown here is only valid if the turbine exit pressure is located on the
saturated vapor line. However, if this is not the case, an analogous procedure can be
established to determine the turbine inlet pressure p,/. The knowledge of the turbine inlet
pressure pys enables calculation of the total expansion ratio 77y = p,//p3. Thus the number
of stages needed to match the total expansion ratio can be determined as the product of N
stages in series.

N
T = H 7T )
i=1

where 77; is the pressure ratio of the single stage i.

The generalized expansion curve is obtained by varying the turbine inlet state hy/ (pyr, 5o1)
at fixed turbine outlet state h3(p3,T3) and given constant turbine efficiency ;.
In Figure 2, these states are connected by a straight line, termed the expansion line.
The slope f'(s) = dT/ds of the expansion line in a TS diagram is related to the turbine
efficiency. At an isentropic expansion, the slope becomes f’(s) = oo, i.e., a vertical line. This
design method reveals an interesting feature, namely that the work output of the turbine is
independent of the efficiency, because enthalpy difference remains constant considering
state 3 is invariant.

— Wt max = h3 — hy = constant (8)

Conversely, the expansion ratio 71; between turbine inlet and outlet increases with de-
creasing turbine efficiency and vice versa. This allows prediction of the financial benefit from
the application without knowing detailed turbine specifications at an early project phase.
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Figure 2. Graphical representation of the expansion line for a constant turbine efficiency #;s.

Using the expansion line and the saturated vapor pressure line, three different scenar-

ios of steam conditioning using a turbine can be distinguished, depending on the initial
state of the steam /4 (p1, T1) leaving the steam generator.

1.

In the first scenario, the initial state of the steam h (p1, T1) corresponds to a location
within the two-phase region (I). The reduction of the initial temperature of the steam to
the required process temperature can be achieved directly by an expansion at constant
enthalpy using the Joule-Thomson effect. Further conditioning of the steam is not
necessary and heat is not rejected to the environment. Moreover, the amount of heat
that can be transferred in the process is increased by the expansion, since the entropy
rises dg = Tds. In this case, the use of a turbine is inappropriate. This scenario is un-
likely to occur in an industrial setting as steam is typically distributed at superheated
conditions to avoid condensation and reduce heat losses in the distribution network.
In the second scenario (II), left side of Figure 3, the initial state of the steam is situated
between the saturated steam line and the expansion line. The desired turbine inlet
condition can be reached by first expanding the steam by isenthalpic throttling to
the expansion line (1 — 2’). Further expansion of the steam is then carried out by
the turbine until it reaches the state on the saturated steam line (2’ — 3). In the TS-
diagram, the expansion line is added to illustrate the concept for the process designer.
The two process steps above can be interchanged, whereby the turbine has to operate
at higher pressure and temperature. Expansion by the turbine is carried out into the
two-phase region until that pressure is reached from which it can be further expanded
at constant enthalpy down to the saturated state. It is assumed that the same turbine
efficiency is used, i.e., that the expansion line is shifted parallel to the left. Expansion
in a turbine can continue to the required condensation temperature; however, this
penalizes the amount of available heat. Furthermore, such operation increases the
risk of wear of the flow-guiding components of the turbine from erosion, which
should be avoided. This emphasizes the importance of properly selecting the turbine
outlet state /13(p3, T3). The closer state (3) is to the saturated vapor pressure line,
the more work (Equation (8)) can be extracted from the process. However, to reduce
the risk of expansion into the two-phase region, a superheating margin of the steam
would be of advantage.
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3. The third scenario (IIl) is characterized by an initial state of the steam that is located to
the right of the expansion line, shown on the right side of Figure 3. The required target
state on the saturated vapor pressure line cannot be achieved solely by a turbine.
Enabling the use of turbine in this scenario requires a certain amount of thermal energy
to be released as heat. In a first step (1 — 2'), the temperature of the steam is lowered
at constant pressure to the corresponding turbine outlet temperature while releasing
heat. In the second step (2" — 3), the steam is expanded to the final state by the
turbine. As discussed in the previous case, the two process steps are interchangeable.
Graphically, this is done by a parallel shifting of the expansion line in Figure 3 to
the right until the initial state of the steam is reached (state 1). After expansion in a
turbine (1 — 2"), the turbine outlet temperature is obtained as the intersection point
with the isobaric pressure corresponding to the condensation pressure. In the second
step (2" — 3), the superheated steam is cooled to the saturation temperature after
entering the heat exchanger. If g,13 is small, the process heat exchanger will transfer
heat initially in the superheated steam region to reach saturation conditions and thus
modification of the design would not be necessary.

Turb Hex h2

h1
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aul uoisued®®
Temperature

p3
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Figure 3. Improved steam conditioning processes; (left): second scenario (II), using throttle and turbine; (right): third
scenario (III), using turbine and heat exchanger.

3. Design Challenges for Small-Scale Turbines

Recently, small-scale turbomachinery supported on gas lubricated bearings have been
tested successfully in a variety of applications such as heat pumps [5], air conditioning
systems, fuel cells [12] and organic Rankine cycles [8]. This work focuses on the use of
small-scale turbines with gas-lubricated journal bearings, which operate with superheated
steam close to the saturated vapor pressure and for which the working fluid directly
serves as the bearing lubricant, thus offering a hermetic system. However, this introduces
additional challenges, because of the risk of condensation in the journal bearings, as recently
highlighted by Guenat and Schiffmann [13].

Progress in research makes it possible to use gas-lubricated bearings in such turbo-
machines for applications in the power range of P = [0.5 — 250 kW], see [14]. As the
lubrication is provided by the working fluid, they are inherently oil-free, thus eliminating
concerns of contamination of the working fluid by lubricants or vice versa. This feature is
advantageous, since it prevents premature deterioration of both the working fluid and lu-
bricant properties and simplifies the design of the turbomachine. Both factors significantly
reduce the operational and investment costs.

Conversely, this means that the operating point of the turbomachine, thus thermo-
dynamic state of the working medium (p, T) in the turbine imposes design constraints
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Turbine Impeller

upon the other parts of the machine. Special care must be taken in the design of the main
components such as:

e theimpeller

e seal

¢ rotor with permanent magnets
e thrust and journal bearings

* the electrical stator

as shown in Figure 4. A comprehensive discussion about the design of single components
is given by Schiffmann et al. [14].

Generator Stator
Thrust Bearing "

/ \ End Windings

Journal Bearings

Permanent Magnet

Rotor #//

Labyrinth Seal

Interface
Working Fluid - Environment

Figure 4. Schematic layout of a small-scale turbine using vapor as lubricant.

In the steam conditioning process, the turbine operates close to the vapor saturation
pressure; therefore, special care must be taken to avoid condensation in the bearings to
avoid a reduction in load capacity and rotor dynamic stability [13]. Due to the functional
principle of a fluid dynamic bearing, an isothermal pressure increase occurs inside the
bearing. Hence, the vapor temperature surrounding the bearings has be high enough that
the maximum bearing pressure is lower than the saturation vapor pressure to prevent
condensation. Furthermore, with a low pressure of the steam in the motor, the windage
loss between rotor and stator is reduced [14].

As a consequence, it is necessary to separate the turbine rotor backspace from the rest of
the spindle, which can be done with a labyrinth seal. It acts mainly as a throttle and therefore
limit leakage bypassing the turbine rotor. Details on the design of these seals with a special
focus on small-scale turbomachines can be found in the work of Katuwal Chhetri [15].

Therefore, the remaining leakage flow across the seal still has a higher temperature
than the steam at the turbine exit. This steam temperature must not exceed the Curie
temperature of the permanent magnet, else the magnetic properties are lost and the gener-
ator fails. For the stator of the generator including the end-winding, its insulation class
determines the temperature limit. Class E is commonly used for cost reasons and has a limit
temperature of T = 393 K. In case a physical separation of the stator from the rotor and
bearing can be applied, the stator can be cooled separately and high steam temperatures in
the motor can be tolerated. However, any condensate that forms on the cold separation
surface must be removed such that it cannot penetrate into the bearings. Purging of the
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motor housing with conditioned steam originating from the turbine inlet could be an
option to address this.

The single-stage machine shown in Figure 4 has an overhung radial turbine on one
side and the generator on the other with the bearings located in between. Multi-stage
turbines are also possible. As indicated in Section 2, the working fluid is superheated
steam and the process should be managed to avoid wet steam at the turbine exhaust to
avoid droplet erosion. However, due to the proximity to the saturated steam line, droplet
formation may occur locally.

4. Evaluation of Steam Conditioning Based on Test Cases

In addition to the thermodynamics of the process and the design aspects of using an oil-
free, small-scale turbine for the steam conditioning, the commercial perspectives of such an
application have to be considered as well. This requires realistic test cases from the industry
and cost estimates for the necessary investment and operational costs, including benefits
from generated electricity. From the 20 available cases (Appendix A: Tables Al and A2),
four are selected and summarised in Table 1, representing typical examples for steam
conditioning processes as they occur in industry [1,16].

Table 1. Sample of typical steam conditioning cases from industry.

Case 1 Case 2 Case 3 Case 4
supply pressure [barg] 40 40 40 40
supply steam temperature [K] 550.00 550.00 550.00 550.00
target pressure [bar] 1.0 2.7 5.19 29.63
steam flow rate 1 [kg/s] 0.033 0.178 0.078 0.253
expansion ratslto by throttling 40 148 77 135
(h=c") [-]
expansion scenario (see Section 2) 1I II II I
specific enthalpy difference Ahyi3 [k]/kg]  —218 —173 —143 —65.7
turbine expansion ratio # = 0.8 4.25 3 2.45 1.35
turbine power P = 11 - |Ahys| [kW] 7.27 30.8 11.12 13.29

The mass flow through the turbine is in a range of 1 = [0.033, ..., 1.376 kg/s]. This
suggests selection of mixed-flow turbines offering a less expensive alternative to axial
machines [10], especially at small mass flowrates, where the axial machine tends to be
fragile due to the necessarily large number of blades. For the mass flow range and pressure
ratios, the turbine radius 74 is in a range of r4 = [10, ...,50 mm] and the rotational shaft
speed lies between Ny,,;, = [51,000, ..., 400,000 rpm], (refer to Table A3 in Appendix A).
For the given turbine radius, the application of gas bearings proposed in the previous
section are particularly suitable and inexpensive for the high rotational speeds required.
In addition, the nozzle ring can be omitted on radial machines, if the required expansion
ratio is small. Generally, radial or mixed-flow turbines are more compact in axial direction.
From a rotordynamic perspective, a mixed-flow turbine is preferable, because the rotor
tends to be shorter than its axial counterpart, thus its Eigenfrequency involving lateral
bending is higher, which is beneficial for gas bearing supported rotors [9]. For cases 1-3
listed in Table 1, the expansion ratio of the turbine necessary to expand from (py () — p3)
for a turbine efficiency 17 = 0.8 is given. It is significantly smaller than the expansion ratio
by throttling at constant enthalpy only (p1 — p3).

In the TS diagram shown in Figure 5, the expansion using a turbine with different
efficiencies 7 = [0.7,0.8,0.9, 1] is shown for Case 1. The negative slope of the expansion
line (see Section 2) increases with increasing turbine efficiency 77, whereas the turbine inlet
pressure py (17) and inlet temperature T,/ (77) decreases for reaching the same state (state 3)
from Table 2. Consequently, in most practical applications, a single-stage or two-stage
turbine would be sufficient to cover the process requirements, which simplifies the overall
design and therefore reduces the investment cost. Moreover, lower turbine inlet pressures
simplify the design of the turbine casing and the labyrinth seal needed to maintain low
pressures in the bearing and generator housing. The fourth case in Table 1 represents
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scenario III, where the energy output is dependent on the turbine efficiency. However, inlet
and outlet pressure of the turbine are very high, i.e., the opposite of cases 1-3 with the
corresponding consequences concerning the casing and sealing.

600
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turbine efficiency 1 -
Ly

450

temperature K

400

350 -

300 1 | 1 | 1 1
6200 6400 6600 6800 7000 7200 7400 7600 7800 8000

entropy J/ikg K
Figure 5. Case 1, Table 1, single expansion for different turbine efficiencies 7 = [0.7,0.8,0.9,1].

Table 2. Test case 1 (from Table 1), necessary turbine expansion ratio as a function of turbine efficiency.

Efficiency 0.7 0.8 0.9 1
pressure ratio 7rp/3 5.35 4.25 3.55 3.07
turbine inlet temperature [K] 491.4 489.1 487.6 486.6

The turboexpander system cost (Cr) depends on (i) the power of the machine,
(ii) the pressure and temperature level at which the machine is operated and (iii) the
turbine specification (mass flow, expansion ratio, efficiency, number of stages, etc.). How-
ever, the key parameter to estimate costs remains the power rating of the machine. Thus,
a linear relationship is selected to estimate the system costs as a function of the generated
power P, shown in Equation (9), which represents the cost of the machine under conditions
of large-scale manufacturing leveraging the economies of scale for production.

Cr=A-P+B )

where A ~ 150 % and B ~ 4000 CHF. The currency used for the analysis is the Swiss
Franc (CHF), considered here due to the location of equipment manufacturers and related
economic parameters.

The authors are aware of the fact that other methods are commonly used to estimate
the scaling sensitivity. In the chemical industry for example, the change of investment
costs caused by scaling effects are often described by a power function with the exponent
of n = 6/10, see Williams [17] and Peters [18]. However, the linear fit proposed here is
obtained by assessing the prototyping costs for several similar machines tested by the
research group of the authors [19].
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The presented cost estimate is used to determine the investment costs for the turbine
in the case studies, shown in Table 3, with the payback period (PbP) modeled related to the
electricity price (EPE):

A-P+B

PP =P 10
Rearranging Equation (10) yields
. A B 1
PbP = plgrc}o(EPE + IPE P> = constant (11)

with an average electricity cost in Switzerland of EPE = 0.2 CHF/kWh [20] as a basis,
a turbine output of P, = 7.27 kW (Case 1 in Table 1) results in economic break-even after
ca. t = 3500 h. If the electrical energy is fed back into the public grid, the compensation is
around EPEg, = 0.07 CHE/kWh, tripling the payback time, t;,. = 10,000 h. If the system
is operated continuously for 11 months per year (approx. 8000 h), the investment cost is
returned after 4.4 months in case of internal consumption and after 1.25 years in the case of
re-injection into the electricity grid. As the machines are maintenance-free, no additional
operating costs are considered.

Table 3. PbP for the four cases studied in detail, EPE = 0.2 CHF /kWh, EPEback = 0.07 CHF/kWh.

Case 1 Case 2 Case 3 Case 4
turbine power P [kW] 7.27 30.8 11.12 13.29
Cr [CHF] 5100 8620 5670 6000
PbP (EPE = 0.2 CHF/kWh) [h] 3500 1400 2550 2260
PbP (EPEback = 0.07 CHF/kWh) [h] 10,000 4000 7780 6450

In Figure 6, the PbP is shown as a function of the generated electrical power for
20 industrial cases. The pressure of the steam from the steam generator is the same for
all cases (p1 = 4 MPa). The investigated cases differ in the final pressure (state 3) to be
achieved, which is in the range of p3 = [0.1, ...,2.458] MPa with steam mass flowrate in
the range of i1 = [0.033, . 1.376] kg/s . To investigate the effect of the initial enthalpy on
the generated power and the PbP, the analysis is performed for two initial temperatures
T1 = [535, 550] K.

The graph shows the PbP required for a machine working 8000 working hours per
year as a function of the generated power. For low electrical power the PbP is high.
With increasing power, it approaches a constant value asymptotically. This means that
the power-dependent term (Equation (11)) dominates. With increasing power generation,
the function approaches a constant value given by the first term in Equation (11). The dif-
ference of AT; = 15 K causes a doubling of the generated power and consequently a
significant reduction of the PbP. Considering an uncertainty of 50% in the cost estimate,
the PbP of these single stage turbines with an electrical output power <200 kW is less than
two years, therefore offering an interesting perspective from an industrial point of view.
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Figure 6. Analysis of available cases for two initial temperatures T}, PbP vs. generated power for a
single expansion process.

5. Multi-Stage Expansion with Intermediate Super-Heating

As shown in Section 2, due to the turbine efficiency, which has a typical range of
is = [0.7,...,0.99], it is often impossible to use the entire available pressure difference
in a single expansion process. However, by intermediate re-heating, several expansion
processes can be carried out in succession and thus the entire pressure difference can be
exploited to generate electrical energy. Using Case 1 from the previous section, the potential
from multiple expansion stages is examined and shown in Figure 7.

The expansion and intermediate re-heating take place between the saturated steam line
h3.x and the enthalpy of the superheated steam from the steam generator (hy = hy , = ).
The total number of expansion processes N has to be determined iteratively, with the
turbine efficiency 7, as parameter, N = f(Ap,T1,#y). This results in four expansions
(h3x — hp.x) and three intermediate heating steps (. y+1 — h3.x) where x = [1, ..., 4] denotes
the stages, as shown in the TS diagram in Figure 7. The corresponding turbine efficiencies
are 17, = (0.8,0.8,0.8,0.8).

The total electrical power that can be obtained from the multi-stage expansion yields

™M=

Py =17~ ) (h3x —ho y) (12)

x=1

The turbine mass flow i1 depends on the type of heat source gj,,; used for interme-
diate heating. If an external heat source can be used, the turbine mass flow is equal to
the mass flow coming from the steam generator, yielding the upper limit for electricity
generation. Another option is to split the steam from the steam generator into two separate
flows rit = it + 1i14, one to generate electrical energy and the other as heat source for the
reheat processes. The resulting mass flow ratio can be calculated from the energy balance
between the generated electrical power and the heat supplied as follows:

N-1
Z (h?)‘x - hZ/.x)
=1

L R S— (13)
mr Qheat
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This ratio depends on whether (i) either only the sensible heat of the partial mass
flow 11, is used, or (ii) both latent and sensible heat of the steam. Since the latent heat is
significantly higher than the sensible heat in the analysed case, it follows that the turbine
mass flow and thus the electrical power generated is also higher, as suggested by the
comparison summarized in Table 4.

600 T

X
g
= ——_————
e
Q
[= N
E
S 450+ .
. l./
= A Sap,
3.3 " “
400 -

350 I I 1 1 I~ I
6200 6400 6600 6800 7000 7200 7400 7600 7800 8000
entropy J/kg K

Figure 7. Four stage expansion process for a fixed turbine efficiency 7 = (0.8,0.8,0.8,0.8), refer to
Case 1in Table 1.

Table 4. Generated electrical power % and payback period I;bfl’;“ of a multi-stage expansion for three

different heat sources, the multi-stage data are normalised with their corresponding single-stage results

it Py PbP,
Heat Source ”T; 7 Phb
External 0 2.64 0.94
Internal, sensible & latent heat 0.2 2.18 0.92
Internal, sensible heat only 1 1.32 0.88

However, the electrical power is only 18% lower than the maximum value achievable
with an external heat source used for intermediate superheating. When only sensible heat
is used, the generated electrical power decreases to 50% of the maximum and represents the
lower limit. The values of the multi-stage expansion presented in Table 4 are normalized
with the respective values of the single-stage expansion.

In the case under investigation, four turbines and three heat exchangers (re-heaters)
are required. For the turbine it is assumed that two stages can be combined in one machine,
which halves the constant costs in Equation (9). It is assumed that the intermediate
superheating is realized by generic shell and tube heat exchangers. Their cost can be
calculated using the following equation proposed by Mounier et al. [21]:

Chc=C+D-A" (14)

where A is the surface area of the heat exchanger, C = 193 CHF, D = 1161 % and
n =0.9119. To obtain a power-based relationship, the heat exchanger surface area is substi-

tuted by
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_ My Gheat
A= u- ATy, 15)
where U is the thermal transmittance and ATy, the logarithmic mean temperature differ-
ence LMTD.

For a shell and tube heat exchanger, the thermal transmittance and the driving temper-
ature difference have to be estimated in order to determine the required heat exchanger area
A. The steam to be heated flows through the tubes, while the hot steam flows around them
and thereby condenses. In this configuration, the heat transfer from the inner tube wall
into the superheated steam (cold side) dominates the overall heat transfer, since the heat
transfer coefficient for condensation around the tubes (hot side) is two orders of magnitude
larger [22]. The following relation for turbulent superheated steam is used [23] to compute
the heat transfer coefficient k4

(16)

Ter s 0.75
Bgrd = (4.4+o.3~ f”"”’) ¢

100 ) " 4025

where Tyyq is the bulk temperature of the steam, c the average velocity in the tubes

and d the hydraulic tube diameter. Setting h.,;; ~ U, a value of U ~ 160% is used in
Equation (15) and the LMTD is estimated from the data, yielding the extended model for
the multi-stage payback period PbPy, as follows:

_ A D (mq'lﬁzeut)n %'B'F(N—l)'c 1
PbPu = (EPE YEPE-W- AT, Py EPE Py 17)

where N is the number of stages. Table 4 shows the PBP,, normalized with the single-
stage expansion case. In spite of the higher complexity of the entire system, i.e., four
turbine stages and three heat exchangers, the additional cost is more than compensated
by the higher electrical power generated. Since the individual components of the system
become smaller as the mass flow ratio increases, their cost decrease and so does the
normalised PbP,,. In general, the situation does not change significantly with the number
of turbine stages to exploit the entire pressure range. By generating electrical energy, as an
embodiment of exergy, this process moves toward making the best possible use of available
energy sources. The authors are aware that multi-stage expansion with intermediate
heating significantly increases the complexity and thus potential problems of such a system
compared to simple throttling or single-stage expansion. However, it is important to
highlight the potential for such systems and for well-informed decisions.

For the 20 available cases, Figure 8 shows the PbP,, for multi-stage expansion as a
function of the generated electrical power. Both quantities are standardized with their
respective values of the single expansion. For both initial temperatures T = 535 K (circles)
and T = 550 K (triangles), the number of expansion stages N required to use the full pressure
range are color-coded in the legend. Note that an external heat source is assumed in the
present analysis. The graph reveals that the generated power can be increased by up
to 3.3 times by means of multi-stage expansion with reheat compared to a single-stage
expansion combined with a throttling device. However, this requires a large number
of turbine stages and heat exchangers, leading to higher system complexity. Under the
given assumptions, the values of the PbP,, of multi-stage systems are at most 1.5 times
higher compared to systems with only one expansion stage. Increasing future energy costs
would give rise to decreasing PbP for multi-stage expansion systems, and make them more
attractive from an economic perspective.
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Figure 8. Analysis of available cases for two initial temperatures T; (Circles: T = 535 K; Triangles: T = 550 K), normalized

PbP,,

payback period 5 vs. normalized generated power P—PZ for multi-stage expansion, the number of stages N is color-coded
as shown in the legend (refer to Tables Al and A2 in the supplementary material)

6. Conclusions

In this study, the use of oil-free, small-scale turbomachines in a steam conditioning

process was investigated. Instead of adjusting the required pressure level of the receiving
device by simple throttling, thereby transforming the available pressure difference into
a low-exergy medium (heat), expansion using a turbine and generator recovers it by
generating electricity. A thermodynamic assessment of a modified conditioning process
was analysed and the special design features of such a turbomachine were presented,
which are of critical importance for such applications.

Economic aspects of the application of small scale turbomachines have been exam-

ined using real cases from industry. The following points can be noted as the main
results of the analysis:

1.

Small-scale, oil-free turboexpanders can be added to many common steam condition-
ing processes with benefits from producing electricity. In the vast majority of cases
the usable pressure ratio 7r; will not exceed 71¢(n > 0.7, T1 < 550 K) = 5.5, so that
single-stage or two-stage turbines will be sufficient (refer to Tables A1 and A2).

The design of the conditioning process using a small-scale turbine in conjunction with
a throttle or a heat exchanger is essentially determined by the condition of the steam
originating from the steam generator/process. Proper selection of the turbine outlet
conditions has a significant influence on the electrical energy that can be generated.
Furthermore it was shown, that it is possible to predict the power output of the
turbine without knowing the exact specifications of the turbine. This is an important
step for a screening analysis to examine the potential of such applications in industry.
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Appendix A

3.  For designers of small-scale, oil-free, gas-lubricated turbomachines, prevention of
steam condensation in gas bearings and around the electric machine is of key impor-
tance when designing the cooling system for the machine.

4. The payback period of the investment costs arising from the use of a small turbine
generating electricity in a steam conditioning process is in the range of 6-15 operating
months for the investigated cases, depending on the boundary conditions, and is
therefore economically reasonable.

5. By using the entire pressure difference, up to 3.3 times more electrical energy can be
generated compared to a single stage expansion, which almost compensates for the
higher investment costs of such multi-stage processes.
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Table Al. Data set from industry steam networks at T1 = 535 K and main results for single and multi expansion.

Input Data Single Expansion Multi Expansion
22:“ pl T1 p3 () P PbP N a3 Poby
kg/s x10° Pa K x10° Pa - kW (8000 Stages - -
OH)
1 0.365 40 535 22.2 1.39 (0.8) 23.96 0.20 2 1.95 0.91
2 1.087 40 535 22.2 1.39 (0.8) 71.41 0.13 2 1.95 1.08
3 0.508 40 535 22.2 1.39 (0.8) 33.33 0.17 2 1.95 0.96
4 0.759 40 535 11.05 1.48 (0.8) 69.74 0.13 4 3.20 1.18
5 0.381 40 535 11.05 1.48 (0.8) 35.04 0.17 4 3.20 1.08
6 0.242 40 535 4.05 1.96 (0.8) 35.40 0.16 5 3.21 1.23
7 0.847 40 535 13.05 1.42 (0.8) 71.27 0.13 3 2.59 1.20
8 0.116 40 535 1.7 2.62 (0.8) 21.98 0.21 6 3.33 1.18
9 0.239 40 535 14.55 1.39 (0.8) 18.94 0.23 3 2.64 1.04
10 0.392 40 535 10.29 1.5(0.8) 37.42 0.16 4 3.15 1.10
11 0.351 40 535 14.55 1.39 (0.8) 27.84 0.18 3 2.64 1.09
12 0.026 40 535 3.76 2.01 (0.8) 3.80 0.75 5 3.18 1.06
13 1.163 40 535 24.58 1.29 (0.8) 74.21 0.13 2 1.98 1.09
14 1.376 40 535 24.58 1.29 (0.8) 87.81 0.12 2 1.98 1.11
15 1.293 40 535 24.58 1.29 (0.8) 82.51 0.12 2 1.98 1.10
16 0.45 40 535 10.29 1.5(0.8) 42.94 0.15 5 3.15 1.12
17 0.051 40 535 4.47 1.9 (0.8) 7.12 0.44 5 3.25 1.08
18 0.374 40 535 3.76 2.01 (0.8) 56.21 0.14 5 3.18 1.26
19 0.223 40 535 1 3.13 (0.8) 37.49 0.16 7 3.34 1.35
20 0.034 40 535 1 3.13(0.8) 5.62 0.54 7 3.34 1.32
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Table A2. Data set from industry steam networks at T1 = 550 K and main results for single and multi expansion.

Input Data Single Expansion Multi Expansion
Dsztta pl T1 p3 () P PbP N e Pob,
x10° x10° (8000
kg/s Pa K Pa - kW OH) Stages - -
1 0.365 40 550 22.2 1.82 (0.75) 33.63 0.169 1 1 0.169
2 1.087 40 550 222 1.82 (0.75) 100.21 0.119 1 1 0.119
3 0.508 40 550 22.2 1.82 (0.75) 46.78 0.148 1 1 0.148
4 0.759 40 550 11.05 2.08 (0.75) 82.86 0.124 2 1.843 1.23
5 0.381 40 550 11.05 2.08 (0.75) 41.63 0.154 2 1.843 1.217
6 0.242 40 550 4.05 2.84 (0.75) 34.99 0.166 3 2.382 1.328
7 0.847 40 550 13.05 2.01(0.75) 88.23 0.123 2 1.878 1.353
8 0.116 40 550 1.7 3.88 (0.75) 20.01 0.219 3 2.283 1.106
9 0.239 40 550 14.55 1.95 (0.75) 24.11 0.198 2 1.901 0.91
10 0.392 40 550 10.29 2.12(0.75) 43.71 0.151 2 1.833 1.22
11 0.351 40 550 14.55 1.95 (0.75) 35.43 0.165 2 1.901 1.203
12 0.026 40 550 3.76 2.91(0.75) 3.73 0.766 3 2.37 0.948
13 1.163 40 550 24.58 1.62 (0.9) 105.77 0.118 1 1 0.118
14 1.376 40 550 24.58 1.62 (0.9) 125.15 0.114 1 1 0.114
15 1.293 40 550 24.58 1.62 (0.9) 117.59 0.116 1 1 0.116
16 0.45 40 550 10.29 2.12(0.75) 50.16 0.144 2 1.833 1.223
17 0.051 40 550 4.47 2.74 (0.75) 7.14 0.445 3 24 0.983
18 0.374 40 550 3.76 2.91(0.75) 55.03 0.14 3 2.37 1.326
19 0.223 40 550 1 4.73 (0.75) 48.49 0.146 4 2.64 1.433
20 0.034 40 550 1 4.23(0.8) 7.28 0.438 4 2.64 0.94

Table A3. Turbine radius r4 and rotational speed Ny, for single expansion, based on the data sets from industry in
Tables A1 and A2.

Input Data T1=535K T =550 K
Data Set dm/dt p3 et (1) rd Niurb 7t (1) rd Niwrb
kg/s x10° Pa - mm rpm - mm rpm
1 0.365 222 1.39 (0.8) 20.6 92,938 1.82 (0.75) 16.9 170,039
2 1.087 222 1.39 (0.8) 34.1 56,250 1.82 (0.75) 29.1 97,594
3 0.507 222 1.39 (0.8) 243 78,856 1.82 (0.75) 26.1 144,275
4 0.758 11.05 1.48 (0.8) 38.2 60,219 2.08 (0.75) 324 98,267
5 0.381 11.05 1.48 (0.8) 27.0 85,048 2.08 (0.75) 229 138,844
6 0.242 4.05 1.96 (0.8) 30.5 97,657 2.84 (0.75) 27.2 137,296
7 0.847 13.05 1.42 (0.8) 37.3 71,018 2.01 (0.75) 325 95,375
8 0.116 1.7 2.62 (0.8) 29.4 119,122 3.88 (0.75) 26.8 156,401
9 0.238 14.55 1.39 (0.8) 194 109,950 1.95 (0.75) 16.2 187,786
10 0.392 10.29 1.5 (0.8) 28.0 84,154 2.12 (0.75) 24.0 134,502
11 0.350 14.55 1.39 (0.8) 23.5 90,667 1.95 (0.75) 19.7 154,852
12 0.025 3.76 2.01 (0.8) 10.1 300,502 2.91 (0.75) 9.0 419,720
13 1.163 24.58 1.29 (0.8) 34.7 56,038 1.62 (0.9) 28.6 100,495
14 1.376 24.58 1.29 (0.8) 37.8 51,518 1.62 (0.9) 31.0 92,592
15 1.293 24.58 1.29 (0.8) 36.7 53,047 1.62 (0.9) 30.1 95,309
16 0.450 10.29 1.5(0.8) 30.0 78,561 2.12 (0.75) 25.7 125,535
17 0.051 4.47 1.9 (0.8) 13.5 215,833 2.74 (0.75) 12.1 304,690
18 0.374 3.76 2.01 (0.8) 39.0 77,693 2.91 (0.75) 349 108,326
19 0.222 1 3.13(0.8) 50.4 75,057 4.73 (0.75) 48.7 94,693
20 0.033 1 3.13 (0.8) 194 194,675 4.23(0.8) 20.7 262,588
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