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Operational Strategies of
Wet-Cycle Micro Gas Turbines
and Their Economic Evaluation
The simultaneous expansion of variable renewables and combined heat and power
(CHP) plants in Europe has given rise to a discussion about their compatibility. Due to
the concurrence of high wind power generation and high heating loads, it has been
argued that only the flexible, electricity-oriented operation of CHP plants could go along
with the extended penetration of renewables in the European energy system. The current
work focuses on the wet-cycle simulation of a Turbec T-100. Three operational strategies
are applied on the heat and electricity demand data of a public building, to assess the
economic and environmental performance of the wet cycle. The operation of the micro
gas turbine (mGT) is modeled in ASPEN PLUS, and the model is validated with data found in
the literature. The economic aspects of the operational strategies are assessed with a
financial model, which takes into account the current CHP policy incentives and price
levels. Furthermore, the advantages and drawbacks of wet operation are highlighted by
its comparison to the typical heat-driven operation of dry-cycle mGTs, with a reference
to the same case study. It is shown that the wet-cycle turbines have a higher number of
full load equivalent operating hours and can achieve higher investment payback, with
minor drawbacks to their overall environmental performance. [DOI: 10.1115/1.4033999]

Introduction

The technical performance of a combined heat and power
(CHP) plant is not the only variable influencing its viability as an
investment. There are plenty of cases where a state-of-the-art
plant does not operate in a financially viable way either because it
was erroneously sized or because its operational strategy was not
optimized. All these factors must be taken into account together
with the current energy market situation and the predictions for its
development.

An aspect of the energy market having an impact on CHP
plants is the increasing penetration of variable renewables in the
generation mix. Energy system regulations in many countries
(such as Germany and Austria) consider CHP plants and renew-
ables as “must run” plants. However, wind energy generation and
heat demand are concurrent in northern Europe as can be seen in
Fig. 1. Since both variable renewables and CHP generation are
growing markets, it is only a matter of time until one of the two
will be curtailed to make room for the other.

Despite these facts, both CHP plants and variable renewables
can be accommodated from an electricity grid, provided that CHP
plants become more flexible and contribute to its stability. Various
strategies have been proposed to make distributed CHP plants
more flexible, the most prevalent of which is the use of heat stor-
age devices to decouple heat and electricity generation. Germany
was one of the first countries to provide incentives for the installa-
tion of such devices, a measure that demonstrated a quite fast
impact on the market [1]. Nevertheless, heat storage devices have
a limited capacity and CHP plants still have to be operated at part
load for longer periods. As a result, plant designers prefer smaller
CHP plants that operate longer at full load, in order to optimize
their economics, without thus fully realizing their environmental
potential. On the other hand, storage devices are not limited to
specific CHP plants, but can be incorporated to practically any
heat generation system.

Another method that introduces flexibility in the operation of
CHP plants is the application of the wet micro gas turbine (mGT)
cycle. At low heat loads, steam can be produced by the excess
exhaust heat and injected into the combustion chamber, thus
increasing the electrical efficiency of the turbine. A variable
power-to-heat ratio is simultaneously achieved, and the turbine
can still operate at full electric load, while covering lower heat
loads. This cycle decouples heat and power and could make CHP
plants with flexible power-to-heat ratios available in the market.

Performance modeling of mGTs for CHP applications has been
the topic of numerous investigations. Haugwitz [2] developed a
simulation tool in cooperation with Turbec AB to model the oper-
ation of variable-speed mGTs. This model was intended as a sup-
port tool for the control systems design of the T-100 model.
Similar works were presented by Zhang and Cai [3] and Ho [4],
who modeled the part load operation of variable-speed mGTs on
the basis of analytical equations.

With the goal to analyze the performance of mGT—fuel cell
hybrid plants, a series of experimental investigations were per-
formed in the DLR in Stuttgart and the University of Genoa,
Genoa, Italy. Hohloch et al. [5] carried out an experimental analy-
sis of the steady and transient operation of the Turbec T-100, both
for full and part load. The technical behavior of every component
was analyzed in detail. Pressure and temperature values at various

Fig. 1 Percentage of the annual wind and thermal power gen-
eration in each month in Germany 2003–2010 [26]
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points of the thermodynamic cycle and the performance map of
the compressor were presented. A similar but not so thorough
analysis was presented by Cafaro and Traverso [6]. Ferrari et al.
[7] measured the steady-state and transient operation of the Tur-
bec T-100 recuperator. They isolated the operation of the recuper-
ator and measured its effectiveness for various flow rates and
temperature differences between its streams. Their results were in
full agreement with those presented in Ref. [5], and showed a rela-
tively weak dependence of the effectiveness on the inlet tempera-
ture and mass flow rate. The results of these works were the main
sources of validation for the model of the dry mGT presented in
the current paper.

In the context of the developments in CHP markets in Europe,
Campanari and Macchi [8] presented a very thorough analysis of
various tariff scenarios for the operation and the economic evalua-
tion of mGTs in trigeneration applications in buildings. They con-
cluded that the technology needed an efficiency boost, in order to
become more competitive. A similar analysis was performed by
Kaiko et al. [9,10], who presented a thermodynamic and economic
model for recuperated and not recuperated mGTs. Based on their
models, they calculated the optimum size of an mGT for a specific
application. Interestingly, their study concluded that the use of a
recuperator did not make sense economically for the application
in question, mainly due to the high power-to-heat ratio of the sys-
tem compared to the not recuperated turbine. However, the cur-
rent developments in the European CHP market lead to an
increasing demand for plants with high power-to-heat ratios.

This fact motivated the theoretical and experimental investiga-
tions of Delattin [11] and De Paepe [12] on steam injection in the
Turbec T-100. They have shown that the existence of the recuper-
ator limits the technically possible rate of steam injection.
Although small discrepancies between their models and their
experiments could be seen, they have demonstrated that steam
injection can result in a considerable increase of the turbine elec-
tric efficiency. The experimental analysis they performed on the
operation of the compressor has additionally proven that no surge
problems are expected, for the range of steam injection possible in
mGTs. Although the work of Delattin [11] included an economic
evaluation of wet mGT operation, this was not its focus, and the
results are not necessarily reliable.

In this context, this work aims to achieve clarity on the eco-
nomic performance of wet mGT cycles for cogeneration applica-
tions. At this end, a thermodynamic model for mGTs was
developed based on the aforementioned works on the Turbec T-
100. The part and full load operation of dry and wet recuperated
mGTs were analyzed with this model. The results were used to
study three operational strategies of CHP plants and compare the
techno-economic and environmental performance of dry and wet
mGTs to that of commercial gas engines in an actual case study.

Micro Gas Turbine Model

ASPEN PLUS was used to model the operation of the Turbec
T-100 gas turbine. Initially, the behavior of the commercial
machine was modeled in order to validate the code. At a second
step, the turbine model was adapted to represent the operation of
the turbine with steam injection.

Thermodynamic Model of the Commercial Micro Gas
Turbine. The model used for the cycle simulation of the commer-
cial mGT is similar to that presented in the work of Delattin [11].

Figure 2 presents the layout of the cycle of a typical mGT. Air
is compressed in a single-stage radial compressor and then
directed to a recuperator where it recovers heat from the exhaust
gases of the turbine. It is subsequently injected in the combustion
chamber where it combusts with natural gas. The combustion
products expand in a single-stage radial turbine. The turbine
exhaust gases deliver heat through the recuperator to the incoming
air and reach their final temperature once they have given up their

remaining heat to the heat consumer of the CHP plant (boiler in
Fig. 2).

The operation of the compressor was modeled with a map pro-
vided from Turbec, which was validated with own measurements
and with data found in the literature [5,12]. To simplify the calcu-
lations and avoid using a performance map for the turbine, we
assumed chocked conditions at its inlet. According to this assump-
tion, the following equation was valid for all the considered opera-
tional points:

mTO �
ffiffiffiffiffiffiffiffi
TIT
p

pT
¼ k (1)

The parameter k is a function of the cross section area and the
fluid composition at the point where critical flow occurs. Calcula-
tions of the gas properties showed that changes of the operating
conditions resulted only in small changes of k (<0.8%). We there-
fore considered a constant value for k, which was computed from
the datasheet of the mGT.

To optimize the operation of the recuperator, the control system
of the microturbine retains a constant turbine outlet temperature
(TOT) by adjusting the fuel mass flow. Hence, a constant TOT of
645 �C was chosen for the simulations, and its value was con-
nected to the fuel and air flow rates

TOT ¼ f ðmfuel;mairÞ (2)

Typically, industrial gas turbines have inlet guide vanes to
change the air flow rate and control their load. mGTs, on the other
hand, have a single-stage compressor, and the only method to con-
trol its operational point, and thus the turbine load, is to change its
rotational speed. This control was implemented in the model in a
similar way by using the electric load as an external free parame-
ter and connecting the generated power to the rotational speed of
the gas turbine

P ¼ f ðNÞ (3)

Together with the energy balance around the turbine and the com-
bustion chamber, the system of equations has five unknowns and
five equations, and can be solved iteratively. For each operational
point, the electric load is given as an external parameter, and the
system is solved for a constant TOT.

Thermodynamic Model of the Wet Micro Gas Turbine.
Figure 3 presents the typical layout of a steam-injected gas turbine
(STIG) cycle in a recuperated mGT. A steam generator is

Fig. 2 Typical layout of a recuperated CHP mGT

122301-2 / Vol. 138, DECEMBER 2016 Transactions of the ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/138/12/122301/6171212/gtp_138_12_122301.pdf by Tu Berlin U
niversitaetsbibl.im

 Volksw
agen-haus user on 20 D

ecem
ber 2019



introduced between the recuperator and the heat consumer of the
CHP plant. Steam is produced from the exhaust gases, and it is
mixed with the air stream before its entrance to the combustion
chamber, thus recycling part of the exhaust heat.

Again, the controller of the model keeps the TOT constant by
adapting the fuel flow and changes the load by adjusting the rota-
tional speed. The model has, however, a second degree-of-
freedom in addition to the load, which is the steam mass flow rate.
Each operational point of the wet cycle is defined by the values of
these two parameters. The code iterations begin with a choice of
the air flow rate and the rotational speed, which are also used to
compute the outlet pressure and the power consumption of the
compressor. By assuming a value for the pressure drop in
the recuperator, the air/steam mixer, and the combustion chamber,
the pressure at the inlet of the turbine is calculated (pmap). The
energy balances around the turbine (considering the compressor
power consumption) and the combustion chamber result in the
fuel flow rate and the turbine inlet temperature. Having the gas
mass flow rate, the turbine inlet temperature (TIT), and the coeffi-
cient k (the same as in the dry operation), the turbine inlet pressure
(piter) is calculated from Eq. (1). This value is compared to the
pressure (pmap) initially calculated from the compressor map and
the pressure drop in the turbine components. If the difference of
these values is high (>0.1%), a new operational point of the com-
pressor is chosen by changing its rotational speed and setting its
outlet pressure equal to the sum of piter and the aforementioned
pressure drop in the turbine components. The next iteration starts
by computing the new air flow rate from the compressor map, and
the process continues until the code converges. Figure 4 presents
a diagram with the individual steps of the computations.

Table 1 presents the basic assumptions for the operation of the
heat recovery steam generator (HRSG) and the combustion
chamber.

Simulations Scope and Results. The Turbec T-100 is used as
a benchmark mGT that is valid for the size range between 30 and

500 kWel. Table 2 presents the results for its full load operation in
both dry and wet modes at the maximum steam/air ratio and elec-
tric efficiency. Steam injection shifts the operation of the com-
pressor to lower rotational speed, pressure, and air mass flow rate,
and the compressor consumes less power. Given that the isen-
tropic efficiency of the turbine remains constant, lower turbine
inlet temperatures and fuel flow rates are necessary for the same
power production. The data are in accordance with the results pre-
sented in the literature [12]. Small deviations can be attributed to
the applied compressor map and the assumed composition of the
fuel.

The primary aim of the simulations is to produce the perform-
ance maps of the dry and wet mGTs for their operation up to 30%
of their nominal electric load in steps of 1%. The parameters in
the performance maps are stored as a percentage of their values at
the full load operation of the plant. The resulting performance
maps are then fed to the economics model where they are scaled
by simple multiplication without any scaling laws.

The performance map of the dry mGT includes the values of
the generated heat, electricity, and the consumed fuel at each load
point. Figure 5 shows the fuel consumption and the heat produc-
tion of the dry mGT at various electric loads as a percentage of
their values at full load operation. For example, a dry mGT oper-
ating at 30% electric load consumes approximately 40% of its full
load fuel consumption and produces approximately 40% of its full
load heat generation.

The performance maps of the wet mGT are slightly more com-
plicated because it has an additional degree-of-freedom, this being
the amount of injected steam. For each electric load, the steam
injection rate can be varied from zero to its maximum value, while
at the same time, the produced heat and the consumed fuel are
computed. The resulting performance map comprises the values
of generated heat and consumed fuel for each pair of the electric
load and steam injection rate.

Figure 6 shows the results for the wet mGT at full electric load
for all possible steam/air ratios. Its operational flexibility is dem-
onstrated in this figure, since its thermal load can be reduced up to
approximately 40% of its full load value without changing the
electric load of the turbine.

The maximum steam injection rate for each electric load of the
turbine is defined by the operational limits of the HRSG. The
HRSG can operate up to the point where a temperature crossover
of its two streams (exhaust gas and water/steam) occurs. With a
given and constant TOT at all electric loads, the maximum steam
injection rate is a function of the exhaust gases flow rate and the
performance characteristics of the HRSG. The latter are assumed
to be independent of the thermal load, mainly due to the existing
experimental results published on the behavior of the recuperator
[5,7]. As a result, the lower exhaust flow rates of part load opera-
tion lead to lower values of the maximum possible steam injection
rate. Figure 7 presents the maximum steam/air ratio and the corre-
sponding minimum thermal load as a function of the electric load
of the mGT. This parameter is crucial for the heat-oriented opera-
tion of CHP plants because they are switched off when the ther-
mal energy demand drops below their minimum thermal load.

Gas Engine Model

The high electrical efficiency of gas engines and their mature
technology (based on that of internal combustion engines) has led
in the last decades to their prevalence in the distributed CHP mar-
ket. In particular in Germany, approximately 200 different CHP
gas engine models are available in the market [13]. In addition to
that, more than 3000 new CHP gas engines with an installed
power below 1 MWel are installed every year in Germany since
2009 [14]. This technology is, therefore, a benchmark for every
new technology that could potentially enter the distributed CHP
market.

In the case of gas engines, a black-box approach is used to
model them; a schematic diagram of which is presented in Fig. 8.

Fig. 3 Typical layout of an STIG mGT

Fig. 4 Description of the iteration loops. Adapted from Ref. [11].
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Again, the same performance maps are important for the financial
model and for that the authors resorted to the use of the engine
performance database published annually by the German associa-
tion for energy conservation and environmentally friendly energy
use [15]. This statistical survey presents the performance charac-
teristics of engines currently sold in the CHP market and divides
them in several power classes, each one having different charac-
teristics. Natural gas engines are used as a reference, whereas the
power classes up to 800 kWel are implemented in the respective
model.

The part load performance of engines is modeled according to
the data presented in the CHP technology characterization of the
U.S. EPA [16], and the results are presented in Fig. 9 as a function
of their size. The electric efficiency of larger engines
(400–800 kW) varies between 35% and 40%, whereas smaller
ones are less efficient (25–30%). On the other hand, assuming that
the thermal efficiency of engines is independent of their electric
load, their thermal energy generation becomes a linear function of
the latter as can be seen in Fig. 10.

Operational Strategies

Three operational strategies have been studied in the context of
this work. The first is the typical heat-oriented operation,

Table 1 Assumptions for the dry and wet mGT simulations

Parameter Value

Dutch natural gas heating value (LHV) (MJ/kg) 38
TOT (�C) 645
Turbine isentropic efficiency 86%
Mechanical efficiency of the assembly:
turbine, compressor, and generator

91%

Combustion chamber efficiency 99.5%
Pressure loss in the combustion chamber,
the recuperator, and steam/air mixer [5]

5.6%

Water side pressure loss in the HRSG (bar) 2
Recuperator effectiveness [7] 89%
HRSG effectiveness 89%
HRSG pinch point (DT) (�C) 10
In–out temperature of heat load (�C) 50–70

Table 2 Simulation results for the Turbec T-100 at full load. The
indices refer to Figs. 1 and 2 and the wet operation at the maxi-
mum possible steam/air ratio.

Dry mGT Wet mGT

T2 (�C) 209 201
p2 (bar) 4.51 4.23
M2 (kg/s) 0.77 0.69
T3 (�C) 945 924
p3 (bar) 4.2 3.9
mfuel (g/s) 8.7 7.99
T4 (�C) 645 645
mTO (kg/s) 0.776 0.733
M10 (kg/s) — 0.035
T10 (�C) — 151
p10 (bar) — 4.9
Pel (kWel) 100 100
gel 30.23% 32.93%
N (rpm) 69,105 66,708
Qth (kWth) 173 62

Fig. 5 Performance map of the dry mGT. The variables are
given as a percentage of their value at full load.

Fig. 6 Performance map of the wet mGT at full electric load

Fig. 7 Maximum steam injection rates and minimum thermal
load of a wet mGT as a function of its electric load

Fig. 8 Schematic diagram of the gas engine model

Fig. 9 Electric efficiency of gas engines as a function of their
electric load and power class
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according to which the CHP plant functions as a boiler replace-
ment facility. It covers the thermal energy demand and produces
as much power as possible, which is a “good to have” byproduct.
The thermal energy demand is decisive for the part load operation
of the plant, which is shut down if the heat demand drops below
the minimum thermal load it can deliver.

Two power-oriented operational strategies with and without
waste heat were also analyzed. Under the condition of no waste
heat, the CHP plant tries to cover the power demand, while at the
same time, its heat generation is adapted to the needs of the con-
sumer. In this case, the power demand is decisive for the electric
load of the plant. The plant is shut down either when the power
demand lies below its minimum power load or when the heat
demand drops below the minimum thermal load the plant can
cover when operating at the respective power load (see Fig. 7).
The second power-oriented strategy allows waste heat production.
In this case, the CHP plant tries to cover the power demand,
whereas the produced heat is regarded as a byproduct. The ther-
mal energy demand is covered from this heat production, and the
rest of the produced heat (if any) is disposed off in the
atmosphere.

The operational strategies were used to compute the amounts of
generated electrical and thermal energy and the total fuel con-
sumption in a year, which were the inputs for the economics
model, described in the next section.

Economics Model

An investment in a CHP plant is primarily evaluated by its net
present value (NPV), given by Eq. (4), or its internal rate of
return, which is the interest rate resulting in an NPV of zero

NPV ¼
XN

n¼1

CFn

1þ ið Þn (4)

In the above equation, N is the lifetime of the plant in years,
while CF are the annual cash flows. Each cash flow is projected to
the first year of the project with an interest rate that considers the
current capital interest rate and the investment risks (see Table 3).
The cash flows result from the subtraction of the annual opera-
tional and capital costs from the produced income.

The definition of the produced income depends on whether the
plant is a replacement of an existing system or a new one. We
assumed that prior to the installation of the CHP plant, the heat
demand was covered by a natural gas boiler and the power
demand from the electricity grid at retail market prices. Thus, the
income of the CHP plant stems from the avoided fuel costs for
heating, the avoided electricity costs, and the revenues from the
electricity sold to the grid.

On the other hand, the investment costs can be broken down
into the costs of the generation system and those of the necessary
infrastructure for the installation. Figure 11 presents the total spe-
cific investment costs of the three technologies as a function of

the plant size. The data for the gas engines originate from the
ASUE statistical survey [15], while those on the mGTs stem from
the CHP technology characterization of the U.S. EPA [16].

Similarly, the total operational costs include the fuel costs and
the fixed and variable operational costs. The latter are presented in
Fig. 12 for engines, while for mGTs and wet mGTs, we assumed
constant values of 0.012 e/kWhel and 0.015 e/kWhel, respectively.
The operational/maintenance costs of wet mGTs are assumed to
be 25% higher than those of the dry mGTs. This increase is due to
the additional costs of water purification and the increased mainte-
nance costs caused by steam injection. The latter is expected to be
a result of the increased steam content of the exhaust gases flow-
ing through the recuperator. Higher steam content could lead to
increased corrosion of its surfaces, thus raising the maintenance
costs of the plant. However, the maximum steam/air ratio techni-
cally possible for mGTs is limited from the very existence of the
recuperator. As already mentioned (see Fig. 6), this ratio is 5% for
the current study. During the operation with maximum steam/air
ratio, the steam content of the exhaust gases is raised from approx-
imately 4 vol. % to 11 vol. %. Nevertheless, the turbine is oper-
ated wet for limited time periods and typically not with the
maximum steam/air ratio.

Table 3 presents the remaining assumptions of the economic
model. The retail electricity price is that paid from the typical resi-
dential consumer in Germany. The feed-in tariff for distributed
CHP plants is the sum of the price defined in the EEX, a network
bonus revenue paid from the network operator to every distributed
CHP plant and the so-called CHP bonus defined in the respective
regulation in Germany [17,18]. The latter is a function of the in-
stalled power of the CHP plant, which is the reason why two feed-
in prices are given in Table 3.

Case Study

Methodology. The performance of the three aforementioned
CHP technologies is assessed in a case study for which the heat
and power demands are known in defined time intervals for a
whole year. This year is assumed to be typical throughout the
operational lifetime of the CHP plant. This data structure allows

Fig. 10 Thermal energy production of gas engines as a func-
tion of their electric load

Table 3 Assumptions for the economic evaluation of mGTs
and gas engines

Natural gas price (e/kWhHHV) 0.055

Electricity price feed-in (<50 kWel) (e/kWh) 0.093
Electricity price feed-in (50–2000 kWel) (e/kWh) 0.080
Retail electricity price (e/kWh) 0.300
Plant operational life (a) 15
Interest rate for NPV (%) 10
Backup boiler efficiency (%) 90
Fixed maintenance cost (% of investment) 1.5

Fig. 11 Total specific installation costs as a function of the
plant size
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us to apply each operational strategy in detail and distinguish the
differences between the plants on an operational level.

Throughout this case study, it is assumed that before the instal-
lation of the CHP plant, the building was supplied with heat from
a conventional natural gas fueled boiler, while electricity was
bought directly from the network. The operation of the boiler is
assumed to continue after the installation of the CHP plant, in
order to cover the heat demand that cannot be covered from the
CHP plant. Hence, the difference in the amount of heat produced
from the boiler, when it operates as a backup boiler, is also
accounted for in the economic analysis of the CHP units.

The comparison of the technologies is based on the optimum
size of each plant. This optimum is computed by varying the size
of the plant and computing the following parameters for each
operational strategy:

� CHP plant and backup boiler heat generation
� electric consumption covered by the plant
� electric energy fed into the grid and bought from the grid
� total (CHP unit and backup boiler) annual fuel consumption

These values are fed to the financial model, which calculate the
cash flows and finally the NPV of the investment. The plant size
with the highest NPV is then chosen as the optimum, and it is
used as a benchmark for each technology and operational strategy.

DEFRA Offices in Nobel House—London. The case study is
the Nobel House building of the Department for Environment,
Food and Rural Affairs (DEFRA) in London. This building was
chosen because it represents a typical public agency building
located in a European city with climatic conditions close to the
average of this region.

DEFRA has approximately 1200 employees working in Nobel
House, which has an annual electric energy consumption of 1.3
GWhel and a thermal energy consumption of 2.36 GWhth leading
to an average power-to-heat ratio of approximately 0.55. The data
on the gas and electricity consumption of the building can be
found online in intervals of 30 min [19]. The load duration curves
for electricity and heat are presented in Figs. 13 and 14, respec-
tively, where we have assumed that the measured gas consump-
tion is dedicated to space and hot water heating purposes. Both
curves are typical for this type of building and region showing
heat consumption for approximately 5000 hrs in a year and a base-
load power of around 80 kWel.

Heat-Oriented Operation. Figures 14 and 15 present the opti-
mum performance of each technology at the heat-oriented opera-
tion in the Nobel House building. The detailed results are
presented in Table 4 along with the primary energy savings factor
for each technology [20–22], which is computed according to the
following equation:

PES ¼ 1� 1

CHPHg

RefHg
þ CHPEg

RefEg

0
B@

1
CA � 100% (5)

The high power-to-heat ratio of the gas engine and the limited
amount of heating hours in a year lead to a large plant, which pro-
duces comparable thermal energy to that of the mGTs but much
more electricity. This fact contributes to the higher primary
energy savings factor of the gas engine with this operational
strategy.

Furthermore, there is a clear demonstration of the operational
flexibility offered by the wet mGT. This plant operates for approx-
imately 4000 hrs in a year at full load, being able to adapt its ther-
mal load to the demand, whereas it is forced to operate at part
load only for 8% of its total operating hours. Its longer annual
operation compared to the competing technologies is an effect of
its lower minimum thermal load and the operational strategy in
question. When compared to the commercial mGT, the wet tur-
bine produces more electricity and almost the same amount of

Fig. 12 Gas engines variable operational costs as a function
of their size

Fig. 13 Power load duration curve of the DEFRA-Nobel House
in 2013

Fig. 14 Heat load duration curve of the DEFRA-Nobel House in
2013

Fig. 15 Heat production of the optimum plants for the
heat-oriented CHP operation
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heat but has a lower primary energy savings factor. The latter
result can be attributed to the latent heat added to the exhaust
gases due to steam injection and lost with them in the atmosphere.

Despite the fact that the economic performance of the wet mGT
is comparable to that of the engine, the latter remains the most
profitable technology for this type of buildings. However, a large
part of the additional operational costs of the wet mGT goes for
the purification of the injected water/steam. Since in the current
study no water recovery from the exhaust gases was considered, it
is expected that the economic performance of the technology
could become even better, when this fact is taken into account.
Nevertheless, the wet gas turbine is 12% more profitable than its
commercial dry version.

Considering these results, it is obvious that the dry mGT and
the gas engine will aggravate the concurrency problem (analyzed
in Fig. 1), because their heat and power production are coupled.
Hence, they will have to produce electricity only at time when the
heat load is high. On the other hand, steam injection makes the
operation of the wet mGT more flexible by decoupling heat from
power generation. The wet mGT can produce electrical energy
even at times when the heat demand is relatively low. This feature
could be integrated in the concept of virtual power plants [23,24]
with the goal to provide quasi-base load power from distributed
micro-CHP plants, while operating each individual plant in heat-
oriented mode. The resulting virtual power plants could then offer
net stabilization services and allow a higher penetration of elec-
tricity generation from variable renewables.

Power-Oriented Operation Without Waste Heat. The results
of the heat-oriented operation could be seen as a way to compute
the necessary incentives if a state would like to support CHP
plants that offer the flexibility of wet mGTs. From an engineering
point of view, it is also interesting to study the operation of these
three technologies, when the power-oriented operational strategy
is implemented. Since the initial goal of CHP plants is the primary
energy savings, the first power-oriented operation we studied
allowed no waste heat.

Figures 16 and 17 present the results of this operational strategy
in the Nobel House building, while Table 5 shows the detailed
outcome of the comparison (Figs. 18–20). The most striking result
is that in this case, the optimum gas engine was considerably
smaller. On the other hand, the resulting wet mGT is larger than
the dry one. The operational flexibility of the wet micro as turbine
allows it again to operate for the longest time (almost 4000 hrs in
a year), while the engine is limited to around 3000 operating hours
per year.

Similarly, this operational flexibility allows the wet mGT to
produce more electrical and thermal energy than both competitive
technologies, but again with a lower primary energy savings fac-
tor. However, the power-oriented strategy results in smaller plants
producing less thermal and electrical energy in comparison to
plants that resulted from the heat-oriented strategy. The reason for
that is the integrated shutdown conditions. In the heat-oriented

operation, the plants are shut down only based on their minimum
thermal load and are otherwise operated in part electric load, that
is, controlled by the thermal demand of the heat consumer. In the
power-oriented strategy, the electric load of the plant is defined
from the respective electric demand. However, the plant is shut

Table 4 Detailed results of the heat-oriented operation in the
Nobel House case study

Dry mGT Wet mGT Gas engine

Optimum size (kWel) 284 264 469
Nominal thermal power (kWth) 491 457 595
Optimum operational hours 3840 4275 3840
NPV (ke) 1273 1422 1528
Produced thermal energy (MWh) 1565 1545 1661
Total electricity generation (MWh) 881 1061 1412
Exported electrical energy (MWh) 298 369 788
Imported electrical energy (MWh) 718 609 677
Boiler thermal energy (MWh) 792 812 696
PES (%) 18 14 26

Fig. 16 Electricity production of the optimum plants for the
heat-oriented CHP operation

Fig. 17 Heat production of the optimum plants for the power-
oriented CHP operation

Table 5 Detailed results of the power-oriented operation in the
Nobel House case study

Dry mGT Wet mGT Gas engine

Optimum size (kWel) 145 205 215
Nominal thermal power (kWth) 251 355 346
Optimum operational hours 3498 4024 3151
NPV (ke) 793 1105 909
Produced thermal energy (MWh) 763 1033 762
Total electricity generation (MWh) 432 645 507
Imported electrical energy (MWh) 868 655 793
Boiler thermal energy (MWh) 1594 1324 1595
PES (%) 19 16 26

Fig. 18 Power production of the optimum plants for the power-
oriented CHP operation
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down if the thermal energy demand is below the thermal load that
the plant can cover while operating at that specific electric load.
This double switch method reduces the amount of annual operat-
ing hours, and consequently, the size of the plants.

The presented operation will cover a smaller share of the total
heat and power demand compared to the heat-oriented operation
presented in the previous section. The remaining demand is typi-
cally covered by a conventional gas boiler. Observed as a whole,
the supply of the Nobel House building with heat and electricity
will result in this case in higher CO2 emissions, compared to those
of the heat-oriented operation.

On the other hand, this operational strategy will make space
and support the operation of wind farms, thus reducing the CO2

emissions from the power generation mix. If support for this kind
of operational strategy would be included in a regulation, it is cru-
cial to support the clustered operation of CHP plants, in such a
way that the additional CO2 emissions of the power-oriented oper-
ation could be compensated by the emissions reduction achieved
through the aforementioned higher renewables penetration.

Power-Oriented Operation With Waste Heat. It has been
argued that a solution to the concurrency problem could be to

partly operate CHP plants as pure power production systems
[17,25]. This argument provided the motivation to investigate the
power-oriented operation of CHP plants with waste heat.

The results presented in the respective figures and in Table 6
show that this alternative would make sense for consumers similar
to the Nobel House only for a gas engine. The primary energy sav-
ings of commercial and wet mGTs are negative, meaning that the
primary objective of these CHP plants is not achieved. In addition
to that, the European CHP directive [20] requires positive primary
energy savings for plants with an installed power below 1 MWel

in order to provide the respective financial support. Hence, the
operation of a wet or a dry mGT with this strategy would make no
sense, neither financially nor energetically.

Although the engine retains a positive value of the PES factor,
half of the produced thermal energy is wasted when the aforemen-
tioned operational strategy is chosen. This result can be attributed
to the heat demand structure of the consumer in question. The
heat demand of an office building—even that for hot water
production—is limited to approximately 5000 hrs in a year,
whereas there is an electricity demand throughout the whole year.
As a result, the heat produced during approximately 3000 hrs is
wasted.

In conclusion, it would be interesting to compare the power ori-
ented operation of the engine with waste heat to the heat-oriented
operation of a wet mGT. These alternatives are the major solu-
tions of the concurrency problem if no thermal energy storage is
applied. The results of this comparison are summarized in
Table 7.

The fact that the engine covers the expensive own electricity
consumption throughout the whole year (maintenance could be
carried out in the remaining 360 hrs of the year) leads to the high
NPV of the respective investment. However, its energy production
is not as efficient since it produces only 20% more electricity than
the wet mGT although it operates for twice as many hours in the
year. Likewise, the engine covers only 41% of the own heat con-
sumption of the building in contrast to the wet mGt that reaches a
66% coverage. The low coverage of the thermal demand results in
a longer operation of the gas boiler and higher CO2 emissions.

In conclusion, if the general goal of network operators remains
the minimization of the CO2 emissions of an electricity grid as a
whole, while extending the use of wind farms and CHP plants, the
heat-oriented operation of plants like wet mGTs seems an appro-
priate approach. Another approach could be to use plants similar
to the presented gas engines in power-oriented mode and support
them with heat storage devices to minimize the wasted heat.

Conclusions

Three operational strategies of distributed CHP plants have
been presented and studied in the DEFRA-Nobel House case
study. These strategies were developed by taking into considera-
tion the future needs of energy systems, which will have to

Fig. 20 Power production of the optimum plants for the power-
oriented CHP operation with waste heat

Table 6 Detailed results of the power-oriented operation with
waste heat in the Nobel House case study

Dry mGT Wet mGT Gas engine

Optimum size (kWel) 250 240 240
Nominal thermal power (kWth) 432 415 386
Optimum operational hours 8277 8303 8303
Thermal demand covered (MWh) 1124 1120 971
Wasted thermal energy (MWh) 1190 529 929
Total electricity generation (MWh) 1246 1237 1237
Imported electrical energy (MWh) 54 64 64
Boiler thermal energy (MWh) 1233 1237 1385
PES (%) �10 �5 5

Table 7 Comparison of the heat-oriented operation of a wet
mGT to the power-oriented operation of a gas engine with
waste heat

Wet mGT Gas engine

Optimum size (kWel) 264 240
Nominal thermal power (kWth) 457 386
Optimum operational hours 4275 8303
NPV (ke) 1422 2308
Produced thermal energy (MWh) 1545 971
Generated electrical energy (MWh) 1061 1237
Exported electrical energy (MWh) 369 0
Imported electrical energy (MWh) 609 64
Boiler thermal energy (MWh) 812 1385
PES (%) 14 5

Fig. 19 Heat production of the optimum plants for the power-
oriented CHP operation with waste heat
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operate with increased penetrations of both variable renewables
and CHP plants.

Wet mGTs demonstrated a better thermodynamic and economic
performance when compared to their dry counterparts, while their
thermodynamic performance was inferior to that of engines.
Nevertheless, their operational flexibility allowed them to achieve
the best economic performance when operated with a power ori-
ented strategy without waste heat.

Future CHP plants will be required to offer such an operational
flexibility, by decoupling their heat and power generation. Gas
engines could achieve this requirement only by operating like
power generating systems, with an additional heat storage device
to reduce the amount of wasted heat. In contrast, wet gas turbines
are able to achieve variable power-to-heat ratios and serve as
quasi-base load units for as long as a minimal heat demand is
present. In this way, they could be integrated in virtual power
plants and play a major role in stabilizing an energy system.

The findings of the current study also highlight the most impor-
tant reasons behind the latest decisions on providing incentives
for the installation of heat storage devices for both centralized and
decentralized CHP plants [18]. The wasted heat of a highly effi-
cient engine that operates like a power generating system could be
stored by a heat storage device, thus helping to reduce the fuels
consumption for heating purposes. This comparison between a
typical engine with a heat storage device and a wet mGT will be
the scope of the next steps of the current project.
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Nomenclature

Cist ¼ specific installation cost (e/kWel)
Cop ¼ variable operating cost (e/kWhel)

i ¼ interest rate (%)
k ¼ turbine constant at chocking conditions

mair ¼ air mass flow rate (kg/s)
mfuel ¼ fuel mass flow rate (kg/s)
mTO ¼ mass flow rate at turbine outlet (kg/s)

N ¼ rotational speed (rpm)/duration of a project (a)
P ¼ power (kW)

piter ¼ compressor outlet pressure resulting from iteration
pmap ¼ compressor outlet pressure resulting from its map

pT ¼ inlet pressure at the turbine (bar)
Pel ¼ electric load (kW)

QCHP ¼ heating load of CHP plant
Qth ¼ thermal load (kW)

Greek Symbols

gel ¼ electrical efficiency
X ¼ steam/air ratio (%)

Abbreviations and Anagrams

ASUE ¼ German Association for Energy Conservation and
Environmentally Friendly Energy Use

CF ¼ cash flow
CHP ¼ combined heat and power

CHPEg ¼ heat efficiency of CHP plant
CHPHg ¼ electrical efficiency of CHP plant
DEFRA ¼ Department for Environment, Food and Rural Affairs

EEX ¼ European Energy Exchange
EPA ¼ Environmental Protection Agency (U.S.)

HHV ¼ higher heating value
HRSG ¼ heat recovery steam generator

mGT ¼ microgas turbine

NPV ¼ net present value
PES ¼ primary energy savings factor (%)

RefEg ¼ heat efficiency of reference plant
RefHg ¼ heat efficiency of reference plant
STIG ¼ steam-injected gas turbine

TIT ¼ turbine inlet temperature (�C)
TOT ¼ turbine outlet temperature (�C)
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