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Abstract: The aim of this paper is to analyze the possibility
of increasing thermal energy to electricity conversion efficiency
in combined heat and power (CHP) units based on micro gas
turbine during low heat demand periods. At the beginning sus-
tainable development postulates under power engineering are ex-
plained. Next micro CHP as part of distributed generation idea
is presented. The main part of the article is based on results
of thermodynamic and preliminary flow calculation for micro
steam turbine cooperating with Capstone C200 micro gas tur-
bine. An analysis of ’hot beginning’ and ’cool end’ of the turbine
parameters due to flow limits is carried out. The ending contains
a summation of the calculation results and a conclusion about
combining steam and gas micro generating units.

1. Introduction

Sustainable development is an economic doctrine which says that human societies
should enjoy the living standard provided by current knowledge and technology with-
out exerting a destructive impact on the environment. Its main purpose is to save
the Earth with all natural resources for future generations so that they will be able
to enjoy the same or better living standard then we do (Holden et al., 2014).

One of the postulates of sustainable development concerning power engineering is
to increase the importance of distributed generation. Main features of distributed gen-
eration compared to conventional generation, are (Ackermanna et al., 2001; Bujalski,
2011; Hoff et al., 1996; Kowalczyk, 2010; Pepermans et al., 2005):

• lower losses in electricity and heat distribution;

• higher total chemical to usable energy conversion efficiency if condensation of
exhaust gases can be applied;
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• less complicated machinery;

• higher reliability of energy supply;

• higher investing costs per usable energy unit;

• lower thermal energy to electricity conversion efficiency.

Distributed generation requires miniaturized energy conversion units. Fluid flow
machinery, because of simple construction and a small number of moving parts, does
this job very well. However, miniaturization of flow sections leads to a decrease in
flow efficiency. The problem is especially significant for micro steam turbines because
of high enthalpy of live steam even at low thermodynamic parameters. The aim
of the following analysis is to verify the possibility of efficient cooperation of steam
turbine with a micro CHP unit powered by a gas turbine to increase electricity / heat
generating ratio.

2. Analysis conditions

High efficiency combined steam and gas power plants often use a few gas turbines
working in a simple thermodynamic cycle with a low compression ratio with output
power of a few hundred MW to supply one supercritical steam turbine (Zaporowski,
2012). The reason of such a construction is low enthalpy of exhaust gases compared
to steam enthalpy, particularly, supercritical live steam. Secondly, live steam mass
flow ratio should be big enough to provide a suitable length of the first blades in the
high pressure turbine.

The analysis is based on a Capstone C200 micro gas turbine with a regeneration
heat exchanger. Thermodynamic scheme of the proposed cycle is presented in Fig. 1.

Fig. 1. Thermodynamic scheme of a micro CHP unit with a Capstone C200 gas tur-
bine, a heat exchanger and an additional steam cycle.

The regeneration loop is undesirable in combined cycles because of low temper-
ature of exhaust gases (Perycz, 1992), but many available micro gas turbines are
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equipped with such a heat exchanger. An additional aim of the paper is to investi-
gate the validity of using a gas turbine with a regeneration loop in micro combined
cycles.

From a thermodynamic point of view a great advantage of combined cycles in micro
CHP is lowering the temperature difference between exhaust gases and heated water
∆T by generating an additional amount of electricity. This converting cascade uses
the exergy better, which means that it does the maximal useful work possible during
the converting process which ends when the working medium is in the equilibrium
with the environment (Badur, 2003). The converting cascade is shown on a T-s curve
in Fig. 2.

Fig. 2. T-s curve of the proposed combined cycle.

Heat exchangers in the proposed steam cycle use phase transformation, a steam
generator (points D – A) and a condenser (points B – C), so the dimensions are small
despite low temperature difference. Moreover, the steam cycle uses saturated steam
to simplify the CHP unit, limit its size and costs.

3. Calculation results

The calculation has been made using a mathematical model of the thermodynamic
cycle and flow section of the turbine. The aim of the calculation was to optimize the
combined cycle efficiency, both thermodynamic and flow, by changing steam cycle
parameters. A series of calculations of thermodynamic and flow aspects for the steam
turbine, the steam cycle and the whole CHP unit were made (Kowalczyk, 2010) and
the most important values are presented in Tab. 1.

The optimal live steam pressure, due to the highest electric energy conversion
efficiency, is 6 bar. However, such high live steam pressure leads to low mass flow
rate and a specific volume of generated steam. This results in a short first stage
blade length, which generates high flow losses. For that reason the optimal value
of pressure for the proposed cycle is 3 bar (values in bold in Tab. 1). Moreover,
lower live steam pressure leads to higher dryness fraction at the last turbine stage.
This prevents water erosion of the last stage blades and increases their flow efficiency,
because water drops do not work (Perycz, 1992). Temperature of saturated live steam
is 134◦C so expensive materials are not needed.
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Tab. 1. The main parameters of the proposed combine cycle.

Live
steam
pres-
sure
[bar]

Steam
cycle
effi-

ciency
[-]

Total
elec-
tric
effi-

ciency
[-]

Steam
tur-
bine

power
[kW]

Con-
denser
power
[kJ/s]

Dryness
frac-

tion [-]

Live
steam
mass
rate

[kg/s]

Live
steam
spe-
cific
vol-
ume

[m3/kg]

First
blade
length
[mm]

1.00 0.084 0.3662 21.92 258.30 0.94 0.116 1.901 48.92

2.00 0.119 0.3770 28.50 227.32 0.92 0.105 0.989 23.01

3.00 0.139 0.3815 31.21 207.89 0.90 0.098 0.675 14.58

4.00 0.153 0.3837 32.53 193.39 0.89 0.092 0.515 10.46

5.00 0.164 0.3847 33.15 181.66 0.89 0.087 0.417 8.03

6.00 0.173 0.3851 33.37 171.73 0.88 0.083 0.351 6.43

7.00 0.180 0.3850 33.33 163.07 0.87 0.079 0.303 5.31

8.00 0.187 0.3847 33.12 155.35 0.87 0.076 0.267 4.48

9.00 0.192 0.3841 32.80 148.36 0.86 0.073 0.239 3.85

The profitability of energy converting units most often depends on their efficiency.
Efficiency can be specified in many ways and can relate to different physical quantities.
The efficiency chart in Fig. 3 shows the relationship between live steam pressure, steam
cycle thermal efficiency and combined cycle electric efficiency.

Fig. 3. Steam cycle thermal efficiency and combined cycle electric efficiency to live
steam pressure value.
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The optimal values of both curves do not overlap, because due to higher pressure
thermal efficiency of steam cycle grows and flow section efficiency drops. Furthermore,
the efficiency of heat recovery steam generator (HRSG) has significant influence on
total energy conversion efficiency. Due to growing live steam pressure the saturation
temperature of live steam also grows and steam generator efficiency is drops (because
of higher exhaust gases temperature at the heat exchanger outlet). The phenomenon
is shown on in Fig. 4 and Fig. 5 for 3 bar and 6 bar live steam pressure.

Fig. 4. Heat exchange curves of exhaust gases to water in heat recovery steam gener-
ator for live steam pressure pA = 3 bar.

Fig. 5. Heat exchange curves of exhaust gases to water in heat recovery steam gener-
ator for live steam pressure pA = 6bar.

Using higher live steam pressure, higher exhaust gases thermal energy at the outlet
of the heat recovery a steam generator can be used to heat water. In this case total
efficiency of chemical to usable energy conversion will be constant, but the electricity
/ heat generation ratio will be lower. In high power combine cycles the solution
is a multipressure heat recovery steam generator, which generates live steam in a
cascade of two or three values of pressure (Zaporowski, 2012). However, this solution
is technically complicated and very expensive. For that reason it is inappropriate for
micro CHP units.
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Fig. 6. The last, eighth, stage turbine blade peripheral efficiency πui as a function of
blade length li/l.

Back to the flow efficiency topic, higher live steam pressure causes lower live steam
mass rate and live steam specific volume, which results in a smaller dimension of the
flow section. If the dimension of canals is small, then volume to walls ratio decreases.
This leads to higher friction losses. If turbine blades are small, then also leakage losses
are significant (Perycz, 1992). Moreover, flow efficiency of the blades is higher in the
middle than on the edges. If the blades are long their efficiency is higher. The last
stage turbine blade peripheral efficiency as a function of blade length is presented in
Fig. 6.

Fig. 7. A cross section of the flow channel of the proposed steam turbine.

Turbine internal efficiency, as a result of each turbine stage calculation, is 0.82.
High power steam turbines reach internal efficiency of over 0.90 (Perycz, 1992). Blades
of the proposed steam turbine are designed as twisted turbine blades because of high
blade length to turbine shaft diameter ratio. The ratio is so high because of high
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rotational speed of 60 000 rpm. A sketch of the cross section of the flow channel is
presented in Fig. 7.

The chosen pressure allowed us to determine a suitable length of the blades. Each
point on the diagram represents bottom and top, for nozzle (whole numbers) and
blades (half numbers) respectively.

4. Summary and conclusion

Conducted calculations have shown that a micro steam turbine can efficiently coop-
erate with a micro gas turbine with a regeneration loop in a CHP unit increasing
electric / heat generation ratio. The proposed steam cycle can generate additional
amount of electricity during lower demand for heat, which can be desirable in many
applications of micro CHP units, or it can work permanently. Analysis conditions
and results of the calculation are presented in Tab. 2.

Tab. 2. Analysis conditions and results of the calculation for micro CHP combined
cycle compared to standard Capstone C200 CHP unit. 481.

Parameter Unit C200 Capstone
gas turbine

Combined
cycle

Electric power [kWe] 200 231

Heating power [kWth] 284 250

Electric energy conversion efficiency [%] 33 38

Exhaust / condensation temperature [◦C] 280/- 120/60

Exhaust temperature after heat exchange [◦C] 90 90

The steam cycle, in the proposed combined cycle, increased electric generation
from 200 kW to 231 kW, reduced heating power by 34 kW, reduced temperature
difference between the heating medium and water in the heat exchanger and decreased
cold reservoir temperature in the thermodynamic cycle. It all leads to better energy
utilization and higher thermal energy to electricity conversion efficiency.

The proposed steam cycle makes the micro CHP unit more flexible. It gives the
possibility to adapt to electric energy / heating demand better by changing electric
generation / heating power ratio. In some situations it can be as profitable as utilizing
waste energy.
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