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Abstract

A novel hybrid multi-generation system consisting of the following parts is proposed and thermodynamically analyzed: one
gas turbine, one wind turbine, a district hot water, and a heat pump system for district heating, and a proton exchange
membrane (PEM) electrolyzer to produce hydrogen as energy storage. This modeling is based on both one steam Rankine
cycle and one organic Rankine cycle. The analysis for both energy and exergy is conducted, in order to comprehend the
system performance, where values of 80.19% and 52.63% for energy and exergy efficiencies are found, respectively. Also an
environmental impact assessment is performed and the effect of some parameters (ambient temperature, air compressor
pressure ratio and wind speed) on carbon dioxide emission is investigated. During our investigation, some fuel is examined
for combustion and fuel changes are reported. Furthermore, a study on the influence of enhancing renewable energy and
reducing conventional system portion on production of a specified amount of electricity in an integrated system is carried

out.
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1. Introduction

Conventional fossil energy sources were used to be
considered inexhaustible sources of energy. Now
we know that they are not renewable and also cause
global warming through emissions of greenhouse
gases, particularly carbon dioxide. Therefore, two
main challenges are ahead of us. The first challenge
is the optimization of consumption of the
remaining limited fossil fuels. This is achievable
through enhancing system efficiencies and
reduction of thermal energy losses. This is possible
if we utilize several integrated systems called
multi-generation energy systems [1]. The second
challenge could be achieved by gradual
replacement of fossil fuels with renewable energy
sources. Reza Soltani et al [2] modeled a multi-
generation energy system having one input
(biomass fuel) and five products (electricity, steam,
hot water, district hot water and wood dryer). They
carried out a thermodynamic analysis and
investigated the effect of each sub-system on both
energy and exergy efficiencies. Ahmadi et al [3],
modeled an integrated energy system including a
micro gas turbine, a dual pressure heat recovery
steam generator, an absorption chiller, a domestic
water heater and a proton exchange membrane
electrolyzer; this model had an ejector refrigeration
cycle. They analyzed the system
thermodynamically, trying to optimize the system,
following two goals; total cost rate of the system
and the system exergy efficiency.
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Ratlamwala et al [4] proposed a new multi-
generation geothermal-based double flash power
generation, quadruple the absorption effect and the
electrolyzer system. They analyzed the effects of
geothermal source pressure and temperature, the
effect of geothermal source mass flow rate, and the
effect of ambient temperature on both energy and
exergy efficiencies. They showed that an increase
in the temperature, pressure and mass flow rate of
the geothermal source, results in an increase in both
power generation and hydrogen production rate and
also leads to a reduction of the cooling load.
Environmental impact is a significant parameter in
conventional systems. Ahmadi et al [5] assessed
thermodynamically a novel multi-generation
energy system consisting of a biomass combustor,
an organic Rankine cycle (ORC), an absorption
chiller and a proton exchange membrane
electrolyzer and a domestic water heater for hot
water  production. They investigated the
environmental impact of the multi-generation
energy system and compared the carbon dioxide
emissions of this system with power generation
system. Mago et al [6] show a Combine cooling,
heating, and power (CCHP) system which uses
waste heat from on-site electricity generation for a
large office building and analyze its primary energy
consumption, operational costs, and carbon dioxide
emissions. They also compare it with conventional
energy systems under the same applications.
Renewable energy sources are capable of satisfying
our present and future needs for energy. However,
there are problems in consumption of these
renewable energy sources.
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For instance, wind energy systems do not produce
usable energy during a significant portion of the
year. This is due to a main problem, which is the
production of electricity is dependent on wind blow
which doesn't occur all the time at a constant and
desirable speed. In general, the accessibility of
solar and wind energy do not match with the time
and the distribution of demand.

The independent use of the systems result in
considerable over-sizing of system reliability,
which in turn makes the design costly. Ozlu and
Dincer [7] studied a solar-wind hybrid multi-
generation system and investigated the effect of
several input conditions on the system
performance. They showed that energy and exergy
efficiencies are higher than equivalent single
energy systems. The system has 43% maximum
energy efficiency and 65% maximum exergy
efficiency. Bicer and Dincer [8] proposed a new
renewable energy based multi-generation system,
which integrates a solar PV/T system and a
geothermal energy system, in order to produce
electricity and heat for purposes like heating,
cooling, making water hot and drying air. They
also assessed the performance of the system by
energy and exergy analysis methods; for a selected
common case, overall energy and exergy
efficiencies of 11% and 28% were obtained,
respectively.

Ozturk and Dincer [10] analyzed a renewable-
based multi-generation energy production system
which produces power, heating, cooling, hot water,
hydrogen and oxygen. They showed the effects of
varying operating conditions (e.g. Reference
temperature, direct solar radiation and receiver
temperature) on the exergy efficiencies of the sub-
systems as well as the whole system.

They also found that the parabolic dish collectors
have the highest exergy destruction rate among the
constituent parts of the solar-based multi-
generation system. This was due to high
temperature difference between the working fluid
and the collector receives. In this paper, we
propose a novel multi-generation system, based on
a conventional energy (gas turbine) and a
renewable energy system (wind turbine) which
produces three commodities: electricity, heating
and hot water. The main purposes of utilization of
this multi-generation system are to enhance
efficiency, sustainability, and to also reduce
environmental impact. We also analyzed the effect
of wind energy portion enhancing and reduction of
portion of conventional energy, in order to provide
a specified amount of electricity. These steps are
listed as follows:

* Modeling and simulation of the multi-generation
system

* Performing a thermodynamic and environmental
analysis of the system.
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» Parametric assessment of the effects of varying
selected design parameters on exergy and energy
efficiencies.

2. System Description

The proposed multi-generation system is shown in
Fig. (1). It satisfies the needs of district electricity,
heating, hot water and hydrogen illustrates an
integrated multi-generation system including an air
compressor, a combustion chamber, a gas turbine, a
high temperature boiler (HTB) which produces
steam Rankine cycles vapor, the waste heat from
the cycle is used for obtaining heating for heat
pump system, low temperature boiler(LTB)
produce heating as an evaporator for organic
Rankine cycle and waste heat from this cycle is
used for obtaining hot water to district users and
Wind turbines also produce electricity when there
is enough wind and when there is extra energy it
run the electrolyzer to produce hydrogen to storage
for peak hours of electricity consumption.

e —
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Fig. 1. Configuration of the multi-generation system.

Air enters the air compressor at ambient condition
at point 1 and exits after compression (point 2).
The hot air enters the combustion chamber into
which fuel is injected, and hot combustion gases
exit (point 3) and pass through a gas turbine, in
order to produce power. The hot gas expands in the
gas turbine to point 4. Hot flue of gases enters the
high temperature boiler (HTB), in order to provide
superheated steam for the steam Rankine cycle at
point 10 and exit at a temperature of 579.3 °C
(point 5). In low temperature boiler (LTB), the hot
gases provides superheated fluid for ORC at point
14, and exit the heat exchanger at a temperature of
105.2 °C (point 6). In the last heat recovery, the
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flue gas has provided heating for water electrolyzer
and goes out at a temperature of 100 °C (point 7).
The waste heat from the steam Rankine cycle
condenser obtains hot water for the heat pump
system and waste heat of ORC obtain district hot
water at a temperature of 65 °C for district heating
(point 26). We determine the enthalpy, energy and
exergy of streams, using four main balances: mass,
energy, entropy, and exergy. Energy and exergy
balance equations are solved via ENGINEERING
EQUATION SOLVER (EES) software. The
thermodynamic modeling is based on some
assumptions and input data.

Table. 1. The input parameters used to model the
system.

Brayton Cycle

Air mass flow rate 1.5(kg/s)
Fuel Methane(CH,)
Pressure ratio 12
Gas turbine inlet temperature 1173(°C)
Steam Rankine cycle
Pump inlet temperature 70(°C)
Pump pressure 2000(kPa)
Pinch point temperature 10(°C)
ORC
Pump inlet temperature 70(°C)
Pump pressure 2000(kPa)
Pinch point temperature 10(°C)

Working fluid Cyclohexane
Heat pump system
Evaporator output temperature 90(°C)
Compressor outlet pressure 270(kPa)
Working fluid Water
Wind turbine
Number of wind turbine 4
Diameter 34(m)[7]
Average wind speed 6.7(m/s)
Power coefficient 60%][7]
PEM electrolyzer
Ag 14[12]
Ac 10[12]
Trgm 80(°C)
L 100(um)[12]

The assumptions for the system are as follows:

e All processes and components operate at steady
state.

e Heat loss from the combustion chamber is
considered to be 3% of the fuel lower heating value
and all other components are adiabatic.

e Assuming that the combustion products can be
modeled using the properties of pure air.

e The temperature at which district users use hot
water is assumed to be the mean of the incoming
and exiting temperatures (T g,,g).

ePinch point temperature of heat exchangers is 10
©).

eThere are no pressure drop in the all processes.
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eThe ambient condition is P, = 1.01 bars and
T(=298.15 °K.

oThe gas turbine operating with 88% efficiency at
ISO condition. [14]

eThe compressors and pumps operating with 85%
efficiency at ISO condition. [14]

oThe electrolyzer operates with 60% efficiency.

e Wind turbine operates with 90% efficiency. [11]
eWind turbine operates with the average Manjil
(Iran) wind Speed.

eThe working fluid of organic Rankine cycle is
Cyclohexane.

3. Thermodynamic Modeling and Analysis

The thermodynamic modeling of the proposed
multi-generation system is described in this section,
following a conventional control volume
thermodynamic analysis approach, but pointing out
important points specific to the present analysis.
For this purpose, the system is divided into the
following subsystems: (1) Brayton Cycle, (2)
Steam Rankine Cycle, (3) Organic Rankine Cycle
(ORC), (4) District Hot Water, (5) Heat Pump
System, (6) Wind Turbine, (7) Proton Exchange
Membrane (PEM) electrolyzer. Mass, energy and
exergy rate balances are written for the system and
its components in order to determine the energy
input/output rate the exergy destruction rate, and
the energy and exergy efficiencies. According to
the conservation of mass principle, the mass
entering the control volume is equal to the mass
exiting the control volume. Accordingly general
mass balance with assumption of steady state
condition can be obtain as follows:

2= Y, Eq. (1).

where m is the mass flow rate, and the subscript i
denotes inlet and e outlet.

Energy rate balances respectively can be written as
follows:
Ei:Ee Eq. (2).
The energy efficiency of the system and its
components can be expressed as the ratio of the net
energy output as products to the net input primary
energy, as follows:

Ee
n=x Eg. (3).

1
3.1. Brayton Cycle
3.1.1. Air Compressor (AC):
Air at ambient state enters the compressor. The
compressor outlet air properties are dependent on
the compressor is entropic efficiency and the
compressor pressure ratio:

WAC = I‘ha(hz - hl)

Here, the subscripts a refers to Air

Eq. (4).
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3.1.2. Combustion Chamber (CC):

The flue gas properties are dependent on the air
mass flow ratio and the fuel lower heating value
(LHV)

th,h, + meLHV = rhghy + 0.031;LHV

Eq. (5).

Where, subscripts f and g denote fuel and product
gas respectively. More details about combustion
can be found elsewhere [15]

3.1.3. Gas Turbine (GT):

The gas turbine outlet properties are dependent on
gas turbine isentropic efficiency

Wer = g (hs — hy) Eqg. (6).
The net output power of the Brayton cycle can be
expressed as:

Whetor = Wor — Wac Eq. (7).
3.2. Steam Rankine Cycle:

Water steam is generated in the High temperature
boiler (HTB) by using hot flue gases leaving the
gas turbine. The energy rate balance for the LTB is
defined as:

ty (hy — hs) = mg(hyg — ho) Eq. (8).
The power generation in the cycle is defined as:
Wyrr = iy (hyo — hyy) Eq. (9).
The energy consumed by the pump is defined as:
Wyrp = 1ig(hg — hg) Eg. (20).

Accordingly the net power output of the Steam
Rankine Cycle is determined as:

Wnet,HTT = Wyrr — Wirp Eq. (11).

The heat rejected by the condenser is expressed as:

Qcond = myq(hy; — hg)

where satisfies the heat pump system’s thermal
energy.

Eq. (12).

3.3. Organic Rankine Cycle (ORC):

Cyclohexane vapor is generated in the LTB using
hot flue gases leaving the HTB. The energy rate
balance.
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for the LTB is defined as:
m13(h13 - h14) = mg(h6 - hs)

Power generated by the turbine and energy
consumption by the pump are expressed as:

Eq. (13).

WLTT = 1y (hyy —hys) Eq. (14).
Wirp = my,(hyz — hyp) Eq. (15).

The output thermal energy by the ORC condenser
is used to produce hot water in 65(°C) for district
users that the energy balance defined as below:

3.4. District Hot Water:

thg(hy; — hys) = mys(hys — hye) Eq.(26).
And the energy consumed by the district hot water
pump is expressed as:

Woaw,pump = Mpaw (hzs — hzs) Eq.(17).

Therefore the net power output of ORC turbine is
defined as:

Wnet,LTT = WLTT - WLTP - Wcomp - wDHW,pump
Eg. (18).

3.5. Heat Pump System:

Water evaporates at state 16 and low pressure
steam, which enters the compressor. According to
Eqg. (18), the compressor is driven by work from
the ORC turbine. Note that the deaerator pressure is
300 kPa, while the compressor compresses steam
to this grade. The demandable energy for
compressor shaft working is defined as:
Weomp = 17 (hi7 —hyg) Eq. (29).
In the deaerator, the compressed high temperature
superheated steam mixes with the pumped return
water from the district heating network and the
final mixed water exits the deaerator to the district
heat users. The district heating load is determined
as follows:

Qaist = Myg(hyg — hyg) Eq. (20).
The water return pump power consumed is defined
as follows:

WD.P = r'r121(h22 - h21)

3.6. Wind Turbine:
Average power obtained from the wind turbine is
expressed as follows: [11]

Eq. (21).

. 1 3
Wiyt = EnwtpairAwthU Eg. (22).
Where 1, is the wind turbine efficiency, p,;, is the
air density, A, is the swept wind turbine area,Cj, is
the turbine power coefficient, U is the average wind
speed.
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3.7. Proton Membrane
Electrolyzer:

Energy and exergy analyses of a PEM electrolyzer
can be performed in  conjunction the
electrochemical modeling. The total energy

demand for PEM electrolysis can be calculated as:
AH=AG+TAS Eqg. (23).

Where AG is the electrical energy demand (change
in Gibb’s free energy) and TAS is the thermal
energy demand (J/molH,). The values of H, G,
and S for H,,0,, and H,O can be obtained from the
JANAF Table. The total energy need is the
theoretical energy required for water electrolysis
without any losses. The catalyst used in PEM
electrolysis provides an alternative path for the
reaction with lower activation energy. The outlet
flow rate of H, can be determined by:

Exchange (PEM)

. _ ] _ .

NHZ,out_ oF NHZO,reacted Eq. (24).
Where J is the current density, F is the Faraday
constant, and NHzo,reacted is the rate of H, O reacted
in the process (10). The electric energy input rate to
the electrolyzer can be expressed as:

Eclectric = EXelectric = JV Eqg. (25).

Where Egjectric 1S the electric energy input and
EXelectric the electric exergy input. Also, V is given
as:

V=V, + Vact,a + Vact,c + Vohm Eq. (26).

Where V, is the reversible potential, which is
related to the difference in free energy between
reactants and products, and V, can be obtained by
the Nernst equation as follows:

Vo = 1.229 — 8.5 x 10~4(Tpgm — 298.15)  Eq. (27).

Also Viera, Vaete and Vo, are the activation
overpotential of the anode, the activation over
potential of the cathode, and the ohmic over
potential of the electrolyte, respectively. Ohmic
over potential in the proton exchange membrane is
caused by the resistance of the membrane to the
hydrogen ions transporting through it. The ionic
resistance of the membrane depends on the degree
of humidification and thickness of the membrane as
well as the membrane temperature. The local ionic
conductivity C(x) of the proton exchange
membrane can be expressed as:

Crem [x(x)]:[0.5139x(x)0.326]exp[1268 (- %)]
Eqg. (28).

Where X is the distance in the membrane measured
from the cathode-membrane interface and A(x) is
the water content at a location x in the membrane
and T is the membrane temperature.
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The value of A(x) can be calculated in terms of the
water content at the membrane electrode edges:
A

Ax)=22Rey 4o,

= Eq. (29).

Where D is the membrane thickness, and A , and

A . are the water contents at the anode-membrane
and the cathode membrane interfaces, respectively.
The overall Ohmic resistance ( Rpgy) can thus be
determined as:

D dx
Rpem = fo opeMI[A(X)]

The ohmic over potential can be expressed in terms
of Ohm’s law:

Eq. (30).

Vonm,pEM = JRpEM Eq. (31).
The activation over potential, V,., caused by a
deviation of net current from its equilibrium, and
also an electron transfer reaction  must be
differentiated from the concentration of the
oxidized and reduced species Then:

RT . , _

Vacti = - sinh™ (2]]0'i
Here ], is the exchange current density, which is an
important parameter in calculating the activation
over potential. It characterizes the electrode’s
capabilities in the electrochemical reaction. A high
exchange current density implies a high reactivity
of the electrode, which results in a lower over
potential. The exchange current density for
electrolysis can be expressed as:

),i =a,c Eq.(32).

act,i

_ qref E s
Joi =1Ji exp (— F)'l =ac  Eq.(33).
Where J7*/ is the pre-exponential factor; and Egc, ;
is the activation energy for anode and cathode,
respectively. Further details about PEM electrolysis
modeling can be found elsewhere [12, 27].

4. Exergy Balance

When an exergy analysis is performed, the
thermodynamic imperfections can be quantified as
exergy destructions, which represent losses in
energy quality or usefulness (Dincer and Rosen,
2012). The exergy of a substance is often in 4
different forms: physical, chemical, kinetic and
potential energy. The last two forms are assumed to
be negligible as elevation changes are small and
speeds are low. The physical exergy is defined as
the maximum theoretical useful work obtained as a
system interacts with an equilibrium state. The
chemical exergy is associated with the departure of
the chemical composition and reaction of a system
from its chemical equilibrium.
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The chemical exergy is an important part of exergy
in combustion processes and chemical reaction.
According to the first and the second laws of
thermodynamics exergy Balance equation can be
written as:

Exq + Ximjex; =Y. meex, + Exy + Exgest
Eqg. (34).

Where subscripts i and e denote the control volume
inlet and outlet flow, respectively and Exgeq; is the
exergy destruction rate. Other terms are explained
as:

Exq = ( —Tr—") Q Eq. (35).
Exy = W Eq. (36).
Ex = eXph + €Xchem Eq (37)
exph = (h — hy) — To(s — o) Eq. (38).

where Ex, and Ex,, are the exergy of heat transfer
and work which cross the boundaries of the control
volume, T is the absolute temperature and the

In general, the exergy efficiency is defined as the
ratio of the net exergy output to the total exergy
input, as follows:

__ Exe
¥ = Ex;
Here, the subscript e denotes product (or net
output) and i the overall input exergy to the system
or component. This definition applies for most
components and the overall system. The quantities
described above are given below for each of the
system components. Mass and energy rate balances
as well as exergy destruction rates resulting from
exergy rate balances for each of the system
components. Table. 2. lists the exergy destruction
rate equation for each component of the system.

Energy and exergy efficiencies of the system
expressed as:

Eq. (41)

Nsystem
Whet+ Qqist+Mzs5(hae—has)+1y,
MeyelLHV fyer+ Wivt

LHV
12 Eq. (42).

subscript 0 refers to the reference environment _ Whnett Exgise+ Exz6+ Exp, Eq. (43
e R l/)system - (43).
conditions. In Eq. (34-38). Exfyer+ Exwt
The term Ex is defined as follows: Where:
L . Wier = W, + W, + W,
Ex = Expp + EXchem Eq. (39). net net,GT n;t,HTT net,LTT
Where E — 0 0
P Xaist = Qaist (1 - )
Ex=m.ex Eq. (40). Tavg
. 1 3
Exye = EpairAth
Table. 2. The expressions used for the system components based on exergy destruction rates.

Component Exergy destructlon rate expression
Air Compressor Exgac = — (Ex, — Ex;)

T
Combustion Chamber Exgcc = mgex, + meexy — Occ (1 — é) —mgex,
Gas Turbine Exger = (Exs — Ex,) — W
Steam Rankine Cycle Pump Exgurp = Wyrp — (Exo — Exg)
Steam Rankine Cycle Boiler Exgurs = Exg + Ex, — Ex;g — Exg
Steam Rankine Cycle Turbine Exgurr = (Exyo — Exy1) — Wyrr
Steam Rankine Cycle Condenser Exgurc = Exi1 + Exy3 — Exg — Exye
ORC Pump Exd LTP = WLTP (Ex13 - Exlz)
ORC BOI|eI’ Exd LTB — Ex13 + Ex5 - Ex14 Ex6
ORC TUI’bIne Exd LTT = ( Ex14_ Ex15) WLTT
ORC Condenser Exd LTC = Ex15 + Ex25 - Ex12 Ex26

District Hot Water Pump

Exd DWH,pump — WDHW pump

(Exzs - Ex24)

Steam Compressor

Exd,comp — Vl/comp

( Ex17 - Ex16)

Deaerator EXggeq =

Ex17 - Exlg - Exzz

Expansion Valve EXgpep =

Ex,o — Ex,s

District Return Water Pump

Exapp = Wpp —

( Exzz - Ele)

District Users Exd,dist =

. . . T,
(Ex17 - ExlS) — Quaise | 1 — T
avg

Wind Turbine

. . 1
Exd,wt = th (% - 1)

PEM electrolyzer Exd,PEM =

Ex, + Exsy — Ex,g — Ex3,

18
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5. Environmental Impact

Deducting carbon dioxide emissions, a significant
greenhouse gas, as the main factor of
environmental impact is increasing the efficiency
of energy conversion processes and thereby
decreasing fuel consumption. The amount of CO,
emissions of the overall system is calculated as
follows:
mco,

Wnet+ Qdist+EZG+EH2

Eqg. (44).

Esystem =

In order to improve environmental sustainability, it
is necessary not only to use sustainable or
renewable sources of energy, but also to utilize
non-renewable sources like natural gas more

efficiently, while minimizing environmental
damage. In this way, the society can reduce its use
of limited resources and extend their lifetimes.
Here, a sustainability index Sl is used to relate
exergy with environmental impact

S =—

o Eqg. (45).
Where D, is the depletion number, defined as the
exergy destruction ratio to input exergy. This
relation represents reducing environmental impact
of system can be achieved by reducing its exergy
destruction.

Table. 3. The thermodynamic properties of the system different states.

State m (kg/s) P (kPa) T (°C) h (kJ/kg) | s (kJ/kg K) ex (kJ/kg)

0 101 25 298.4 6.861 0

1 15 101 25 298.4 6.861 0

2 1.5 1212 378.5 662.3 6.948 337.9
3 15 1212 1173 1573 7.854 978.3
4 1.5 101 589.3 891.6 7.968 263.3
5 15 101 250 527.4 7.433 58.57
6 15 101 105.5 379.6 7.102 9.322
7 1.5 101 100 374.1 7.088 8.177
8 0.166 31.18 70 293 0.9549 12.85
9 0.166 2000 70.18 295.4 0.956 14.91
10 0.166 2000 579.3 3644 7.649 1368
11 0.166 31.18 132.9 2748 8.08 343.4
12 0.355 725 70 120.5 0.3866 6.149
13 0.355 2000 70.81 123.6 0.388 8.847
14 0.355 2000 240 760.3 1.806 222.6
15 0.355 72.5 160.9 642.9 1.855 90.85
16 0.168 101.3 100 2676 7.354 487.5
17 0.168 270 214.5 2896 7.423 687.4
18 2.121 260 110 461.4 1.418 43.06
19 2.121 150 60 251.3 0.8311 8.022
20 0.168 150 60 251.3 0.8311 8.022
21 1.953 150 60 251.3 0.8311 8.022
22 1.953 270 60.01 251.4 0.8312 8.146
23 0.168 101.3 60.01 251.3 0.8313 7.978
24 0.889 101 15 63.01 0.2242 0.7176
25 0.889 2000 15.1 65.25 0.2254 2.606
26 0.889 2000 65 273.7 0.8924 12.2

19
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Table. 4. Values of the parameters obtained from the system modeling and its energy and exergy analyses.

Parameter Value
Fuel mass flow rate my (Kg/s) 0.029
Net output power Wiet tor (KW) 1051
District heating load Qaist (KW) 445.8
Hot water mass flow rate mppw (Kg/s) 0.891
Hydrogen production mass flow rate my, (kg/h) 2.33
Energy efficiency of the system n (%) 80.19
Exergy efficiency of system ¥ (%) 52.63
Total exergy destruction rate Exp tor (KW) 941
Specific COemission CO,emission (kg/kWh) 0.137
Sustainability index Sl 2.374
6. Results and Discussion 084 058
Nsysiem
The results of the thermodynamic modeling and - R
analyses are presented here, including assessments o o 15
of the effects of varying several design parameters £
on system performance. The thermodynamic E 08k i
properties are presented for states in the system in ; T 56 3
Table. 3. and the results obtained from the system - —
are tabulated in Table. 4. These outputs are subject 1 BT
to change depending on the parameter that is under \\ 05
consideration. 7% G
The effect of variations of several design 0
parameters on the thermodynamic performance of ” 05
the multi-generation system is assessed. The 0 10 2 % © 50
ambient temperature, air compressor pressure ratio,
and average wind speed are some effective Ton (€]

parameters in this multi-generation system that we
assess them here.

It is shown in Fig. (2). that the effect of ambient
temperature on system energy and exergy
efficiency levels. For the energy efficiency,
increasing ambient temperature is seen to enhance
the system energy efficiency. This is mainly due to
the corresponding increase in enthalpy of the inlet
air to the combustion chamber which enhances net
output power, thereby increasing the energy
efficiency. Unlike energy efficiency, the exergy
efficiency decreases by increasing ambient
temperature. This is due to the increase in exergy
levels of dead state, which results in lower exergy
values for most system states.

20

Fig. 2. Effect of ambient temperature on energy and
exergy efficiencies.

The variation of sustainability index and exergy
destruction of the system by air compressor
pressure ratio is shown in Fig. (3). It is seen that the
fuel consumption is decreases as pressure ratio
increases, mainly due to the increase of the
combustion chamber inlet temperature. Thereby
total exergy destruction of the system decreases
and the sustainability index increases with
increasing of the air compressor pressure ratio.
Also the variation of fuel consumption influence on
carbon dioxide emission. Fig. (4). illustrates how
the reduction of the fuel consumption decreases the
carbon dioxide emission.
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Fig. 3. Variations in the compressor pressure ratio of
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Fig. 4. Variations in the compressor pressure ratio of
sustainability index to CO2 emission.

Fig. (5). shows the effect of average wind speed on
the total energy and exergy efficiency of the
system.it is observed that the multi-generation
system exegy efficiency decreases and energy
efficiency increases with increasing of average
wind speed. This results from increasing wind
turbine output power. Similarly the total exergy
destruction of the system and sustainability index
increase by raising of average wind speed that is

shown in Fig. (6).
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Fig. 5. The effects of average wind speed on the
energy and exergy efficiencies.

Table. 5. The thermodynamic analysis of the fuel affecting the system.

Fuel ?;67;)1 C((’kzg;rl?\',f/ﬂ;’” S| Naystem(®) | Wyscom(®6) | Exp o (kW)
Methane(CH,) 0.029 0.137 2374 80.19 52.63 941
Ethane(C,H) 0.0306 0.154 2354 80.18 52.31 965
Propane(CsHg) | 0.0314 0.162 2337 80.17 52.04 968
N-Butane(C, Hyo) | 0.0319 0.166 2331 80.17 51.93 973.1

Table. 6. Results of the thermodynamic analysis based on the increasing number of wind turbines.

Number of system system m,;, Myye CO,emission .
wind turbine n(z/cta) lIJ(C};/ot) (kg/s) (kgf;/s; (kzg/kWh) S| EXp tor (kW)
1 86.47 49.3 2.201 0.042 0.224 2.122 1153
2 84.49 50.34 1.967 0.0381 0.193 2.195 1083
3 82.41 51.45 1.734 0.0336 0.164 2.278 1012.3
4 80.19 52.63 1.5 0.029 0.137 2.374 941
5 77.82 53.91 1.265 0.0245 0.112 2.486 870.4
6 75.3 55.27 1.032 0.02 0.088 2.619 800.1
7 72.59 56.75 0.796 0.0154 0.066 2.781 728.4
8 69.7 58.34 0.563 0.011 0.045 2.978 658
9 66.6 60 0.329 0.0064 0.026 3.228 586.9
10 63.23 61.94 0.094 0.0018 0.007 3.567 513.5
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Fig. 6. The effects of average wind speed on the total
exergy destruction and sustainability index.

Fuel is one of the significant parameters to
studying. There are several fuels to investigate their
effect on multi-generation system at constant
turbine inlet temperature, where were listed in
Table. 5. The effect of fuel change on fuel
consumption rate, carbon dioxide emission rate,
sustainability index and energy and exergy
efficiencies is shown. It is seen that for satisfying
specified gas turbine inlet temperature (1173 °C),
the methane with 0.029 (kg/s) mass flow rate has
the least and n-butane with 0.0319 (kg/s) mass flow
rate has the most fuel consumption. Therefore the
least environmental impact is related to methane
with carbon dioxide emission rate about 0.137
(kg/kwh) and the most impact is related to n-
butane with carbon dioxide emission rate about
0.166 (kg/kWh). At last the methane has the most
energy and exergy efficiencies and sustainability
index for presenting multi-generation energy
system. Another subject that we considered in this
paper is analyzing of replacing renewable energy
system (wind Turbine) with conventional system
(gas turbine) for production of specified amount of
electricity.  Accordingly, we studied the
performance of system with increasing number of
wind turbine and reducing portion of gas turbine.
That is reported in Table 6. It is seen that adding
the number of wind turbine (renewable energy) and
reducing of conventional system portion for
producing specified amount of electricity decrease
fossil fuel consumption where affect environmental
impact and reduce carbon dioxide emission rate.
According to the Table. 6. sustainability index
enhanced by increasing the number of wind turbine
where it is result of increasing renewable energy
portion and exergy destruction rate reduced with
decreasing gas turbine portion where it is the cause
of reducing combustion chamber role in total
system. Thereby the overall exergy efficiency is
improved.
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7. Conclusion

In a review of exergy losses, the maximum losses
are due to combustion chamber. The evaluation of
energy losses and its improvement in this chamber
is very important for system efficiency. There are
two items for improving this problem. One is
reducing the difference of inlet and outlet
temperature in the combustion chamber by
preheating inlet air and the other one is developing
the insulation. The gas turbine system is
incapacitated. Because in winter, the pressure of
the urban gas network will be reduced or omitted.
One of the advantages of the studied system is that
the produced hydrogen and the reservoir by wind
turbine, has been used to fuel cell and prevented
power outage. Since the wind turbine required
specified range of wind speed for connecting to the
network and on the other side due to changes of
wind speed, equipment for energy saving and
network load stability is required that it cost a lot
for preparing and maintenance these, the other
advantages of the proposed system is optimum
utilization of wind energy by the generation of
Hydrogen. The important parameter in this
investigation is the ratio of compressor pressure
that has significant influence for carbon dioxide
diffusion and system stability. So, selection of the
compressor type is very important. For fossil fuel,
when the ratio of carbon to hydrogen is increased,
then air pollution increases and efficiency is
decreased.
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Nomenclature

A area,m? Chem chemical
Cyp wind turbine power coefficient comp compressor
D, depletion number dest destruction
E energy rate (kW) DHW district hot water
Ex exergy rate (kW) dist district
F Faraday constant, C/mol DP deaerator pump
G Gibb’s free energy, kJ e outlet condition
H specific enthalpy, kJ/kg f Fuel
J current density, A/m? G gas turbine outlet gas
LHV lower heating value, kJ/kg GT gas turbine
m Mass flow rate, kg/s HTP high temperature pump
N molar mass flow rate, mol/s HTT high temperature turbine
0 heat transfer rate, kW i inlet condition
Rpgpa proton i’e(scir::r?ceer?émbra”e LTP low temperature pump
S specific entropy, kJ/kg K LTT low temperature turbine
Sl sustainable index ph physical
T temperature, K wit wind turbine
U velocity, m/s
V voltage potential, V Greek letters
|14 work rate, kW € normalized CO,emissions, kg/MWh
n energy efficiency
. water content at location x in the
Subscripts A -1
membrane, ()
a air p density
AC air compressor % exergy efficiency
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