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Nomenclature

specific heat, kJ/kg-K

exergy transfer rate, kW
specific ‘enthalpy, ki/kg

heat recovery steam generator

mass flow-rate (kg/s)
molar mass (kg/kmol)
pressure (bar)

pinch point (K)

rate of heat transfer (kW)
universal gas constant (kJ/kmol-K)
specific entropy (kJ/kg-K)

temperature (K)

rate of work output (kW)

steam turbine

Exergy Analysis of a Co-generation-

Cycle for Combined Production of
Power and Refrigeration

Abstract: In this paper, a noval industrial wasteheat recovery based
cogeneration is proposed for the combined yielding of power and refrigeration.
The cycle is an integration of Rankine power cycle and absorption
refrigeration cycle. Combined Jirst and second law approach is applied and
computational analysis is performed to investigate the effects of exhaust gas
inlet temperature, pinch point, and gas composition on first law efficiency,
pPower to cold ratio, and second law efficiency of the cogeneration cycle and
exergy destruction in each component. The variation in specific heat with
exhaust gas composition and lemperature are accounted in the analysis and
results. The first-law efficiency decreases while power to cold ratio and second
law-efficiency increases with increasing exhaust gas inlet temperature. Power
to cold ratio and second law efficiency decreases while Sirst-law efficiency
increases with increasing pinch point. Second law efficiency is significantly
varies with gas composition and oxygen content of the exhaust gas.
Approximateing the exhaust gas as air, and the air standard analysis leads to
either underestimation or overestimation of cogneneration cycle performance
on second law point of view. Exergy analysis indicates that maximum exergy
is destroyed du}ing the steam generation process; which represents around
40% of the total exergy destruction in the overall syste
destruction in each component of the system varies significantly with exhaust
gas inlet temperature and pinch point. The present analysis ¢
information on the role of composition, exhaust gas tempe
point influence on the performance of a waste heat r

ecovery based
cogeneration system from second law pointof view.
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1. INTRODUCTION

Congeneration cycles for the production of electric
power and useful heat has received its fair share of
attention, due to their energy efficiency enhancement
and thus reduce net énergy consumption in almost all
these situations where both heat and power are
required[1]. A method of second law analysis which
pro.vide's an effective technique for measuring and
op.nmizing performance of thermal system and widely
gaining acceptance over traditional energy methods in
both industry and academia has also been applied to
those type of cogenerations by many investigators, and
there is published literature based on second law analysis
of those system for various operating conditions[2-4].

Cogeneration cycles for simultaneous production
of power and refrigeration using low temperature heat
sources {55°C-200°C) such as geothermal, solar
collectors,-was proposed by Goswami [5,6]. This cycle
produced both power and cooling with one heat source.
Other researchers have also investigated this new cycle.
Xu et al.[7] presented a parametric analysis of this
cycle. Hasan et al. [8] applied an analysis of the first
and second laws of thermodynamics to optimize such
cogeneration cycle. Detailed discussions on

thermodynamic performance of this cycle are reported
in the recent literaure [9-1 1].

A significant amount of heat is wasted as flue gases
from industries [12,15]. The flue gases on the virtue of
being at a higher temperature (400°C-500°C) relative
to the surroundings and having a higher mass flow rate,
posses considerable:amount of available energy, which
if no utilized properly will lead to huge undesirable energy
loss and increase in environmental polluion. In recent
years a great-deal of attention is focused on to utilize
the waste heat for various applications and to analyze
the units which are used to absorb heat from waste
flue gases [13]. There isa greater scope to recover waste
héat from various industries and to.generate power,
useful heat, and cooling using a waste heat recovery
steam generator HRSG. Therefore, in this study a new
thermodynamic cycle for cogeneration of power and
refrigeration is proposed which combined the Rankine
power and absorption refrigeration cycles using high
temperature waste heat from industry as a heat source.

Evaluation of the thermodynamic performance of
this cycle has proven to be a difficult task. The output
of this cycle consists of power and refrigeration, which
are too different quantities. Evaluating cycle
performance involves adding these outputs, which is
akin to adding “sweet and sour”. Exergy analysis which
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is a field of research on energy systems devoted to the
study of identification and quantification of malfunctions
of the plant or its components that results in an increase
of the amount of resource needed to obtain the same
output, or in more general terms, in a decrease of the
overall efficiency of the plant. This method uses the
conservation of mass and conservation of energy
principles together with the second law of
thermodynamics for the analysis, design and
improvement of energy systems, and answer why actual
operation performance of an exergy system differ from
the design one [3,14].

As is seen, in most of the studies in the above
cited literature, there is no study which is conducted to
observe the effect of operating parameters on the
energetic and exergetic performance of an industrial
waste heat recovery based cogeneration for combined
producion of power and refrigeration. The main
objective of this paper is to identify and quantify the
malfunctions due to irreversibilities (losses) assaciated
with every component and have negative effect on the
performance of the system. The exergy balance for the
cycle and its components are presented and compared
to energy balances. The effects of gas composition,
specific heat, pinch point, and gas inlet temperature to
HRSG have been observed on the thermodynamic
performance parameters of the cycle viz; energy
efficiency, exergy efficiency, power to cold ratio, and
also their effect on irreversibilities associated with
various components of the system in order to determine
where improvements could be made to enhance
performance. <This will contribute some original
information on the role of operating variables and-will
be useful in the design of an industrial waste heat
recovery based cogeneration system.

2.  PROBLEM FORMULATION

The waste heat from the industry enters the HRSG
at 1 where it transfers the heat to the feed water which
enters at 3 and converted into steam at 4. The steam
generated is then expanded in a steam turbine at 4 to
generate mechanical power and an alternator is
connected to the turbine to drive the load and steam
then enters the condenser at 5 where most of its heat is
rejected to the cooling water. The water is then pumped
at 6 to the HRSG. The stack gas coming out of HRSG
at 2 is sent to the generator of vapor absorption system.
The refrigereant (H,0) separated from LiBr-H,O in the
generator by means of the heat driven by the stack gas.
After refrigerant has reached the desired temperature it
goes through the condenser at 8 and evaporator at 10
through the expansion value af 9. The water vapoor
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mixture that enters the evaporator at 10 is boiled and
exits the evaporator in a saturated state at 11. The
saturated steam at 11 enters the absorber where it mixes
with a weak solution at 17, generating heat that has to
be dissipated to increase the efficiency of mixing
process. The mixing process results in a strong solution
that exists the absorber at 12 and pumped to the upper
pressure of the cycle at 13. The high pressure strong
solution at 13 is heated to a high temperature.

The followi_ng assumptions are made in the
analysis[15,16].

1. System is at steady state.

2. No pressure drops on the steam side.

3. Pressure drop on gas side does not affect its
temperature.

4. Lithium bromide solution in the generator and the
desorber are assumed to be in equilibrium at their
respective temperatures and pressures.

5. Refrigerant (water) at condenser and evaporator
exit is in saturated states.

6.  Strong solution of the refrigerant leaving the
absorber and the weak solution of refrigerant
leaving the-generator are saturated.

7=

To avoid crys_tal]ization of the solution, the
temperature of the solution entering the throttle

value should be dt least 7-8° above crystallization
temperature. -

T is in K, equation valid from-300-1000K.

Where R is the Universal gas constant, M is the
molar mass of the gas, and a, B, 7 5,6‘ are gas
constants for various ideal gases.

The specific heat of mixture of gases is expressed
as the sum of the specific heats of each component and
their mass fraction y;.

n
Cp (M = 2 yCpyD) . 2)
i=1

The entropy change for an ideal gas mixture is expressed
as

n .

Cp (D) = 2 y,Cpi(T) e ()
i=]

Thermodynamic analysis

Using the temperature profile and pinch point, the
stack gas temperature of HRSG can be calculated by[4].

he~h,
A ) )

Tez (Tp+PP) — [Ty ~(Tp+PP)] ( by~

Where Tp is the process heat temperature of steam in
HRSG and PP is the pinch point. The steam generation

8.  The system uses waste heat of industry to generate
steam and then to drive the load, and stack gases
to drive the generator which produces chilled
water in the evaporator.

9.  Heat losses towards the surroundings air are not
been taken into account, as they are generally a.

minute fraction of the other energy transfers.
3:  PROPERTYEVALUATION

The exhaust gas is considered as an air in one
case and the actual gas composition in other cases. The
specific heat of air is calculated using standard
thermodynamic tables. The specific heat of the actual

exhaust gas is determined using the relation from Moran
and Shapiro [17].

R
Cp=—- (a+ fT+ 412 + 613 + £T¥) (1)
M i
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as:

. (5)

C T, -C T
mgyp = my PTgl gl }.)TgZ 82
S1_ W3

Where m,, is the mass flow rate of exhaust gas from
industry, %P is the specific heat of exhaust gas, hg4 and

h,,3 are the enthalpies of steam at HRSG outlet and
feed water at HRSG inlet respectively.

The rate of heat input Qin to the system is given
by’

Qin = mg Crppy Tt . 2 (6)

The net power output for the system is

Wnet = Wsp- Wy - Wy o (D

"
s

rate-i-HRSG and by performing the energy balances.
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Fig. 1. Schematic of Combined Power and Refrigeration Cycle, as used in the analysis
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If 7, is the mechanical to electrical conversion
efficiency then electrical power output is given by

Wer = Ng Wnel - 1(8)

The rate of cold production (refrigeration) may

be obtained after applying the energy balance on
eévaporator as

Or =my (yy - hyg) = mg (h, - hy - (9)

The enthaply and entropy values of LiBr-H,0
mixture at inlet and outlet of the evaporator of vapor

absorption refrigeration can be obtained from Chua
etal.[18].

PERFORMANCE PARAMETERS

The relevant parameters required for the energetic
and exergetic analysis of combined production of power
and refrigeration cycle may be considered as follows:

1. First law efficiency (ny) : The first law measure
of efficiency is simply a ratio of useful output
énergy to input energy. This quantity is normally
referred to simply as efficiency, in the case of
power cycles, and as a coefficient of performance
for refrigeration cycles. For the case of cycle
considered here, it may be defined as the ratio of
all the useful energy extracted from the system
(electric power and refrigeration) to the energy of

- exhaust gas from the industry. By definition.

: ' Wt Op
;=
Qin

. (10)

2. Power to cold ratio (Rp; .): The effectiveness of
this type of cogeneration system is directly related
to the amount of power it can generate for a given
amount of refrigeration produced. Hence another
parameter used to assess the thermodynamic
performance of a given cogeneration system is
(Rp, C) which is defined as:

W

e

RP/L = ces (11)

Or e

Second-law efficiency (n,,): The first law fails to
accoun for the quality of energy. Therefore a first-law
efficiency does not reflect all the losses due to
irreversibilities in a system. Second-law efficiency
measures the fraction of the exergy going into the cycle
that comes out as useful output [17]. The remaining
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exergy is lost due to irreversibilities in the'componentS.
In the present system, the exergy output is the exergy
of the electric power output (W,) and .the e)ferg?/ of
refrigeration ER. The second-law efficiency is given
by

Wel + ER

= — - (12)
M1
Ein .

Where Ein is the exergy of the exhausf gas from the
industry that enters the HRSG, and is given by [15].
Eiy= m{[h(Tg)-h(To)]-TolS(Tg)-S(TYJ} ... (13)
When T, is the environmental or ambient temperature
and s(T) is specific entropy.

The exergy of refrigeration, Ep, is the refrigeration
capacity divided by the coefficient of perfprmance ofa
Carnot refrigeration cycle operating between the ambient
and cycle low temperature (Tg) and is given by[9].

To 'TE
E.

n

Ep = Og ( .. (14)

Irreversibility analysis

In' realistic cycles, there are irreversibilities
associated with its every component. The irreversibilities
will have negaive effective on the system performance,
and they can be evaluated via exergy analysis which is

“auseful tool in determining they way for achieving better

[19], the
volume is

performances: According—to Bejan—et al.

exergetic balance applied to a fixed control
given by the following equations:

Ty
“:Qj( fo— W+ Zminein = Z"om €ou = 1p=0 - (15)
Tj in
out
Where Qj is the heat tra
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'ln the following, the equations that make the
physical model of the industrial waste heat recovery
based_cogeneration system for combined production of
electric power and cold are presented. These are the

mass, energy and exergy balances of each component
of the system.

The irreversibility or thermodynamic losses in each
component of the system may be obtained with the
combined application of first and second laws of
thermodynamics and may be reported as:

Heat recovery steam generator (HRSG):

The stack gas temperature at the exist of HRSG
ngz) and mass flow rate of steam (m) are calculated
in the equations (4) and (5) respectively.

The irreversibility rate or exergy destruction rate
in HRSG can be evaluated after making exergy balance
as:

Ip,uRsG = mg{[h(7g)-h(Tg))]-TolS(Tyy)-
S(Tgpl) = mgl(hyghoy)-To(SegSy9)] - (17)
Steam Turbine (ST):

The exergy destruction or irreversibility rate in
steam turbine is given by

ID,ST - mS/[(h.M'h.vs)'T()(sz sS)J_W.vl
Condenser 1(C1):
1D,C1V=ms1[hss'hsﬁ"10§}3‘sw4——'—m“(49)
Pump 1 (PI):

[D,PI:WPI'mw[hw3-hw6)'T0(Sw3’Sw6)]

Generator (Gen):

o (18

... €20)

The irreversibility in the components of vapor
absorption refrigeration part of the system used for
cooling may be evaluated as;

Energy and mass balances allows us to determine
the heat transferred by the external fluid to the solution
within the generator ‘
ms2h14+mth2-(ms2-mr) h15-mrhg-mch7=0 (20)

The exergy of the fluids that enter the generator
is:

2 Gein,g= Mgl(hy-hg)-To(Sp-So)l+mg,

The exergy of the mass flow that comes out being;:

“:;nau!,G Cou,G= (Msa-m)[(h5-hg)-
To(S15-S)]+ mgl(hz-hg)
-To(S7-Sp)]+ m [(hg-hy)-
Ty(Sg-Sp)]
We obtain the exergy destruction rate because of
the irreversibilities in the heat transfer between the

external and the solution by applying equation (15), and
taking into account equation (22).

Ip G = Tolm,.(Sg-Sys)tmg(S;5-S1 )]+
mgTo(S7-Sy)

The first two terms arepositive while the third is
negative. The global balance is positive.

(T2)

.. (23)

In the similar fashion, the irreversibility rate or
exergy destruction rate in the solution heat exchanger,
solution pump absorber, condenser 2, evaporator, and
expansion valve can be obtained, and may be reported as;

The irreversibility rate in solution heat exchanger
is giveny by,
IpsuE = To [msy (81481 +(mgz-m,)
(Si6515)]

The pump transport the dilued soluion in liquid
state from the absorber to the generator, raising its
pressure. The irreversibiliy rate in the pump is given by

.. (25)

. (24)

Ip,p2 = mgaTy(S;3-S12)
The throttling value reduces the pressure of the
concentrated solution from the high pressure in the
impulsion of the compressor(generator) towards the low
pressure in the suction side of the compressor
(absorber). The irreversibility rate in the expansion valve .
may be given as, : "

Ip, v= (mgy-m,) To(S;7-S ;) s (26)

. l‘D‘,TV is the higher than zero, since the difference
1s positive.

The absorber absorbs the refrigerant vapor at low
pressure and low temperature, which condenses in the
solution. By means of mass, energy, and exergy balance,
the irreversibility rate in the absorber may be defined
as:

Ipa= Tolm.(S;7-81)+m(S,,-S,,) -(27)
[hl4-h0) -To(sl4'SO)] ol (2]) +’nA(SfS0)]
MR International Journal of Engineering and Technology, Vol. 1, No. 2, December 2009 a7
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The refrigerant vapor goes to the condensor2 from
«£enerator. The irreversibility rate or exergy
destructionrate in the condenser is given by:

the

ID,Cond2 = To[mr(Sg-Sg) + m(Sp-S,)] ... (28)

The condensed refri gerant from the condenser goes
to the throttling valve, and after throtting it goes to the

€vaporator. The irreversibility rate inthe evaporator is
given by,

[D,E'l’ap = To [m,.(S”~S10) + mE(Sd—Sr)] (29)

The condensed refrigerant from the condenser goes

ts pressure reduces to
reversibility rate is given

to the expansion valve where j
the evaporator pressure. The ir
by,

Ip ey = m,Ty(S;p-Sy) - (30)

Results and discussion:

The effects exhaust gas inlet temperature to the
HRSG, gas composition, and pinch point on the first-
law efficiency-and POWer to cold ratio is obtained by
energy balance approach or the first-law analysis of the
cycle. However, the exergy destruction in each
component, and the second Jaw efficiency of the
cogeneration cycle have also been investigatedunder the

exergy balance approach or the second law analysis of
the cycle. '

Fig. 2 shows the effect of change in_exhaustgas
temperature and gas composition on first law
efficiency of cogeneration cycle for a particular pinch
point pp=20°C. |t is observed that as gas inlet
temperature (Tgl) increases the first lawefficiency of
cogeneration cycle decreases. This is because higher
gas inlet temperature causes improvement in power
output, cold production and heat input rate to the system
and the increase in heat input rate is much greater than

inlet

-
~

First Law Efficiency(%)
&> N]
n 9]

Fig. 2. Variation of first Jaw efficiency with gas composition and
exhaust gas inlet temperature; PP=20°C, mg=1100kg/s
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the increase in power output and cold production. Ii is
also observed that the first law efficiency of cogeneration
cycle varies with gas composition and oxygen content
in the gas and it decreases with the increase in oxygen
content in the exhaust gas as demonstratcri'm Flg.. 2.
The specific heat varies with gas composition Wth.h
influences heat transfer. The analysis based on air
standard approach under estimates first-law efficiency
and actual gas composition shall be used to accurately
predict first-law performance.

Fig. 3 shows the variation of power to coldratio
of cogeneration cycle with the change in exhaust gas
inlet temperature and gas composition. For the same
pinch-point power to cold ratio increases with exhaust
gas inlet temperature. This is because the power outpilt
and cold production increases with the increase in
exhaust inlet gas temperature as expected due to more
steam production in HRSG, and improvement in power
output is much greater than the improvementt in cold
production. However, the power output and cold
production for any gas inlet temperature depends on
the exhaust gas composition and power to cold ratie
decreases with an increase in oxygen content of exhaust
gas. The power to cold ratio increases more rapidly at
higher gas inlet temperature for a particular pinch-point
and gas composition as demonstrated in Fig. 3.

8

[}

FN

7

f

j'/‘

Power to cold ratio (Rp/c)

475 500 525
Ty (°C)

Fig. 3.Variation of Power to cold r
composition and exhaust gas inlet
mg=100kg/s

atio (RP/C) with gas
tcmpcra(urc; PP=2¢°C,

.Fig. 4 shows the variation of second-law
efficiency of cogeneration cycle with a change in
exhaust gasinlet temperature (T 1) and gas composition
for a particular pinch point = 20°C, It is observed ‘that
second law efficiency increases with exhaust gas inlet
temperature. This is because higher gas inlet
temperatures increases streamgeneration rate in HRSG,
power output and availabiliy of the gas. The gas
composition influences second law efficiency of the

192292229222



Tg1(oc)

gy, 0. Varia.ti'on of Second Law Efﬁc'icncy (%) with gas
composition and exhaust gas inlet temperature; PP=20°C
mg = 100 kg/s ,

*ﬂﬁneration system.The same pinch point, and gas inlet
terderature the second law efficiency is different for
\,‘i""ﬁent gas compositions. This clearly demonstrates
hatlreating gas as air and doing the second law analysis
a4l on air results in prediction of the cogeneration
ystem performance on low or high side. Though the
e~ynd law variation trends are same with gas inlet
emperature, the gas composition has influence on heat

Table 1. Exhaust Gas Composition [15, 17]

—pbustion Mass Fraction (%)

Gas I Gas I
4.42 10.28

Products

3.43 8.41
16.55 7.48
75.6 . 73.82

recovery, irreversibilities in components, first and
second law efficiencies of cogeneration unit. Modeling
the exhaust gas as an air can significantly overestiamte
the second law efficiency of cogeneration cycle.

Conclusion

Exergy analysis which is a method uses
conservation of mass, and conservation of energy
principles together with the second law of
thermodynamics has been applied to industrial waste
heat recovery based cycle for combined production of
power and refrigeration. From thermodynamic point of
view, the combination of Rankine power cycle with
absarption chilling machine in these cogeneration proves
to be highly efficient because the flue gas from heat
recovery steam generator is used as a heat sourcefor
vapor absorption refrigeration as described in this study.
Combined first and second law analysis of the given
system leads to the following conclusions:

1. The first law efficiency decreases while power to
cold ratio and second law efficiency increases with

increasing exhaust gas inlet temperature.

Power to cold ratio and second law efficiency are
sensitive to pinch point and the pinch point should
be low for better performance based on first and
second law point of view.

Second law efficiency is significantly varies with
gas composition and oxygen content in the gas
while power to cold ratio and first law efficiency

Table 2. System Test Parameters

t Parameter

100.00
773.00
549.73
60.00
623.(10
20.0
5.00
85.00°
85.00
0.10
293.00

Gas mass flow rate (kg/s)
ainlct temperature (K)

ration temperature (K)

Steam pressure (bar)
Sgam outlet temperature (K)
h point (K)

Pressure 10ss

Turbine isentropic efficiency (%)

p isenropic efficiency (%)

(Cggdenser pressure (bar)

E;lvimnmcntal temperature (K)

= S |

shows small variations with the change in‘oxygen
content. ’ ’

The second law efficiency is higher than first-law
efficiency as it provides a measure of how
efficiently the system is using thermodynamic
resources based on quality point of view.

Exergy analysis provides ranking among the
components for exergy destruction and present
study results shows 40% irreversibility in the
HRSG, 20% in steam turbine, 10% in condenser
of power cycle, and 10% in the generator of
absorption system and than in others.

Modeling the exhaust gas as an air significantly
overestimates the second-law efficiency of
industrial waste heat cogeneration system.
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