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ABSTRACT 
Humid air turbines (HAT) are considered to be a viable option for flexible distributed power 

generation systems. For gas turbine facilities with power outputs higher than 1 MW the 

predicted efficiencies of the HAT-process are even higher than those of triple pressure 

combined cycle facilities, yet to date there is very few experimental data available to prove 

these predictions. For mGT-facilities, some experimental and theoretical studies have been 

performed. While all theoretical studies show an increase of the electrical efficiency of 2-3% 

points, some of the experimental work yields significantly lower benefits. 

In the present study, a thermodynamic model of a mHAT-turbine has been set up using 

performance data of a turbocharger scaled up to the available performance data of the T100 

turbine and validating it to published results. Thereafter, a parameter study of the impact of 

various parameters and modifications of the process has been calculated. The results show 

that the HAT process has a superior performance compared to the simple recuperated mGT. 
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NOMENCLATURE 
 

Abbreviations Symbols Subscripts 

HAT humid air turbine cp heat capacity [kJ/kgK] amb Ambient 

mGT micro gas turbine ṁ mass flow [kg/s] in Inlet 

mHAT micro gas humid air turbine Δp pressure loss [%] Comb Combustor  

TMFP Turbine Mass Flow Parameter P power [kW] Comp Compressor 

VBA Visual Basic for Applications Q̇ thermal power [kW] ECO Economizer 

  Δt temperature difference [°C] el Electrical 
  t temperature [°C] Exh exhaust gas 
  V̇ volume flow [m³/s] Gas fuel gas 
  w specific work [kJ/kg] Gen Generator 
    out Outlet 
  Greek symbols Rec Recuperator 

  φ air humidity [%] red Reduced 

  λ combustion-air ratio [-] Sat Saturator 

  π pressure ratio [-] Turb Turbine 

  η efficiency [%] th Thermal 
  𝜀 expansion ratio [-] out Outlet 
  γ mass fraction [kg/kg]   
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INTRODUCTION 
To reduce the worldwide CO2 emissions and achieve the 2°C target of the COP21 (21st Conference 

of the Parties) in Paris 2015 power from renewable sources has to play a major role in future energy 

generation (IEA, 2015). Of all renewable energy sources, wind and solar energy have the highest 

annual growth rates (IPCC, 2014) with the huge disadvantage of a volatile energy generation. 

Without adequate storage technologies for electric energy, highly flexible and efficient fuel fired 

energy generation systems become more important to secure reliable power supply and grid system 

stability. While triple pressure combined cycle facilities currently feature the highest electric 

efficiency levels and low specific CO2 emissions, their flexibility suffers from the slow start-up 

time of the included steam turbine cycle (Balling, 2011). One solution for this problem is offered by 

the use of HAT-cycle facilities, for which the electric efficiency is predicted to be even higher than 

that of triple pressure combined cycles (Farmer, 2010). Moreover, the HAT-cycle requires no 

additional Rankine cycle for the use of the exhaust gas waste heat (fig. 1). The start-up time and 

load change performance of HAT facilities is therefore comparable to that of single cycle gas 

turbines (Yagi et. al, 2013). Hence, HAT-facilities seem to be an ideal enhancement to match the 

challenges in future electric energy supply systems with high shares of volatile energy production.  

Unfortunately the HAT-cycle is still in the research phase today and not available for wide 

economical use. Besides a 40MW-class pilot test facility run by the Hitachi Research Laboratory in 

Japan, only micro gas turbine (mHAT) test facilities for the development of components and 

research work are used today. Several experimental and theoretical studies for the mHAT are 

published. This studies have shown an efficiency benefit for the mHAT of up to 3.4% (Parente et 

al., 2003, Carrero et al., 2015) compared to a recuperated simple cycle mGT (further called dry 

mGT-cycle). However, studies of the influence of such as ambient conditions or single component 

pressure losses are very scarce. Moreover, most of the studies comparing dry mGT and mHAT-

cycles leave both compressor and turbine specifications untouched, thus comparing different 

operating points for these components. A direct experimental comparison of dry mGT and mHAT 

cycle, in which compressor and turbine were adjusted for the appropriate operation conditions, was 

never performed. Hence, either mGT or mHAT were downgraded by unnecessary pressure losses of 

utilized saturators and piping system or compressor and turbine operation under off-design 

conditions, respectively. 

Therefore multiple simulation models for different kinds of HAT and dry mGT-cycles were set up 

at the Institute of Thermal Turbomachinery and Machinery Laboratory (ITSM) at the University of 

Stuttgart. The goal was to have a transparent and direct comparison of the process performance and 

investigation of important key parameters for future research work. 

Published data of the Turbec T100 micro gas turbine (Turbec, 2000) is used as reference for the dry 

mGT-cycle at design load. Due to the lack of off-design performance data for the T100, the 

characteristic map of a truck turbocharger was scaled to the parameters of the T100 and then used in 

the thermodynamic model. After the validation of the dry cycle model, a saturator was added to 

obtain the mHAT-cycle (Fig.1). These two models were used for the following parameter analysis. 

A description of the thermodynamic models and the key results of the parameter analysis are 

presented in this paper. 

 
Figure 1: Schematic diagram of the dry mGT and mHAT-process. 
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SIMULATION MODEL 

The thermodynamic models for the dry mGT and mHAT are based on a spreadsheet and VBA 

macros. After specifying the desired electric power output and the main process parameters such as 

inlet conditions, component losses, etc., the program iteratively performs the power balance 

calculations. The turbocharger compressor map is implemented by functions of constant compressor 

speed and linear averaging (fig. 3). The rotor speed is determined by the generator map, which 

gives the link between electrical output and generator speed (Henke et al., 2015). The scheme of the 

calculation is given in figure 2. A constant turbine inlet temperature of 950°C (Turbec, 2000) is set 

for every operating point and both processes. For reasons of simplicity, component pressure losses 

are kept constant across the entire operating range.  

While a water recovery system is not part of this study, the heating demand of the spray water is 

adopted in the present calculations using a linear proportional correlation with a heat exchange of 

60 kWth (DePaepe et al., 2015) at design conditions (Eq. 1). 

 

Q̇ECO = 60 kWth ∙ PGen [kWel] / 100 kWel (1) 

 

 
Figure 2: Flowchart of the calculation procedure 
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SCALING OF THE TURBOCHARGER COMPRESSOR MAP 

As the performance map of the T100 is not available, a turbocharger map is used to model the 

behavior of the mGT and mHAT arrangement. To match the T100 characteristics, the turbocharger 

compressor map had to be scaled accordingly for both processes such that compressor and turbine 

for the mGT and mHAT feature the same efficiencies at the respective design point. Thus, in order 

to account for the different compressor and turbine mass flows for both processes (fig. 3) it is 

necessary to scale the turbocharger map differently for each setup. First the scaling of the 

turbocharger data to the T100-specifications at dry operation is done by the use of appropriate 

factors for compressor speed, reduced inlet volume flow, pressure ratio and efficiency. The turbine 

performance maps in fig. 3 are shown as a function of the turbine mass flow parameter as specified 

by SAE J922 (SAE, 2011) 

 

 

scaling 

factors: 

 

 

s(Vin,red):  

1.8671 

 

s(πComp):  

1.8118 

 

s(nredComp): 

0.8290 

  

 

s(TMFP): 

1.1269 

 

s(𝜀Turb): 

1.736 

 
 

Figure 3: Original compressor and turbine map (left side) and scaled up data 

  (right side, solid lines for the mGT-process; dashed lines for the mHAT-process) 

 

Thereafter, the performance maps are shifted to match the compressor and turbine inlet volume 

flow rates for the mHAT operating point. With this approach the influence of turbine and 

compressor efficiency variation due to the shift of the operating conditions at different volume flow 

rates is eliminated, thus allowing an unbiased comparison of both processes.  

As can be seen from fig. 3, the turbine flow capacities of mGT and mHAT hardly deviate. An 

adjustment of the turbine maps to take account of the change of the isentropic exponent due to the 

variation in exhaust gas composition (higher amount of water vapor) was not performed because the 

latter was calculated to be negligible.  
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RESULTS 

Operating point of the mHAT and dry mGT-cycle 
The operating characteristics at design load for both thermodynamic models are listed in table 1. 

According to the available data, the dry mGT-cycle has an electric efficiency of 29.36% (Turbec, 

2000). As can be seen from table 1, this value has been calculated by the thermodynamic model 

used and based on the parameters given in literature. Note that the definition of pressure losses is 

based on the corresponding inlet pressure. 

The model predicts a roughly 3% higher efficiency for the mHAT process. This is also stated in the 

literature (Carrero et al., 2015). At design load 41.5 g/s of water is evaporated by the compressed air 

in the course of the humidification within the mHAT-process. Adding water vapor leads to an 

improved efficiency because the thermal energy necessary for the evaporation reduces the fluid 

temperature at the airside recuperator inlet from 227.9 °C to 83.3 °C. Thus the recuperator 

temperature difference increases, making recuperation more efficient. Consequently the exhaust gas 

temperature is reduced about 113.6 °C compared to the dry mGT and the amount of exhaust gas 

waste heat is reduced. The airside recuperator outlet temperature remains nearly constant at 

approximately 610 °C. 

Although the additional heat exchangers necessary for the mHAT plant layout introduce additional 

pressure losses which in turn reduce the available turbine expansion ratio by almost 4%, the specific 

work output of the turbine increases by about 11.5 kJ/kg.  

 

Table 1: Characteristics of the operation points for the dry mGT and mHAT-cycle 

   

dry mGT mHAT Reference 

Electrical power output PGen kWel 100 100 [10] 

Ambient conditions tamb °C 20 20  

φamb % 60 60  

Pressure losses ΔpSat % - 3  

ΔpRec,Air % 3 3  

ΔpComb % 5 5  

ΔpRec,Exh % 3 3  

ΔpEco % - 1  

Massflow ṁAir g/s 673.6 525.7  

ṁGas g/s 9.1 8.2  

Compressor tComp,out °C 227.9 227.9  

πComp - 4.444 4.444  

Saturator ṁWater g/s - 41.5  

tWater °C - 80 [4] 

φSat,out % - 100  

tSat,out °C - 83.3 [4] 

Recuperator tRec,out °C 608.2 611.7  

ΔtRec °C 50 50  

Combustion chamber λ - 4.707 4.067  

Q̇Comb kWth 340.6 307.6 [10] 

γwater,Exh % 3.5 10.8  

cp,Exh kJ/kg 1.21 1.30  

Turbine wTurb kJ/kg 362.7 374.2  

tTurb,out °C 650.2 661.7 [4] 

𝜀Turb - 3.973 3.815  

tExh °C 277.9 164.3  

Electric efficiency ηel % 29.36 32.51 [10] 
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This is due to the fact that the amount of water vapor in the mHAT exhaust gas is 3-times higher 

compared to the dry mGT, resulting in a higher specific heat capacity of the exhaust gas 

The most obvious consequence of the humidification is the reduction of compressor mass flow. 

This leads to a lower work input for the compression process so that a larger part of the turbine 

work is available for the generator. Altogether, this results in a significant reduction of air mass 

flow of about 147.9 g/s or 22% in the mHAT-process at constant power output compared to the dry 

process. As the airside recuperator outlet temperature is basically not affected by the 

humidification, a 9.7% lower fuel gas mass flow is needed to achieve the determined turbine inlet 

temperature of 950 °C. The result of all these effects is the efficiency benefit of the mHAT-process. 

 

OFF-DESIGN PERFORMANCE  

Variation of ambient air temperature 
In general, both processes will experience a reduction of electric efficiency, if the ambient air 

temperature is increased (Fig. 4). An increase of the ambient air temperature from -30 °C to 30 °C 

at otherwise constant ambient parameters according to table 1 and a constant power output of 

100 kWel  reduces the electric efficiency of the dry mGT from 35.8% to 28.3% (-7.5%) and of the 

mHAT-process from 36.5% to 31.2% (-4.5%).  

 

 
Figure 4: Electric efficiency vs. ambient air temperature 

 

The loss in electric efficiency has two major reasons. First of all, a higher inlet air temperature 

causes a larger reduced compressor inlet volume flow and consequently the compressor pressure 

ratio and efficiency is affected according to the compressor map (fig. 3). Moreover the compressor 

outlet temperature also increases, leading to a smaller temperature difference between recuperator 

airside inlet and turbine outlet. This reduces the transfer of thermal energy between exhaust gas and 

air (see table 2). To obtain the set power output of 100 kW, both air and fuel mass flow increase, 

thus reducing the process efficiencies. 

Nevertheless, the mHAT-process is significantly less sensitive to an increase of ambient air 

temperature, because more water can be added to the process via humidification when the 

compressor outlet temperature increases. The water mass flow is more than doubled from 21.7 g/s 

up to 45.4 g/s for the ambient temperature range under consideration, compensating the increased 

compressor outlet temperature. As a consequence, the recuperator airside inlet temperature for the 

mHAT increases only by 18.2 °C compared to 82.2 °C for the dry mGT between ambient 

temperatures of -30 °C and 30 °C. Under sub-zero ambient air temperatures the exhaust temperature 

decreases to approximately 150 °C, which could be critical with regard to the acid dew point. 

However, a detailed design of exhaust duct and water recovery system was not purpose of this 

study.  
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Table 2: Performance characteristics at different ambient air temperatures 

  dry mGT mHAT 
tamb °C -30 0 30 -30 0 30 
ηel % 35.8 31.7 28.3 36.5 34.0 32.0 

tRec,in °C 159.9 201.7 242.1 68.5 77.4 86.7 
Q̇Rec kW 470.7 439.3 409.3 304.4 329.8 348.7 
ṁair g/s 570.2 624.2 688.8 497.2 520.2 522.4 

ṁWater g/s - - - 21.7 33.4 45.4 
Q̇Comb kW 292.8 315.2 353.6 274.0 294.8 313.0 

tExh °C 209.9 251.7 292.1 150.1 158.6 167.7 
 

 

Variation of the generator power output – part load performance 
Figure 5 shows the part-load performance of the mHAT and dry mGT-cycle at ambient conditions 

as specified in table 1. The electric efficiency decreases for both cycles because the lower work 

output required for the generator and the corresponding reduction in turbine mass flow leads to a 

reduction of compressor speed by approximately 12,000 min
-1

. Consequently a lower compression 

efficiency and pressure ratio in both processes results. 

The slightly different course of efficiency at part load for the two processes can be explained by the 

respective relative air mass flow changes. At an electric power output of 60 kWel the air mass flow 

is decreased by 52% for the mHAT and 55% for the dry mGT-process (fig. 5). As a consequence, 

the operating condition of both compressors moves closer to the surge line and to a lower 

component efficiency, whereby the mGT compressor is slightly stronger affected.     

 

 
Figure 5: Comparison of the part load performance 

 

Variation of pressure losses  
For this study, the pressure losses of the peripheral components have been varied at otherwise 

constant parameters as specified in table 1. It is of course not surprising that higher pressure losses 

will reduce the electric efficiency for any GT-cycle, yet the sensitivity to pressure losses upstream 

and downstream of the turbine is different. The impact on electric efficiency is 1.5-times higher if 

the pressure loss occurs in the exhaust section (fig. 6), because the turbine pressure ratio is affected 

more strongly, which reduces the effective turbine work. To satisfy the set electric power demand, a 

higher air mass flow is required and consequently more fuel gas, which reduces the electric 

efficiency.  
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There is no significant difference between the mGT and mHAT-process with regard to the 

sensitivities. An additional pressure loss of 1%-point ahead of the turbine reduces the efficiency by 

about 0.11% and 0.14%, respectively, while a +1%-point exhaust pressure loss reduces the 

efficiency by about 0.16% and 0.18%. The given pressure losses refer to the component inlet 

pressure.      

 
Figure 6: Impact of pressure loss on electric efficiency 

 

Variation of the recuperator terminal temperature difference 
As recuperation is actually the key to achieve reasonable efficiencies for all mGT-processes at 

correspondingly low pressure ratios, the terminal temperature difference has a major impact on both 

the mGT and the mHAT-process. It is defined as the temperature difference between exhaust gas 

inlet and recuperator air outlet.  

An increase of 10 °C for the recuperator terminal temperature difference results in a decrease of the 

electric efficiency of about 0.7% for the mGT and 0.8% for the mHAT-process (fig. 7) as a higher 

fuel gas mass flow is required to achieve the turbine inlet temperature of 950 °C, represented in 

table 3 by a larger heat input to the combustor.  

The terminal temperature difference is the only parameter applicable to both processes for which 

the mHAT-process exhibits a greater sensitivity, mainly due to the elevated specific heat capacity of 

the humid air.  

 

Table 3: Performance data for different recuperator terminal temperature differences 

 

28.75

29.25

29.75

30.25

30.75

31.25

31.75

32.25

32.75

33.25

-4 -3 -2 -1 0 1 2 3 4

E
le

ct
ri

c 
ef

fi
ci

en
cy

 [
%

] 

Pressure loss change [%] 

HAT
Recuperator (air side)
combustion chamber
Recuperator (exhaust side)
dry
Recuperator (air side)
combustion chamber
Recuperator (exhaust side)

 
 dry mGT mHAT 

ΔtRec °C 20 50 80 20 50 80 

ηel % 31,58 29,36 27,43 35,26 32,51 30,20 

tRec,in °C 227,7 227,9 228,2 83,3 83,3 83,2 

Q̇Rec kWth 452,3 420,8 389,0 365,8 343,5 321,6 

tComb,in °C 635,2 608,2 580,7 641,4 611,7 582,0 

Q̇Comb kWth 316,6 340,6 364,5 283,6 307,6 331,2 

tExh °C 247.7 277.9 308.2 130.5 164.3 197.5 



9 

 

 
Figure 7: Electric efficiency vs. recuperator temperature difference 

 

IMPACT OF THE AIR SATURATION 

Evaporated water mass flow 
As mentioned before, humidification has three major effects which enhance the process efficiency. 

First of all, the airside recuperator inlet temperature is reduced considerably, thus improving the 
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addition of water at the upper pressure level by means of evaporation increases the specific heat 

capacity of the working fluid and hence the turbine specific work. This finally results in a lower 

required turbine mass flow and since that of the compressor is reduced even further, the ratio of 

effective power to compressor power is improved. 

Consequently, the efficiency of the mHAT-process is strongly dependent on the performance of the 

humidification process, i.e. the water mass flow that is evaporated. As shown in fig. 8, there is an 

almost linear relationship between the evaporated water mass flow and the electric efficiency of the 

mHAT-process. 

 
 Figure 8: Impact different spray water mass flows and temperatures  
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ture results in a decrease of the water mass flow that can be added to the process until complete 

saturation, which has a direct impact on the overall process efficiency as described above. For 

example, changing the feedwater temperature from 80 °C to 100 °C results in a water flow rate 

increase of 2.5 g/s, which in turn improves the efficiency by about 0.15%-points. Because the 

feedwater is heated by making use of the exhaust gas enthalpy in a separate economizer (see fig. 1), 

a number of aspects have to be considered with regard to the choice of feedwater temperature. First 

of all, the upper limit of the latter is determined by the recuperator exhaust temperature, moreover, 

the heat to be extracted is limited by the acid dew point of the exhaust gas. Finally, the additional 

pressure loss introduced by the economizer has to be kept in mind as well. 

Because the temperature at the saturator outlet depends only slightly on feedwater temperature, the 

effectiveness of the recuperation is not affected.  

 

 
 Figure 9: Impact of different feedwater temperatures 

 

CONCLUSIONS 
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to the simple gas turbine process has been done based on a spreadsheet calculation and VBA-
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Both processes are most sensitive to the ambient air temperature and the recuperator terminal 

temperature difference (tab. 4). While the ambient air temperature is determined by the season and 

the geographic location of the facility, the terminal temperature difference can be influenced by the 

design of the recuperator.  

For the HAT-process it has been shown that complete saturation is beneficial at all operating 

conditions. The parameter analysis yields a direct correlation between water mass flow and electric 

efficiency (cf. fig. 6). For further improvements, apart from effective humidification devices 

adequate measures for a high feedwater temperature have to be examined. The design of 

recuperators with low pressure losses for a highly effective waste heat recovery is essential to 

exploit the mHAT potential. However, all measures to improve heat transfer or humidification must 

be balanced carefully against any increase of pressure losses. This conflict of objectives must be 

cleared in future research work. With regard to the operating costs a water recovery should be 

investigated.   

The mHAT-process allows a substantial improvement of efficiency for micro gas turbine facilities 

and has a large potential in future energy systems for flexible and efficient power generation. 

Nevertheless, the additional components increase the complexity and the capital cost of the plant. 

Further techno-economic studies are necessary to prove the cost-effectiveness of mHAT power 

plants.  
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