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Abstract
A small-scale prime mover especially micro gas turbine is a key factor in order to widespread the
utilization of biogas. It is well known that a performance of large-scale gas turbine is greatly affected by its
inlet air temperature. However, the effect of the inlet air temperature on the performance of small-scale gas
turbine (micro gas turbine) is not widely reported. The purpose of the present study is to investigate the effect
of the inlet air temperature on the performance of a micro gas turbine (MGT) with cogeneration system (CGS)
arrangement. An analysis model of the MGT-CGS was set up on the basis of experimental results obtained in a
previous study and a manufacturer standard data, and it was analysed under a various ambient temperature
condition in a cold region. The results show that when ambient temperature increased, electrical efficiency

ele of the MGT decreased but exhaust heat recovery ehr increased. It was also found that when ambient
temperature increased, exhaust heat to mass flow rate Qexe /me and exhaust heat recovery to mass flow rate
Qehr /me increased, with maximum ratios of 259kJ/kg and 200kJ/kg, respectively were found in summer
peak. Furthermore, it was also found that the exhaust heat to power ratio Qexe /Pe had a similar

characteristic with exhaust heat recovery to power ratio Qehr/Pe. Qexe /Pe and Qehr /Pe increased with the
increase of ambient temperature. Moreover, although different values of total energy efficiency, fuel
energy saving and CO2 reduction for every temperature condition were found comparing with a two
conventional system that were considered, the MGT-CGS could annually reduce 30000~80000m3/y of
fuel consumption and 35~94t-CO2/y of CO2 emissions.
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1. Introduction
In recent years, the world is facing two energy related threats, rapid depletion of fossil fuel and
environmental disruption [1]. One of the possible solutions is by the utilization of biogas with the energy
saving technology, cogeneration system (CGS). Biogas has many advantages compared to the fossil fuel,
it is a renewable, carbon neutral and since wastes also treated for producing it, it can also help preventing
environmental pollution [2] and [3]. The “Biomass Nippon Strategy” was established in Japan in
December 2002 in order to use all the unutilized biomass as a product or as energy [4]. While, the
measures outlined in the European Union Biomass Action Plan in Europe will lead to an increase in
biomass use: by 2010 total biomass consumption will reach approximately 150 Mtoe [5]. Unfortunately,
since source of biogas, biomass is scattered in a widerange area with a little amount [2], [6] and [8], the
utilization method of it is usually limited to a small-scale biogas plant, or it is transported to a centralised
biogas plant. Moreover, since biogas has a low CH4 content, the application of presently usable prime
movers with an output more than a few hundred kilowatts is difficult.
For a prime mover with an output power less than this capacity, a reciprocating engine, a fuel cell and
a micro gas turbine (MGT) are available. Among these prime movers, the fuel cell is the most promising
technology and gradually becomes available, but it still has a problem with its reliability and still costly

[9], [10] and [11]. While, comparing between the reciprocating engine and the MGT, because of the MGT
is a prime mover that offers a multi fuel capability, a high power density, a low maintenance cost and
emissions, it attracts attention [12] and [13]. Thus, the utilization of biogas with the micro gas turbine
cogeneration system (MGT-CGS) is widespreading and it is proved that MGT-CGS is an efficient system
[5], [14], [15], [16], [17], [18] and [19]. In general, the performance of large-scale gas turbine
performance is greatly influenced by the inlet air temperature and hence precooling of inlet air is widely
proposed [20], [21], [22], [23], [24], [25], [26] and [27]. However, although the application of the MGT is
widespreading, there are very limited reports available regarding the effect of the inlet air temperature on
the basic performance of the MGT [12], [28], [29], [30], [31] and [32].
In the present study, for a further understanding of the effect of the inlet air temperature on the
MGT-CGS performance, an analysis model of the MGT-CGS was set based on experiment results that
obtained in a previous study and a manufacturer standard data, and a various operating temperature
conditions in the cold region was also considered as an input data. The performance of the analysis model
was investigated on the basis of an electrical and heat output efficiency, a mass flow rate, a ratio of heat
to mass flow rate and a ratio of exhaust heat to electrical power. Total energy efficiency, fuel energy
saving index and CO2 emissions was also compared with those of conventional systems.

Nomenclature
C

: carbon mass content in the fuel, kg-C/kg-fuel

COP

: coefficient of performance, -

FESI

: fuel energy saving index, -

h

: enthalpy, kJ/kg

m

: mass flow rate, kg/s

n

: revolution speed of the MGT, rpm

Pe

: electrical power, kW

Q

: heat energy, kW

QS,c

: standard cooling capacity of the absorption heat exchanger, kW

QS,h

: standard heating capacity of the absorption heat exchanger, kW

r , Qexe/Pe

: exhaust gas heat to power ratio of the CGS

t

: temperature, ºC

LHV

: lower heating value of the fuel, MJ/m3 or MJ/kg



: capacity factor of the absorption heat exchanger, -



: efficiency, -







flow correction factor of the absorption heat exchanger, -

Subscript
a

: working fluid in the MGT

an

: annual

amb

: ambient

biogas

: biogas

c

: cooling cycle

conv.

: conventional system

co

: inlet fluid of cold side in exhaust heat recovery

ci

: outlet fluid of cold side in exhaust heat recovery

co&ab

: condenser and absorber

CO2

: carbon dioxide

ehr

: exhaust heat recovery

ele

: electrical

exe, e

: exhaust gas

fuel

: fuel

g

: medium input of the AHE

h

: heating cycle

heat

: heat

out

: outlet fluid of hot side in exhaust heat recovery

t

: total energy

tr

: total energy recovery

w

: water

2. Materials and methods
2.1 Overview of the system and the input data
The schematic diagram of the MGT-CGS analysis model is shown in Fig. 1. The MGT-CGS was
mainly composed of the MGT, an exhaust heat exchanger (EHE) and an absorption heat exchanger
(AHE). The basic specifications for every part of the CGS are shown in Table 1. The MGT had a 30kW
electrical power output and was equipped with a recuperator. Some parameters including turbine outlet
temperature, rated revolution speed and electrical power output were set by the previous experimental
results and manufacturer standard data.
The all rotating components of the MGT were considered to be mounted on a single shaft supported
by air bearings. Atmospheric air enters the MGT systematically passing through a generator, a single
stage centrifugal compressor, a recuperator, an annular combustion chamber, a single stage radial turbine
and then the recuperator. Pressure ratio, compressor and turbine efficiency, and combustion efficiency
were assumed to be equal to 3.4, 0.76 and 0.99, respectively.
The exhaust heat from the MGT was recovered by circulating water coolent in the EHE and the
recovered heat was supplied to the AHE. The cold water inlet temperature tci of the EHE was assumed to
be equal to 80˚C. On the basis of experimental data [14], [15] and [16], minimum temperature difference
between the cold water inlet and outlet was considered to be equal to 8~10˚C. In order to obtain the
optimal heat energy recovery, the temperature exchange efficiency of the EHE was assumed to be equal

to 80% with a capacity ratio range around 0.054~0.063. According to the experimental data [14], [15] and
[16], the mass flow rate of the exhaust gas and the cold water were equal to 0.28~0.32 kg/s and 1.616kg/s,
respectively.
A LiBr was used as a working fluid in the AHE. Its standard cooling capacity Qs,c and heating
capacity Qs,h were 25kW and 35.7kW, respectively. Some portion of the exhaust heat was rejected from
the AHE system by a cooling tower and its standard heat rejection capacity was 60.7kW.
The bulk biogas composition that was used in the presented study was typically 50~60% methane
and 38~48% carbon dioxide and a small percentage of traces including hidrogen sulfide and water. The
bulk biogas ratio was composed of 60% methane and 40% carbon dioxide after the elimination of the
traces with lower heating value was around 21.5 MJ/m3.

2.2 Temperature condition for analysis
Since the MGT-CGS is practically used for an outdoor application, the inlet air temperature was
assumed to be equal to the ambient temperature. The ambient temperature in cold region was set by
reffering to hourly average temperature changes in an analysis period. The period from May 2004 to April
2005 was used as the analysis period [33]. Since the ambient temperature usually flactuates troughout a
year depends on seasons, five ambient temperature conditions were considered. The temperature
condition that was set is shown in Table 2. The temperature condition in the analysis period was divided
into five temperature conditions: summer, winter, summer peak, winter peak and annual average. The
change of a daily average temperature throughout the analysis period is shown in Fig. 2a. As shown in the
figure, ambient temperature gradually increased to reach its peak in summer peak and then it decreased
again until it reached winter peak.
The last day of summer was 30th September and average ambient temperature on that day was 15°C.
As shown in the top right of Fig. 2a, hourly average temperature on the last day of summer was equal to
23ºC in the afternoon which is the most comfortable temperature for humans. Thus, it was assumed that

the period which is colder than this temperature is winter and hotter than this temperature is summer. As
shown in Table 2, the duration of winter in the analysis period was longer than summer which was 192
days. The hottest day of the summer peak was in July 25th with a daily average temperature of 28ºC,
whereas the coldest day of the winter peak was in January 12th with a daily average temperature of -16ºC.
Hourly average ambient temperature for a 24 hours period for the all temperature conditions is shown
in Fig. 2b. As shown in the figure, it is obvious that hourly average temperature for every season varied
over daily 24hours. Ambient temperature reached its highest temperature at 12:00 and reached its lowest
temperature at 7:00am in all ambient temperature conditions. It was also found that summer peak had a
highest temperature of 30ºC and winter peak had a lowest temperature of -15ºC throughout the analysis
period.

2.3 Analysis methods
The MGT-CGS was analysed with a Brayton cycle analysis for the MGT, a NTU--CR relationship
for the EHE and a zero-order model for the AHE. While, a total energy efficiency, a fuel energy saving
and a CO2 emissions of the MGT-CGS plant were compared with a conventional system in order to
evaluate its impact. The electrical efficiency ele of the MGT can be expressed by the ratio of electrical
power Pe to fuel energy Qfuel by the following equation:

ele 

Pe
Q fuel

(1)

Qfuel can be calculated by its fuel flow rate mfuel and a lower heating value of the biogas LHVbiogas. If the
lower heating value LHVbiogas is assumed to be constant at 21.5MJ/m3, Qfuel can be expressed by the
following equation:
Q fuel  m fuel LHVbiogas

(2)

Revolution speed n of the MGT is usually changed depends on its inlet air temperature tamb. When
ambient temperature increased, it also will be increased for maintaining its rated electrical power output

until a maximum revolution speed is reached. Relation of n with inlet air temperature can be obtained
from the experimental data and manufacturer standard data and it can be expressed by the following
equations:
if tamb  18.3 C ,
n  340tamb  89990
if tamb  18.3 C ,

(3)

n  96300

Mass flow rate ma of working fluid in the MGT was greatly influenced by revolution speed and a density
of inlet air. From the experimental data and manufacturer standard data, ma can be estimated by the
following equations:
if tamb  18.3 C ,
ma  0.0005tamb  0.3046
if tamb  18.3 C ,

(4)

ma  0.0017tamb  0.3444

If exhaust gas mass flow rate mexe is known, exhaust heat energy Qexe can be calculated from the
difference of enthalphy at inlet and outlet of the MGT and hence it can be expressed by the following
equation:
Qexe  mexe  h  texe   h  tamb  

(5)

Here, exhaust heat was assumed to be recovered by a shell and tube heat exchanger in which air and
water were operated as working fluids. The heat recovered Qehr can be calculated by the enthalpy changes
between inlet and outlet of the air side or the water side. If the mass flow rate of the water mw can be
collected from manufacturer standard data, Qehr can be obtained by the following equation:
Qehr  mw  h  tco   h  tci    mexe  h  texe   h  tout 

(6)

where tci and tco represent the inlet and the outlet temperatures of the cold(water) side of the EHE,
respectively and texe and tout represent the inlet and outlet temperatures of the hot(exhaust gas) side of the

EHE, respectively. From the Qexe and Qehr, efficiencies of the exhaust and recovered heatexe and ehr can
be expressed as the following equations:

exe 

Qexe
Q fuel

and ehr 

Qehr
Q fuel

(7)

The zero-order model [34] was used to analysis the performance of the AHE. Block diagram of the
AHE is shown in Fig. 3. The AHE was comprised of two fluids in vapour or liquid phase. The losses in
the system and losses by the interactions of the system with the surroundings were neglected in this model.
In addition, the overall energy balance for input and output heat energy in the system was assumed to be
equal to zero. The input heat energy of the system were heat medium input quantity Qg and cooling
capacity of the AHE Qc. Thus, sum of the output heat energy from condenser and absorber Qco&ab can be
expressed as the following equation:
Qco &ab  Q g  Qc

(8)

If the AHE is operated in the heating cycle operation, Qco&ab must be zero and no heat is transfered into
the condenser and the absorber. Thus, the heating capacity directly depends on the standard heating
capacity Qs,h of the working fluid. If a heating capacity factor h and a heat medium flow correction  can
be obtained from the manufacturer standard data, the heating capacity Qh can be calculated from the
standard heating capacity Qs,h by the following equation:
Qh   h    Qs ,h

(9)

The same method could be applied for the cooling capacity Qc of the AHE. If a cooling capacity factor c
can be found in the manufacturer standard data, Qc can be expressed by a standard cooling capacity Qs,c
by the following equation:
Qc   c    Qs ,c

(10)

The performance of the cooling and heating cycles is usually indicated by a COP value. Thus, after values
from equation (9) and (10) were obtained, the COP values were also calculated. The COP values of the
cooling cycle COPc and heating cycle COPh can be expressed by the following equations:
Useful heat moved orobtained
COPc 
Energy requirement todrive process

(11)

With regards to the relationship between the cooling cycle and the heating cycle of the AHE, COP value
for the heating cycle COPh can be expressed by the following equation:
COPh  COPc  1

(12)

The impact of the MGT-CGS was also investigated by comparing the total energy saving, the fuel
energy saving and the reduction of CO2 emission of the MGT-CGS with the conventional systems. The
total energy efficiency was defined to evaluate the effectiveness of energy utilization of the MGT-CGS.
The annual total energy efficiency t,an and the annual total energy recovery efficiency tr,an of the
MGT-CGS can be expressed as the following equations:

t ,an  exe,an  ele,an and tr ,an  ehr ,an  ele,an

(13)

In the present study, the conventional system was equipped with a seperated power plant and boiler. Since
the efficiency of the power plant can vary significantly between a typical power plant and a best
technology available, a two set of the conventional systems were considered. One was for the typical case
with its electrical power generation efficiency ele,conv. and heat generation efficiency heat,conv. were
assumed to be equal to 0.37 and 0.85, respectively [29]. An another one was for the best technology
available (e. g. combined cycle). ele,conv. and heat,conv. effciencies of the best technology were assumed to
be equal to 0.50 and 0.85, respectively. It should be noted that, in order to compare the MGT-CGS with
the conventional systems, the electrical power and heat output of the conventional systems were arranged
to be equal to the output of the MGT-CGS. Total energy efficiency of the conventional systems t,conv. can
be expressed as the following equation:

t ,conv. 

Qconv.  Peconv.
Q fuel ,conv.

(14)

Moreover, fuel energy saving index FESI was also defined to evaluate the impact of the MGT-CGS on a
fuel energy saving aspect. If exhaust heat to power ratio of the MGT-CGS is represented by r or Qexe/Pe,
the FESI of the MGT-CGS can be expressed as the following equation [29]:
FESI  1 

1 r
 1
1 
rt ,an 


 rele,conv. heat ,conv. 

(15)

Furthermore, the CO2 emission was also calculated to evaluate the impact of the MGT-CGS on a
environmental benefit. If a complete combustion with an excess air in a combustion chamber which is
also in a good operating condition is assumed, mass of emitted CO2 can generally be expressed as the
following equation [35]:

mCO2 

44 C  Qexe
12exe  LHVbiogas

(16)

where a typical value of C was assumed to be equal to 75% of the fuel compound, and fuel consumption
was obtained from ratio of exhaust heat to its efficiency.

3. Results and discussions
3.1 Validation of the analysis model
The analysis model of the MGT-CGS was validated by the comparison of the analytical results with
the experimental results that was obtained in the previous studies [14] and [15]. In the previous studies,
the adaptability of the MGT-CGS was investigated initially under cold temperature condition by using
kerosene as a fuel, and then by using biogas. A part of the results that show a notable relation of ambient
temperature with the important parameters of the MGT-CGS are shown in Fig. 4. Both solid and doted
lines represent the analytical results and the symbols represent the experimental result. The analytical
results of the model with three different turbine and compression efficiencies of 0.76, 0.86 and 0.96 are
also shown in Fig. 4. It should be noted that these results were obtained when all design conditions
including the turbine inlet temperature, the pressure ratio and revolution speed of the analysis model were

same except for the turbine and compressor efficiency. Exhaust temperature and the mass flow rate are
shown in Fig. 4a, exhaust heat and electrical power are shown in Fig. 4b, Enthalpy at exhaust and
compressor inlet stage are shown in Fig. 4c, and exhaust heat recovery, heat losses and heat to power ratio
are shown in Fig. 4d.
As shown in Fig. 4a, when ambient temperature increased, exhaust temperature also increased. It was
also found that the mass flow rate increased slightly until ambient temperature reached 18°C, and it
decreased over that. Since air density decreased when ambient temperature increased, mass flow rate and
turbine work also decreased, while compressor work increased. Thus, the MGT was designed to increase
its revolution speed when the temperature increased in order to maintain its rated electrical power output,
until the maximum revolution speed is reached. Since maximum revolution speed reached when ambient
temperature increased until 18°C, and mass flow rate decreased over this temperature.
As shown in Fig. 4b, when ambient temperature increased from -15~18°C, exhaust heat increased,
while electrical power output remained to be constant at 29kW. When ambient temperature increased
higher than 18°C, exhaust heat energy gradually decreased, while electrical power output decreased to
20kW. Since revolution speed of the MGT was controlled to maintain its rated electrical power output,
when ambient temperature increased from -15~18°C, electrical power output remained to be constant.
While, exhaust heat gradually increased because of exhaust temperature and mass flow rate also gradually
increased. Since mass flow rate decreased when ambient temperature increased higher than 18°C, both
electrical power and exhaust heat decreased.
As shown in Fig. 4c, when ambient temperature increased, enthalpies at compressor inlet and exhaust
stage increased. This is because gas temperature in the both stages also increased when temperature
increased. As shown in Fig. 4d, when ambient temperature increased until 18°C, exhaust heat recovery
also increased, and it only gradually increased over that temperature. Although exhaust heat decreased
when ambient temperature increased more than 18°C, exhaust heat recovery still increased due to the

reduction of heat losses to the environment as shown in the same figure. It was also found that when
ambient temperature increased, exhaust heat to power ratio gradually increased.
The model analysed with a turbine and a compressor of a different efficiencies. As also shown in Fig.
4, it was obvious that more electrical power output but less heat can be obtained when the turbine and the
compressor of higher efficiencies were used. Thus, a MGT with a lower heat to power ratio can be
obtained if turbine and compressor of higher efficiency are used in the MGT.
A quantitive error of the experimental results to the calculation results was also investigated. Each
average of an absolute value of errors to the calculated value and its percentage for the exhaust
temperature were 1.5°C and 0.5%, 0.002kg/s and 0.5% for mass flow rate, 0.23kW and 0.3% for exhaust
heat energy, 1.4kW and 5.1% for electrical power output, 1.6kJ/kg and 0.3% for enthalpy value in the
exhaust stage, 0.99kJ/kg and 0.3% for enthalpy value in the compressor inlet stage, 0.15kW and 0.3% for
exhaust heat recovery, 0.38kW and 1.9% for heat losses, and 0.14 and 5.1% for heat to power ratio,
respectively. Therefore, although some error was confirmed, Fig. 4 shows that results from the analysis
model were approximately agreed with the experiment results which ensure that analysis model was
valid.
A very similar trend in electrical power output with results that was obtained in the presented study
has also been reported [12] and [28]. The Capstone Turbine Corporation studied with a 30kW capacity
MGT and reported that when ambient temperature increased electrical power remained constant with a
30kW output until 18°C, and electrical power output decreased over that temperature [12]. An another
report also shows similar result, when ambient temperature increased electrical power remained constant
with a 28kW output until 15°C, and electrical power output decreased over that temperature [28]. On the
other hand, another research group [32] reported that, when temperature increased electrical power
remained constant with a 30kW output until -14°C, and electrical power output decreased over that
temperature. This lower output power may be due to recuperator was not used in the MGT. Although only

relation of electrical power and temperature is available on those reports, it proved that the analysis model
results were agreed with other report.

3.2 Performance of the CGS
The variation of electrical efficiency with respect to the temperature conditions is shown in Fig. 5. As
shown in Fig. 5, highest electrical efficiency was found during winter peak, whereas the lowest electrical
efficiency was found during summer peak. It was also found that minimum electrical efficiency was
obtained around 12:00~13:00pm for all ambient temperature conditions. It decreased up to 23.6% at
12:00 during summer peak.
The variations of mass flow rate and exhaust temperature for all temperature conditions are shown in
Fig. 6a. As shown in Fig. 6a, since revolution speed of the MGT is controlled to maintain its rated
electrical power output, it was found that when the temperature condition changed from winter peak to
summer peak, generally mass flow rate gradually increased but different curves were found in the
summer and the summer peak. Mass flow rate of the MGT was found decreased at 7:00~18:00 in summer
and at 5:00~24:00 in summer peak. Mass flow rate started to decrease because its revolution speed
reached to the maximum. Minimum mass flow rate was equal to 0.294kg/s at 12:00 in summer peak, and
maximum mass flow rate was equal to 0.314kg/s at 9:00 in summer period. The effect of the variation of
mass flow rate on the exhaust heat is shown in the same figure. It was found that when the temperature
condition changed from winter peak to summer peak, exhaust heat increased except for the summer peak.
This is because of mass flow rate was significantly decreased in summer peak. The highest exhaust heat,
80kW was obtained at 10:00 in summer, whereas the lowest exhaust heat was obtained at 7:00 in winter.
The effect of the ambient temperature on the efficiency of exhaust heat exe, exhaust heat recovery

ehr and electrical ele of the CGS is shown in Fig. 6b. It should be noted that the error bars indicate a
borders between a different temperature conditions. As shown in Fig. 6b, when ambient temperature
increased, efficiency of exhaust heat and exhaust heat recovery increased but efficiency of electrical

power decreased. From the analysis results, it was found that when ambient temperature was at 10°C, ele,

ehr and exe were equal to 0.26, 0.46 and 0.67, respectively. In practical, heat demand of a facility where
the MGT is used usually decreases in summer, while electrical demand increases because demand of air
conditioning. However, as shown in the result, the heat energy efficiencies of the MGT-CGS in summer
are higher and electrical power is lower. Thus, inlet precooling is particularly important in summer to
match the electrical and heat output of the MGT-CGS for the electrical and heat demand of a facility.
The other performances of the CGS such as ratio of heat energy to exhaust mass flow rate, and ratio
of heat energy to electrical power for all seasons are presented in Fig. 7. The MGT-CGS is practically
used in a widerange application including direct use of exhaust heat for snow melting, use of recovered
heat for heating purpose only, or use of recovered heat with an AHE for cooling and heating purposes.
Thus, these applications were considered and a heat energy performance of the MGT-CGS for every stage
was investigated. These results are shown in Fig. 7a, Fig. 7b, Fig. 7c and Fig. 7d. In addition, since heat
to power ratio is also important index to compare one CGS to another CGS, heat to power ratio for every
stage is also shown in Fig. 7e and Fig. 7f.
The variations of ratio of exhaust heat to mass flow rate Qexe/me and ratio of exhaust recovery heat to
mass flow rate Qehr/me are shown in Fig. 7a and Fig. 7b. As shown in the figures, when ambient
temperature increased, Qexe/me and Qehr/me increased. However, different curve was found in summer
peak. Qexe/me in Fig. 7a remained constant in summer peak because of the both exhaust heat and mass
flow rate as shown in previous Fig. 6a decreased at 5:00~24:00. The Qexe/me and Qehr/me ratios reached its
maximum values, 259kJ/kg and 200kJ/kg, respectively in the summer peak. Whereas, the Qexe/me and
Qehr/me ratios reached their minimum values, 234kJ/kg and 136kJ/kg, respectively in winter peak.
The performance of the AHE is shown in Fig. 7c and Fig. 7d. It should be noted that the performance
of heating cycle was investigated for annual average, winter and winter peak, and the performance of
cooling cycle was investigated in summer and summer peak. The maximum value of Qh/me was found in
annual average, whereas the maximum value of Qc/me was found in summer peak. It was also found that

the heating cycle was more efficient than the cooling cycle. Both COP values also proved this point with
the highest COP value of the heating cycle was found in the annual average temperature condition. A
different curve was found for cooling cycle in summer peak. In the calculation results, inlet temperature
of the heat medium of the AHE (hot water from the HE) was found to be approximately constant in
summer peak, COP value also remained approximately constant. The highest COP value for cooling
cycle was equal to 0.8043 in summer peak. While, the lowest COP value for heating cycle was equal to
1.797 in winter peak.
As shown in Fig. 7e, Qexe/Pe increased when temperature condition changed from winter peak to
summer peak, and it was also found that Qexe/Pe was higher at 12:00 for all temperature conditions. The
highest Qexe/Pe, 2.94 was found at 12:00 in the summer peak, whereas the lowest Qexe/Pe, 2.40 was found
at 07:00 in the winter peak. As shown in Fig. 7f, Qehr/Pe had almost same characteristics with Qexe/Pe,
Qehr/Pe was also found higher at 12:00, and it also increased when temperature condition changed from
winter peak to summer peak. The highest Qehr/Pe, 2.27 was found at 12:00 in the summer peak, whereas
the lowest Qehr/Pe, 1.39 was found at 07:00 in the winter peak. From the above-stated results, if relation of
the heat and electrical output of the MGT-CGS and a heat and electrical output of a facility is clarified,
one could decide whether inlet air precooling is required or not. Also one could decide to not use directly
the AHE for cooling a room but use it for cooling inlet air of the MGT as a method to increase its
electrical efficiency in summer.

3.3 Impact of the CGS on energy saving and CO2 emissions
The CGS was compared to the conventional systems and the impacts of it on the basis of an annual
energy efficiency, a fuel energy saving and a CO2 emissions reduction for all temperature conditions were
investigated.
An annual total energy efficiency t,an and an annual total energy recovery efficiency tr,an of the CGS
and an annual total energy efficiency t,conv. of the conventional systems for all temperature conditions

used for the analysis are shown in Fig. 8. It should be noted that t,conv.1 and t,conv.2 represent the
conventional system with the best and the typical technology, respectively. As shown in Fig. 8, t,an and

tr,an that were found in a range of 0.91~0.93 and 0.64~0.77, respectively were higher than the t,conv2.
However, tr,an was found lower than t,conv1 in the winter peak. These results conclude that the
MGT-CGS is more efficient than the conventional system but its energy recovery efficiency in winter
peak maybe lower than the conventional system that equipped with a boiler and a combined cycle power
plant.
The fuel energy saving index FESI for all temperature conditions and its relation with ambient
temperature is shown in Fig. 9. A variation of FESI for all temperature conditions are shown in Fig. 9a
and Fig. 9c, and a relation of FESI with ambient temperature are shown in Fig. 9b and Fig. 9d. It should
be noted that results shown in Fig. 9a and Fig 9b are results when the MGT-CGS was compared with the
best technology (the conventional system 1), and Fig. 9c and Fig. 9d are results when the MGT-CGS was
compared with the typical technology (the conventional system 2).
As shown in Fig. 9, FESI of the MGT-CGS when compared with the conventional plant 2 is higher
than when it compared with the conventional plant 1. It was also found that only a small difference of
FESI value was found from winter peak to summer peak with a range of 0.222~0.229 and 0.310~0.325
for Fig. 9a and Fig. 9c, respectively. As shown in Fig. 9b, it was found that FESI gradually increased
when ambient temperature increased to 13°C, and it gradually decreased over that temperature. The
highest value of the FESI when compared with the conventional system 2 was found when ambient
temperature in a range of 12~14°C. As shown in Fig. 9d, it was found that FESI gradually increased when
ambient temperature increased to -6°C, and it gradually decreased over this temperature. The highest
value of the FESI when compared with the typical tecnology of the conventional system was found when
ambient temperature in a range of -5~-8°C. The difference between the highest and the lowest FESI for
each case were 0.015 and 0.007 which means that the operation of the CGS in winter peak could reduced
0.7~1.5% of fuel consumption than those in summer peak.

In order to clarify the impact of the MGT-CGS, reduction in fuel consumption and CO2 emissions
was also investigated. The amount of fuel consumption and CO2 emissions of the MGT-CGS which
compared to the both conventional systems are shown in Fig. 10a and Fig. 10b. It should be noted that the
amount of fuel consumption and CO2 emissions are shown for all temperature conditions that used for the
analysis with respect to their number of days. As shown in Fig. 10a, the MGT-CGS could reduce fuel
consumption in all temperature conditions. Annually, the CGS could reduce approximately 30000m3/y
and 80000m3/y of fuel consumption compared to the conventional system1 and conventional system 2,
respectively. A similar result could also be found in CO2 emissions. The CGS could reduce approximately
35t-CO2/y and 94t-CO2/y compared to the conventional system1 and conventional system 2, respectively.

4. Conclusions
In this paper, the effect of ambient temperature on the performance of the MGT-CGS was
investigated by considering its application under various ambient temperature conditions in cold region
and the following results were obtained:
1.

It was found that when ambient temperature increased, electrical efficiency decreased but exhausts
heat recovery increased.

2.

It was also found that when ambient temperature increased, ratio of exhaust heat to mass flow rate
Qexe /me and ratio of exhaust heat recovery to mass flow rate Qehr /me increased. Maximum ratio of
Qexe /me, 259kJ/kg and Qehr /me, 200kJ/kg was found in summer peak. It was also found that
performance of heating cycle was more efficient than cooling cycle for the AHE.

3.

The exhaust heat to power ratio Qexe /Pe had a similar behavior with exhaust heat recovery to power
ratio Qehr/Pe. Qexe /Pe and Qehr/Pe increased when ambient temperature increased, with highest values,
2.94 and 2.27 were found at 12:00 in summer peak.

4.

From the clarification of the MGT-CGS performance under various temperature conditions, the
controlling of heat and electrical output of the CGS could be applied. If heat and electrical output of

the MGT-CGS and heat and electrical demand of a facility is known, one could decide whether inlet
precooling is required or not.
5.

The MGT-CGS was an efficient system on the point of view of total energy efficiency, fuel energy
saving, and CO2 reduction for all temperature conditions. The annual total energy efficiency t,an and
the annual total energy recovery efficiency tr,an was found higher than a typical conventional
system but tr,an was found lower that a best technology of conventional system in winter. It was
also found that the MGT-CGS could annually reduce 30000~80000m3/y of fuel consumption and
35~94t-CO2/y of CO2 emissions.
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Table(s)

Table 1. Basic specifications of the MGT-CGS.
MGT
Ambient pressure
Turbine outlet temperature
Compressor & turbine efficiency
Combustion efficiency
Recuperator efficiency
Mechanical efficiency
Rated revolution speed
Rated electrical power output
Electrical efficiency
Pressure ratio
NOx emission
Rated speed of biogas compressor
Biogas inlet outlet pressure
Flow rate

Exhaust heat exchanger
101.3 kPa
593 °C
0.76
0.99
0.74
0.97
96,300 rpm
28 ±2 kW
26 ± 2 %
3.4
<9ppmV@ 15 %O 2
450 ~1200rpm
0.02~6bar
~ 30Nm3/h

Effectiveness
Cold water inlet temperature
Cold water mass flow rate
Correction factor of mean temperature difference
Capacity ratio

0.80
80 °C
1.616 kg/s
0.965
0.054 ~ 0.063

Absorption heat exchanger
Cooling outlet temperature
Heating outlet temperature
Standard cooling capacity
Standard heating capacity
Standard heat rejection to cooling tower
Standard heat medium input capacity

7 °C
55 °C
25 kW
35.7 kW
60.7 kW
35.7 kW

Table 2. Temperature range and duration of sampling day for all temperature conditions used for the
analysis.

No.

Name of period (–)

Sampling days (day)

Temperature range (ºC)

1
2
3
4
5

Summer
Winter
Summer peak
Winter peak
Annual average

133
192
20
20
365

12 ~ 22
-3 ~ 5
20 ~ 30
-15 ~ -5
4 ~12

Figure(s)
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Fig. 1. Schematic diagram of the MGT-CGS.
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Fig. 2. Daily and hourly average temperature changes in the analysis period.
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Lines : Simulation results
: Compressor and turbine efficiency of 0.76
: Compressor and turbine efficiency of 0.86
: Compressor and turbine efficiency of 0.96
Symbols: Experimental results
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Fig. 4. Comparison of analytical and experimental results of the CGS.
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Fig. 5. Variations of electrical efficiency in all temperature conditions.
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Fig. 7. Variations of heat to mass flow rate, heat to power ratio and COP value of the MGT-CGS for all
setup temperature conditions.
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Fig. 8. Total annual energy efficiency of the MGT-CGS and conventional system for all temperature
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Fig. 10. Amount of fuel consumption and CO2 emissions of the MGT-CGS and the conventional systems.

